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     Foreword 

   In our world, where energy demand is increasing and access to fossil fuels becomes 
uncertain and expensive, a growing interest in renewable energy is developing. In 
particular,  fi nancial efforts and scienti fi c investments have been made to  fi nd substi-
tutes to replace gasoline in transportation. Plant sugars, oils, and, more generally, 
plant biomass are proposed as possible options to produce liquid bioenergy. 

 In this context, the 1980s saw the extensive cultivation of crops and wild species 
with high carbohydrate or fat content for biofuels. With the food price increase of 
2007, partly attributed to the cultivation of crop plants for biofuels   , renewed interest 
has been paid to exploit nonedible plants for their biomass, high sugar, or oil 
content. 

 Among a dozen of wild tropical plants,  Jatropha curcas  L. was designated as the 
best candidate, perhaps because of its pantropical distribution (a plant known to 
have more than 30 common names in Asia, Africa, and America), and certainly 
because of its already intense culture in Asia (India, China, Thailand, etc.) and 
Africa (Mali, Burkina Faso, Senegal, etc.). Thanks to its seed oil easily converted to 
liquid biofuel, which meets the American and European standards; its press cake 
used as fertilizer; and its ability to grow in extreme conditions (on marginal soils 
without irrigation),  Jatropha  was dubbed “the green gold of the desert” and taken by 
a lot of investors or project developers to tackle the challenges of energy supply and 
greenhouse gas (GHG) emission reduction. Such enthusiasm quickly replaced by 
negative feedback goes against all the advantages previously put forward for grow-
ing  Jatropha . 

 Less than a century ago, nobody would have thought that this plant would be the 
source of so much interest and controversy. Originated from America, this multipur-
pose plant was introduced in the seventeenth century via the Cape Verde in African 
and Asian continents where it is generally grown as a living fence. Described by 
Linneus, its scienti fi c name indicates a pharmacological potential (jatros = doctor, 
trophe = food) that is con fi rmed by the numerous traditional medicinal uses. The 
 fi rst intensive cultivation has been done in the early twentieth century on the Cape 
Verde islands, but it was intended to produce, from seed oil, soap and candles for 
Southern Europe. Its potential as a biofuel source was revealed later, triggering the 
cultivation in many tropical countries of this undomesticated plant. However, the 
returns from these experiences have never been collected. 
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 The main objective of this work is to provide the reader with the most recent 
scienti fi c studies on  Jatropha curcas . This book gives an update on the economic 
importance of  Jatropha  in the parts of the world where its culture is well developed, 
especially in India, China, Brazil, and the Sahel region of Africa. In response to 
many questions, the second chapter is devoted to the physiology of the plant and 
presents its ability to grow and produce under extreme conditions of culture or in the 
presence of microbial inoculants. Finally, the last part presents all the advantages 
provided by the cultivation of  Jatropha , from its by-product production, its use for 
rehabilitation of degraded lands to its potential as an energy crop. 

 Montpellier ,  France   Claudine Campa   
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   Preface   

  Jatropha, Challenges for a New Energy Crop—Volume 1  aims to report on the state 
of the art of scienti fi c investigations that were made during the past 10 years on the 
new crop  Jatropha curcas . The progresses obtained on the knowledge of this abste-
mious, semi-wild species are already impressive and were mainly achieved in just a 
decade (2001–2011). This knowledge extends from basic Jatropha physiology and 
biological reproduction to the basic agronomic practices and systems for its produc-
tive management, but also the complete set of biotechnological tools, such as in vitro 
culture, genetic transformation, genomic sequence, genetic map, and markers 
assisted selection that is necessary for Jatropha’s selective breeding. These scienti fi c 
and technological achievements pave the way for future technological management 
and domestication of Jatropha as an industrial oilseed crop able to contribute to the 
feeding of the transport system. 

 This  fi rst volume of a two-book series that forms the  fi rst comprehensive compi-
lation by global experts appeared necessary to us in view of the importance that 
Jatropha demonstrated worldwide by its large-scale cultivation and emerging value 
for energy business as a biofuel. This reality contrasts with the dif fi cult access to 
objective information scattered among science media eventually written in different 
languages. We thought it was necessary to gather the information scattered world-
wide in a sort of summary or general agreement of what is known on Jatropha at the 
moment. The form of a compilation was also necessary because the knowledge on 
Jatropha is shared over the tropical belt by different teams, in different politico-
economic realities, and with different technological and scienti fi c backgrounds. 
A compilation was the best way to faithfully transmit the point of view of these 
experts with as few biases as possible. We believe and hope that this compilation 
will be a valuable source of inspiration for next-generation scientists investigating 
this new crop, for technologists invested in improving its pro fi tability, as well as for 
decision makers and policy implementers involved in politics, economics, environ-
ment, or social management that are thinking and acting for the development of a 
world based on sustainability. 

 The book is presented in  fi ve units comprising 30 chapters covering the main 
aspects of the worldwide economic importance of Jatropha as well as its physiol-
ogy, farming, oil processing, by-products, biodiesel, and biofuel combustion. It 
aims to give a kind of comprehensive picture on the whole  productive chain  of 
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Jatropha and is supposed to help the reader to make a mental representation con-
cerning the potential of Jatropha as a crop. By contrast, volume two is dedicated to 
Jatropha as a  biological system  with the purpose of understanding what can be 
improved in Jatropha and how this can be achieved. 

 We wish to express our gratitude to all the contributors from all over the world 
for readily accepting our invitations for not only sharing their knowledge but for 
admirably integrating their expertise on scattered information from diverse  fi elds in 
composing the chapters and enduring editorial suggestions to  fi nally produce this 
venture that we hope to be a success. We greatly appreciate their commitment. 

 We also acknowledge the support received from many colleagues in the prepara-
tion of the manuscripts as well as to our family members and relatives for bearing 
with us, our commitment to the book. 

 We thank Ms Hannah Smith, Associate Editor at Springer Science Publishers, 
and her team for their help and excellent cooperation for bringing out the book in an 
excellent and readable getup. 

 Finally, we apologize for any mistakes, omissions, or failures that may subsist in 
this work. 

 Rio de Janeiro, Brazil Nicolas Carels 
 Hyderabad, India Mulpuri Sujatha 
 Warangal, India Bir Bahadur      
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   Concerning the Socio-Economic Context of Biofuel Investigation 

 To live and enjoy life is surely a surprising experience in all times, but the particu-
lar moment where this book is being planned and written is certainly a very inter-
esting and crucial period in the history of humanity. The main challenge for 
humanity is the auto-control of its worldwide population. Some experts argue that 
there will be no problem to feed nine billion people when we are already seven 
billion on earth now. This optimism sounds obsolete when one thinks objectively 
that the problem will be posed exactly in the same terms at the moment where the 
human population will effectively reach nine billions. Actually, resources will be 
far too less than they are now at seven billion and so what? Chinese people already 
understood that the size of human population is the real challenge and even if it still 
with a growing population, Chinese government took a long time ago the coura-
geous initiative of an intensive family planning program that, among other things, 
is allowing only one child per couple without payment of deterrent taxes (Orleans 
 1975 ; Nathans  2010 ). Given the dif fi culties associated to the acceptance of this 
planning program, the Chinese population continued to grow, but at a much slower 
rate and it is expected to reach about 1.5 billion around 2030, before starting to 
decrease (Attané  2002  ) . As an expected consequence, new problems are emerging, 
such as accelerated population aging (Hvistendahl  2010  )  or widening gap between 
rich and poor, but other positive effects were obtained, such as to bring the con-
sciousness of everyone on the importance of the issues related to demography 
through education for all (  http://www.china.org.cn/e-white/familypanning/    ). 
Education for all had the consequence to boost the Chinese economy despite the 
aging of the population. In turn, a more pro fi table economy should give a return to 
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alleviate better life to the old people. The classical notion that it is the young people 
that should pay for the old ones is now obsolete. Actually, young people suffer unem-
ployment because of substitution by machines, thus it is these machines that should 
be expected to pay for old people and not young ones. Again, there is some bias in 
the system just because basic economic rules are not respected. At this point, one 
would ask whether humanity should pay the price to go through wars or starvation to 
regulate its population density because the decision of making the simple accounting 
of how much square meters of earth planet is allowed for humans failed to be taken. 
Absence of human population size regulation by itself would have the mathematical 
consequence to be enforced in a way following the predator–prey equation (Lonngren 
and Bai  2008  )  just because earth’s geometry will obviously not change. 

 Another disastrous consequence of an ever growing human population is the ever 
disappearing biodiversity, the so called  sixth extinction  (Wake and Vredenburg 
 2008  ) . Biodiversity is an important integral component of the earth as we know it; 
it is a capital that has been accumulating during the past three billion years and that 
has been historically erroneously evaluated to  zero  by economists’ procedures. 
Besides its invaluable environmental services associated, biodiversity offers a capital 
of tools that manage material transformation at very low energetic levels. These tools 
are the living cells and their enzymes enclosed in complex multifunctional organisms. 
These organisms are, thus, information systems that produce material transforma-
tions in various timescales. Genomics has recently shown that the most complex 
organisms, the higher eukaryotes, all host 15.000–25.000 units of information 
(genes) whatever, plant, insect, mammals or other higher eukaryotes. Thus, the sim-
ilarity of quantitative information contrasts with the variety of shape/form and func-
tions. We can draw from this observation that the capital given to us by nature is 
more in the state of the information network of an organism as an instantaneous 
picture of live processes than in its genes themselves. Through biodiversity, nature 
offers to us a book of variations on the way to coordinate the expression of genes to 
accomplish given functions and, this, on the basis of a content of information com-
mon to all life forms. In a sense, life is a quantum computing activity based on 
carbon chemistry that human technology is aiming to reproduce in the mineral para-
digm with electronic components. When a species is extinct, this invaluable capital 
is destroyed for ever because humans do not have time in evolutionary scale, three 
billions years, to reconstruct it. Actually, we are just starting to investigate how 
these networks work when they are precisely entering a phase of extinction (Wake 
and Vredenburg  2008  ) . For example, we can ask what would be medicine, and more 
generally biotechnology, today without  polymerase chain reaction  (PCR). PCR is 
a legacy from the biodiversity of Yellowstone National Park (USA), but did 
Yellowstone receive a fee for this gift to humanity? Certainly not! The tendency to 
consider gifts from nature for free is another general bias of economy in total con-
tradiction with the theory itself and it can be seen as a human distortion in its math-
ematical context. Recently, this fact has been recognized and taxes on pollution 
have been started to be implemented in a number of countries. Thus, it is of central 
importance to keep the nature’s capital alive and in its diversity at least to warrant 
our technological future and this without considering the environmental services 
that biodiversity offers to humans; services that are absolutely necessary to a healthy 
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human living condition. It is unacceptable for humanity to lose the nature’s capital 
for facts of ignorance, negligence or convenience. According to the concept of Gaia 
(Lovelock and Margulis  1974  ) , earth is a living dynamic system and we cannot look 
at as it would not exist; this would be synonym of human extinction in a dif fi cult to 
predict time delay (Lonngren and Bai  2008  ) . Climate stabilization is one example 
of service from complex natural systems. Biodiversity has numerous stabilizing 
effects on the environment and climate (Odling-Smee  2007 ; Tomkiewicz  2006  ) , 
ecosystems (Yue et al.  2011  )  and (consequently) human populations (Simões et al. 
 2010  ) . Fortunately, even if slowly, the economical value of feral nature (Costanza 
et al.  1997  )  is starting to be recognized at economic level and  The   Economics of 
Ecosystems and Biodiversity  (TEEB) has been created (  http://www.teebweb.org/    ) 
with this objective. 

 World population regulation is possible as shown by China, but it is, at least, 
necessary to take the decision of its planning and management. The price of the 
disregard shown by the few later human generations around this issue will have to 
be paid by the future generations to come and there is no way to escape from this 
fact. Thus, the best strategy would be to reduce/stop the rate of population growth 
before entering overpopulation and suffering its deleterious consequences. China 
and India know the price to pay for people over crowding, but other countries unfor-
tunately seem to have dif fi culties in learning their lesson. The politics that is fol-
lowed by most if not virtually all countries is to adapt food resources to the needs of 
an  ever growing population  by technology adjustments. This strategy only has a 
limited future. Any normal person considering this question will de fi nitely agree on 
the fact that it will not work for ever. The concept of  in fi nite resource availability  
on which worldwide economies are based should never have existed and has been 
the major failure of economic theories (Nadeau  2006  ) . It is on the basis of this con-
cept that population size is growing worldwide. The concept of in fi nite resource 
availability does not hold good if it is not included in that of  sustainability  ,  which 
limits the extent of the  fi rst to what is realistic, a concept that former economists 
from the period of  industrial revolution  intentionally forget to include in their cal-
culations. This logic has been possible as far as resources were far from their  peak 
production  ,  but when resources are passing their peak production, a recession is to 
be expected if alternative resources are not found to maintain the  services  that their 
provide. This dynamics applies to the case of energy. 

 Considering energy, the  in fi nitely available resource  is not more crude oil since 
the one available at low price is probably reaching its peak, but rather the solar one. 
Experts believe that peak of world oil production should not occur before at least 
30–40 years from now. The OPEC nations are currently operating at near full capacity. 
According to the expected solar life, solar energy will remain “in fi nite” during a 
large number of human generations. However, solar energy is still expensive and the 
transition to its exploration can only be partial in its present state of the art. Thus, 
the joining of a myriad of renewable energies, according to regional opportunities, 
will be necessary to the successful substitution of fossil and nuclear fuels to feed the 
energy grid (see Carels  2011  for a review). The model from de Vries et al.  (  2007  )  
showed the following: (i) electricity from solar energy is typically available from 
Northern Africa, South Africa, the Middle East, India, and Australia; (ii) wind is 
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concentrated in temperate zones such as Chile, Scandinavia, Canada, and the USA; 
(iii) biomass can be produced on vast tracts of abandoned agricultural land typically 
found in the USA, Europe, the Former Soviet Union (FSU), Brazil, China and on 
grasslands and savannas in other locations. In many areas of India, China, Central 
America, South Africa and equatorial Africa, these energy sources are found in areas 
where there is already a large demand for electricity (or there will be such demand in 
the near future). A combination of electricity from wind, biomass and/or solar sources 
(Eugenia Corria et al.  2006  )  may yield economies-of-scale in transport and storage 
systems. Regions with high ratios of solar-wind-biomass that potentially meet the 
current demand for electricity include Canada (mainly wind), African regions (solar-
photovoltaic and wind), the FSU (wind and biomass), the Middle East (solar- 
 photovoltaic) and Oceania (all sources). In other regions (such as Southeast Asia and 
Japan), the solar-wind-biomass supply is signi fi cantly lower than the demand for 
electricity. Ratios of around one are found in Europe and South Asia. The potentials 
just described depend on many parameters, and their achievement will depend on 
future land-use policies (de Vries et al.  2007 ; Miles and Kapos  2008  ) .  

   Why Biofuels? 

 Numerous low emission scenarios have demonstrated that the goals of the Kyoto 
Protocol cannot be achieved without providing a large role for biofuels by 2050 in 
the global energy economy (Vertès et al.  2006  ) . Among the reasons why biofuels are 
appropriate for such a transition, one may distinguish: (i) their simplicity; (ii) their 
production via well-known agricultural technologies; (iii) their potential for mitiga-
tion of climate warming without complete restructuring of the current working 
energy system; (iv) the use of existing engines for their transportation (even consid-
ering the conventional turbofan used in aviation) (Kleiner  2007 ; Rothengatter 
 2010  ) ; (v) their potential to facilitate worldwide mobilization around a common set 
of regulations; (vi) their potential as a directly available energy source with good 
public acceptance; (vii) their more uniform distribution than the distributions of 
fossil fuel and nuclear resources; and (viii) their potential to create bene fi ts in rural 
areas, including employment creation. 

 Biodiesel from palm oil and bioethanol from sugarcane are currently the two 
leaders of plant bioenergy production per hectare. Palm and sugarcane are being 
grown in increasing amounts; however, the continuous increase in their production 
is not sustainable and will not resolve the enormously increasing demands for 
energy. Oil palm yields ~5,000 L ha −1 . In Brazil, the best bioethanol yields from 
sugarcane are 7,500 L ha −1 . Most of the energy needed for growing sugarcane and 
converting it to ethanol is gained from burning its wastes (i.e.,  bagasse ). For every 
unit of fossil energy that is consumed by producing sugarcane ethanol, ~8 units of 
energy are recovered (Bourne  2007  ) . Frequent droughts in many Asian countries 
have made dif fi cult for them to replicate Brazil’s success with sugarcane, which 
needs an abundant water supply. Thailand and Indonesia are tapping the potential 
with palm oil. 
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 The general feeling is that  fi rst-generation biofuels are already reaching saturation 
because of the limited availability of arable lands. However, Brazil has additional 
lands available for sugarcane and  Jatropha curcas   L.  (hereafter referred to as 
Jatropha) cultivation, whereas India is promoting Jatropha on its extensive waste-
lands. The development of these fuels has already been a success because they have 
demonstrated that engine running on ethanol or biodiesel is feasible without 
signi fi cant technological modi fi cation and can, at least, be used to power public 
transport.  

   Why  Jatropha curcas ? 

 Most traditional biofuels (such as ethanol from corn, wheat, or sugar beets and 
biodiesel from oilseeds) are produced from classic agricultural food crops that 
require high-quality agricultural land for growth. The biofuel economy will grow 
rapidly during the twenty- fi rst century (Demirbas  2008  ) . Currently, approximately 
84% of the world biodiesel production is met by rapeseed oil. The remaining por-
tions are from sun fl ower oil (13%), palm oil (1%), soybean oil and others (2%) (Gui 
et al.  2008  ) . More than 95% of biodiesel is still produced from edible oils. In Brazil, 
~85% of B5 (5% biodiesel in fossil diesel) is sustained by soybean oil. To overcome 
this undesirable situation, biodiesel is increasingly being produced from non-edible 
oils and waste cooking oil (WCO). Non-edible oils offer the advantage that they 
theoretically do not compete with edible oils on the food market. 

 Because of increased land use for biofuel production, biofuel crops are now com-
peting with food crops (Odling-Smee  2007  )  and they are expected to have substan-
tial effects on the economy. In addition, the use of food crop for biofuel production 
promote deforestation and creates a “carbon debt” by releasing 17–420 times more 
CO 

2
  than the annual greenhouse gas (GHG) reductions that these biofuels would 

provide by displacing fossil fuels. In contrast, biofuels from waste biomass or from 
biomass grown on marginal lands planted with perennial species incur little or no 
carbon debt (Fargione et al.  2008 ; Searchinger et al.  2008  ) . 

 Considering biofuels, Jatropha offers several advantages compared to other oil-
seeds: (i) Jatropha can thrive on wasteland, where poor populations are generally 
found. Thus, it is expected to have a positive social effect by attracting govern-
ment’s investment, stabilizing the population in rural areas, and providing the 
population with incomes and energy; (ii) the feasibility of its biodiesel has been 
proved (see Carels  2009  for a review); (iii) it can be burnt as neat oil or biodiesel 
in conventional  compression ignition  (CI) engines (see Carels  2009  for a review); 
(iv) its environmental impact is lower than that of palm oil as long as no natural 
ecosystems are removed for its implantation (Darussalam  2007 ; Laurance  2007 ; 
Malhi et al.  2008 ; Stone  2007 ; Venter et al.  2008  ) . On the contrary, Jatropha is used 
for waste land reclaiming (Francis et al.  2005 ; Pandey et al.  2012  ) ; and (v) its life 
cycle justi fi es its exploitation (Pandey et al.  2011  )  even if it is still to be 
improved.  
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   Regional Contributions and Development Worldwide 

 Scienti fi c investigations on Jatropha started in the 1980s. In contrast to Brazil, 
where it stalled soon after its beginning and only recovered in 2006, it has been con-
tinuing in India. India, is certainly the country that most contributed to Jatropha’s 
promotion worldwide. As summarized in the article title: “the little shrub that could 
– maybe” of Fairless  (  2007  ) , the symbolic of a semi-wild species able to thrive in 
marginal conditions and give oil suitable for biodiesel production, has certainly 
drawn the attention of the scienti fi c community on Jatropha. From 2008, the 
scienti fi c community did a huge work and drawn Jatropha to the light by succes-
sively mastering its interspeci fi c hybridization (Reddy et al.  1987 ; Sujatha and 
Prabakaran  2003 ; Sujatha  2006 ; Basha and Sujatha  2009 ; Parthiban et al.  2009 ; 
Popluechai et al.  2009 ; Karanam and Bhavanasi  2010  ) , performing the 
transesteri fi cation of its oil (see Carels  2009  for a review), characterizing its biodie-
sel combustion in CI engines (see Carels  2009  for a review), determining it genome 
size (Carvalho et al.  2008  ) , setting the bases for its DNA marker assisted selection 
(Sudheer-Pamidiamarri et al.  2009  ) , sequencing the transcriptome of it seeds (Costa 
et al.  2010 ; Gomes et al.  2010 ; King et al.  2011 ; Natarajan and Parani  2011 ), 
sequencing and annotating its genome (Sato et al.  2011  )  and  fi nally setting up a 
preliminary genetic maps (Wang et al.  2011  ) ; a set of victories that justi fi ed the 
preparation of this book. 

 Scienti fi c community worldwide had different contributions to the development 
of Jatropha research mostly according to the technological pro fi le of its regional 
speci fi cities. Africa is developing an approach where Jatropha is considered on its 
own and managed with minimal care. Jatropha is taken for what it can release with-
out signi fi cant investment, due to its ability to thrive in minimal conditions, and for 
its ability to thrive in semi-arid climate, which makes it a good candidate to struggle 
against deserti fi cation. As pointed above, India under the pressure of its large depen-
dency on foreign importation of crude oil, has given a strong attention to the bio-
logical parameters of Jatropha and to the setting of  fi rst insides in its marker-assisted 
breeding for its rational improvement. Coming later, China also strongly invested in 
research due to its unsustainable long term dependency on coal for energy and its 
limited amount of lands suitable for food crops. Through Kazusa DNA Research 
Institute, Japan offered the genome sequence to the world. Due to its tradition as a 
world center of high technology, Singapore is investing in biotechnology to shape 
Jatropha through genetic engineering. Brazil, with its tradition for biofuel production 
looks for an integrated approach that would optimize the whole picture for the 
bene fi t of the whole chain. Mexico, “late but not least” is now giving strong atten-
tion to the description of genetic diversity of Jatropha in the country since it appears 
to be the diversi fi cation center of Jatropha and is preparing itself to release certi fi ed 
genotypes worldwide. 

 In Brazil, Jatropha cultivation (20,000 ha) has only been allowed by law in 2009, 
which explains that the signi fi cant interest for this new crop is only relatively recent. 
In China, the arable land area per capita is lower than the world average. As a result, 
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most edible oils need to be imported. Since Jatropha is not too demanding in terms 
of soil quality, it is a good option for Southwest China (Yunnan, Sichuan and 
Guizhou provinces), which is the most suitable area for its cultivation, but with only 
a moderate potential since it is limited to ~100,000 ha of marginal lands not suitable 
for food crops (Wu et al.  2009 ). Such limited potential makes it dif fi cult to expect 
signi fi cant contribution from biodiesel in this country (Yang et al.  2009  ) ; more is to 
be expected from biomass. In other Asian countries with high dependency (>80%) 
from foreign fuel, such as Thailand, Cambodia, Vietnam, Myanmar, Laos, Indonesia, 
and India, eroded land areas from deforested soil are also available for Jatropha 
cultivation. For over 7 years, the Indonesian government is supporting various 
national and international agencies as well as research institutes for the investiga-
tion of Jatropha with a target of biodiesel production covering 10% of the national 
fuel consumption. At moment, about 1.5 million hectares are effectively planted 
(Legowo  2007 ; Silitonga et al.  2011  ) . Since India imports 70% of its fuel consump-
tion (111 Mio t), any renewable energy is most welcome. Because India is a net 
importer of edible oil, it emphasizes non-edible oils from plants such as, Jatropha, 
karanja, neem, mahua, simarouba, etc. Jatropha and karanja are the two important 
leaders of the Indian plant list for biodiesel production and India has 33 million ha 
of degraded land available for Jatropha reclaiming because of improper use and 
population pressure over several years (Francis et al.  2005 ; Kumar and Sharma 
 2008 ; Misra and Murthy  2011  ) . Pilot experiments for Jatropha implementation are 
also being carried out throughout Africa and this has been reviewed by Henning 
 (  2005  ) , but government incentives are still few (Jumbe et al.  2009  ) .  

   Challenges for Jatropha as a Successful Biofuel Crop 

 Even if a huge work has been done that allows scientists to have a comprehensive 
picture of Jatropha as a whole, it remains that this species is a semi-wild species in 
the process of domestication. There is no reason to complain about such status when 
one realizes that in ~4 years, the scienti fi c community succeeded in going through 
the most part of a journey that took 5,000 years for a species such as wheat for being 
domesticated. In other words, if Jatropha is still far from an industrial crop, it is 
however rather sure that due to its amazing technological potentialities it went over 
a point of no return. The new crop Jatropha is now entering in the domain of 
scienti fi c integration towards complete domestication for pro fi table biodiesel pro-
duction. It is to be expected that within a short time scale the architecture and func-
tionalities of Jatropha will be deeply affected by selective breeding and genetic 
engineering. Among the traits that should be affected in a feedback loop process along 
the whole chain of biodiesel production are: (i) short-term (few years) or long-term 
(perennial) system of exploitation; (ii) extensive (with resting period in semi-arid 
condition) or intensive system (ferti-irrigation) of exploitation; (iii) fertilization; (iv) plant 
architecture (semi-dwarf or dwarf); (v) discontinuous, but synchronous  fl owering 
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and fruiting; (vi) dioecious plants to maximize out-crossing and yield/ production 
per plant; (vii) increased seed production over 4 t ha −1 ; (viii) plant tolerance to pests 
and diseases (especially to those of the rooting system); (ix) mechanical harvesting; 
(x) fatty acid composition; (xi) genetic engineering to facilitate the biofuel processing 
(triglyceride conversion into free fatty acids?, enzymatic conversion); (xii) low cost 
alkyl ester conversion; (xiii) biofuel composition for optimized combustion in CI 
engines; (xix) microeconomic modeling of suitable agro-systems of Jatropha grow-
ing and exploitation; (xx) life cycle modeling; (xxi) plant growth and fructi fi cation 
modeling according to climate conditions of culture.      
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         Introduction 

 Energy is a vital commodity as it is commonly recognized that access to energy is 
closely linked with economic development (DFID  2005  ) . India is targeting gross 
domestic product (GDP) growth rate of 8–9% in coming years. It is likely to have a 
signi fi cant consumption of energy resources in future for meeting the targeted 
growth rate and ful fi lling the energy needs of its increasing population. It lacks 
suf fi cient domestic resources to meet its growing crude oil requirements. In India, it 
has been projected that there is a need to increase the primary energy supply by at 
least three to four times from their 2003–04 levels by 2031–32 in order to maintain 
8% growth rate. Maximum contribution of renewable energy in an optimistic scenario 
will be around 5–6% by 2031–32 with an import dependence on crude oil expected 
to be in the range of 90% in the next decade making energy security a concern 
(Planning Commission  2006  ) . On account of high targeted economic growth rate 
and with over 15% of the world’s population, India is likely to have a signi fi cant 
consumption of energy resources. India ranks  fi fth in terms of primary energy con-
sumption and accounts for less than 4% of the global commercial energy demand as 
it is still in developing phase. With GDP of $4.469 trillion (WEO  2011  ) , India is 
the third largest economy in purchasing parity terms. However because of its large 
population, per capita energy consumption is extremely low. On 2011 census basis, 
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the per capita energy consumption is estimated to be 451  kg oil equivalent  (kgoe) 
whereas for developed countries it is around 5,000 kgoe. Despite a global slow-
down in economy, India’s energy demand has shown an increasing trend. In terms 
of end-use, increase in energy demand in the transport sector is expected to be 
particularly high. 

 Crude oil is the largest consumed fossil fuel after coal in India. Worldwide known 
crude oil reserves are estimated to be depleted in less than 50 years at the present 
rate of consumption (Sheehan et al.  1998  ) . Many countries lacking crude oil 
resources are facing foreign exchange crisis and high in fl ation rate mainly due to 
import of crude oil (Demirbas  2005  ) . For oil de fi cit countries, renewable energy is 
to be looked as possible resource for meeting energy demand challenges and for 
ful fi lling the targeted growth. 

 Dependence on imported crude oil, environmental issues and employment in 
rural areas are reasons for replacement of fossil fuels by biofuels (Senthilkjumar 
and Gunasekaran  2005  ) . Biofuels can be viable substitutes in transport sector for 
petroleum products, which account for one third of India’s total imports. Researchers 
have put forward that the need for wide spread usage of renewable energy to meet 
the energy demand in India may compete with the use of land and water resources, 
which could have an adverse impact on food security (Rajagopal et al.  2007  ) . 
Self-sustainable energy sources are likely to hold the key to economic development 
of India in future. India cannot depend on certain group of countries to meet its ever 
growing energy needs, but it is mandatory to seriously implement bioenergy devel-
opment programs as a part of environmental sustainability in the form of clean 
development mechanism (CDM) (Kumar et al.  2010  ) . 

 Brundtland Report introduced environmental protection by de fi ning sustainable 
development as “development that meets the needs of the present generation with-
out compromising the ability of future generations to meet their own needs” (WCED 
 1987  ) . Global initiatives related to mitigating climate change, like Kyoto Protocol 
and Asia Paci fi c Partnership on Clean Development and Climate Change to which 
India is also a party, could give a thrust to biofuel based energy technologies, which 
are still in the infancy stage in India. 

 The  clean development mechanism  (CDM), established by the Kyoto Protocol, 
promotes the industrialized nations to provide resources to developing countries in 
order to support their sustainable development, while at the same time reducing the 
global green house gases (GHGs). 

  High speed diesel  (HSD) is the largest consumed petro-product in India on 
account of better mileage, power and lower price rate compared to petrol (gasoline) 
(Kumar et al.  2008a  ) . Among various alternatives to diesel, Planning Commission 
of India has identi fi ed  Jatropha curcas  L. (Jatropha), a non-edible oilseed tree 
whose oil can be easily converted into biodiesel with properties very similar to die-
sel (Planning Commission  2003  ) . Jatropha is a drought-resistant, perennial plant 
living up to 50 years and has the capability to grow on marginal soils. It requires 
little irrigation and grows in all types of soils, thus making Jatropha a more sustain-
able choice than other vegetable oils (NOVOD  2007,   2008 ; Altenburg et al.  2009 ; 
Reubens et al.  2011  ) . Jatropha biodiesel can be used for decentralized micro-grid 
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electricity generation at village or taluka (suburb) level and as a replacement for 
diesel fuel in irrigation pump sets, diesel generators and also as an alternative to 
kerosene. Thus, Jatropha biodiesel has to be seen not in isolation, but as part of a 
total management system of environmental and energy resources.  

   Prevailing Energy Scenario in Transport Sector of India 

 India is emerging as one of the fastest growing economies in the world with a GDP 
growth ranging between 6 and 8% consistently for the past few years and this trend 
is expected to continue in the future. Because energy is the key driver of this growth, 
its easy and cheap availability is of prime importance to sustain the continuous 
economic growth of the India. The available future projections show that the energy 
demand is expected to be more than three to four times of the current level in the 
next 25 years. With this pace of growth, India is expected to face formidable chal-
lenges in meeting out its energy needs in a sustainable manner at reasonable cost. 
Critical analysis of the current energy scenario as well as future plans suggests that 
India still has a long way to go in ensuring energy security to its people. Some of the 
following summarized statistics clearly helps in establishing this fact:

   Data from 2012 (April 1st) indicate that India has total reserves (proved and  • 
inferred) of 1,201  million metric tons  (MMT) of crude oil and 1,437 billion cubic 
meters of natural gas.  
  Net petro-products import was 121,897 MMT during the year 2010–11.  • 
  Crude oil production during 2010–11 at 37.68 MMT is almost stagnant.  • 
  The consumption of petroleum products during 2010–11 was 141.78 MMT • 
(including sales through private imports) among which diesel accounted for 
59.99 MMT.  
  In the year 2010–11, the increase in diesel consumption in absolute terms was • 
nearly three times larger than the increase in petrol consumption.    

 National Autofuel Policy envisages technologies for producing biofuels from 
renewable sources by providing  research and development  (R&D) as well as other 
support. It seeks to ensure sustainable, safe, affordable and uninterrupted supplies 
of auto fuels of high quality to support social and economic development. One of 
the key factors for meeting this policy objective is to diversify the sources and 
reduce dependence on any single source of supply (National Autofuel Policy  2003  ) . 
This policy, lends support and encouragement for biofuels.  

   Rationale Behind Usage of Bioenergy 

 Mass utilization of diesel in India imposes a threat to meeting the future energy 
needs, if the unexpected volatilities in the price of petroleum persists in future and 
government of India enforces oil marketing companies to sell diesel at uncapped 
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price (Kumar et al.  2008b  ) . Its demand is expected to raise up to 100 MMT with 
an assumption of 6% per annum growth rate on a very conservative basis by 2020. 
With an approximate import dependency of 90%, energy security favours the adop-
tion of 20% diesel blending with Jatropha biodiesel (B20). Table  2.1  shows that in 
India 13.4 Mha of waste land can be used for Jatropha plantations (Planning 
Commission  2003  ) .  

 The key macro-indicators of India: population, GDP, energy requirement and 
food grain demand are shown in Table  2.2 . The data clearly shows that with the 
growth of population, the per capita food intake and energy requirement also 
increased since the 90s. Additional population increase may result in competition 
between food and biofuels. Further studies are required to estimate the possible 
usage of waste land in sustainable harmony with  fl ora, fauna and environment.  

 Social education is needed for the production and usage of proper biofuel crops 
according to local constraints. Concerns have been raised that cultivators may will-
ingly opt for alternative crops with higher rate of return on biofuel production in the 
short term. Farming is an energy intensive activity requiring power for irrigation, 
ploughing and processing. The  Indian government  (GoI) initiative to promote the 
plantations of Jatropha saplings under National Rural Employment Guarantee 
Scheme (NREGS) is a sincere move towards the integration of Jatropha to energy 
production. In India, researchers have observed that Jatropha biodiesel and its 
blends with diesel can be used in existing diesel engines without any modi fi cations 
(Banapurmath et al.  2008 ; Sahoo and Das  2009 ; Sahoo et al.  2009 ; Kumar et al. 
 2012a  ) . In the longer run, the economic sustainability of Jatropha biodiesel will 
de fi nitely prove to be the best bet for India as far as the economic viability of biodiesel 
with respect to diesel is concerned (Kumar et al.  2008c  ) . 

   Table 2.1    Categorization of waste-land in India (Planning Commission  2003  )    

 Type of land  Area (Mha) 

 Forest area  3 
 Boundary plantations  3 
 Agro forestry  2 
 Cultivable fallow lands  2.4 
 Waste lands under integrated watershed development  2 
 Strip land like: railway, road & canal  1 
 Total  13.4 

   Table 2.2    Some key socio-economic indicators of India (TERI India)   

 1990s  2020s  2050s 

 Population projections (million)  846  1354  1888 
 GDP projections (Rs Crore)  886,933  5,094,093  14,298,068 
 Demand for food grains (million tons)  176  295  450 
 Required food grain productivity (tons/ha)  1.7  2.3  3.5 
 Demand for electricity by urban households (mtoe)  3.9  23.4  69.4 
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 With rapid increase in population in Asia, arable land area is decreasing and it is 
already only 0.1 hectare per person, on average, in several densely populated coun-
tries, which means that it cannot be used for biofuel plantations. Establishing bio-
fuel plantations like Jatropha on degraded soils can be a win-win strategy provided 
that these soils are adequately restored and speci fi c problems (e.g., nutrient and 
water imbalance, loss of top soil, shallow rooting depth, drought stress, salinization, 
compaction, crusting) alleviated. 

 Considering households, the average energy requirements per capita is 20% less 
in rural areas compared to urban areas (Pachauri  2004  ) . It is obvious that a signi fi cant 
rise in energy consumption is expected from the improvement of living condition 
standards and population increase (Parikh and Lior  2009  ) . Rural bioenergy is still 
the predominant form of energy used by people in less developed countries such 
as India. Thus, meeting income generation and irrigation management through 
renewable sources provide a large potential for sustainable development. 

 In rural areas, particularly in remote locations, the distribution of energy gener-
ated from fossil fuels can be dif fi cult and expensive. Renewable energy can facili-
tate economic and social development in communities if projects of sustainable 
development are intelligently designed and carefully executed with local inputs and 
cooperation. In poor areas, the renewable energy projects would absorb a signi fi cant 
part of participants’ small incomes. Investigations in this direction have been based 
on the following concepts namely: renewable energy sources can be replenished in 
a short period of time and it is clean, i.e., it produces lower or negligible levels of 
greenhouse gases and other pollutants when compared with the conventional energy 
sources they replace (Demirbas and Demirbas  2007  ) . 

 One of the major synergic effects on the economic return of a state investment in 
biodiesel would be the availability of facilities for power generation in close prox-
imity to the area of biomass production. Such structural investments can result in 
manifold increase in employment opportunities. As observed from Table  2.3  it is 
evident that 190 man days of employment in the  fi rst year and 114 man days in the 
second year per hectare for poor people living in rural areas may prove to be a 
potential source of income generation.  

 Considering the average man days for  fi rst and second year from Table  2.3  for 
150 days employability in a year, Jatropha cultivation on 13.4 Mha of wasteland 
will result in 300 days/year employment for roughly 6.5 million people through 
social schemes of GoI, such as National Rural Employment Guarantee Schemes 

 Stage  First year a   Second year 

 Nursery  68  0 
 Plantation  122  29 
 Post-harvesting  0  56 
 Oil extraction  0  15 
 Transesteri fi cation  0  14 
 Total  190  114 

   a The values in the table are given per hectare  

   Table 2.3    Employment 
generation potential from 
Jatropha biodiesel production 
in Man Days/hectare 
(Adholeya and Dadhich 
 2008  )    
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(NREGS) for people of rural areas. Because of the uneven distribution of wealth 
and the large population size, India is passing through social unrest in many parts of 
the country leading to large scale violence in many forms. The creation and devel-
opment of such local opportunities in poor rural areas would also help in relaxing 
social unrest due to poverty. 

 CDM is a potential tool for climate change mitigation that allows the compensa-
tion of an excess in an industrial country by a mitigation project to be conducted in 
a developing country. The fees of CDM could be paid back to the stake holders to 
invest in local power generation powered by Jatropha biodiesel or its blend with 
fossil diesel. Actually, direct use of Jatropha oil, pure or in blends with fossil diesel, 
would be preferable to biodiesel since it would save a huge quantity of energy by 
avoiding the transesteri fi cation process that is needed to transform Jatropha’s oil 
into biodiesel. Under the CDM system, industrialized countries are committed to 
contribute by  fi nancing, technology transfer and other supports necessary to the 
success of target projects. The increased  fl ow of these resources to developing coun-
tries is intended in principle to support their sustainable development, while at the 
same time reducing the global GHGs emissions since it is becoming practically 
impossible to achieve this commitment in the developed countries (   Akorede et al. 
 2010  ) . Energy production using Jatropha biodiesel could be a viable project that 
Annex I parties (which have rati fi ed the Kyoto Protocol) could embark upon to 
assist most developing countries since it is glaringly evident that convulsive electric 
power supply has always been the bane of development in these countries. However, 
recent studies have revealed that CDM has not been able to achieve its purpose as 
mandated by Kyoto Protocol since its inception in 1997 due to certain factors such as 
delay in rati fi cation and absence of binding targets for developing nations (Olsen 
 2007  ) . On the other hand, it is widely believed that widespread adoption of localized 
power generation systems based on eco-friendly fuels can play a key role in creating 
a clean, reliable energy with substantial bene fi ts including environmental ones.  

   Shifting to Sustainable Renewable Energy Regime in India 

 Fossil fuels will continue to play a dominant role in the energy scenario in India in 
the next few decades. However, conventional or fossil fuel resources are limited, 
non-renewable, polluting and, therefore, need to be used prudently. On the other 
hand, renewable energy resources are indigenous, non-polluting and virtually inex-
haustible. India is endowed with abundant renewable energy resources. Therefore, 
their use should be encouraged in every possible way. India’s energy security would 
remain vulnerable until the partial or total replacement of petroleum based fuels by 
alternative fuels developed from indigenously produced renewable feedstocks. 
Considering biofuels, the country has a ray of possible alternatives to warrant energy 
security. Biofuels are environment friendly fuels and their utilization would address 
global concerns about the control of carbon emissions. The transportation sector has 
been identi fi ed as a major polluting sector. Use of biofuels has, therefore, become 
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compelling in view of the tightening automotive vehicle emission standards to curb 
air pollution (National Biofuel Policy  2008  ) . 

 Figure  2.1  shows the huge potential capacity for renewable energy in India. 
Biofuels have great potential in remote areas with non-uniform topography where it is 
not economically sustainable to build power plants or to transport fuels. It is critical 
to note that India met its 50% of edible oil consumption requirements through 
imports to warrant a total domestic consumption of around 16.91 MMT in 2010–11 
(ADM Investor Services  2011  ) . Even with this large import dependence for edible 
oil, it hardly reaches an average consumption rate around 14 kg per capita, which is 
much lower compared to that of developed countries (44–48 kg per capita). Due to 
heavy dependency on import of edible oil, the production of biodiesel from edible 
oil as feedstock in India is neither feasible nor affordable. Therefore, it is necessary 
to explore non-edible oilseeds, such as Jatropha for sustainable biodiesel production 
as indicated by the policy statement of the Government of India (GoI) (Planning 
Commission  2003  ) .  

 India has a total geographical area of 328 Mha out of which around 142 Mha are 
used for agriculture. By 2030 Indian population is expected to rise up to 1.5 billion 
from around 1.21 billion presently. To feed this large population it will require 
around 185 Mha of agricultural land even with very conservative estimates and with 
the assumption of constant land productivity. The promotion of biofuels at the cost 
of food products would have catastrophic consequences on the Indian social equity 
and peace. Thus, the promotion of biodiesel needs to incorporate measures and 
regulations to ensure the role of the agricultural industry and the  fi rst and foremost 
is to achieve food security for its population. National Biofuel Policy needs to focus 
on the increased use of waste land to promote environment friendly biofuels.  

  Fig. 2.1    India’s technical potential of renewable power in MW (ABPS  2009  )        
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   Economics of Jatropha Biodiesel and Fossil Diesel 

 Cost vulnerability of petroleum imports is a serious issue for the policy makers as 
drastic  fl uctuations in prices of crude oil in international market during last few 
years has drawn serious attention on the need to decrease the nation’s dependency 
on fossil fuels by using all possible means and resources. 

 The  oil marketing companies  (OMCs) are currently rating their products from the 
re fi neries on import parity basis, i.e., a price charged for a domestically produced 
good that is set equal to the domestic price of an equivalent imported good. The dif-
ference between the cost price and the realized price represents the under-recoveries 
of OMCs. At prevailing current crude oil price level (Indian basket rules at US $ 
122.95 per barrel on the basis of 06.3.2012 quotation) the under recoveries may go up 
to 140,000 (Exchange rate Rs./$ 50.03) crores (1 crore is ten million) for 2011–12. 

 Value of crude oil import, is almost 30% of total import value in India. The over-
all share of transport sector in the total package of petroleum, oil and lubricants 
(POL) demand is estimated to be 37% (Sethi  2009  ) . 

 According to statistics, petro-diesel consumption was around 59.99 MMT in 
2010–11 and its consumption is continuously growing in India (PPAC    2012). This 
requires suf fi cient quantity of Jatropha biodiesel for blending in required proportion 
at an affordable price to meet the targets of National Biodiesel Mission Phase-II and 
National Biofuel Policy. GoI has failed in providing the 10% ethanol blended petrol 
planed under its earlier directive. Important aspect of this failure seems to be non-
congruence of opinion between Indian OMCs and ethanol producers related to pricing 
of ethanol. Availability of suf fi cient quantity of Jatropha biodiesel for blending with 
petro-diesel at an affordable price holds the key to successful adoption of bioenergy 
program in India. One of most important aspect to ensure timely implementation of 
National Biofuel Policy that should enter in application by 2017 is the economic 
parity of Jatropha biodiesel with petro-diesel. Table  2.4  below indicates that the 
expected sale prices of Jatropha biodiesel in India may be around Rs 46–50 per liter. 
The variation in the cost may depend on the procurement cost of Jatropha seeds.  

 This indicative price of locally generated biodiesel is about Rs 46.45 per liter 
without any taxation, is just comparable to  retail selling price  (RSP) of petro-diesel 
in India (Rs 40.91 per liter at Delhi as on 09-03-2012), though this prices may vary 

   Table 2.4    Tentative cost of biodiesel production in Indian Rupees (Rs)   

 Cost component  Rate (Rs/kg)  Quantity (kg)  Cost (Rs) 

 Seed  16  3.28  52.48 
 Cost of collection and oil extraction   2.36  1.05   2.478 
 Less cake produced   1  2.23  −2.23 
 Transesteri fi cation cost   6.67  1   6.67 
 Less cost of glycerol produced  50  0.095  −4.75 
 Cost of biodiesel per kg  —  —  54.65 

 Cost of biodiesel per liter (speci fi c gravity of 0.85 
at 15  0  C) 

 —  46.45 
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from state to state and from producer to producer. Capped and subsidized pricing 
leads to under recoveries for OMCs. Present petro-diesel costing results in about 
Rs 10.94 under recovery for OMCs at US $ 120.99 per barrel crude oil pricing for 
Indian basket (Fortnight, 2012 Feb 16–29). The tax component includes Rs 7.59 
comprising customs duty as Rs 1.07 per liter, (speci fi c excise duty as Rs 2.06 per liter 
and value added tax (VAT) as Rs 4.46 per liter (PPAC 2012). At same rate of taxation, 
biodiesel costs around Rs 54 per liter. Hence, if under-recovery is also added in present 
petro-diesel pricing, actual selling price of petro-diesel comes about Rs 52–53 per liter, 
which is well comparable with computed price of biodiesel. 

 As clearly evident in Table  2.5 , the GoI has levied basic customs duty at the rate 
of 2.5% at cost and freight price plus import charges along with additional customs 
duty of Rs 2.00/liter. Excise duty at the rate of Rs. 2.00/l is also applicable in overall 
price buildup of diesel. Table  2.6  shows state sales tax (VAT) charged by certain 
states in India. Data clearly reveals that overall taxes/duties are in order of 40–45% 
of the total selling price.   

 Petrol is being sold at market-based pricing and diesel is still being sold at capped 
pricing, this issue may itself be a serious hindrance in production of Jatropha biod-
iesel and its economics in India. Considering the fact that Indian economy is heavily 
dependent on crude oil import bill, the National Policy on Biofuels was formulated 
by GoI to achieve 20% blending of biofuel in both petrol and petro-diesel by 2017. 
The policy has suggested removal of all the central taxes levied on biodiesel and 
accorded ‘declared goods’ status, which will ensure a uniform 4% VAT on the prod-
ucts across the country. Moreover, the policy envisages having certi fi cation follow-
ing the norms of  Bureau of Industrial Standards  (BIS) for blending of biofuel in 
both petrol and diesel.  

   Table 2.5    Central excise and customs Tariff—updated from 2011 June 25 (PPAC  2011  )    

 Particulars 

 Customs  Central excise 

 Basic 
customs duty 

 Additional 
customs duty (CVD) 

 Additional 
customs duty 

 Basic 
cenvat duty 

 Additional 
excise duty 

 HSD  2.5%  NIL  Rs 2.00/liter  Nil  Rs 2.00/l 
 HSD (branded)  —  —  —  Rs 3.75/l  Rs 2.00/l 

 State  Rate (%) 

 Chhattisgarh  25.00 
 Gujarat  24.63 
 Madhya Pradesh  24.23 
 Maharashtra  24.00 
 Kerala  22.83 
 Andhra Pradesh  22.25 
 Tamil Nadu  21.43 
 Uttaranchal  19.24 
 West Bengal  18.97 
 Goa  18.00 
 Delhi  12.24 

   Table 2.6    Sales tax rate on 
diesel in Indian states w.e.f. 
2011 Dec 01 (PPAC  2011  )    
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   Economics of Blended Diesel with Jatropha Biodiesel 

 Even after the declaration of Biodiesel Purchase policy by the government (MoPNG 
 2005  ) , there is a lot of confusion among farmers, industrial companies, NGOs, etc. 
concerning a possible higher economic returns from Jatropha plantations. 

 OMCs have the largest network for selling of liquid fuels and they would be the 
natural choice for providing the marketing support for biodiesel. The BIS 
speci fi cations, BIS 15607:2005 for pure biodiesel (B100) is already available con-
sidering all the important properties of biodiesel. 

 R&D efforts carried out in the transportation sector have already established that 
20% biodiesel blended with petro-diesel requires no modi fi cation in engine 
speci fi cations when used as fuel. 

 Fig.  2.2  reveals that government of India is receiving huge amount of revenue 
from petroleum sector in the form of royalty, oil development cess, custom and 
excise duties and sales tax. Moreover the taxes on petrol are more than that on diesel 
at present. Taxation policy of GoI is itself biased towards diesel. Thus, the GoI may feel 
that loss in revenue may be one of the reasons to delay introduction of biodiesel blended 
diesel in Indian market. One of most important aspect is that introduction of biodiesel 
will indeed help to reduce the import bill burden. It is sure that government is going to 
lose around 20% of revenue on account of selling the diesel blended with 20% Jatropha 
biodiesel when Jatropha biodiesel pricing is pegged with petro-diesel selling price 
under zero duty regime. GoI in its Biofuel policy unveiled in September 2008 has 
decided to set 2017 as deadline to sell B20 blend in the country. But the presented data 
itself tells the reasons for the delay in the announcement of that policy.   

  Fig. 2.2    Contribution of oil sector to centre/state government resources (MoPNG  2011  )        
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   Impact of Petroleum on Indian Economy 

 Petroleum is the largest consumer of foreign exchange reserves in India as all the 
payment for the yearly petroleum bill is made in US dollars. Table  2.7  presents 
substantial yearly increase in import of crude oil.  

 The fact that crude oil prices rose to US $ 147 per barrel in July 2008 and that 
crude oil is currently being traded in the range of US $ 95–115 per barrel (Fig.  2.3 ), 
shows the volatile nature of the crude oil pricing in the international market. 
Moreover the import of crude oil is made by payment in US dollars. In July 2008 it 
was priced at approximately Rs. 40 but now it is priced at around Rs 52–53. On 
account of these factors OMCs in India are reporting huge under-recoveries. Impact 
on in fl ation is also visible due to rise in price of Indian crude basket. It is clearly 
evident that economic health of a developing country like India is severely in fl uenced 
by price of crude oil and its products.  

 Cost volatility of petroleum imports is a serious issue for the policy makers as 
drastic  fl uctuations in prices of crude petroleum oil in international market during 
the last 2 years has drawn serious attention on meeting nation’s energy needs by 
using all possible sources. 

   Table. 2.7    Import bill for crude oil in India in crores (PPAC  2011  )    

 Year  2003–04  2004–05  2005–06  2006–07  2007–08  2008–09  2009–10  2010–11 

 Crude oil  83,528  117,003  171,702  219,029  272,699  348,304  375,277  455,276 

  Fig. 2.3    Average Indian basket crude oil price in US $/barrel (PPAC  2011  )        
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 Diesel consumption stands at almost forty percent of total petroleum products 
consumed and its sector wise consumption is shown in the Table  2.8  below. Diesel 
consumption in India as per the available statistics stands at 59.99 MMT in 2010–
11(PPAC 2012).  

 At the rate of 8% increase, the diesel consumption may reach a  fi gure of 95.6 
MMT by the year 2016–17. Available data states total number of vehicles on road 
will be around 372.7 millions by 2035, which will require 371 million ton of oil 
equivalent (mtoe) of fuel to power India (ADB  2006  ) .  

   Impact of Biodiesel on CDM 

 GHGs like CO 
2
  are reduced when using biodiesel or diesel blended with biodiesel 

as shown in Table  2.9 . The CDM could be used to support investment in Jatropha-
based fuel production. The CDM is a provision of the UN Climate Change 
Convention that allows industrialized nations to offset their emissions of GHG by 
investing in non-polluting projects in developing countries. Through this strategy, 
one can earn carbon credits that are in turn saleable in the form of CERs. Tradable 
CERs can be an important parameter for price  fi xation of biodiesel.  

 Before pushing Jatropha biodiesel as a reliable source of energy through incentives 
or policy changes, a detailed analysis of the impact of CDM towards the usage of 
this particular biofuel needs to be worked out. 

 Afforestation refers to the planting of trees on areas that were not covered with 
forests. Reforestation refers to the re-planting of trees on areas that were once 
covered with forests. Article 3.3 of the Kyoto Protocol and Marrakech Accords in 
the United Nations Framework Convention on Climate Change (UNFCCC) include 

   Table 2.8    Sector-wise 
consumption of diesel in India 
(Sethi  2009  )    

 Sector  Consumption (%) 

 Agriculture  13.8 
 Power generation (Gen sets)   9.7 
 Passenger vehicles  18.9 
 Commercial vehicles  50.4 
 Industry   7.2 

   Table 2.9    Biodiesel emissions compared to petro-diesel  ( Planning Commission  2003  )    

 Emissions  B100 (%)  B20 (%) 

 Total unburned hydrocarbons  −93  −30 
 Carbon monoxide  −50  −20 
 Particulate matter  −30  −22 
 NOx   13    2 
 Carbon dioxide  −80  — 
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afforestation and reforestation as possible measures to reduce carbon dioxide level 
in the atmosphere. Afforestation and reforestation (AR) are de fi ned by the UNFCCC 
as direct human-induced conversion of non-forested land to forested land through 
planting, seeding and/or the human-induced promotion of natural seed sources. 
Afforestation and reforestation differ only in that the activity will be afforestation if 
the land on which it takes place had not been forested for at least 50 years, whereas 
reforestation refers to land that did not contain forest before 1990 for reforestation 
project activities. The  fi rst phase of CDM till the year 2012 is open to reforestation 
and afforestation projects in developing countries like India. The main features of a 
possible CDM project state that it should sequester up to 8,000 tons of carbon annually 
and low-income communities should implement the project. 

 Jatropha plantations projects are entitled for trade of CER for CO 
2
  sequestration. 

Assuming a density of 1,600 plants per hectare, Jatropha will produce, 5 years after 
plantation, about 200 kg of biomass, including roots with a dry matter content of 
about 25 % , i.e., a biomass of 80 tons dry matter per hectare. About half of that 
weight is CO 

2
 , i.e., 40 tons (Jatropha plant has a very light wood with a density 

ranging from 0.33 to 0.37) (Hooda and Rawat  2006  ) . The trade of certi fi ed emission 
certi fi cates pays around US $10.47 (spot traded price of Rs 562 per CER on NCDEX 
India as on Dec 15th, 2011, at exchange rate of Rs. 53.68 per US $) per ton of CO 

2
  

sequestration at current market price, which is about US $ 679.2 per hectare as 
shown in Table  2.10  below.  

 Considering 13.4 million hectares of waste land, one may calculate that US $ 
5.61 billion (13.4 million * 418.8) may be earned by virtue of CERs in the context 
of CDM due to Jatropha plantations and biodiesel production, which is bound to 
improve the economic viability of Jatropha biodiesel in India. 

 On one hand, the combustion details of petro-diesel (C 
16

 H 
34

 ), assuming a net 
calori fi c value of 43.38 GJ/t, are modeled by equation ( 2.1 ) (Peterson and 
Hustrulid  1998  ) :

     + + ® + +16 34 2 2 2 2 2C H 24.5O 92.12N  16 CO 17H O 92.12N    (2.1)   

 On the other hand, the combustion of biodiesel (C 
18

 H 
34

 O 
2
 ) can be represented by 

the equation ( 2.2 ) (Rajesh et al.  2008  ) :

     + + ® + +18 34 2 2 2 2 2 2C H O 25.5O 3.76N  18 CO 17H O 95.88N    (2.2)   

   Table 2.10    CO 
2
  sequestration by Jatropha plantations   

 Year  First  Second  Third  Fourth  Fifth 

 Growth of tree (%)  20  40  60  80  100 
 25 kg CO 

2
  sequestration/plant at maturity level  5  10  15  20  25 

 Total CO 
2
  sequestered in kg for 1,600 plants/hectare  8,000  16,000  24,000  32,000  40,000 

 Total CO 
2
  sequestered in ton for 1,600 plants/hectare  8  16  24  32  40 

 Amount accrued from CER a  in US$ at $10.47/CER  83.76  167.52  251.28  335.04  418.8 

   a price of CER on NCDEX Mumbai, India on 15th Dec 2011  
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 As shown above in ( 2.1 ), 3.11 kg of CO 
2
  is produced for each kg of diesel fuel 

used, whereas as per ( 2.2 ), 2.81 kg of CO 
2
  is produced for each kg of biodiesel fuel 

used. Hence, the same amount of CO 
2
  would be produced for an equivalent energy 

content of biodiesel as shown in ( 2.2 ). Available data indicates that Jatropha biod-
iesel has a calori fi c value of 38,000 kJ/kg while diesel has 43,380 kJ/kg. This 
means that 14.15% more Jatropha biodiesel (mass basis) is necessary to produce the 
same energy as diesel, whereas the theoretical carbon balance shows that 11.07%  
more Jatropha biodiesel would produce the same amount of CO 

2
 . The difference is 

mainly due to the oxygen content associated with biodiesel. Thus, the combustion 
of biodiesel and petro-diesel emits about the same amount of CO 

2
  for similar energy 

output. Reported  life cycle assessment  (LCA) analysis of Jatropha biodiesel shows 
that CO 

2
  emissions are reduced by 80–85% as compared to petro-diesel due to its 

renewable nature. 
  Net energy ratio  (NER) de fi ned as ratio of energy output to energy input can be 

taken as an indicator of energy ef fi ciency of any fuel. For petro-diesel, reported 
value of NER is 0.8328 (Sheehan et al.  1998  ) . Whereas for Jatropha biodiesel under 
rainfed conditions and without allocating primary process energy to co-products 
(like: glycerine and seed cake) the reported NER is 1.2 (Kumar et al.  2012b  ) . NER 
may be improved further either with higher seed yield or by reducing process energy 
requirement for conversion of Jatropha oil into biodiesel. Transesteri fi cation pro-
cess requires 20% of total process energy. Use of Jatropha oil in existing diesel 
engines requires preheating due to its very high viscosity.  

   Conclusions 

 The greatest impediment to overall development in India is the positive rate of 
urbanization and population growth. It is necessary to de fi ne the fraction of farm-
land, waste land or barren land that could be used for the production of biodiesel in 
a sustainable manner without con fl icting with food security and environmental 
issues. Biofuel development can provide supplementary incomes for rural people 
including the eradication of gender disparity. Proper credit mechanism needs to be 
developed to help small farmers to cultivate and sell crop pro fi tably. 

 Renewable energy generation in rural areas may be a viable option of climate 
change mitigation in India under CDM. Governmental policies may need to be 
adjusted for subsidizing renewable power for the poor rural areas, the so called  rural 
poor  (  http://www.fao.org/worldfoodsummit/english/fsheets/ifad.pdf    ). 

 Development of localized biodiesel supply chain may help in providing valuable 
energy to ful fi ll the daily needs of rural people. Worldwide extensive research is 
going on to develop diesel engine that can run ef fi ciently on biodiesel or even pure 
oil. Design and development of ef fi cient chulhas (cook-stove) for cooking using 
Jatropha biodiesel may be a turning point in improving the living standards of the 
rural poor. Thus, after analyzing all the aspects it can be concluded that, production 

http://www.fao.org/worldfoodsummit/english/fsheets/ifad.pdf
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and utilization of Jatropha biodiesel as prospective fuel needs top most priority in 
India to achieve sustainable energy regime. 

 It is desired that world agriculture needs to keep up with continuous growth of 
world population and, moreover, to develop further in order to reduce the number 
of undernourished people and to promote health and welfare. However, in the use of 
these advancements the precautionary principle is imperative in order that food safety, 
as well as environment protection and biodiversity should be ensured. Otherwise, 
unwise application of technological tools may further deteriorate human health and 
environmental quality and compromise future development of human societies. 

 It is worth mentioning that the undernourishment and the food security problems 
in the world are critical; thus, their relation to the production of biofuels must be 
studied. Countries with a better climatic and land potential for the development of 
biofuels have signi fi cant possibilities of developing their agricultural regions, which 
can improve the population’s life condition substantially, by rising their income. 

 The role of governments to elaborate regulatory marks regarding the use and 
distribution of land is of utmost importance, given that one of the possible disadvan-
tages of biofuel programs may be the concentration of land ownership. Such resource 
concentration may generate more poverty, monoculture, forest destruction and ulti-
mately aggravate the environmental impacts. The environment destruction itself 
may worsen the socio-economic network and generate additional poverty entering a 
vicious circle. 

 The major constraint in adopting the Jatropha biodiesel is to provide required 
marginal lands for its production, developing a supply chain and ensuring its price 
competitiveness with petro-diesel. Another major area of concern is to restrict the 
expansion of biodiesel production to land normally dedicated to food crops in order 
to avoid unnecessary food security threats in India. Thus a major challenge is to 
devise a public policy to promote the cultivation of Jatropha only on marginal and 
waste lands, but with incentive to facilitate its integration to the socio-economic 
system. These incentives may count with the creation of seed collection centers, 
warranty on oil prices and price parity with any other possible alternative energy 
source so that its production can be made on a competitive and sustainable basis. 
Present Jatropha biodiesel economics show that:

    (a)    The local price of biodiesel, around Rs 46.45 per liter without any taxation, is 
just comparable to that of petroleum diesel in India (Rs 40.91 per liter at Delhi). 
Present petro-diesel cost is around Rs 10.94 under recovery for oil marketing 
companies at 120.99 $ per barrel of crude oil for Indian basket.  

    (b)    Present petro-diesel pricing at Delhi includes Rs 7.59 of taxes. At a same rate 
of taxation, biodiesel costs around Rs 54 per liter. Hence, if under-recovery is 
also added in present petro-diesel pricing, actual selling price of petro-diesel 
comes at about Rs 53 per liter, which is well comparable with biodiesel.  

    (c)    For 13.4 Mha of waste land US $ 5.61 billion (13.4 million * 418.8) may be 
earned by virtue of CERs in the context of CDM due to Jatropha plantations and 
biodiesel production. CDM is bound to improve the economic viability of 
Jatropha biodiesel in India.  



28 S. Kumar et al.

    (d)    13.4 Mha Jatropha cultivation may result in 300 days/year employment for 
roughly 6.5 million people.  

    (e)    LCA analysis of Jatropha biodiesel shows that CO 
2
  emissions are reduced by 

80–85% as compared to petro-diesel due to its renewable nature.     

 Considering the importance of energy as the backbone for economic develop-
ment of a nation like India, it is of paramount importance to look for a sustainable 
alternative to petro-diesel. Current volatilities in crude price have already worsened 
the overall economic situation of major OMCs. The need of the hour is to study and 
implement the biodiesel program, which is already successfully operational in 
countries like Germany. Economics are strongly in favour of Jatropha biodiesel to 
be a sustainable alternative to diesel.      
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         Introduction 

 Escalating world fuel prices, growing demand for energy, concerns about environ-
mental effects of fossil fuel use and global warming are the key issues facing man-
kind today. The increasing interest in renewable energy sources or bioenergy around 
the world has focused on biofuels, which are of biological and renewable origin, 
like bioethanol, biodiesel, and biomass for energy. Bioenergy appears to offer hope 
for addressing these concerns while also providing new opportunities for farmers in 
developing and developed countries alike. Bioenergy is already making a substan-
tial contribution to meeting this global energy demand. It could sustainably contrib-
ute between a quarter and a third of global primary energy supply in 2050. It is the 
only renewable source that can replace fossil fuels in all energy markets—in the 
production of heat, electricity, and fuels for transport. India is positioned to maxi-
mize the gains from large availability of solar, wind, biomass and hydro-energy 
sources. India, with rapidly growing economy, is increasingly looking to biofuels to 
meet its energy needs. India is currently the world’s fourth largest producer of etha-
nol and is expanding its biodiesel industry. India also has long term projects using 
biogas and has started new initiatives to use bioenergy to supply electricity, heat and 
light to isolated rural populations (Gonsalves  2006  ) . 

 A speci fi c plant or substance used for bioenergy is called a feedstock. Feedstocks 
are usually converted into a more easily usable form, usually a liquid fuel. Forestry, 
agricultural and municipal residues, and wastes are the main feedstocks for genera-
tion of electricity and heat from biomass. In addition, a very small share of sugar, 
grain, and vegetable oil crops are used as feedstocks for the production of liquid 
biofuels. Today, biomass supplies some 50 EJI globally, which represents 10% of 
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global annual primary energy consumption and is mostly traditional biomass used 
for cooking and heating (Fig.  3.1 ).  

 Bioenergy development in the Asia-Paci fi c region is faced with many challenges. 
Fuelwood and charcoal remain the dominant energy sources in the region (Heruela 
 2010  ) . Biofuels can contribute to climate change mitigation by substituting fossil 
fuels. The Asia-Paci fi c region led by China and India had been experiencing the 
fastest economic growth in the world. Economic growth in many countries is lead-
ing to consumption patterns that approach those of industrialized countries. The 
rapid growth is contributing signi fi cantly to increasing environmental pressure, with 
serious consequences for the environment, human health and long-term prosperity. 

 Across the developing world, several crops are now being examined for their suit-
ability for production of biofuels. Many bioenergy routes are being used to convert a 
range of raw biomass feedstocks into a  fi nal energy product. The productivity of bio-
mass feedstocks needs to be increased through improved agricultural practices and bio-
technological methods (Naresh  2008 ; Leela et al.  2009 ,     2011 ; Naresh et al.  2012  ) . 
Developing countries, especially the tropical and sub-tropicals have a comparative 
advantage for bioenergy production because of greater availability of land, favorable 
climatic conditions for agriculture and lower labour costs. However, they face socio-
economic and environmental implications affecting the potential to bene fi t from the 
increased local and global demand of bioenergy. The interrelationship between land 
uses and the competing needs of energy and food security is a key issue in bioenergy that 
should be considered. In addition, the effects of large-scale bioenergy production on 

  Fig. 3.1    Share of bioenergy 
in the world primary energy 
mix (Source: IEA 2006; 
IPCC 2007. 11 EJ = 1018 
Joules (J) = 1015 kilojoules 
(kJ) = 24 million tonnes of 
oil equivalent (Mtoe))       
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global commodity prices are a signi fi cant trade concern. Bioenergy production may also 
entail harmful environmental effects such as deforestation and loss of biodiversity. 
Regulation is required to reduce the negative impacts of large-scale production, as well 
as to ensure the use of technologies with the best cost-effective ratios and rates of energy 
conversion. The stages of bioenergy development from research to commercialization 
have already been done and are supported by the government policies and regulation 
commitments. These include the know-how for the construction of new bioenergy 
plants, development of plantations for production of raw material and marketing 
policies. However, rural self-suf fi ciency energy programmes need to be developed for 
biofuel in order to open job opportunities and eliminate poverty at isolated or remote 
villages by empowering the society to ful fi ll their energy needs. 

 Biofuels have the potential of helping to power the transportation sector that is 
responsible for around 30% of current energy usage. There has been a lot of debate on 
the production of biofuels from food crops since they may endanger food security by 
displacing food resources from their original target. In addition, food crop are not nec-
essary the most productive concerning biofuels. Therefore, production of biofuels must 
be cost effective, environmentally safe and sustainable. Biofuels need to be integrated 
within a broader framework of investment in rural infrastructure and human capital. 

 Extensive research has shown that  Jatropha curcas  is the most favourite biodie-
sel oilseed as it offers several advantages, such as its ability to grow on marginal 
lands with low inputs, easy propagation, low gestation period, uselessness for graz-
ing animal like cattle or sheep, pest resistance, high seed yield and oil content, and 
production of protein rich manure. Large-scale plantation schemes should therefore 
be promoted to generate employment and income and make biodiesel affordable to 
the poor. Several types of biofuels are presented below followed by a discussion on 
the latest status of biodiesel-yielding plants including Jatropha and the future out-
look and prospects of biodiesel.  

   Types of Biofuels 

   Liquid Biofuels 

 Liquid biofuels are used to supplement or replace traditional petroleum-based trans-
portation fuels and can be used in existing vehicles with little or no modi fi cation to 
engines and fueling systems. They can also be used for heating and electricity pro-
duction. The two most common kinds of liquid biofuels are ethanol and biodiesel, 
but other liquid fuels are being developed. 

   Bioethanol 

 Ethanol as biofuel has been known since early 1900 with the Ford motor of Model 
T running on corn ethanol. Ethanol is currently produced in large quantities by 
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fermenting the sugar or starch portions of agricultural raw materials. The feedstocks 
used for ethanol production include sugar cane in Brazil, maize in North America, 
sugar beets in France, etc. The top three ethanol producers are Brazil, the US and 
China. Because producing ethanol from sugar and starch competes with food pro-
duction, new methods are being developed to produce ethanol from cellulose, which 
makes up the bulk of all plants and trees. Cellulosic ethanol is referred to as a sec-
ond-generation biofuel. Jerusalem artichoke ( Helianthus tuberosus  L.) is one of the 
most suitable materials for ethanol production as it contains nearly 20% of carbohy-
drates, of which 70–90% is inulin. Researchers at The Institute for Sustainable and 
Renewable Resources, in Danville, Virginia, are studying the potential use of 
Jerusalem artichoke as a feedstock for producing ethanol as an alternative for farming 
communities affected by declining tobacco and textile markets (Christiansen  2009  ) . 
Ethanol production from Jerusalem artichoke by  Zymomonas mobilis  was reported 
by Tatcha et al.  (  2007  ) .  

   Biodiesel 

 Biodiesel refers to any diesel-equivalent biofuel made from renewable biological 
materials, such as vegetable oils or animal fats consisting of long-chain saturated 
hydrocarbons (methyl or ethyl esters of long chain fatty acids). It is produced by 
chemically processing oils (transesteri fi cation) obtained from both edible oil plants, 
such as rapeseed, soybean and the fruits of oil palms and non-edible oil plants like 
Jatropha and Pongamia. Waste cooking oil can also be converted to biodiesel (IEA 
Bioenergy)  

   Other Liquid Biofuels 

    • Biobutanol: Butanol (called “biobutanol” if derived from biomass) is an alcohol 
similar to ethanol. Butanol is currently more expensive to produce than ethanol.  
  • Pure Plant Oil (PPO): PPO (also known as SVO, Straight Vegetable Oil) is a 
diesel type fuel that occurs naturally in plant oils such as rapeseed, Jatropha, etc. 
Waste cooking oil can also be converted to PPO which is used in its pure form or 
mixed with diesel/biodiesel.  
  • Biokerosene: Kerosene is used to power jet engines. However, biokerosene is not 
produced for large-scale aviation because aviation fuels need to meet special 
requirements. A synthetic biokerosene is produced using biomass   feedstocks    .  
  • Pyrolysis oil: Also known as “bio-oil”, is a liquid biofuel created through 
pyrolysis.  
  • Biomass-to-liquids (BTL): Chemical processes that transform biomass into liq-
uid fuels.  
  • Biogasoline: It is under development by Shell and Virent Energy Systems, bio-
gasoline is a synthetic form of gasoline made from cellulosic feedstocks.      

http://www.bioenergywiki.net/Feedstocks
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   Gas Biofuels 

 Gas biofuels include Biogas or Biomethane, Biopropane and Synthetic natural 
gas (SNG).  

   Solid Biofuels 

 Solid biofuels include wood, manure or charcoal burned as fuel as well as more recent 
innovations like high-density clean burning pellets. Solid biomass can be burned for 
heat or to produce electricity either by itself or as part of a co- fi ring power plant. 

  Wood:  Wood can be utilized for bioenergy in the following forms, such as,  fi rewood, 
wood charcoal (charcoal), wood- fi red biomass boilers, wood gasi fi cation (wood 
gas)—especially waste wood, wood pellets and wood residues (waste wood). 

  Charcoal:  Char or biomass-derived black carbon, is a form of charcoal produced from 
biomass and commonly used as a fertilizer or soil amendment. Char may also have the 
potential to sequester large amounts of carbon in the soil. Much of the interest in char 
has been stimulated by research on  terra preta , “dark earth” in the Amazon. 

  Biomass pellets:  Biomass can be pressed into pellets. Due to their low moisture 
content, regular shape and high density, pellets can be burned very ef fi ciently and 
are often used for heating or electricity generation.  

   Biomass 

 Biomass is the most important renewable energy source used in the world today, but 
the utilization of bioenergy is very low and needs to increase (May fi eld and Foster 
 2008  ) . Large scale utilization of biomass for energy is still limited to a few coun-
tries, the largest user being United States which generates more than 70% of its 
energy needs. Energy, economic, and environmental bene fi ts can be derived from 
the use of biomass for bioenergy and bio-based products. 

 On a world-wide basis, roughly 80% of the total energy supply comes from fossil 
fuel sources, 13% from renewable energy sources, and 7% from nuclear power. In 
the United States, 86% of the total energy consumed is obtained from fossil fuels, 
6% from renewable energy sources, and 8% from nuclear power. With China, Brazil 
and India in the lead, the world is going through a fast industrialization process, 
which is signi fi cantly increasing the global demand for fossil fuel energy. In this 
context, biomass emerges as an attractive modern energy source provided it can be 
economically justi fi ed. Many countries have realized the need to improve the 
ef fi ciency of energy generation, distribution, consumption, to harness local resources 
as a way to increase the security of the energy supply, reverse fossil fuel dependency, 
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and to improve trade balance. The formation of biofuel markets is likely to bene fi t 
developing countries, which, in general, have favorable conditions for growing bio-
mass. Further, biofuels produced from energy crops can make an important contri-
bution to reduction of greenhouse gas emissions (Gutterson and Zhang  2009  ) .  

   Biodiesel 

 The concept of using vegetable oil as a fuel dates back to 1895 when Dr. Rudolf 
Diesel developed the  fi rst diesel engine to run on vegetable oil. While there are 
numerous interpretations being applied to the term biodiesel, the term biodiesel 
usually refers to an ester, or an oxygenate, made from the oil and methanol (in other 
words, the name “biodiesel” can be applied to any transesteri fi ed vegetable oil that 
makes it suitable for use as a diesel fuel). Recent advances in oil extraction and 
transesteri fi cation could reduce the cost of making biodiesel from plant oils. Bio-
diesel can be used in diesel engines either as a stand alone in pure form (B100) or 
blended with petro diesel. Much of the world uses a system known as the “B” factor 
to state the amount of biodiesel in any fuel mix. For example, fuel containing 20% 
biodiesel is labeled B20, while pure biodiesel is referred to as B100. 

 Biodiesel can be derived from the triglycerides (fats) of either plants or animals, 
though a very large percentage of biodiesel. The plant-based bio-diesel is some-
times known as botadiesel, and the animal-based biodiesel as zoodiesel (Source: 

   http://www.oilgae.com/energy/sou/ae/re/be/bd/def/def.html     
   http://www.bdpedia.com/biodiesel/research/research.html     
    http://www.castoroil.in/reference/plant_oils/uses/fuel/bio_fuels%20may%20

09%202006.html    ). 

  Zoodiesel:  Biodiesel from animal fat is much less prevalent than biodiesel from 
plants, but a good amount of research is going on in this area. A few studies suggest 
that biodiesel from animal fats could cost signi fi cantly less (about 20%) than that 
from plant oils because animal fat is cheaper than fats from plant oils. 

  Botadiesel:  As mentioned earlier, plant oils form the feedstock for a very large per-
centage of the biodiesel in use today. While the most popular plant oils exploited for 
biodiesel are from sun fl ower, soybean, Jatropha, corn, canola, saf fl ower and rape-
seed oil, experiments are ongoing with many more plants to check if their oils could 
be suitable candidates for biodiesel. More information on the various plant oils that 
can be used for biodiesel is given in a later section. 

   Biodiesel from Algae 

 Biodiesel from algae has been widely discussed among experts in the petroleum 
industry and conservationists who are looking for a more reliable and safer source 
of energy that is both renewable and easy to attain. One of the key reasons for 

http://www.oilgae.com/energy/sou/ae/re/be/bd/def/def.html
http://www.bdpedia.com/biodiesel/research/research.html
http://www.castoroil.in/reference/plant_oils/uses/fuel/bio_fuels%20may%2009%202006.html
http://www.castoroil.in/reference/plant_oils/uses/fuel/bio_fuels%20may%2009%202006.html
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consideration of algae as feedstock for oil is their yields. The DOE (Department of 
Energy, Govt of USA) has reported that algae yields 30 times more energy per acre 
than land crops such as soybeans, and some estimate even higher yields up to 
56,781.1 litres per acre. Besides keeping the earth clean and free from pollution, the 
algal biodiesel fuels help to utilize a resource that is available in abundance just 
waiting to be harnessed and exploited. Once the algae are grown and harvested, 
there are different ways of extracting the oil. Regardless of the extraction method, 
the resulting product is a vegetable oil called ‘green crude’, similar to crude oil, 
which is further transformed into biodiesel through a ‘transesteri fi cation’ process 
which is similar to that used for the seed-oil of Jatropha or Pongamia. 

 Algae represent the third generation feedstock for biodiesel, with much higher 
yields than second generation crops like Jatropha and Pongamia. Algae yields could 
reach as much as 50 tons of biodiesel per ha per year against 2 tons for competing 
feedstocks, such as Jatropha  . On lipid content alone (in terms of % of lipid content 
by dry weight), algae score over all other oil crops in terms of the yield of biomass. 
Oil yields per unit area from algae can be further increased, and it is one of the most 
researched topics currently. There could be some challenges in converting algae oil 
into biodiesel using the transesteri fi cation process owing to the high FFA of algae oil. 
Some recent publications in the area of biodiesel from algae include Cheng et al. 
 (  2009  ) . In this study,  Chlorella protothecoides  utilized hydrolysate of Jerusalem 
artichoke tuber as carbon source and accumulated lipid in vivo, with lipid content as 
high as 44% by dry mass, and a carbon source to lipid conversion ratio of about 25% 
in a 4-day scale cultivation.    

   Why Is Jatropha so Exciting from a Renewable 
Energy Standpoint? 

 In India, the Center for Jatropha Promotion and Biodiesel has issued reports identi-
fying up to 13 additional (in addition to Jatropha) non-food oilseeds and trees that 
can be utilized for biofuel production and carbon emissions control. The Center has 
identi fi ed Camelina ( Camelina sativa ), Flax ( Linum usitatissimum ), Jojoba 
( Simmondsia chinensis ), Jerusalem artichoke ( Helianthus tuberosus ), Kenaf 
( Hibiscus cannabinus ), Karanja (Pongamia:  Pongamia pinnata ), Kokum ( Garcinia 
indica ), Moringa ( Moringa oleifera ), Mahua ( Madhuca indica ), Neem ( Azadirachta 
indica ), Castor bean ( Ricinus communis ), Simarouba ( Simarouba glauca ) and 
Tumba ( Citrullus colocynthis ) as the most promising. Among these, Jojoba is native 
to the semiarid regions of southern Arizona, southern California and northwestern 
Mexico. Rajasthan’s state government has allotted 110 ha of wastelands including 
70 ha for Jojoba plantation. Pongamia is one of the few nitrogen  fi xing trees to pro-
duce seeds containing 30–42% oil. Mahua is one of the forest tree with a large 
potential of non-edible oil production of about 60 million tons per annum in India. 
The oil extracted from the castor bean already has a growing international market, 
assured by more than 700 uses, ranging from medicines and cosmetics to biodiesel, 
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plastics and lubricants. Each ha of castor bean planted in arid and semi-arid regions 
produces 350–900 kg of oil per ha. Although seed oil from corn ( Zea mays ) has 
been in use, activity in the  fi eld of bioenergy has been accelerating in the last few 
years with oil from palm, soybean, rape and from many other oilseeds (apart from 
those mentioned above), such as Shorea  robusta, Mesua ferra  and  Mallotus philip-
pines , with areas under cultivation rapidly increasing (Naresh  2008 ; Leela  2010 ; 
Naresh et al.  2012  ) . Unlike the  fi rst generation biodiesel and biofuel crops, such as 
soybean or corn,  J. curcas  is a non-food crop used as a feedstock for second-
generation biofuel and presents one of the most exciting possibilities as a future 
solution to energy problems, especially that of transportation fuel.  J. nana  has also 
been presented as a promising biofuel source (Bhagat and Kulkarni  2009  ) . 

  Jatropha may thrive  in non-agricultural and marginal lands not suitable for food 
crops and can use waste water for its growth. Fertilizer and pesticide requirements as 
well as crop management costs, are relatively lower for Jatropha than for many other 
energy crops. Jatropha is a perennial and it yields oil for over 30 years. Jatropha is 
being cultivated in almost all the continents and a large number of countries for oil and 
byproducts  (  Abreu 2008 ; Achten et al.  2008  ) . India, Malaysia, African nations and 
other Asian countries can greatly bene fi t from cultivation of biodiesel crops to meet 
their ever growing diesel requirements. Jatropha is an “energy species” that has to be 
domesticated as a “tree crop” (Heller  1996 ; Henning  2008 ; Makkar and Becker  1997 ; 
NOVOD  2007 ; Openshaw  2000 ; Wiesenhütter  2003  ) . 

 Studies that would focus as much on yield as on performance of biodiesel are 
being undertaken around the world. The main challenge of Jatropha promotion in 
rural areas would come from the communities for whom the scope of petrocrop 
adoption would need to be attractively and pro fi tably packaged along with a 
demysti fi ed plantation and processing technology. Site-speci fi c cultivation pack-
ages and agroforestry models for Jatropha need to be developed and mass mobiliza-
tion/awareness campaigns designed and implemented to institutionalize the process 
and to achieve the desired scale of Jatropha plantation. However, many of the actual 
investments and policy decisions on developing Jatropha as an oil crop have been 
made without the backing of suf fi cient scienti fi c knowledge. Realizing the true 
potential of  Jatropha  requires separating facts from the claims and half-truths. 

 The analyses of Jatropha seeds revealed that the percentage of crude protein, crude 
fat and moisture were 24.6%, 47.2% and 5.5%, respectively (Akintayo  2004  ) . The 
seeds can be transported without deterioration and at low cost due to their high speci fi c 
weight. Jatropha seeds contain 30–40% oil that can be easily expressed for processing 
(transesteri fi cation) and re fi nement to produce biodiesel (Akintayo  2004 ; Gubitz et al. 
 1999 ; Mahanta et al.  2008 ; Parawira  2010  ) . The byproducts of biodiesel processing 
are nitrogen-rich press cake and glycerol, which are said to have good commercial 
value as fertilizer and as a base for soap and cosmetics, respectively. Makkar et al. 
 (  1998  )  found that crude protein was 56% in Cape Verde, 61% in Nicaragua, 56% in 
Nigeria and 64% in non-toxic Mexican  J. curcas  varieties. 

 A Jatropha tree absorbs around 8 kg of CO 
2
  every year. About 2,500 trees can be 

planted in a ha, thus, resulting in 20 tons of CO 
2
  sequestration per year for the life-

time of 40–50 years. Moreover, each ha produces an average of 3,785.4 litres of 
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biodiesel per year and 3,500 kg of biomass. The use of biodiesel results in the reduction 
of 3.2 kg CO 

2
 /litre produced by diesel. At 78% ef fi ciency, biodiesel will reduce 

2.5 kg of CO 
2
 /litre or 9.2 tons of CO 

2
  for every ha of plantation. The biomass pro-

duced after the oil extraction will further result in carbon reduction based on the 
amount of electricity generated from it.  

   Cultivation, Economic Importance and Other Aspects 
of Jatropha 

 The essential practices that will enhance existing Jatropha cropping systems, and 
bring the crop to an ideal model for industrial cultivation include:

   Selection of elite lines of Jatropha for higher productivity per acre and their molecu-• 
lar  fi ngerprinting (Basha and Sujatha  2007 ; Ranade et al.  2008 ; Leela et al.  2009  ) .  
  Developing cost-effective commercial nurseries  • 
  Healthy practices to reduce incidence of diseases  • 
  Value addition to Jatropha projects with use of co-products.    • 

 (Source: European Biodiesel Board, Malaysian Palm Oil Board, National Biodiesel 
Board, USA   http://www.osti.gov/bridge/servlets/purl/924080-y8ATDg/924080.PDF    ). 

 The three main methods of Jatropha cultivation are nursery raising, direct seed-
ing in the main  fi eld and vegetative propagation. The best and recommended method 
for Jatropha cultivation is nursery method. Micropropagation is catching up in a big 
way (Sujatha et al.  2005 ; Naresh  2008 ; Dhillon et al.  2009 ; Leela  2010 ;    Leela et al. 
 2011 ; Naresh et al.  2012  ) . It starts bearing from the third year, but is commercially 
viable from the  fi fth year. Optimal use of water is the most important criteria for 
growing Jatropha. Minimum rainfall required to produce fruits is 600 mm/ha/year. 

 The seed yield of Jatropha varies under different agro-climatic conditions and 
planting density. The average seed yield per ha from the  fi fth year for Jatropha under 
irrigated farming is about 5 tons. Cultivation costs of Jatropha are estimated to be in 
the range of US$ 994/year per ha, including seed or sapling cost, land preparation and 
sowing, which however, varies based on the region. The total cost for extracting and 
re fi ning Jatropha oil through expeller press process is US$ 0.37 per gallon and US$ 0.5 
through solvent extraction process. Based on the data from various surveys reported by 
the Comprehensive Jatropha Report  (  2011  ) , the average seed prices ranged from US$ 
0.05 to 0.25 in Africa, US$ 0.2 to 0.4 in Latin America, and US$ 0.2 to 0.4 in Asia. 

 The overall Jatropha oil manufacturing process is: Sowing—> Cultivation—> H
arvest—> Seed Dehulling and Cleaning—> Oil Extraction—> Oil Filtration and 
Puri fi cation—> Oil Re fi ning. Jatropha meal is the extract left behind after the 
extraction of oil from Jatropha seeds. Currently, it can be sold on the market as an 
organic fertilizer and for producing biogas, among others. The toxins in the 
Jatropha meal can be denatured or inactivated by heat and the detoxi fi ed Jatropha 
meal can be used as animal feed. The ef fi ciency and pro fi tability of the Jatropha 

http://www.osti.gov/bridge/servlets/purl/924080-y8ATDg/924080.PDF
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biofuel industry increases with the commercial usage of by-products like Jatropha 
cake and glycerol generated during the process of oil extraction. 

 In addition to its emerging use as a biofuel, Jatropha oil could be a good source 
of industrial enzymes, biopolymers and biopharmaceuticals. Similar to other sources 
of biomass, different parts of the Jatropha plant (and not just its seeds) can be used 
to produce a wide range of fuels, using a range of processes—chemical, thermo 
chemical and biochemical processes.  

   Jatropha Plantations in India 

   The National Mission on Jatropha Biodiesel 

 The Government of India started its BioFuel mission in April 2003, on development 
of BIO-FUEL, under the auspices of the Planning Commission of India, and it pre-
sented its report that recommends a major multi-dimensional programme to replace 
20% of India’s diesel consumption. The National Planning Commission has inte-
grated the Ministries of Petroleum, Rural Development, Poverty Alleviation and the 
Environmental Ministry and others. It has announced the BioFuel Policy on 
September 11th, 2008. The Union Cabinet in its meeting gave its approval for the 
National Policy on Biofuel prepared by the Ministry of New and Renewable Energy 
as well as for setting up an empowered National Biofuel Coordination Committee, 
headed by the Prime Minister of India and a Biofuel Steering Committee headed by 
Cabinet Secretary. One of the objectives was to blend petro-diesel with a planned 13 
million tons of bio-diesel by 2013 (>l000 times compared to the present world 
Jatropha cultivation and production) produced mainly from non-edible Jatropha oil 
and, on a smaller part, from  Pongamia  .  To plant 11 million ha of Jatropha, the pro-
gram is to become a “National Mission” and has to mobilize a large number of 
stakeholders including individuals, communities, entrepreneurs, oil companies, 
business, industry, the  fi nancial sector as well as Government and most of its 
institutions. 

 The National Mission on Biodiesel, is therefore proposed in two phases as below:

    1.    Phase I consisting of a Demonstration Project was aimed to be implemented by the 
year 2006–07 with an investment of Rs. 1,500 crore ($300 million) on 400,000 ha.  

    2.    As a follow up of the Demonstration Project, Phase II consisted of a self sus-
taining expansion of the programme that began in the year 2007 and led to 
produce the biodiesel required in 2011–12.     

 About 200 districts in the states of Andhra Pradesh, Bihar, Chhattisgarh, Jharkhand, 
Gujarat, Goa, Himachal Pradesh, Haryana, Karnataka, Kerala, Madhya Pradesh, 
Maharashtra ,  Orissa, Punjab, Rajasthan, Tamil Nadu have been identi fi ed on the 
basis of availability of wasteland, rural poverty ratio,  below poverty line  (BPL), 
census and agro-climatic conditions suitable for Jatropha cultivation (Figs.  3.2  and 
 3.3 ). Each district is treated as a block and under each block 15,000 ha of Jatropha 



  Fig. 3.2    A clickable map of India showing 28 states and seven union territories of India 
(WIKIPEDIA). 

States
Andhra Pradesh
Arunachal Pradesh
Assam
Bihar
Chhattisgarh
Goa
Gujarat

Haryana
Himachal Pradesh
Jammu and Kashmir
Jharkhand
Karnataka
Kerala
Madhya Pradesh

Maharashtra
Manipur
Meghalaya
Mizoram
Nagaland
Orissa
Punjab

Rajasthan
Sikkim
Tamil Nadu
Tripura
Uttar Pradesh
Uttarakhand
West Bengal

Union territories
Andaman and Nicobar Islands
Chandigarh
Dadra and Nagar Haveli
Daman and Diu
Lakshadweep
National Capital Territory of Delhi
Pondicherry      
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plantation will be undertaken through below poverty line (BPL) farmers. It is proposed 
to provide green coverage to about three million ha of wasteland through plantation 
of Jatropha in the identi fi ed districts over a period of 3 years. The details of planta-
tions being developed in India are given in Table  3.1 .    

 Biodiesel is now being produced in India for use in stationary engines and in 
trains, trucks and tractors. Biodiesel is rapidly replacing both kerosene (which was 
used illegally and inef fi ciently) and diesel as a more ef fi cient, cheap, and clean 
alternative for large engines. A lot of planning is going on to cultivate non-edible 
oilseed trees such as Pongamia on barren land to use their oil for biodiesel production. 
The Railways of India have been very supportive of the program and various state 
governments recommend planting these plants in unused areas through aid from the 
government sectors (Table  3.1 ). 

  Fig. 3.3    The climate map of India showing different climatic conditions.   http://www.bestto fi nd.
com/Travel/Asia-Travel/India-Travel/Know-India/Maps-of-India/Map-of-Climate-of--India/Map-
of-Climate-of--India.htm.           

 

http://www.besttofind.com/Travel/Asia-Travel/India-Travel/Know-India/Maps-of-India/Map-of-Climate-of--India/Map-of-Climate-of--India.htm
http://www.besttofind.com/Travel/Asia-Travel/India-Travel/Know-India/Maps-of-India/Map-of-Climate-of--India/Map-of-Climate-of--India.htm
http://www.besttofind.com/Travel/Asia-Travel/India-Travel/Know-India/Maps-of-India/Map-of-Climate-of--India/Map-of-Climate-of--India.htm
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(continued)

   Table 3.1    Details of Jatropha research and plantations in India   

 Institute, University 
or Company  Particulars of research and plantations 

 The Government of India started 
National BioFuel mission in 
April 2003 and announced 
BioFuel Policy on 11th 
September 2008 with a view to 
complete it by 2013 

 One of the objectives is to blend petro-diesel with a planned 
13 Million t of biodiesel by 2013. The aims included the 
following: 

 To plant 11 Million ha of Jatropha, to mobilize a large • 
number of stakeholders including individuals, communi-
ties, entrepreneurs, oil companies, business, industry, the 
 fi nancial sector as well as Government and most of its 
institutions 
 About 200 districts in some potential states have been • 
identi fi ed on the basis of availability of wasteland, rural 
poverty ratio, below poverty line (BPL), census and 
agro-climatic conditions suitable for Jatropha cultivation 
 It is proposed to provide green coverage to about three • 
Million ha of wasteland through plantation of Jatropha in 
the identi fi ed districts over a period of 3 years 

 The National Mission on Biodiesel, was proposed in two phases 
as below: 

 Phase I consisted in a Demonstration Project to be • 
implemented by the year 2006–07 with an investment of 
Rs. 1,500 crore ($300 million) on 400,000 ha 
 Phase II consisted in a self sustaining expansion of the • 
programme that began in 2007 and led to produce the 
biodiesel required in 2011–12 

 Department of Biotechnology 
(DBT), Ministry of Science and 
Technology, Government of India 
(2006–2012) 

 The DBT has planted  fi ve lakh plants, and brought 200 ha of 
area under plantation. Further, it has initiated two Jatropha 
missions,  viz.  the Biofuel Mission and the Jatropha Mini 
Mission to select good germplasm, develop quality planting 
material, and standardize agro-techniques 

 Council of Scienti fi c and 
Industrial Research (CSIR), 
Government of India 
(2005–2015) 

 The Council of Scienti fi c and Industrial Research (CSIR) has 
initiated a network programme for genetic improvement in 
association with the industry under its prestigious New 
Millennium Technology Leadership Initiative (NMTLI) 
programme 

 National Bureau of Plant Genetic 
Resources, Regional Station, 
Ranchi, India (2003–2012) 

 Several projects are in progress including the ongoing CSIR 
funded project on genetic improvement of Jatropha 

 Other Indian National Scienti fi c 
laboratories engaged in the  fi eld 
(2004–2012) 

 The Indian institutes carrying out researches on different 
aspects of Jatropha including the genetic improvement and 
crop management practices are: Central Salts and Marine 
Chemicals Research Institute (CSMCRI), Karnataka 
Watershed Development Agency (KAWAD), Social Uplift 
Through Rural Action (SUTRA), and Central Research 
Institute for Dryland Agriculture (CRIDA) 
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Table 3.1 (continued)

 Institute, University 
or Company  Particulars of research and plantations 

 Indian Ministry of Environment 
and Forests and the Forest 
Departments of several State 
Governments (2004–2012) 

 They are working on thousands of ha of Jatropha plantations 
in India as part of a Clean Development Mechanism (CDM) 
project 

 Indian Railways, Government 
of India (2004–2012) 

 They planned to plant Jatropha along 25,000 kilometers route 
along the railway track and to replace 10% of their total 
petro-diesel consumption with Jatropha oil. The project was 
started on a pilot scale 

 Further, the Indian Railways has started to use the Jatropha oil 
(blended with diesel fuel in various ratios) to power its diesel 
engines with great success 

 Currently the diesel locomotives that run from Thanjavur to 
Nagore (south India) section and Tiruchirapalli to Lalgudi, 
Dindigul and Karur (south India) sections of India run on a 
blend of Jatropha and diesel oil 

 Indian oil marketing 
(Government owned) companies 
(2004–2012) 

 The three National oil marketing companies—Indian Oil 
Corporation (IOC), Hindustan Petroleum Corporation 
Limited (HPCL) and Bharat Petroleum Corporation Limited 
(BPCL)—are planning to take up cultivation of Jatropha 
across more than 180,000 acres in two states of India 

 IOC and HPCL are forming a joint venture with the • 
Chhattisgarh government to take up large-scale Jatropha 
farming across 74,100 acres and 37,000 acres, respec-
tively. IOC is also planning to enter UP as well as some 
other states 

 BPCL has formed a company called Bharat Renewable • 
Energy in association with Hyderabad-based Nandan 
Biomatrix—an R&D company—and Shapoorji Pallonji 
Company, for producing biodiesel from Jatropha in Uttar 
Pradesh across 70,000 acres. The company will be 
investing Rs 2,200 crore in the next 7 years to produce 
one million tons of biodiesel from Jatropha plantations 

 Individual farmers are ready to plant Jatropha in the • 
waste lands and want buy-back agreement like contract 
farming with good price (but the price offered presently 
is generally very low). Bundelkhand area (of Uttar 
Pradesh and Madhya Pradesh states) has lot of waste land 
(600,000–700,000 ha), which is best suited for Jatropha 
and on the other hand Districts of Eastern Uttar Pradesh) 
have saline and waste lands, which are also suitable for 
plantation 

(continued)
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Table 3.1 (continued)

 Institute, University 
or Company  Particulars of research and plantations 

 Several State Governments 
including those of Andhra 
Pradesh, Tamil Nadu, Haryana, 
Uttaranchal and Rajasthan. 
(2004–2012) 

 They are implementing developmental schemes on  Jatropha 
curcas  and programmes to cultivate thousands of ha. Some 
of them are: 

 Andhra Pradesh: Andhra Pradesh government under its • 
Rain Shadow Area Development (RSAD) has allocated 
about 15 lakh ha of land for growing Jatropha and 
Karanja for producing oil for biodiesel. Andhra 
Pradesh has entered into a formal agreement with 
Reliance Industries for Jatropha planting. The company 
has selected 80 ha of land at Kakinada to grow Jatropha 
for high quality bio-diesel fuel. 
 Rajasthan: The Centre for Jatropha Promotion & • 
Biodiesel has proposed to bring 2.2 lakh ha under 
Jatropha. Announced an aggressive plan to produce two 
million tons of biodiesel a year from Jatropha seeds 
starting in 2012 
 Maharashtra: In September 2007, the HPCL joined hands • 
with the Maharashtra State Farming Corporation Ltd 
(MSFCL) for a Jatropha seed-based bio-diesel venture. 
As part of the project, a Jatropha plant would be grown 
on 200 acres in Nasik and Aurangabad. In November 
2005, the Maharashtra Government aimed to cultivate 
Jatropha on several hundreds of ha in the state, with half 
the land going to the public sector and the other half to 
the private sector. On July 1 2006, Pune Municipal 
Corporation took the lead among Indian cities in using 
biodiesel from Jatropha in over 100 public buses 
 Karnataka: Farmers in semi-arid regions of Karnataka are • 
planting Jatropha as it is well suited to those conditions 
 Haryana: The Planning Board is growing Jatropha on • 
20,000 ha. 19 districts have gone for Jatropha plantation. 
In 12 districts, 820 acres of land has been brought under 
Jatropha cultivation with the involvement of 146 g 
panchayats 
 Chhattisgarh: Planning to bring at least one million ha of • 
land under Jatropha cultivation by 2012 
 Uttaranchal: The Uttaranchal Biofuels Board has brought • 
two lakh ha under Jatropha plantation by 2012. Here, 
plantation in 29  panchayats  covering an area of 350 ha 
has been done 
 Kerala: Kerala is planning a massive Jatropha planting • 
campaign 

 Several Agricultural Universities 
of India (2005–15) 

 Jatropha plantation and genetic improvement projects are in 
progress 

(continued)
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 Biodiesel blends are being used to run state transport corporation buses in 
Karnataka state. The University of Agriculture Sciences at Bangalore has identi fi ed 
many elite lines of Jatropha. Large-scale plantations have been initiated in North-East 
India and Jharkhand by D1 Williamson Magor Bio Fuel Limited, a joint venture 
between D1 Oils of U.K. and Williamson Magor of India. The hilly areas of the 
North-East are ideal for growing hardy, low-maintenance plants. Indian Oil Corporation 
has tied up with Indian Railways to introduce biodiesel crops over one million square 
kilometers. Also, Jharkhand and Madhya Pradesh have tied up with Indian Oil to 
cultivate large tracts of land with Jatropha. In order to organize the industry, the 
BioDiesel Society of India has been formed to encourage energy plantations for 
increasing feedstock supplies.   

 Institute, University 
or Company  Particulars of research and plantations 

 Several Central and State 
Universities of India 
(2004–2012) 

 Jatropha improvement projects including the project funded 
by UGC at Osmania University in Andhra Pradesh in which, 
a total of 48 accessions have been analyzed through 
molecular methods and several of the accessions have been 
raised in the plantation (Naresh  2008 ; Leela et al.  2009 , 
 2011 ; Naresh et al.  2012  )  

 Private Companies: Reliance 
Company, Centre for Jatropha 
Promotion & Biodiesel (CJP), 
Tree Oils Company, Nandan 
Biomatrix, SG Biofuels, etc. 
(2006–2020) 

 Sources indicate that Reliance Industries is also in talks • 
with the Chhattisgarh government for a similar venture. 
RIL’s arm, Reliance Life Sciences, has taken up a 50-acre 
Jatropha plant pilot project in Kakinada, the landfall 
point of the gas from its blocks in the Krishna-Godavari 
basin (Andhra Pradesh) 
 Taken up Jatropha plantation in an area of few thousand • 
ha in Andhra Pradesh/Rajasthan/Maharashtra/Gujarat 
states. CJP is a private company comprised of farmers, 
scientists, botanists and economists with Jatropha 
plantation of around 42,000 ha 
 Tree Oils, Nandan Biomatrix and SG Biofuels companies • 
have several acres with Jatropha plantation in A.P. state 
and venturing into seed oil production plants. Nandan 
Biomatrix is venturing into industrial scale Jatropha 
projects established in the states of Uttar Pradesh, Orissa, 
Gujarat, Karnataka, Andhra Pradesh and Madhya 
Pradesh 

 Non-governmental organizations 
engaged in the  fi eld (2002–2012) 

 Several NGOs have brought more than 14,000 ha under 
Jatropha cover with a target of 100,000 ha. They are: Rural 
Community Assistance Corporation (RCAC), women 
self-help groups, Child Development and Rehabilitation 
Centre (CDRC), Society for Rural Initiatives for Promotion 
of Herbals (SRIPHL) 

 Daimler Chrysler and Hohenheim 
University (2004–2009) 

 They have successfully conducted a research project in two 
different climatic zones of India of 20 ha of Jatropha trees 
planted on wastelands 

Table 3.1 (continued)
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   Jatropha Research 

 Conventional agriculture uses vegetative cuttings and seed cultivation of  J. curcas . 
There are several problems of seed cultivation like high heterogeneity in seeds, 
dif fi culty in maintaining uniformity in planting materials, seasonal practices and control 
of seed borne diseases which may be transmitted to seedlings. Further, the quality in 
terms of oil content cannot be ensured because plants are heterozygous. However, a 
breeding programme with targeted pollination could lead to elite varieties (  http://
www.lib-pdf.com/ppt/coconut-oil-process-production.html    ). Whereas, vegetative prop-
agation through cuttings may produce about 100–500 clones from one mother plant, 
tissue culture through micropropagation will yield thousands of clones. Hence, a good 
protocol of micropropagation needs to be developed to propagate elite varieties of 
Jatropha (  http://ec.europa.eu/research/agriculture/agenda_jatropha.htm    ). 

 Initial Jatropha cultivation should start with genetically superior strains in terms of 
its oil content and oil quality. However, long term strategy of production of biofuel will 
centre on biotechnological approaches, which only can assure high oil content and 
quality. These would require large amount of quality planting materials to meet the 
demand in the future   http://www.lib-pdf.com/ppt/coconut-oil-process-production.html     

 To meet the huge demand for supply of quality Jatropha planting material, 
ef fi cient propagation (clonal and micropropagation) methods are being improvised 
(Sujatha and Mukta  1996 ; Rajore and Batra  2005 ; Sujatha et al.  2005 ; Nannapat 
et al.  2006 ; Datta et al.  2007 ; Naresh  2008 ; Leela  2010 ; Leela et al.  2011 ; Naresh 
et al.  2012  ) . Micropropagation using nodal explants resulted in minimum genetic 
variation (Pierik  1991  ) .  

   Biodiesel Business Worldwide 

 The Jatropha industry is in its very early stages, covering a global area estimated at 
900,000 ha. More than 85% of Jatropha plantings are in Asia, chie fl y Myanmar, India, 
China and Indonesia. Africa accounts for around 12% or approximately 120,000 ha, 
mostly in Madagascar and Zambia, and also in Tanzania and Mozambique. Latin 
America has approximately 20,000 ha of Jatropha, mostly in Brazil. The Jatropha 
plantations are projected to grow to 12.8 million ha by 2015. By then, Indonesia is 
expected to be the largest producer in Asia with 5.2 million ha, Ghana and Madagascar 
together will have the largest area in Africa with 1.1 million ha, and Brazil is pro-
jected to be the largest producer in Latin America with 1.3 million ha (Gexsi  2008  ) .  

   Biodiesel Business in India 

 While the total global biodiesel production was 7.2 million tons in 2006 it has gone 
up to 32 million tons in 2012, India’s biodiesel production is less than 10,000 tons 
a year. India, with the world’s second largest population and rapidly growing economy, 

http://www.lib-pdf.com/ppt/coconut-oil-process-production.html
http://www.lib-pdf.com/ppt/coconut-oil-process-production.html
http://ec.europa.eu/research/agriculture/agenda_jatropha.htm
http://www.lib-pdf.com/ppt/coconut-oil-process-production.html
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is looking towards biofuels to meet its energy needs. India is currently the world’s 
fourth largest producer of ethanol. India also has long term projects using biogas as 
well as a variety of initiatives to use bioenergy to supply electricity, heat and light 
to isolated rural populations (An Assessment of the Biofuels Industry in India, 
UNCTAD 2011 web report). 

 After the announcement of the Indian Biofuel Policy in 2008, around 150 com-
panies, led by state-owned oil marketing companies and Reliance Industries (RIL), 
the country’s largest private company, evinced interest in production of biodiesel. 
The move came in response to the government’s plan to introduce a 20% blending 
of the non-fossil fuel with diesel. Apart from the data presented on Indian private 
companies in Table  3.1  (Reliance Company, Centre for Jatropha Promotion & 
Biodiesel (CJP), Tree Oils Company, Nandan Biomatrix, SG Biofuels, etc.), the 
biodiesel producing companies in India include Mumbai-based Bharat Renewable 
Energy and the government-owned Hindustan Petroleum who have already planted 
more than a million acres of Jatropha to provide a million metric tons of biodiesel 
by 2015. Naturol Bioenergy, in Hyderabad (in Andhra Pradesh), has a 300 tons 
facility and has been shipping biodiesel to the EU and United States since 2008 
because India can’t blend the alternative fuel into gasoline and diesel yet. Two other 
Indian biodiesel companies have followed Naturol’s lead  viz.,  Cleancities Biodiesel, 
which began commercial production in 2008 and started shipping biodiesel to 
United States. Emami Group, a third company in Kolkata, has established a biodie-
sel plant in the port city of Haldia (West Bengal) and started biodiesel production 
from waste cooking oil and palm oil. 

 Other recent biodiesel companies are (An Assessment of the Biofuels Industry in 
India, UNCTAD 2011 web report): the Jatropha mission of Uttar Pradesh (a joint ven-
ture of BPCL), Nandan Biomatrix, Shapoorji Pallonji, and Shirke Biohealthcare (sup-
ported by Uttar Pradesh Government) that produces 10 tons of biodiesel daily and 
supplies to Pune Municipal Transport. They have set up a 60,000 ha plantation in Papua 
New Guinea and a 300,000 ha project in Indonesia. Jain Irrigation (Jalgaon in 
Maharashtra) has 42 ha under Jatropha and is setting up a 150,000 tons per day plant in 
Chhattisgarh with one million ha to be brought under Jatropha. Nova Bio Fuels (Panipat 
in Haryana) is planning a 30 tons per day plant. Reliance Energy has a pilot project of 
80 ha in Jamnagar (Gujarat). Bharat Petroleum has invested US$ 9.4 million in Andhra 
Pradesh and D1 Oils UK has invested Rs. 6 crores in Tamil Nadu (Fig.  3.2 ).  

   Future Prospects 

 Declining fossil fuel reserves and growing concern about carbon dioxide emissions 
that are driving climate change have focused world attention on the need to reduce 
dependence on fossil fuels. In turn, this has increased interest in promoting bioenergy, 
including biofuels, as a renewable energy source. Bioenergy could sustainably 
contribute between a quarter and a third of global primary energy supply by 2050. 
It is the only renewable source that can replace fossil fuels in all energy markets—in 
the production of heat, electricity, and fuels for transport (Bauen et al.  2009  ) . 
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 Liquid biofuels can be used in transportation with only a few changes to the 
existing distribution infrastructure and have become an extremely important form of 
bioenergy. Producing liquid biofuels from food crops using conventional technol-
ogy is also being pursued for rural development. However, the use of biofuels is 
creating a lot of uncertainty and will continue to do so until it can be shown that 
biofuels can be competitive, environmental friendly, renewable, sustainable and do 
not endanger food security. 

 India is highly dependent on fuel imports to satisfy its energy needs. Under this 
situation, Jatropha has emerged as a possible solution for India’s biodiesel demands 
of the future due to its suitability to Indian climate and its multiple advantages 
including the ability to grow on marginal lands, low cost of production and high 
potential for employment generation. The yield of Jatropha is also in fl uenced by the 
planting material and management practices. Usually, the average earnings from 
Jatropha cultivation range from Rs. 10,000–30,000 per acre. The increasing support 
from the government for Jatropha cultivation (in India) and the  fi nancial institutions 
coming forward to  fi nance farming activities, the market value of Jatropha is 
expected to increase in the coming decade. Jatropha cultivation and biofuel produc-
tion around the globe is all set to come of age in the years ahead.      
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         Introduction 

  Sub-Saharan Africa  (SSA) is a geographical region that covers the area of the African 
continent that lies south of the Sahara. This region is made up of 49 countries of which 
32 have some activities related to cultivation of  Jatropha curcas L. (hereafter referred 
to as Jatropha).  The GEXSI report  (  2008a  )  stated that there were 119,000 ha under 
Jatropha production in SSA and the acreage is expected to reach two million ha by 
2015. The major drivers for Jatropha production in Africa are four-fold:

    (a)    Protection of the environment and mitigation of climate change  
    (b)    Means to ensure sustainable energy supply  
    (c)    Desire to reduce dependency on external energy sources (energy security)  
    (d)    Promotion of rural development     

 Commercial production of Jatropha in SSA is a relatively new industry that is still 
burgeoning and expected to witness both spatial and temporal transformation. There 
is strong political support for Jatropha production in SSA. This is a catalyst for both 
public and private investment in the Jatropha industry. By 2008,  fi ve countries in the 
region (Senegal, Nigeria, Mali, Ethiopia and Zimbabwe) had policies promoting 
Jatropha production (GEXSI  2008a  ) . Other countries were expected to follow suit. 

 Traditionally, farming systems in sub-Saharan Africa are characterised by large-
scale and smallholder farming. The enterprise mix is dominated by mixed crop/
livestock systems with special focus on food and  fi bre production. Mixed farming 
systems involve complementary interactions of crops and livestock and are very 
important in SSA (Powell and Williams  1995  ) . The entry of energy crops such as 
Jatropha into these farming systems adds a third dimension to the dual food and 
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 fi bre production approach. Jatropha production needs to be appropriately situated in 
this new context of food- fi bre-fuel production. Based on projections that Jatropha 
will be a major energy crop, SSA as a region needs to carve a competitive niche in 
this industry. 

 In this paper, we explore the suitability of the SSA region for Jatropha production, 
mainly from agro-ecological and socio-economic perspectives. We further look at 
agronomic practices in vogue and highlight attendant problems. The focus is on 
situating Jatropha within the agro-ecological context of SSA, description of agro-
nomic practices in the region and analysis of attendant problems. We conclude by 
looking at the new dynamics being introduced into smallholder farming systems as 
a result of cultivation of Jatropha.  

    J. curcas  in Africa 

  Jatropha curcas  L. originates from Central America and is generally believed to 
have been distributed by Portuguese seafarers to Africa via the Cape Verde Islands 
(Henning  2003a  ) . According to history, Cape Verde, Madagascar and Guinea 
exported Jatropha seeds to France during the  fi rst half of the twentieth century until 
the trade disappeared in the 1970s (Henning  2004  ) . Cape Verde alone also used to 
export 35,000 t per year of Jatropha seed to Portugal during the same period 
(Brittaine and Lutaladio  2010  ) . Today Jatropha is grown in many countries in SSA 
and this region is now one of the major Jatropha producing zones in the world. 

 Jatropha has a long history in Africa. It was originally planted as a hedge plant in 
many countries and was also used for artisanal soap production and medicinal pur-
poses. In 2008, the total length of Jatropha hedges in Africa was estimated at 
75,000 km yielding potentially 60,000 t of seeds per year (Muok and Källbäck  2008  ) . 
Today Jatropha is grown as an energy crop in SSA with signi fi cant public and private 
investments in its production. However, there are regional disparities in Jatropha 
production across the  fi ve regions of Africa. There is minimal production in Northern 
Africa mainly due to its aridity, although there are several projects in Egypt that 
use sewage water for irrigation (GEXSI  2008b  ) . Jatropha activities in SSA are sum-
marised in Table  4.1 .   

   Agro-Ecological Zones of SSA 

 Adaptation of energy crops to climatic conditions appears to be a low priority or 
even irrelevant as a factor of importance to governments in SSA when considering 
biofuels programmes (Batidzirai et al.  2006  ) . Climate adaptation is an important 
factor which should be taken into consideration when developing biofuels pro-
grammes. It is well known that crop productivity depends on physical environmen-
tal conditions, which in fl uence the availability of basic resources such as light, heat 
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and water. Before we describe the  agro-ecological zones  (AEZ) of SSA, it is important 
to de fi ne climatic conditions that are considered to be optimum for Jatropha 
production from an ecological perspective. 

 Several studies have examined the correlation between Jatropha production and 
agro-climatic conditions, but there are no universally accepted criteria to guide 
Jatropha plantations (Wu et al.  2009  ) . However, there is a consensus in literature 
that temperature, annual precipitation, soil quality and land slope are the key factors 
(Wu et al.  2009  ) . A summary of climatic and physical conditions suitable for culti-
vation of Jatropha is given in Table  4.2 .  

 The area in SSA suitable for Jatropha cultivation, known as the ‘Jatropha belt’ is 
delimited by the Tropics of Cancer and Capricorn (Basili and Fontini  2010  ) . 
Universally, the ‘Jatropha belt’ is de fi ned to be stretching 30°N and 35°S (Jongschaap 

   Table 4.1    Jatropha activities in Sub-Saharan Africa   

 Sub-region  Major countries  Description of activities 

 Western Africa  Mali, Cape Verde, Ghana, 
Nigeria, Cameroon 

 Mali and Cape Verde have long tradition of 
cultivation. Large –scale projects in Ghana, 
Nigeria and Cameroon 

 Eastern Africa  Ethiopia, Uganda, Kenya, 
Tanzania 

 Tanzania and Ethiopia have large projects. 
Activities are growing in the other countries 

 Central Africa  Democratic Republic of 
Congo (DRC), Central 
Africa Republic 

 DRC has very favourable climate for Jatropha 
cultivation. Jatropha is not a major crop in 
this region 

 Southern Africa  Madagascar, Mozambique, 
Zambia 

 Most countries in the region (apart from 
Botswana, Angola, and South Africa) have 
ambitious Jatropha projects 

  Source: GEXSI  (  2008b  )   

   Table 4.2    Summary of climatic and physical conditions suitable for cultivation of Jatropha   

 Characteristic  Tolerance parameters  Optimum conditions  References 

 Annual mean 
temperature 

 18–40°C  26–27°C     Gour  (  2006  ) , Trabucco 
et al.  (  2010  )  

 Average minimum 
temperature 

 8–9°C  —  Trabucco et al.  (  2010  )  

 Average maximum 
temperature 

 35–45°C  —  Trabucco et al.  (  2010  )  

 Annual precipitation 
(mm) 

 250–1,500  900–1500  Benge  (  2006  ) , Trabucco 
et al.  (  2010  )  

 Frost tolerance  Sensitive to frost and 
very low temperatures 
(<7°C) 

 —  Gour  (  2006  )  

 Altitude (m)  0–1,500  < 500  Singh et al.  (  2006  ) , Muok 
and Källbäck  (  2008  )  

 Average Slope   £  15°  —  Wu et al.  (  2009  )  
 Thornthwaite 

humidity index 
 100–33.3  —  Wu et al.  (  2009  )  
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et al.  2007  ) . Areas in SSA that have suitable agro-climatic conditions for cultivation 
of Jatropha are shown in Fig.  4.1 . The dark areas represent prime Jatropha growing 
regions and cover 10.8 million square kilometres or one billion ha (Parsons  2005  ) . 
Average annual rainfall in these regions exceeds 800 mm and the minimum tem-
perature of the coldest month is greater than 2°C (Parsons  2005  ) . The light green 
areas have average annual rainfall above 300 mm and minimum temperature of the 
coldest month greater than 2°C (Parsons  2005  ) . These areas cover 5.8 million square 
kilometres or 580 million ha and are also viable regions for growing Jatropha 
(Parsons  2005  ) .  

 When describing SSA in terms of  agro ecological zones  (AEZ), temperature and 
moisture are the main factors that determine the types of crops that can be grown in a 
speci fi c area. Temperature zones in SSA are either tropical or sub-tropical. Tropics are 
areas where all months have monthly average temperature, corrected to sea level, 
above 18°C and sub-tropics below 18°C (Food and Agricultural Organisation—FAO 
 1994  ) . The moisture zones are demarcated in terms of the length of the growing period 
(LGP). The LPG is the period in days during the year when soil moisture from rainfall 
is greater than half potential evapotranspiration (FAO  1994  ) . In terms of moisture 
zones, SSA can be divided into arid (<70 days LGP), semi-arid (70–180 days LGP), 
humid (180–270 days LGP) and sub-humid (>270 days LGP). FAO  (  1994  )  classi fi ed 
countries in SSA into four AEZ as shown in Table  4.3 . The information in Table  4.3  
is useful to map areas (Fig.  4.1 ) in SSA that are suitable for cultivation of Jatropha 

  Fig. 4.1    Areas of Sub-Saharan Africa suitable for Jatropha cultivation (Source: Parsons  2005  )        
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from an ecological perspective. Soil characteristics are also important and Jatropha 
just like any other crop bene fi ts from good soils as shall be explained later. Soil properties 
have an important effect on productivity of Jatropha (Openshaw  2000  ) .   

   Agronomic Practices in Jatropha Cultivation 

 In addition to agro-ecological conditions, viability of Jatropha production also 
depends on other factors such as quality of planting material, agronomic practices 
and crop management. Optimisation of agronomic practices is a prerequisite for high 
crop performance. Data on agronomic practices in the cultivation of Jatropha in 
SSA are limited, discontinuous and often not supported by scienti fi c evidence. There 
is very little site-speci fi c information on best practices in Jatropha production. The 
agronomic practices in vogue are mainly based on generalisations or extrapolations 
from areas outside SSA. 

   Jatropha Production Systems in SSA 

 There are several production systems for Jatropha that apply throughout SSA. 

   Table 4.3    Classi fi cation of Sub-Saharan African countries by agro-ecological zones   

 Agro-ecological zone  Region  Countries 

 Warm arid & semi-arid 
tropics (AEZ 1) 

 West Africa  Cape Verde, Chad, The Gambia, Mali, Mauritania, 
Niger, Senegal and parts of Benin, Burkina Faso 
and Nigeria 

 East Africa  Djibouti, Somalia, Sudan and parts of Ethiopia, 
Kenya, Tanzania and Uganda 

 Southern Africa  Botswana, Namibia, Swaziland and parts of Angola, 
Madagascar, Malawi, Mozambique, Zambia and 
Zimbabwe 

 Warm humid tropics 
(AEZ 2) 

 West Africa  Guinea, Guinea Bissau, Togo, and parts of Benin, 
Burkina Faso and Nigeria 

 East Africa  Parts of Ethiopia, Tanzania and Uganda 
 Southern Africa  Comoros, and parts of Angola, Madagascar, 

Malawi, Mozambique, Zambia and Zimbabwe 
 Warm humid tropics 

(AEZ 3) 
 West Africa  Cameroon, Central African Republic Côte d’Ivore, 

Equatorial Guinea, Gabon, Ghana Sierra Leone 
and parts of Nigeria 

 Central Africa  Democratic Republic of Congo, Central African 
Republic 

 Southern Africa  Madagascar and Mauritius 
 Cool tropics (AEZ 4)  —  Burundi, Lesotho, Rwanda and parts of Angola, 

Ethiopia, Kenya, Madagascar and Tanzania 

  Source: FAO  (  1994  )   
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   Production Systems 

 Jatropha production systems in SSA can be divided into  fi ve categories as follows:

    (a)    Plantations  
    (b)    Plantation plus out-grower schemes  
    (c)    Out-grower schemes  
    (d)    Smallholder production  
    (e)    Hedges     

  Plantations  are large schemes that can be under public or private ownership and are 
usually larger than 5 ha. Some of these plantations are on wastelands or marginal 
lands. In the model of  plantation plus out-grower , the out-growers are linked to a 
commercial plantation, which provides support to the farmers in the form of plant-
ing material, inputs and agronomic advice (Brittaine and Lutaladio  2010  ) .  Out-
growers  are mainly smallholder farmers who are contractually associated with a 
central organisation. In the pure  out-grower  model the farmers are not contractually 
linked to a commercial plantation, but to a central organisation. For example, in 
Zimbabwe the National Oil Company of Zimbabwe has contracted smallholder 
farmers to grow Jatropha and in turn the farmers sell the seeds to the company. The 
pure  small holder production  model involves smallholder farmers who have no con-
tractual obligations with anyone. These farmers grow Jatropha on their own will and 
choose their buyers.  

   Types of Plantations 

 There are basically three types of plantations of Jatropha that are found in SSA 
(Gesellschaft für Technische Zusammenarbeit—GTZ  2009  ) . These are:

    (a)    Monoculture plantations  
    (b)    Intercropped plantations  
    (c)    Livestock protection hedges     

  Monoculture plantations  follow the traditional pure plantations practice, which is 
common for most commercial crops grown on a large-scale. Jatropha grown in 
monoculture plantations is amenable to the usual challenges faced with monocul-
ture, such as disease and pest problems.  Intercropped plantations  incorporate other 
crops, such as maize, beans, elephant grass, lablab and others. Plant spacing for 
Jatropha is generally 2 × 2 m, 2.5 × 2.5 m or 3 × 3 m and this provides an intra-row 
space that can be occupied by other crops. Generally,  intercropping  is feasible in the 
 fi rst 2 or so years of growth when the plant has not yet fully grown up.  Hedges  are 
usually found around crop  fi elds or vegetable gardens where they provide protec-
tion against animals. 

 Kenyan experience has shown that  monoculture  and  intercrop plantations  are 
not pro fi table and the recommendation has been to promote Jatropha as a hedge 
crop (GTZ  2009  ) . Wahl et al.  (  2009  )  in Tanzania also concluded that Jatropha plan-
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tations were not viable at that time and  intercropping  with annual crops was only 
cost-effective in the  fi rst 2 years of growth. The subject of viability shall be dis-
cussed later in this chapter. The GEXSI report  (  2008a  )  showed that 70% of Jatropha 
schemes on a global basis is performed under intercropping  .  

   Land Types Used for Jatropha Cultivation 

 One of the contentious issues in Jatropha production in SSA has been the type of 
land that is used for cultivation of the crop. Use of land suitable or being used for 
production of food crops is largely not recommended for reasons of food security. It 
would appear that in some countries in SSA Jatropha production has encroached 
onto fertile lands used for food production. In Mozambique and Tanzania, the farm-
ers were reported to be growing Jatropha on fertile soils replacing food crops (Justica 
Ambiental and União Nacional de Campeneses—JA and UNAC  2009 ; Wahl et al. 
 2009  ) . In terms of land use and sustainability issues around Jatropha production 
systems in Africa, data from GEXSI  (  2008a  )  showed that Jatropha production in the 
region had not led to reduction in food production or destruction of forests 
(Table  4.4 ). Information given in Table  4.4  shows that use of land reserved for pro-
duction of food crops is minimal. However, these data are not conclusive and there 
is a need for further elaboration of this issue across all countries in SSA.    

   Crop Establishment and Management Practices 

 There are generally three broad methods used in establishment of Jatropha plantations. 
These are vegetative propagation, direct seeding and transplantation of seedlings from 
nurseries. Each of these methods has its own merits, demerits, cost and labour impli-
cations. All the methods are used as shall be explained later in this section. Direct 
seeding is the easiest and cheapest method. Other important agronomic practices 
include planting station preparation, fertilisation, canopy management, watering 
regimes, disease and pest management, weed control and harvesting. There are no 
standards or best practices in place that take into account site-speci fi c conditions. 

 Former land use  Proportion of projects (%) 

 Non-wasteland  30 
 Agriculture (non-food crops)  58 
 Secondary forests   7 
 Agriculture (food crops)   5 
 Primary forests   0 

  Source: GEXSI  (  2008a  )   

   Table 4.4    Former use of land 
under Jatropha production in 
Africa   
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   Hedges 

 The traditional use of Jatropha in SSA has been as a live fence to protect food and 
cash crops against marauding animals. Hedges are established both vegetatively and 
generatively. There is not much documented information on the general agronomic 
practices for hedges. Inter- and intra-row spacing varies and post-establishment 
management has no speci fi c standard. In Tanzania, spacing for hedges varies from 
5 to 50 cm depending on the type of livestock species being protected against, for 
example, goats or chickens (Wahl et al.  2009  ) . In Zimbabwe and southern Africa the 
recommended spacing for hedgerows for soil conservation is 15–25 cm between 
trees in one row or two rows separated by 15–25 cm (FACT  2006  ) . This gives about 
4,000–6,700 trees per kilometre. The attractiveness of hedges is that they have low 
inputs and maintenance requirements and almost zero opportunity costs.  

   Plantations 

 The transformation of Jatropha from a traditional hedge plant to an energy crop is a 
recent development in SSA. There were over 97 Jatropha projects in Africa cover-
ing 119,000 ha in 2008 (GEXSI  2008a  ) ; 85% were established from seedlings trans-
planted from nurseries, 45% by direct seeding and 40% from cuttings (GEXSI 
 2008a  ) . A country-speci fi c example is Kenya where, 45% of the plantations in the 
country were established by direct seeding, 31% from seedlings and 19% from cut-
tings (GTZ  2009  ) . 

 Generally, sources of planting materials are hedges or they are provided by 
agents promoting Jatropha cultivation in different countries. Spacing distances vary, 
but generally are 2 × 2 m, 2.5 × 2.5 m or 3 × 3 m giving rise to varying plant popula-
tions ranging from 1,111 to 2,500 plants per ha (Wahl et al.  2009  ) . The general 
recommendation is to increase spacing on marginal lands to reduce intra-speci fi c 
competition for water and nutrients. 

 Management practices of crop post-establishment vary considerably. The most 
critical practices include weed and pest control, fertiliser application, canopy man-
agement (pruning) and watering regimes. There is not much data on crop manage-
ment practices in different parts of SSA as a region. What is apparent is that some 
notable plant management takes place, despite the notion that Jatropha requires lit-
tle attention as a crop. Varying irrigation regimes are used, mainly in large-scale 
plantations. There is limited data available on water needs, water productivity and 
water-use ef fi ciency of Jatropha. Experience in Mozambique has shown that 
Jatropha requires a lot of care in the  fi rst 18 months of growth. Farmers in 
Mozambique provide 5–7 litres of water per day and per plant to supplement rain-
fall in this early phase of growth (JA and UNAC  2009  ) . This makes reliance on 
unpredictable rainfall problematic during early growth of Jatropha. Thus, irrigation 
is quite common in Jatropha production systems in SSA. Data from Kenya indicate 
that at least 40% of Jatropha farmers practiced irrigation (GTZ  2009  ) . 
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 Other practices such as pruning and fertilizer application are carried out as well. 
Jatropha is a plant bearing terminal  fl owers and pruning is critical to increase the 
number of branches and terminals capable of producing fruits. There is a strong 
correlation between the number of branches and the amount of fruit produced (JA 
and UNAC  2009  ) . Ideally each plant is supposed to have close to 100 branches, but 
data from Mozambique show that after 2 to 3 years of growth Jatropha plants were 
observed to have 18–30 branches (JA and UNAC  2009  ) . This indicates lack of 
appropriate canopy management in order to optimize both the number of branches 
and tree height for harvesting purposes. 

 Use of fertilisers, especially organic types is quite common in SSA. In Kenya, 
50% of farmers use organic fertilizers in Jatropha production (GTZ  2009  ) . In 
Tanzania, no farmers were observed to apply fertilizers or any other inputs (Brittaine 
and Lutaladio  2010  ) . Jatropha seems to respond to both organic and inorganic fer-
tiliser application. For example, in India treatment of Jatropha plantations with 
3 t ha −1  of Jatropha seedcake increased seed yield by 120% and 93% at different 
plant densities of 833 (4 × 3 m) and 1,667 (3 × 2 m) plants ha −1 , respectively (Ghosh 
et al.  2007  ) .  

   Pest and Disease Management 

 One of the claimed attributes of Jatropha is its reported tolerance to pests and dis-
eases. However, information originating from SSA seems to suggest that Jatropha, 
like any other plant, is vulnerable to several diseases and pests. Contrary to the 
belief that toxicity and insecticidal properties naturally protect Jatropha from pests 
and diseases, several pests and diseases have been reported and some of these are 
summarised in Table  4.5 .  

 Table  4.5  provides information on the susceptibility of Jatropha to pests and 
diseases. Pests and diseases can cause economic damage and there is a need for 
proper prevention and their management. What is missing in most countries are 
appropriate integrated pest and disease management regimes. Thus, as breeding 
programmes for Jatropha unfold, resistance to pests and diseases is a trait that needs 
consideration.    

   Table 4.5    Pests and diseases of Jatropha reported in SSA   

 Country  Pest/Disease  Reference 

 Mozambique  Cercospora leaf spot, collar rot, root rot  JA and UNAC  (  2009  )  
 Kenya  Golden  fl ea beetle ( Aphtona  sp.), leaf spotting, powdery 

mildew ( Oidium  sp.) 
 GTZ  (  2009  )  

 Zimbabwe  Stem borer ( Ostrinia furnacalis  or  Xyleborus  sp.), 
golden  fl ea beetle, fungus of  Cercospora  species 
(frogeye) 

 FACT  (  2006  )  

 Tanzania  Scutellarid bug ( Scutellera nobilis ), golden  fl ea beetle, 
stem borer, powdery mildew 

 Wahl et al.  (  2009  )  
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   Seed Yield 

 The most important economic trait in commercial production of Jatropha is the seed 
yield. Very little empirical data has been collected regarding actual seed yields of 
Jatropha in SSA. The information that is available is highly variable, not stan-
dardised and dif fi cult to verify. However, what is clear is that harvesting of seeds is 
labour intensive due to the heterogeneous or asynchronous fruiting of the plants. 
This is problematic in smallholder farming situations where family labour is over-
stretched in most instances. 

 Benchmark  fi gures for seed yield indicate that with optimum rainfall of 900–
1,200 mm yields can be up to 5 t ha −1  (Maes et al.  2009  ) . Other ranges of seed yield 
available include 0.4–12 t ha −1  (Openshaw  2000  ) , 0.1–8 t ha −1  (Heller  1996  )  and a 
theoretical optimum of 7.8 t ha −1  for mature plantations after 3 to 4 years of growth 
(Jongschaap et al.  2007  ) . These  fi gures are used here to serve as a reference point to 
the yield data emanating in the SSA region. Seed yields that have been reported 
include 1.65 t ha −1  in Tanzania (Brittaine and Lutaladio  2010  ) , less than 1 kg per tree 
in Mozambique (JA and UNAC  2009  ) , 0.63 t ha −1  in Mali (FACT  2006  )  and up to 
0.86 kg per tree in Kenya (GTZ  2009  ) . Reported yields are accompanied by little or 
no information on variables such as genetic provenance, age of plantations, propa-
gation method used, canopy management regime, rainfall, tree densities, soil types 
and soil fertility management (Brittaine and Lutaladio  2010  ) . This makes very 
dif fi cult to relate the yields to any parameters. 

 Seed yield given per tree should be treated with caution. Henning  (  2008  )  showed 
that there is too much variation among individual trees in terms of seed yield. The 
results showed that annual yield variation of 19 trees ranged from 0 to 850 g dry 
seed per tree. Thus, according to Achten et al.  (  2008  )  expectations that Jatropha will 
yield up to 12 t ha −1  of dry seeds result from illegitimate extrapolation from indi-
vidual plants. The yield dynamics of Jatropha are mainly caused by variation due to 
cross-pollination (Paramathma et al.  2006  ) . Also, there is little data available on 
seed yield from mature stands of Jatropha and most seed yield data available appear 
to be from young plants. Age of plantation and seed yield are positively correlated. 
One of the reasons generally given for the failure of some Jatropha projects in SSA 
is unviable seed yields. Clearly, the prospects for improving seed yield are based on 
improving the Jatropha germplasm that is available for commercial production.  

   Jatropha in Smallholder Farming Systems 

 One of the major drivers for promotion of Jatropha cultivation is to enhance rural 
development and bene fi t smallholder farmers through introduction of a new enter-
prise. The integration of Jatropha into smallholder farming systems has had no major 
con fl ict with other agricultural activities (Henning  2003b  ) . Smallholder farmers are 
increasingly playing a vital role in the cultivation of Jatropha. In Africa, about two 
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thirds of Jatropha projects in 2008 integrated smallholder farmers either as out-growers 
or standalone farmers (GEXSI  2008a  ) . In Tanzania, for example, more than 10,000 
smallholder farmers have established Jatropha plantations (Wahl et al.  2009  ) . 

   Role of Jatropha in Smallholder Farming Systems 

 There have been several attempts to introduce Jatropha into smallholder farming 
systems in SSA, not just as a hedge crop, but also as a commercial multi-purpose 
plant. Most notable projects include the  United Nations Industrial Development 
Organisation/United Nations Development Programme  (UNIDO/UNDP) 
Multifunctional Energy Platforms (MFP), which was carried out in rural areas in 
countries such as Mali, Tanzania, Senegal, Ghana, Guinea and Côte d’Ivoire. The 
scope of MFPs includes use of Jatropha to combat rural energy poverty through, 
 fi rstly, cultivation of Jatropha, secondly, installation of a power plant with a generator 
running on pure Jatropha oil and thirdly, the local power would supply electricity to 
the community (United Nations Department of Economics and Social Affairs  2007  ) . 

 The other project is the ‘Jatropha System’, a GTZ project in the early to mid 
1990s which had four main aspects of rural development. These were: promotion of 
women through artisanal soap production from Jatropha oil; poverty reduction by 
protecting crops from marauding animals, selling seeds and oil; erosion control by 
planting hedges as windbreaks; and supply of energy (Henning  2004  ) . Over and 
above these projects, Jatropha cultivation has grown to become integrated into 
smallholder farming systems as a result of massive political support and futuristic 
projections. The role of Jatropha in these systems includes social, ecological and 
economic issues. 

 The ecological issues will be explored further. One of the major concerns in SSA is 
the escalation of deserti fi cation due to the fragility of soils in this region. There are large 
areas with degraded soils. Jatropha is being used in the rehabilitation of degraded soils, 
erosion control and soil improvement. When Jatropha is planted on degraded soils, its 
taproot extracts nutrients from deep soil and nutrients are also returned to the soil through 
leaf fall, debris and other organic remains (Brittaine and Lutaladio  2010  ) . Jatropha con-
trols soil erosion as its taproot anchors the plant in the ground and the profusion of lateral 
and adventitious roots near the surface binds the soil (Brittaine and Lutaladio  2010  ) . 
However, rooting system is in fl uenced by the propagation method as vegetatively prop-
agated plants do not develop a taproot. Jatropha in hedge rows reduces wind erosion by 
reducing wind speed. The plant improves water in fi ltration when planted in lines to form 
contour bunds. 

 The soil protection and improvement function of Jatropha is a very fundamental 
issue in the smallholder sector. Land degradation and fragile soils are among the most 
serious environmental problems af fl icting smallholder agriculture in SSA. There is 
empirical evidence that Jatropha has the potential to contribute to erosion control and 
soil quality improvement. Work done by Ogunwale et al.  (  2008  )  in India on a degraded 
entisol showed the following results: 11% average increase in  mean weight diameter  
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(MWD) of the soil (the higher the MWD score is, the more “water-stable” is the soil); 
2% increase in soil macro-aggregate turnover; and 6–30% improvement in macro-
aggregate stability. Much more work still need to be done and these early results 
highlight the potential of Jatropha to contribute to soil improvement in the small-
holder sector. The roles of Jatropha in smallholder farming systems are summarised 
in Table  4.6 .   

   Experiences with Jatropha Cultivation in the Smallholder Sector 

 As indicated earlier, farming systems in the smallholder sector exist in ecologically, 
socially and economically fragile environments. The introduction of Jatropha as a 
new energy crop in this environment has introduced new dynamics in smallholder 
agriculture. Firstly, it has brought about a new option to diversify income streams in 
rural economies. What is worth noting is that the attraction of Jatropha has been based 
on its reported numerous advantages. These include high yields on marginal soils, 
degraded soil reclamation, drought tolerance, pest and disease tolerance, low nutrient 
requirements and low maintenance requirements, amongst others. The reality is that 
these are not always achievable in totality or in combination. It is worthwhile to 
consider the experiences in SSA with regard to the performance of Jatropha. 

   Low Seed Yield 

 Most plantations established in the late 1980s to the 1990s were abandoned due 
mainly to low productivity and/or high labour costs (Jongschaap et al.  2007  ) . 
Reasons given for not recommending Jatropha cultivation, for example by JA and 
UNAC  (  2009  )  in Mozambique and Wahl et al.  (  2009  )  in Tanzania, are centred on 
low seed yields and poor viability. As shown earlier, Jatropha productivity has been 
low and acclaimed seed yield levels have not been attained. Seed yields have been 

   Table 4.6    Roles of Jatropha in smallholder farming systems   

 Domain  Role and impact 

 Social  Economic empowerment of women through soap production, impact on gender 
issues with regard to ownership of hedges and plantations and labour divisions, 
alternative energy options impact on health, women and children welfare 

 Ecological  Protection of fragile ecosystems through soil quality improvement, impact on 
biodiversity, whether it is competing with other crops or has any allelopathic 
effects, impact on water, forests and land use 

 Economic  Income opportunities, opportunities arising from the value chain (production, 
transportation and processing), income from  clean development mechanism  
(CDM) and carbon credits 

 Environmental  Balance of greenhouse gas emissions, erosion control 
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highly variable and often less than 1 t per ha. There is no convincing data available 
for seed yields above 2 or 3 t per ha. Plants with seed yields above 2 kg per tree are 
ideal. This translates to about 4.5 t ha −1 . 

 Generally Jatropha in the smallholder sector is subjected to harsh climatic condi-
tions, marginal soils and poor agronomic practices that do not allow high yields. 
Smallholder farmers who ventured into Jatropha cultivation expecting a crop that 
would thrive on marginal soils and with low maintenance requirements (JA and 
UNAC  2009  )  have been disappointed. The reality check has shown that Jatropha, 
just like other crops, requires the following:

    (a)    Good quality germplasm  
    (b)    Good soils  
    (c)    Supply of additional nutrients  
    (d)    Reliable rainfall or irrigation  
    (e)    Good crop management practices     

 Given the fact that farm sizes in the smallholder sector range between 2 and 5 ha 
and that land is a limiting factor, there is a need to optimise production per unit area 
since low yields are not attractive for Jatropha cultivation. Perhaps it is reasonable 
to acknowledge that the low seed yields are consistent with a plant still under 
domestication and will improve in course of time.  

   Lack of Best Practices 

 Crop productivity depends on the effects of environmental conditions that can be 
mitigated or ampli fi ed by agronomic practices (Trabucco et al.  2010  ) . The range of 
agronomic practices includes selection of planting material, propagation methods, 
watering regimes, fertilizer use, canopy management, pest and disease control. 
These practices mitigate speci fi c environmental constraints. Best practices are 
required in order to establish ef fi cient production systems. From an agronomic or 
silvicultural perspective, development of production packages is a fundamental 
issue and these packages need to be in place to guide farmers. 

 Unlike with other commercial agricultural crops, which have planting materials 
certi fi ed according to performance characteristics, there is currently no certi fi ed 
planting material for Jatropha in most parts of SSA. The planting material consists 
of seeds, seedlings and stem cuttings, which have not been improved to supply elite 
planting materials. Jatropha has longevity of up to 50 years. This makes it less 
 fl exible than annual crops and without plant improvement programs plantations will 
be based on inferior planting materials (Jingura  2011  ) . 

 However, knowledge on propagation methods of Jatropha is well established 
and most farmers are aware of the options available to them. What is not clear is 
standardisation of planting time so as to coincide with optimum conditions for 
rapid and successful establishment in speci fi c areas. This is important; given that 
rates of plant survivability, particularly during establishment, determines the success 
of plantations. 
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 Knowledge gaps in agronomic practices also exist in terms of water require-
ments for Jatropha as well as growth and yield responses to inputs. Experiences in 
SSA have shown that Jatropha requires additional water, even in areas with more 
than 1,000 mm of annual rainfall, mainly due to the uneven distribution of rainfall 
in a given rainy season. 

 Jatropha has been largely promoted in SSA as a crop suitable for production on 
waste or marginal lands with little or no requirement for additional nutrients. Yield 
of Jatropha on poor quality land has been as low as 0.2 t ha −1 . Such low yields are 
uneconomical and to realize biological yield potential of above 5 t ha −1 , judicious 
use of fertilizers will be required. There is insuf fi cient data on the response of 
Jatropha to fertilizers under different growing conditions to make speci fi c recom-
mendations for optimum crop nutrition (FACT  2006  ) . Both inorganic and organic 
fertilizers have been used in Jatropha production. Application rates for Jatropha are 
based on judicious extrapolation from other related crops such as castor beans. 
Appropriate fertilizer application regimes need to be established for Jatropha and 
site-speci fi c trials are also needed. Figure  4.2  highlights the issues concerning best 
practices for Jatropha cultivation.   

   Viability Problems 

 Without providing a detailed economic analysis it is important to indicate how 
Jatropha has fared as a commercial crop. Early Jatropha projects in 1980s were based 

  Fig. 4.2    Some important 
questions regarding Jatropha 
cultivation       
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on use of Jatropha oil as an energy source and for soap production. These early 
attempts, for example in Mali and Zambia, were found to be inviable as the price of 
the oil was not competitive (Benge  2006  ) . This led to a lull in Jatropha cultivation 
until the resurgence in the new millennium due to soaring oil prices and the search 
for alternative fuels. 

 Studies in Tanzania (Wahl et al.  2009  )  and Kenya (GTZ  2009  )  showed that 
Jatropha cultivation was not a viable enterprise under the conditions that prevailed 
at that time. Reasons offered for poor viability included the following:

    (a)    High requirement for labour  
    (b)    High opportunity cost when grown on fertile land  
    (c)    Low producer prices  
    (d)    Low seed yields     

 Evidence from Zimbabwe also shows that the Jatropha project that was initiated 
by the Plant Oil Producers Association in 1992 was abandoned after it was realised 
that the pro fi t margins were not as big as originally expected (Henning  2003b  ) . The 
indication is that commercial viability of Jatropha cultivation needs to be improved. 
The true potential of Jatropha as a cash crop depends on the successful development 
of the agronomic practices needed to domesticate a semi-wild plant as well as the 
creation of a market that ensures reasonable prices (GTZ  2009  ) .   

   Conclusion 

 The place of Jatropha as an energy crop in SSA is well established despite the cur-
rent challenges with crop cultivation. The suitability of Jatropha to agro-ecological 
conditions in this region is not in doubt. The need to optimise the production of 
Jatropha as an energy crop is an important imperative. The supply of elite planting 
material and development of appropriate agro-techniques remain the most critical 
issues in the endeavours to transform Jatropha into a viable crop. 

 What is required is to develop thorough understanding of the crop in order to 
develop improved plant types that are more responsive to input supply and biologi-
cally more ef fi cient in terms of seed yield and quality norms. This is not without 
precedence in agriculture. Early claims about Jatropha seem not to have stood the 
test of time and the plant cannot be relegated to wasteland status. Jatropha requires 
suitable agronomic and crop management practices be fi tting a commercial crop. 
Jatropha production has to be attractive to farmers in terms of economic viability in 
comparison with other crops.       
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         Introduction 

 In this chapter, we  fi rst present the Brazilian potential for biofuel production and the 
National Program for Production and Use of Biodiesel. We then review the raw 
materials currently used for biodiesel production in the country and their limitations. 
At the same time we present the characteristics that make some alternative oilseed 
species interesting as sources of vegetable oil for biodiesel production, highlighting 
why physic nut ( Jatropha curcas  L.) has been seen as one of the best alternatives, 
perhaps the best one. We then effectively demonstrate the importance of physic nut 
for Brazil describing the dense research program funded by the Brazilian 
Government, which is currently underway to try to solve most of the challenges 
(also reviewed) in making this crop effectively a biofuel crop.  

   Brazilian Potential for Biofuels Production 

 Fossil fuels currently supply most of the world’s energy, even though it represents a 
 fi nite resource (Vermerris  2008  ) . Aiming at reducing the fossil fuels dependency, 
alternative sources of energy have been pursued in the last few years. In view of the 
urgent need to develop new technologies that may enable the widespread use of 
environment friendly forms of energy, biofuels in general and biodiesel in particular 
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(La Rovere et al.  2011  )  are receiving considerable attention throughout the world 
and especially in Brazil (Laviola et al.  2012b ; Laviola and Dias  2008 ; Laviola et al. 
 2010 ; Rosado et al.  2010  ) . 

 In this context, it must be emphasized that Brazil is a country with a huge poten-
tial for production not only of biofuels, but also of other derivatives from vegetable 
oil. Such enormous capacity can potentially supply part of the national and inter-
national market demand on biofuels. The country possesses a privileged location in 
the tropical region of the world with high incidence of solar energy and adequate 
rainfall regime in most regions. Moreover, Brazil possesses a large amount of 
available land making possible the adequate planning of the land use in a sustain-
able basis, i.e., without compromising biome composition and structure. Current 
estimates indicate that in Brazil there are near 90 million hectares of available 
lands for agriculture expansion, without considering the 210 million hectares of 
degraded pastures (BAP  2006  ) , from which some level of technology can be recov-
ered and used for the production of food and biofuels. Nevertheless, there also 
exists in the country more than 200 oilseed species with different potentialities and 
different adaptation to the various natural occurring environmental conditions 
(Beltrão  2005  ) . Some of such species can be incorporated in production systems 
and used for biofuel production and/or for other ends with higher aggregated value. 
The Brazil´s challenge is, then, to take maximum advantage of its biodiversity, of 
its regional potentialities to concomitantly enhance biofuel production and obtain 
greater social gains from the biodiesel production. This can be undoubtedly done by 
applying technology (agricultural, processing, etc.) not only on traditional crops, 
but also on undomesticated (to be explored) oilseed species (Laviola and Alves 
 2011  ) . To achieve such goal, the Brazilian Federal Government has recently 
launched the National Program for Production and Use of Biodiesel (or in 
Portuguese: Programa Nacional de Produção e Uso de Biodiesel—PNPB).  

   The PNPB and Raw Materials Currently 
Used for Biodiesel Production 

 In 2005, the Brazilian Federal Government launched the National Program for 
Production and Use of Biodiesel grounded in the law nº 11.097 from January 13, 
2005. The PNBP was elaborated to equate fundamental questions to the country, 
such as (i) reduction of foreign petroleum dependency, (ii) generation of jobs and 
income, (iii) social inclusion and reduction of pollutant emission and (iv) regional 
disparities in terms of development, by addressing social, strategic, economic and 
environmental aspects of the biodiesel production chain. It is determined that 
research should seek the substitution of part of the fossil diesel with biodiesel. 
It also established the need to diversify the sources of oilseeds used for biodiesel 
production, since today, near 87% of the biodiesel produced in the country is pro-
duced from soybean oil (animal fat represents the second main source of fatty acids 
for biodiesel production, followed by cotton). All other oilseed species if grouped 
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represent less than 1% of the biodiesel production chain (Fig.  5.1 ). The challenges 
and strategies to be met by the Brazilian biodiesel program involve technical-
scienti fi c bottlenecks in the raw material production, industrial processing and 
integration with existing productive chains.  

 Aiming at gradual substitution of petroleum diesel by biodiesel, the PNPB estab-
lished as its initial goal to  fi x 2% (B2) as the minimum percentage of biodiesel 
addition to the petroleum diesel in any part of the national territory by 2008 and as 
5% (B5) by 2013. However, with the rapid expansion of soybean production and 
industrial processing units, the government decided to anticipate its goals and 
of fi cially introduced B5 by 2010. Nowadays, the capacity of biodiesel production is 
2 times higher than the compulsory demand for biofuel, being then possible to 
immediately regulate B10 when the plant oil offer will be suf fi cient to meet the 
demand. However, to progress in the regulation of new mixtures, other questions 
need to be weighted, such as the raw material availability and diversi fi cation. 

 Generally two distinct groups of species are recognized: (i) the traditional raw 
materials, for which technological aspects of its production have already been 
addressed and (ii) the potential alternative raw materials, for which research is still 
required. Oil extracted from species like canola (oilseed rape;  Brassica napus  L.), 
soybeans ( Glycine max  L.), castor beans ( Ricinus communis  L.) and sun fl ower 
( Helianthus annuus  L.) have been traditionally used for biodiesel production 
(Vermerris  2008 ; Yuan et al.  2008  ) . Current estimates indicate that 600 kg ha −1  is the 
actual oil productivity of these traditional species (Table  5.1 ). In Brazil, besides 
being an oilseed species with low energetic productivity, soybean is the only crop 
among those species considered to be traditional raw materials for biodiesel produc-
tion that totally meets the basic parameters of a program with the dimensions of the 
PNPB (Laviola and Alves  2011  ) . These parameters belong to the (i) technological 

  Fig. 5.1    Relative contributions of raw materials to the biodiesel matrix in Brazil (Source: Brazilian 
National Agency of Petroleum, Natural Gas and Biofuels –March 2011)       
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domain—Brazil is one of worldwide leaders in soybean research and development 
(what allowed for example its cultivation with minimum dependency on nitrogen 
fertilization); (ii) production scale—today less than 20% of the whole soybean 
production is suf fi cient to supply the current demand of the PNPB (other oilseed 
species such as cotton, sun fl ower and castor beans are not productive enough to 
support B2); and (iii) logistics—soybean is the only species among those considered 
to be traditional raw materials for biodiesel production that can be grown and pro-
duced in all regions of the country and with a whole distribution system to drain the 
production already installed. Even though all these characteristics contribute to 
make soybean the main raw material in the context of the PNPB nowadays, it is 
important to highlight that the continuous development of other oilseed species with 
higher energetic productivity is necessary, especially when considering questions 
related to diversi fi cation and regionalization of raw materials. Actually, the energy 
segment is too much important to assume the risk of its dependency on only one or 
few crop(s) in the long term. The importance of raw material diversi fi cation can be 
easily understood from the larger potential productivity of many alternative crops as 
presented in Tables  5.1  and  5.2 . Moreover, it is necessary to remember that as much 
as 40–60% of biodiesel production costs are related to feedstock costs (BAP  2006  ) . 
Thus, increasing the average oil productivity should prove to be an effective approach 
to increase the competitiveness of biodiesel when compared to gasoline and ethanol.   

   Table 5.1    Main raw materials currently used for biodiesel production in Brazil, the oil content in 
seeds, seed and oil yield per hectare   

 Raw material  Oil (%)  Seed yield (kg ha −1 )  Oil yield (kg ha −1 ) 
 Soybean  18  3,000  540 
 Cotton  20  1,900  360 
 Sun fl ower  42  1,500  630 
 Peanut  45  1,800  800 
 Oil palm  20  20,000  4,000 
 Castor beans  47  1,500  705 
 Canola  40  1,300  500 

  Source: Laviola and Alves  (  2011  )   

   Table 5.2    Main potential raw materials for biodiesel production in Brazil. The yield is given in 
percentage of oil in seeds, seed productivity and oil production per hectare   

 Raw material  Oil (%)  Seed or fruit yield (kg ha −1 )  Oil yield (kg ha −1 ) 
 Physic nut  35  4,500  1,500 
 Macaw palm  20  20,000  4,000 
 Inajá  20  17,500  3,500 
 Tucumã  20  12,000  2,400 
 Babaçu a    5  10,000  500 

   a Mainly used for energy cogeneration. (Source: Laviola and Alves  2011  )   
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 In this last context, the use of non-edible species is highly desirable as it offers 
the advantage of not competing with food crops for area and resources. However, 
such competition between food and fuel crops is not expected in the short term in 
Brazil, because Brazil is a country with continental dimensions and millions of 
hectares of land still available for agriculture expansion. But this does not neces-
sarily apply to other countries, where food agriculture occupies almost the entire 
agricultural available lands. In such countries, the cultivation of non-edible spe-
cies will almost certainly compete with food crops for land and resources. It is 
noteworthy that research should aim at improving the production system and also 
at incorporating new un-domesticated energetic species to the list of biofuel crops, 
e.g., physic nut and some tropical palms such as Macaw palm also known as 
Macaúba or  Acrocomia aculeata  (Jacq.) Lodd. ex Mart. (Moura et al.  2010 ; 
Rosado et al.  2010  ) .  

   Alternative Feedstocks for Biodiesel Production 

 The PNPB established that research should seek new sources of raw materials with 
higher energetic productivity than soybean in order to enhance oil yield up to 4,000–
6,000 kg ha −1 . The PNPB also indicate that research should aim at identifying new 
oil species so as to maximize biodiesel production according to region potentialities 
and biodiesel requirement. 

 Because Brazil holds ~20% worldwide biodiversity, a number of alternative oilseed 
species are available for biodiesel production. A number of species can also be used 
as source of biomass for cogeneration process. For example, Macaw palm is an 
alternative for the expansion of biofuel production in the Brazilian savannah, since 
its estimated oil yield is extremely high (Table  5.2 ). If one considers that the Macaw 
palm produces pretty much the same yield as oil palm and that oil palm has been 
improved via traditional breeding over decades, it is evident that the Macaw palm is 
an excellent choice as an alternative oilseed species. The macaw palm can be used 
in sustainable production systems (i.e., by extractivism or exploring the native indi-
viduals in their natural environment). Another possibility is to produce the Macaw 
palm in consortium with other crops species, which warrant farmers with incomes 
even in the  fi rst years after palm plantation. Other highly productive palms, such as 
Inajá ( Maximiliana maripa  (Aublet) Drude) and Tucumã ( Astrocaryum aculeatum  
G. Meyer) (Table  5.2 ), grow spontaneously in the Northern region of Brazil and can 
potentially be explored in a variety of sustainable forms. By contrast, Babaçu palm 
( Orbignya phalerata , Mart.) is well adapted to Northeast Brazil and has been over 
the years used to produce a highly calori fi c charcoal. Recently its potential for biod-
iesel production has also been demonstrated even though its oil yield is not comparable 
to other potential palms (Table  5.2 ). Along with these palms, physic nut has been 
considered one of the best alternative species for sustainable oil production due to 
its large geographic extension covering almost every region of the country and other 
characteristics which are reviewed.  
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   Why Physic Nut? 

 As mentioned above, physic nut has been considered as one of the best alternative 
oilseed species. There are a number of reasons for that, such as its (i) hardiness, (ii) easy 
propagation, (iii) drought tolerance, (iv) high oil content, (v) short life cycle, (vi) rapid 
growth, (vii) adaptation to a wide range of agro-climatic conditions, (viii) bushy/shrubby 
nature, and (ix) multiple uses of different plant parts (Achten et al.  2010  ) . In addition, 
physic nut can be grown on wastelands or degraded lands provided pH, fertility and 
water de fi cit correction; consequently, it does not compete for land with food crops. 

 A single physic nut plant from non-elite material can currently produce as high as 
2.5 kg of seeds (   Drumond et al.  2009  ) , with oil content varying between 30% and 40% 
(Ginwal et al.  2004 ; Rao et al.  2008 ; Sunil et al.  2008  ) . In such a scenario, a single plant 
can produce 0.75–1.0 kg of oil. Since 1,250 plants can be cultivated in one hectare with 
4 × 2 m spacing, physic nut has nowadays the potential to produce between 930 and 
1,250 kg of oil per ha. Such estimate however will change radically as soon as its selec-
tive breeding will be undertaken. Other desirable characteristics are high oil quality 
(Figure  5.2 ), low cost of oil conversion into biodiesel either by chemical (Berchmans 
and Hirata  2008  )  or biological transesteri fi cation (Modi et al.  2007  )  and satisfaction of 
technical requirements of Brazilian, US and European standards for biodiesel.  

 The popular claims concerning drought tolerance, low nutrient requirement, pest 
and disease resistance increased the expectations on this species to unreachable 
levels (Achten et al.  2010  )  even though most of these claims are yet to be supported 
by scienti fi c evidence (Achten et al.  2010  ) . The truth is that, besides the advanta-
geous characteristics mentioned above, physic nut cultivation is challenging as it is 
a quasi-undomesticated species requiring substantial investment in research and 
development (R&D) (Fig.  5.2 ). We describe the main challenges that need to be 
addressed in order to make physic nut a viable biofuel crop in the near future.  

   Challenges in Making Physic Nut a Viable Biofuel Crop 

 Physic nut can be considered as a quasi-undomesticated species because neither 
elite cultivars nor de fi ned production systems are yet available (Carels  2009  ) . 
In Brazil, current commercial plantations are in the initial phase of implantation and 
less than 4 years old (Laviola et al.  2010  ) . In order to boost this installation processes, 
basic knowledge on seed production techniques is paramount as well as information 
on propagation systems, planting density, pruning systems, mineral nutrition and 
fertilization and perhaps most important correct management practices (Fig.  5.2 ). 
Along with such limitations, one has also to considerer the regulation on cultivar 
and pesticides or fungicides registration, which is eventually not available. 

 Physic nut is also susceptible to a wide range of diseases and pests. One of the 
most important diseases that currently affect physic nut plantations in Brazil is pow-
dery mildew caused by the fungus  Oidium heveae  B.A. Steinm (Ramakris and 
Radhakri  1963  ) . Mildew occurs on seedlings and on trees in the  fi eld. The main sign 
of the infection is the presence of a whitish mycelium over the leaves and shoots 
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(Ramakris and Radhakri  1963  ) . Even though the infection can be mitigated with the 
application of fungicides, the use of resistant plants is seen as a best strategy in the 
mid to long-term. However, virtually nothing is known concerning genetics and 
molecular aspects of the physic nut- Oidium heveae  interaction and dedicated stud-
ies are necessary to obtain such information. 

 Another important aspect of physic nut is its toxicity. The most problematic 
toxic components are probably a number of phorbol esters found in high concen-
trations mainly in the seeds (Devappa et al.  2010b,   2011 ; Goel et al.  2007  ) . As 
phorbol esters are compounds known to cause severe biological effects, includ-
ing in fl ammation and tumor promotion (Devappa et al.  2010b  ) , removal of such 
compounds is imperative in order to make use of the press cake, perhaps the physic 
nut co-product with the highest potential as animal feed. Physic nut seeds also 
contain a trypsin inhibitor, lectins and phytates that are antinutritional factors limit-
ing the potential use of the press cake for animal feeding (Devappa et al.  2011 ; 
Goel et al.  2007  ) . However, both trypsin inhibitor and lectins can be completely 
denatured and destroyed by exposure to elevated temperature as occurs before and/
or during the oil extraction process technology (Devappa et al.  2011  ) . The addition 
of synthetic phytases might mitigate phytate problem. Alternatively, press cake can 
be returned to soil and used as a crop fertilizer (Devappa et al.  2010a  ) . 

  Fig. 5.2    Physic nut potential and challenges. Clear boxes indicate the physic nut characteristics 
that makes it a potential biofuel crop as well as those that currently hamper its wide adoption as a 
biofuel crop. Arrows indicate the main research  fi elds and their description ( bottom ) that are 
included in the Embrapa’s network for physic nut research (Source: Durães et al.  2011 )       
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 Finally, fruit maturation is quite uneven and discontinuous during the production 
period (which last between 4 and 5 months in the Brazilian conditions). Because of 
these characteristics, fruits must be harvested in four or  fi ve occasions, thus increas-
ing the production cost. 

 Besides these technical and biological aspects of physic nut cultivation, there are 
other challenges, most of which are related to lack of reliable statistics pertaining to 
crop production. Currently there is no conclusive information about seed and oil pro-
ductivity under commercial planting conditions also. In experimental evaluations, oil 
content was estimated to vary between 20% and 40% (Ginwal et al.  2004 ; Rao et al. 
 2008 ; Sunil et al.  2008  ) . However, seed yield and oil content are expected to be heavily 
affected by (i) abiotic factors, such as nutrition, drought, management practices, and 
(ii) biotic factors, such as pests, diseases, age. With regard to this last concern, it has 
been initially shown that the production stability occurs after the fourth or  fi fth year 
(Dias et al.  2007  )  and that plants can produce as high as 2.5 kg of seeds (Drumond et al. 
 2009  ) . As this information is pivotal to determine the economic viability of the crop, 
comprehensive investigations of genetic factors affecting yield are urgently needed. 

 In agreement with previous considerations, it is evident that physic nut cultivation 
is not as viable as it could be because of the innumerous questions that must yet be 
answered. However, we believe that a vibrant and focused research program may 
successfully make physic nut a viable feedstock for biodiesel production in couple 
of years. Below we review the Embrapa research program on physic nut that is 
supposed to address all the concerns mentioned above.  

   The Embrapa Research Initiative 

 The Embrapa research initiative in physic nut was built on the idea that an integrated 
program is necessary for making physic nut a viable biofuel crop in a short to mid-term 
period. Fourteen areas were identi fi ed as priority, i.e., selective breeding, seeds and 
seedlings production, pruning, spacing, fertilization, irrigation, weeds, pests, dis-
eases, harvest, post-harvest, biodiesel, co-products, transversal studies and zoning. 
An action plan named BRJATOPHA (Research, Development and Innovation in 
physic nut for Biodiesel Production) was elaborated encompassing more than 130 
research actions and 22 institutions (Fig.  5.3 ) and granted by FINEP (a Brazilian 
agency for the promotion and  fi nancing of innovation through scienti fi c and applied 
research in private and public sectors).  

 This integrated program effectively began in 2008 and was just evaluated through 
an inquiry covering 39 research  fi elds that encompasses all the 14 major areas dis-
cussed above and identi fi ed as priority. Researchers were asked upon the current 
stage of development in each  fi eld based on their experience according to a zero to 
 fi ve scale: (0) Without knowledge, i.e., researcher does not have enough knowledge 
to express his opinion, (1) No information, i.e., there is no information or research 
results available, (2) Common sense, i.e., there is no information available, but prac-
tices from other crops may be adopted, (3) Low knowledge, i.e., initial research 
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results does not support recommendations for commercial applications, (4) Medium 
knowledge, i.e., partial research results support recommendations for commercial 
applications with restrictions, (5) Elevated knowledge, i.e., conclusive results 
supporting recommendations for commercial applications. 

 The result of this inquiry (Fig.  5.4 ) indicated that, in the opinion of the researchers, 
there are some  fi elds, e.g., seeds technology in which research has had tremendous 
advances since 2008 and in which some technology transfer actions can now be 
implemented. It also indicated that some research  fi elds still require attention in 
order to reach a stage where technology transfer actions can begin, e.g., selective 
breeding and cultivar development.  

   Genetic Resources, Genomics and Selective Breeding 

 Despite the lack of some basic and technical information,  J. curcas  is being dissemi-
nated in various Brazilian regions and recent analyses indicate that more than 
40,000 ha of physic nut are already planted (Rosado et al.  2010  )  even though no 
elite (improved) cultivars are available (Carels  2009  ) . As a result, much of the 
research effort is concentrated on building resources that may allow the genetic 
improvement of the species (Achten et al.  2010 ; Divakara et al.  2010 ; Rosado et al. 
 2010  ) . In the perspective of future breeding efforts, Embrapa assembled and char-
acterized a germplasm bank (Fig.  5.5 ) with about 200 accessions (Laviola et al. 
 2010 ; Rosado et al.  2010  ) . This germplasm bank represents most of the genetic 
variability of the species in Brazil (Rosado et al.  2010  ) . The initial characterization 

  Fig. 5.3    The Embrapa’s network for physic nut research involves 22 institutions distributed across 
the country and more than 130 research programs       
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of such bank, using phenotypic (Laviola et al.  2010  )  and molecular data (Rosado 
et al.  2010  ) , indicated that although limited, there is enough genetic variability 
available for breeding purposes (Laviola et al.  2012b  ) . Sources of variability for 
 Oidium  spp. resistance, seed toxicity and rate of male/female  fl owers, for example, 
have been characterized in this bank.  

 It seems that although limited, the genetic variability is suf fi cient to ensure that 
elevated genetic gains can be obtained with selective breeding for superior individu-
als and families. It is important to note that genetic diversity estimation based on 
neutral molecular markers not always mimic the genetic variability for the traits of 
interest, since markers can be located in genes not directly involved in the genetic 
control of the trait, but also in non-coding regions. Therefore, we do believe that the 
accessions represented in the Brazilian germplasm constitute a population that can 
be used as a starting material for breeding purposes. Of course, since the variability 
is limited, the addition of accessions collected at the centers of origin and 
diversi fi cation of the species is highly desirable and necessary to ensure that genetic 
gains can still be obtained in the long term. 

 Two main strategies are considered for increasing physic nut seed yield: the plant 
management and the selection of superior genotypes (Openshaw  2000  ) . Pallet and 
Sale  (  2006  )  observed an additive relationship between these factors due to the 
expression of superior genotypes in favorable environmental conditions. Based on 
these considerations, Embrapa initiated a breeding program (Table  5.3 ) with the 
purpose to select materials of physic nut with high seed yield and/or oil production 
by recurrent selection. Genetic improvements for grain yield will rely on intra-
population recurrent selection, manipulation of genetic variance and vegetative 

  Fig. 5.5    Physic nut germplasm bank established by Embrapa in Planaltina (Distrito Federal, 
Brazil). The germplasm bank contains near 230 accessions and it is now being enriched with seeds 
collected in the center of origin of the species (i.e., Mexico)       
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propagation of superior genotypes. Asexual propagation allows breeders to maxi-
mize the genetic variation that is transmitted to the next generation. Vegetative 
propagation allows breeders to shorten the time required to release improved mate-
rials to the market by selecting superior genotypes in heterogeneous populations. 
Since physic nut is an allogamous species, the use of clones may also be an alterna-
tive to generate more uniform plantations. In this context, the use of mini-cuttings 
has been considered promising (Fig.  5.6 ). Field validations are still needed in order 
to evaluate the development of the seedlings produced by this technology.   

 In terms of breeding for seed production, it must be stressed that several traits, 
such as seed size, seed oil content, seed yield and plant branching seems to deter-
mine the  fi nal oil production in physic nut (Heller  1996  ) . However, re fi ned evalua-
tions of these oil yield components showed that more than 90% of the oil yield 
variability is related to the seed yield variability, indicating that biomass production 
is the major determinant in oil production (Spinelli et al.  2010  ) . In this context, it 
should be mentioned that despite some optimistic prognosis of seed yields over 
3 t ha −1 , only small seed yields (1 t ha −1  or less) have been reported in different envi-
ronmental conditions (Costa et al.  2010 ; Ginwal et al.  2004 ; Raiger et al.  2011  ) , 
indicating that much can potentially be gained with breeding efforts. The genetic 
basis of physiological stress induced by water de fi cit or pests and diseases affecting 
the production of physic nut are being investigated. 

  Fig. 5.6    Evaluation of a cloning methodology by mini-cutting (a) of physic nut to propagate elite 
genotypes (b, c, d) for the Embrapa’s breeding program       
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 The intra-population recurrent selection is expected to increase the frequency 
of favorable alleles for traits of interest, including seed yield. An initial study of 
the breeding potential of the Brazilian material suggested that three consecutive 
measurements are necessary to predict accurately and ef fi ciently the true breeding 
value of an individual. Genetic correlations among the numerous traits of interest 
were also obtained providing starting points for indirect selection of the best indi-
viduals and to better design management practices (Laviola et al.  2012b  ) . 

 However, as no elite cultivars are currently available and because breeding 
approaches based on recurrent selection for elite genotypes are only in their initial 
stages, rapid development and release of improved physic nut cultivars is highly 
desirable. It is well known that the productivity is generally a polygenic trait, based 
on quantitative gene expression, with low heritability and, thus, strongly affected 
by environment factors. In Physic nut however, genetic studies were carried out to 
assess the variability and inheritance of this trait. These studies showed that both 
individual heritability and heritability of progenies are elevated (~70%), providing 
evidence that selection for genotypes with higher yield is possible (Laviola et al. 
 2010 ,  2012a ). Different strategies have been used for the early selection of superior 
genotypes and Drumond et al.  (  2010  )  selected genotypes in irrigated conditions 
with a yield of 2.12 kg plant −1  12 months after planting. With regard to other envi-
ronments, Laviola et al.  (  2010 ) observed that seed yield ranged from 0 to 0.18 kg 
plant −1  12 months after planting in the semi-arid conditions of the Brazilian savannah. 
Rocha et al.  (  2011  )  observed a genetic progress of 99% when selective breeding 
according to mass selection was applied to the ten more productive genotypes, 
which corresponds to an estimated grain yield of 1.23 kg plant −1  or 2.25 t ha −1 . 
Another study conducted in Brazil (Laviola et al.  2012b  )  showed that (i) early 
selection of physic nut is possible, (ii) it can promote high genetic gains on the 
initial stages of the breeding program, and (iii) genotypes with increased productivity 
can be potentially selected and released as improved cultivars. Moreover, it showed 
that genetic improvement of physic nut can be performed by early recurrent selection 
as an alternative to the slower, but more accurate recurrent selection with three 
consecutive measurements (Laviola et al.  2012b  ) . 

 In addition to breeding methods, such as (i) assessment of the variation in wild 
sources, or germplasm collections, (ii) selection of superior or elite genotypes, 
(iii) recurrent selection of naturally breeding populations, the physic nut improvement 
should also bene fi t from the application of genomic breeding strategies, e.g., the use of 
molecular markers (Gomes et al.  2010 ; Johnson et al.  2011 ; Liu et al.  2011 ; Mastan et al. 
 2012  )  in marker assisted selection (MAS) (Grattapaglia and Kirst  2008  )  and genomic 
selection (GS) (Grattapaglia and Resende  2011 ; Resende et al.  2012a,   2012b  ) . The 
rationale is that the physic nut small genome size (~400 Mb) is a favorable feature for 
the use of such tools (Carvalho et al.  2008  ) . In depth studies are needed to test the 
ef fi ciency in integrating genomic breeding tools in physic nut improvement. By adopt-
ing the strategy to sequence and align cDNA from various physic nut individuals, a 
large SNP (Single Nucleotide Polymorphism) discovery initiative is currently under-
way in Brazil (Gomes et al.  2010 ; Silva-Junior et al.  2011  ) . Initial results indicated that 
thousands of SNPs were discovered and additional validation of such SNPs could prove 
to be ef fi cient to build a chip, with hundreds to thousands genotypable SNPs. DArT 
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(Diversity Array Technology) markers are also being developed in collaboration with 
Diversity Arrays Technology Pty Ltd. Such resources (SNPs and DArTs chip) could 
potentially be used to assist breeding efforts, either by MAS strategies (MARS—marker 
assisted recurrent selection or GS—genomic selection) in the near future. Powdery 
mildew resistance, pest resistance (Fig.  5.7 ) and non-toxicity (Fig.  5.8 ) are among the 
traits that could be the initial targets for MAS, and productivity as well as oil content 
among the traits that are to be targeted by GS. It is interesting to note that the develop-
ment of commercial non-toxic cultivars could contribute to aggregate value to the press 
cake that results of the oil extraction, also contributing to reduction of the environmental 
passive (nowadays it is necessary to detoxify the press cake). However, since genotypes 
that do not produce phorbol esters are less vigorous and produce less oil than the toxic 
cultivars (Fig.  5.8 ), it is probable that MAS will have to be implemented in backcross-
ing schemes. It is also being considered to cross non-toxic genotypes with high yielding 
individuals followed by selection of high yielding and vigorous non-toxic plants.   

 Since Synthetic Genomics Inc. (SGI), Asiatic Centre for Genome Technology 
(ACGT) and Kazusa DNA Research Institute have completed the physic nut 

  Fig. 5.7    Occurrence of  Oidium  in physic nut fruits ( a ), “Green leafhopper” ( Empoasca kraemeri ) causing 
severe defoliation in a physic nut plantation (Mato Grosso do Sul, Brazil) ( b )       

     Fig. 5.8    Comparative growing vigor in non-toxic genotypes ( a  and  b ) and toxic genotype ( c ), 
12 months after planting. The toxic accessions are much more vigorous than the non-toxic 
genotypes       
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genome project recently (Sato et al.  2010  ) , the annotation of 95% of the physic 
nut genes are available freely by online access (  http://www.kazusa.or.jp/jatropha/    ). 
The genome information by Kazusa is expected to boost the discovery of new 
molecular markers. As tissue culture protocols are available for regeneration of 
physic nut genotypes (Jha et al.  2007  ) , genetic transformation and gene transfer, 
can perhaps be an alternative to modify and, or introduce genes for important 
traits, especially for those for which variability is rather limited.  

   Production Systems 

 One of the most popular claims about physic nut is that it tolerates low technologi-
cal level in its cropping conditions. However, in such conditions the fact is that its 
productivity is low, making it economically unviable (Laviola and Dias  2008  )  
Although physic nut is indeed a species considered rustic and adaptable to different 
environmental conditions, it is now clear that physic nut needs cultivation technolo-
gies (fertilizer application, pest and disease control, management practices, etc.) to 
sustain economic levels of oil production. 

 In order to establish a production system, an important issue that we are consid-
ering is the plant phenology. All management practices depend upon this informa-
tion. Although the phenological phases are not rigid, the duration of each phase is 
likely to be in fl uenced by environmental conditions that occur in a speci fi c region or 
year. Considering this, we have attempted to study the plant´s phenology in one of 
the main Brazilian vegetation, the savannah (also known as cerrado). The results of 
such effort indicate that initial establishment of the plants is probably one of the 
most important phases as any stress that occurs in this phase can compromise the 
plants architecture and hence, the plants yield. It is now clear that, following the 
second year, the phenological phases occur in repeated cycles. During the raining 
period, with the rise of the temperature and humidity, the plant’s vegetative growth 
reaches its maximum, with the formation of new shoots and in fl orescences. In the 
Brazilian conditions, fruiting occurs on average 3 months after the start of the grow-
ing season, mostly in the terminal region of the shoots recently grown. In that 
respect, it is noteworthy that the production of new in fl orescences is highly depen-
dent on continuous vegetative growth. This indicates that in this period it is impor-
tant to manage the plants properly, i.e., by avoiding the occurrence of biotic and 
abiotic stresses so as to allow the plant to express all its potential. 
At the end of the growing season, with the fall of temperature and humidity, the 
deciduous stage begins. In this period physic nut loses its leaves and remains in rest 
conditions until the beginning of the next vegetative growth phase. 

 As outlined above, the phenological data support perhaps all decisions on man-
agement practices to be performed. Aiming at providing the plants an ideal environ-
ment for the vegetative growth stadium, the control of invading seeds, pests and 
diseases is imperative. According to Dias et al.  (  2007  ) , a number of pests and dis-
eases from other plant species may affect physic nut. Currently there are no speci fi c 
pesticides and fungicides recommended for the culture and because of that situation, 

http://www.kazusa.or.jp/jatropha/
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an integrated management approach is been pursued. Such an approach considers 
the adoption of cultural, chemical and biological strategy concurrently to control the 
undesirable biotic interactions. In that context, the development of cultivars with 
enhanced resistance/tolerance to such stresses is seen as one of the best approaches. 
Initial results are encouraging in that respect, since resistant genotypes for many of 
these stresses were already identi fi ed in the Brazilian germplasm bank (unpublished 
data). 

 While trying to develop a production system devoted to physic nut cultivation, 
it is important to determine the plant’s responses to mineral nutrition. Initial 
results gathered among many Brazilian culture conditions indicate that physic nut 
responds well to fertilizer applications and a correct balance of nutrients is 
required to warrant plants with satisfactory fruit yield (Laviola and Dias  2008  ) . 
Thus, annual fertilization is necessary to supply enough amounts of nutrients to 
support the plant’s vegetative growth and reproductive development. 

 Another issue that has been a matter of study in the context of the Embrapa 
research initiative on physic nut is the effect of pruning. Two types of pruning are 
being tested, i.e., formation pruning and production pruning (Dias et al.  2007  )  
(Fig.  5.9 ). The objective of the formation pruning is to standardize the plants (in 

  Fig. 5.9    Pruning in physic nut. The formation pruning is to be performed 45 days after planting 
( a – c ). The maintenance pruning is carried out when plants are 2 m high and is seen as a way to 
standardize the plant`s architecture and production ( d )       
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terms of number of basal branches and height) and to favor the basal shoot 
rami fi cation by breaking the apical dormancy (the apical meristem is actually 
removed). On the other hand, the objective of production pruning is to renew the 
productive rami fi cations as well as to reduce the plant size, which facilitates cultural 
practices and fruit harvesting. Even though the effects of these techniques are still 
being evaluated, it seems to be very promising as it contributes to standardize fruit 
production (unpublished data).  

 Considering fruit production, the most important aspect that is currently being 
studied is the maturation process. In general, maturation is quite uneven during the 
production period (which last between 4 and 5 months in the Brazilian conditions) 
and progressive with a mix of immature and mature fruits on the same raceme. 
Because of these characteristics, fruits must be harvested in four or  fi ve occasions, 
burdening the production cost (discussed below). Two approaches are currently being 
investigated to understand the determinants of maturation process in physic nut. 
The  fi rst is to gather genetic individuals that display fruit maturation concentrated in 
discontinuous and short periods (as few as possible). Such approach depends on the 
existence of genetic variability for this trait in the germplasm bank and on its inheri-
tance. The second approach relies on the application of an exogenous chemical that 
will interfere with the plant physiology and allow the standardization of fruit matura-
tion. Both approaches are in initial stages and no conclusive results are yet 
available. 

 Nowadays physic nut fruits are harvested manually. Mechanized (Fig.  5.10 ) and 
semi-mechanized harvest systems are currently being developed in Brazil by taking 
advantage on the knowledge gathered with other perennial cultures, such as coffee, 
for example. Correct dimensioning of such systems however depends on the size of 
the genetic material to be harvested and on the plants density, which ultimately 
depends on planting spacing. These issues are still being studied and correct dimen-
sioning of the harvest systems will be possible. These mechanized and semi-mech-
anized systems are expected to improve the harvest ef fi ciency besides lowering 
signi fi cantly the costs of physic nut production.   

  Fig. 5.10    Mechanical harvesting systems in physic nut from front (a) and lateral (b) (photos taken 
in Bioauto Farm, Nova Mutum, Mato Grosso, Brazil)       
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   By-Products 

 The cake that results from pressing the physic nut seeds may potentially constitute 
an excellent organic fertilizer since it is rich in nitrogen, phosphorous and potas-
sium (Achten et al.  2008  ) . Since the press cake is also rich in protein (43–63% 
depending on the method used for oil extraction), it could theoretically be used 
along with the fruits shell as a high protein supplement in ruminant feeds, how-
ever, such use is currently impossible given the high toxicity level of the press 
cake. As previously mentioned, a number of phorbol esters occur in high concen-
trations in the seeds. Removal of phorbol esters during processing is achievable 
(Rakshit et al.  2008  ) , however the possible presence of toxic degradation prod-
ucts from phorbol esters after treatment cannot be ruled out (Achten et al.  2010  ) . 
Aiming at solving such a problem, we are currently focusing on two different, 
yet complementary approaches to completely remove phorbol esters from physic 
nut seeds. 

 The  fi rst approach relies on the identi fi cation of phorbol ester free genotypes in 
our germplasm bank. The current data indicate that as toxicity, in terms of phorbol 
esters presence seems to be expressed qualitatively (Sujatha et al.  2005  )  and may be 
regulated by only one or a few genes (see Sato et al.  2010 ; Gomes et al.  2010 , for a 
discussion). It has also been suggested that the trait is subjected to maternal inheri-
tance, i.e., the phenotype of the maternal parent is passed on to the progeny. Such 
mode of inheritance was suggested earlier by Sujatha et al.  (  2005  ) , however, it is 
still to be proven in the next couple of years. In that respect, non-toxic genotypes are 
common in the Mexican germplasm (Mastan et al.  2012  )  and we are now con fi rming 
the genetic basis of such trait in our genetic material through the generation of large 
segregating populations and genetic mapping. The intention is to map the locus 
(loci) responsible for (non) toxicity with molecular markers that are currently in 
development to assist selective breeding for non-toxic genotypes. If the non-toxicity 
is indeed inherited from the mother to the progeny, this can have a profound effect 
on breeding programs worldwide, as the main traits subjected to improvement gen-
erally does not follow such mode of inheritance. The incorporation of trait subjected 
to maternal inheritance in the breeding programs will force breeders to consider this 
information for cross designs. 

 The second approach relies on the application of the following treatments: 
(i) thermoplastic extrusion process associated with chemical additives, (ii) sol-
vent washing and (iii) biotransformation (by means of fungus, such as yeast). 
The main focus here is to detoxify the press cake, either through the removal of 
phorbol esters or modi fi cation of phorbol ester molecules so that the new form 
loses their toxic activity. The absence of phorbol esters guarantee that no soil 
(Gressel  2008  ) , animal or human contamination occurs.  Phorbol zero  cultivars 
would add tremendous value to the culture especially for small farmers (the 
majority of Brazilian physic nut growers), since it would allow the press cake 
recycling through animal feed.   
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   Perspectives of Physic Nut Cultivation According 
to Different Scenarios 

 The determination of the economic viability of physic nut cultivation is an important 
issue. Therefore, it is necessary to consider that physic nut cultivation can occur in 
different scenarios: (i) large production systems with high technological level, 
(ii) small production systems with mid-technological level and (iii) small production 
systems with low technological level associated or not with livestock or/and other 
intercrops, such as oleaginous species, grasses or even food crops. 

 Considering the  fi rst scenario, it is clear that improved genotypes are necessary. 
Such improved genotypes must have large seed and oil productivity, since physic 
nut is the main product. The genotypes are also expected to be highly responsive to 
improved environmental conditions, since fertilization and irrigation are likely to be 
the default situation in this scenario. Genotypes highly tolerant to biotic and abiotic 
stresses, such as the ability to grow in marginal areas are the ones that most likely 
will support large physic nut plantations (in order to avoid food crop displacement). 
Such improved genotypes are expected to be commercialized as mixed populations 
of elite vegetative clones to maximize the genotypic potential of the individuals 
whose features are optimized to growing conditions. Mechanization of both cultural 
practices, such as (i) weeds, pest and disease control and (ii) fruit crops will be a 
 sine qua non  condition, since the costs of manual operation of these services is too 
expensive to make the business viable. All these operations are undoubtedly bound 
to increase costs. However, with the use of elite individuals, fertilization, irrigation 
and mechanized practices, the marginal return of physic nut planting is expected to 
be maximized and the gains to be a function of the venture scale. Moreover, the 
commercialization of co-products, such as press cake should generate extra pro fi t 
when non-toxic genotypes will be available and contribute to increasing the viabil-
ity of physic nut plantation. 

 It can be argued that growing physic nut on an industrial scale with high inputs 
(irrigation, fertilizers, and pesticides) would lead to the failure of many principles of 
sustainability of biofuel production and, thus, expose this new crop to negative pres-
sures from environmentalists that could claim other oilseed species eventually bet-
ter matching their considerations. However, this concern can be ruled out, since 
PNBP stimulates planting of a diverse array of oilseed species and encourages the 
diversi fi cation of oilseed materials in order to  fi t local conditions to the most pos-
sible extent. In addition, Brazil fortunately has a huge amount of land available for 
agriculture and in our opinion physic nut can be grown together with other oilseed 
species without competing risks between food and fuel crops, since oilseed species 
are thought to be regulated on a regional basis. 

 Keeping the second and the third scenarios in view, it is clear that genotypes 
will have to be improved considering that adequate management practices will not 
always be available. In this way, genotypes with robust features are desirable as 
such genotypes maintain their productivity potential even if the environmental 
conditions are not at the optimum. In these last scenarios, the press cake will 
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probably assume another level of importance, since it can be used to feed livestock 
created in the same farms. In order to keep the implantation costs as low as possi-
ble, improved genotypes will probably be commercialized by means of their seeds. 
Enhanced seed and oil productivity will also be important, but another important 
issue could be to keep the wild type of continuous fruit maturation. This character-
istic is important for small farmers, since it minimizes the period without production 
and fruit harvesting can rely on family labour, reducing the impact of its costs. 
A last issue that needs to be considered is that, in such cases, pro fi t can be both 
direct and indirect. Direct pro fi t comes from de-commercialization of seed, oil or 
press cake while indirect pro fi t comes from the use of the press cake as an organic 
fertilizer or as feed for livestock. Indirect pro fi t can also be obtained by the valori-
zation of intercrops. In that respect, the intercrop production may indeed be an 
important factor to make small production systems viable. In all cases, economic 
studies are underway to determine the exact conditions needed to make physic nut 
cultivation a viable business.  

   Conclusions 

 The report presents the importance of physic nut for the Brazilian economy consider-
ing its potentials, challenges and the concerns covered by the research that is underway 
in the country. We intentionally avoid focusing on the economic aspects of physic nut 
cultivation because we believe that it can only be considered after the availability of 
improved cultivars and suitable production systems for the different Brazilian regions. 
As discussed above, some more years will be necessary to develop such improved 
cultivars and to determine suitable production systems even with worldwide initiative. 

 However, our cautious, but yet optimistic vision is that the Brazilian research net-
work may successfully contribute to make physic nut a viable feedstock for biodiesel 
production in the near future. The increasing demand for biodiesel and the potential 
demand for jet fuel (biokerosene) in the near future is a guarantee that the biofuel 
market will grow continuously in the upcoming years and also provides stimulus to 
scale up physic nut research.      
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         Introduction 

 Along with the rapid economic growth, China’s consumption of energy is continuously 
increasing. Since 1998, the consumption of energy in China has been increasing at a 
rate of 5%, which is three times higher than the world average. China is now the second 
largest importer of oil in the world. In 2005, China imported 168 million tons of crude 
oil, which accounts for 42.9% of the total amount of domestic consumption. As pro-
jected, China will reach the peak of energy consumption, that is, 4.18 billion tons of 
standard coal equivalents, in 2020 (EPASEA-NIC  2008  ) . To meet its demand for 
energy, China highly depends on importing energy. According to the International 
Energy Agency, China’s import of petroleum will account for about 77% of its total 
demand by 2020, and 84% by 2030 (IEA  2005  ) . Thus, it is a hard task to meet the 
demand for diesel in China in the long term (Li  2001  ) . In the next two decades, China 
will face a severe energy supply challenge. 

 Given abundant coal reserves compared to the insuf fi cient supply of oil and gas, 
China has mainly relied on coal for its energy in the past decades. China’s energy 
structure is dominated by coal, which accounted for 68.8% of the total energy con-
sumption in 2006 (EPASEA-NIC  2008  ) . Along with the consumption of fossil 
energy, air pollution and the emission of  carbon dioxide  (CO 

2
 ) have also attracted 

the concerns of Chinese government and academia. As pollution from the burning 
of coal becomes more and more, it is an urgent task to search for environment-
friendly alternatives to fossil fuel. Moreover, along with the worldwide concerns on 
global warming, China is facing international pressures for the reduction of green-
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house gas (GHG) emission. The emission of CO 
2
  equivalent is projected to be 5.2 

billion tons and 5.6 tons in 2015 and 2020, respectively (EPASEA-NIC  2008  ) . 
 The increases in crude oil prices and the concern for environmental protection 

gave an impetus to the search of renewable alternative sources of oil (Shay  1993 ; 
   Runge and Senauer  2007 ; Hazell and Pachauri  2006  ) . Among the renewable 
energy to be developed, liquid biofuels, including bioethanol and biodiesel, is a 
priority for development because it can be used in existing engines. Moreover, the 
production and use of biofuel has the potential of reducing dependence on petro-
leum, improving environmental quality, lowering the emission of greenhouse gas 
(GHG), promoting rural development, and providing farmers job opportunities 
(Krawczyk  1996 ; FAO  2008 ; Wiesenthal et al.  2009  ) . As in many other countries, 
the production of biofuel in China is seen as an alternative to reduce the pressure 
induced by the increasing oil scarcity and to achieve sustainable development. 

 In 2005, China became the world’s third largest biofuel producer with an output of 
one million tons, behind Brazil and the US (USDA  2006  ) . In 2006, the National 
Development and Reform Commission (NDRC) of China set the threshold of 15% 
biofuel as the target to be meet by the fuel transportation system by 2020 (USDA  2006  ) . 
The State Forest Administration (SFA) of China set the target of 13 million hectares to 
be planted with oilseed species suitable for biodiesel production by 2010. The expecta-
tion of the Ministry of Science and Technology (MOST) is to reach the production of 
1.5-2 million tons of biodiesel by 2010 and 12 million tons by 2020 (GTZ 2006). 

 The production of  fi rst generation biofuels whose feedstock is agricultural crops 
will have a negative effect on food security if produced in large quantities (Runge 
and Senauer  2007 ; Huang et al.  2009  ) . In  2007 , food prices on the international 
market increased by 15.6% and those in China by 10.8% on a year to year basis 
(NBSC  2008  ) . Using woody plants produced from non-agricultural land as feed-
stock to produce second generation biofuel will not affect food security and can be 
more conducive to respect the environment than  fi rst generation biofuels. That is, 
sustainable biofuel production will be better achieved with a shift from the produc-
tion of  fi rst generation biofuel to that of second generation biofuel including ligno-
cellulosic ethanol from biomass crops and biodiesel from oilseed tree species (FAO 
 2008 ; Flavin  2008  ) . The rise in food prices has thus triggered the production priority 
from  fi rst generation to second generation biofuel. 

 While the second generation bioethanol is facing a technological challenge, sec-
ond generation biodiesel is attracting more and more attention throughout the 
world due to its technological easiness of production. Second generation biodiesel 
is a promising fuel, but its production is challenged by high cost and limited avail-
ability of oil resources. The availability and sustainability of suf fi cient supplies of 
less expensive feedstock will be a crucial determinant in delivering a competitive 
biodiesel to commercial fueling stations. One way of reducing biodiesel produc-
tion costs is to use less expensive fatty acid containing feedstocks, such as inedible 
oils, animal fats, waste food oil and byproducts of vegetable oil re fi ning (Veljkovic 
et al.  2006  ) . Fortunately, biodiesel can be produced from inedible vegetable oils, 
mostly from seed-bearing trees and shrubs. There are 151 families, 697 genera and 
1,554 species of oilseed plants of which 30 species have the potential of becoming 
feedstock for biodiesel production. However, only a few of these species can be 
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cultivated as biodiesel feedstock plantations on waste land. So far, the Ministry of 
Science and Technology of China is targeting at producing biodiesel from  J. curcas  
(JCL),  Pistacia chinensis  Bunge , Xanthoceras sorbifolia  Bunge ,  and  Cornus 
wilsoniana  Wangerin .  

 JCL receives the largest attention because it does not compete with food uses, it has 
excellent oil characteristics and it is distributed all over tropical and subtropical cli-
mates across the developing world (Heller  1996 ; Openshaw  2000  ) . In China, the diesel 
oil consumption was 67.15 million tons in 2000, 85.3 million tons in 2005 and will be 
133 million tons in 2015 (Li  2001  ) . Thus, JCL biodiesel has a large market potential. 

 Since China has the largest population in the world and the lowest farmland  
per capita  (less than 0.1 hectare), it is thus impossible to use farmland to produce 
biofuel on a large scale (Wang et al.  2005  ) . However, China has a lot of mountains 
and marginal lands which are suitable for the plantation of arborous and shrub oil-
seed plants. The cultivation of these plants can not only provide raw material for the 
biofuel industry, but also promote the restructuring of rural industry and increase 
farmers’ income. Moreover, the cultivation of these plants on marginal or waste 
land in a sustainable way can also contribute to ecological rehabilitation. Being 
such an oilseed, JCL is considered as a priority feedstock species in China, as in 
many other countries.  

   Biofuel Policies in China 

 The development of renewable energy has become an important component of China’s 
energy development and sustainable development strategies. The Chinese govern-
ment has adopted many policies and measures to develop renewable energy and 
address the issue of climate change. The promotion of biofuel was listed in the 
“National plan for scienti fi c and technological industrialization programs” in May 
2003. Accordingly, the Ministry of Science and Technology launched the “10th 5-year 
plan for biofuel technology development” in 2004. The agricultural and forest bio-
mass program, supported by a national special fund, was started in 2005. According 
to its “Middle and Long Term Development Plan of Renewable Energy,” China set an 
ambitious target of an annual production of 10 million tons of biofuel by 2020 (NDRC 
 2008  ) . The “law for renewable energy” was also approved in 2005 and came into 
force starting from January 1, 2006. In 2007, the  fi rst national standard for biodiesel 
was designed and put into practice. In China’s “11th  fi ve-year plan framework for 
national economic and social development”, it was highlighted that more efforts 
should be invested in the development of renewable energy, especially by improving 
the production capacity of power stations running on biomass, bioethanol and biodie-
sel. These policies and measures laid a solid foundation for biodiesel as a substitute to 
fossil diesel to enter fuel market and provided a legal basis for providing subsidized 
loan and tax discount to companies involved in biodiesel production. 

 In 2007, concerns over food security led China’s central government to con-
trol the use of grain-based feedstock for biofuel production and to reorient the 
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country’s bioenergy plans toward perennial crops to be grown on marginal land. 
That is, neither biofuel should be derived from feedstock competing with crops 
from foodlands nor should they compete with human and livestock access to 
food. In addition, biofuels should not be harmful to the environment (MOA 
 2007  ) . China has the largest human population, accounting for 22% of the world 
population, but it has only 120 million hectares farmland, i.e., 7% of the total 
world area available for farming. Thus, the limited farmland will be used to grow 
food crops so as to feed the large population. The expansion of grain-derived 
biofuel is prohibited in order to alleviate the pressure on food security, while 
non-crop feedstock is encouraged, including sweet sorghum, cassava, sweet 
potato and other non-grain crops. As a non-grain crop, JCL has emerged as a 
high potential biodiesel feedstock because of its adaptability to diverse growing 
conditions. Provincial governments in Southwest China have drafted plans to 
increase the area of JCL planting by over one million hectares in the next decade 
(Weyerhaeuser et al.  2007  ) . 

 To promote the development of low-carbon economy is another justi fi cation 
for the production of biofuel. Chinese government has announced many related 
policies since 2006, including the “National Assessment Report on Climate 
Change”, “China’s National Climate Change Program”, “Decision on the strength-
ening of energy saving work”, and “The comprehensive work plan for energy 
saving and emission reduction”. All of these policies have laid out a development 
plan for the energy system, and will contribute a lot to the control and mitigation 
of GHG emissions in China. In particular, in November 2009, Chinese govern-
ment announced its target of reducing the emission of CO 

2
  by 40–45% per unit of 

GDP in 2020 over the level of 2005. To meet this target, biofuel, especially second 
generation biofuel, is considered as an important alternative for fossil fuel (Wang 
et al.  2010 ; Liu et al.  2010  ) . 

 To encourage the development of biofuels industry, a set of incentive policies 
was implemented in 2007; they include (i) mandatory mixing of 10% bioethanol 
in gasoline in nine provinces to secure the biofuel market; (ii) waiving the 5% 
consumption tax on bioethanol and refunding the 17% value added tax; and 
(iii) direct subsidies to biofuel plants of about $ 200 per ton (Qiu et al.  2008  ) . 
These policies resulted in a rapid increase in the output of biofuel in China. In 
2007, China is among the largest bioethanol producers in the world with an output 
of 1.3 million tons of bioethanol. 

 Subsidies to biofuel feedstock producers are indispensable to promote the inte-
gration of non-grain biofuel in the present Chinese energy market. In 2007, the 
Ministry of Finance of China released a policy to encourage the use of non-food 
feedstock to produce biofuels by providing subsidies and other forms of  fi nancial 
support to people involved in the production of biofuels (China Daily  2007  ) . 
Speci fi cally, farmers involved in feedstock production for biofuel manufacture 
started to receive a subsidy of 3,000 yuan (1 yuan = $ 0.16; April 2012) for each 
hectare of forest and 2,700 yuan for each hectare of non-grain agricultural crops. 
As far as JCL plantation is concerned, the producers are to be subsidized by a rate 
of 3,000 yuan for each hectare of JCL plantation.  



996 Producing Jatropha Biodiesel in China: Policies, Performance and Challenges

   JCL and Its Development in China 

   JCL in China 

 JCL is a small tree or shrub belonging to the family of Euphorbiacae. JCL has great 
potential for the production of biodiesel due to its adaptability to the environment, 
especially to drought, but also to soil of poor quality. JCL was introduced into China 
300 years ago; its growth in the wild is found in the tropical or subtropical area, such 
as the dry and hot valleys of Guangdong, Guangxi, Hainan, Fujian and Taiwan, 
especially Yunnan, Guizhou and Sichuan (Wu and Zong  2007  ) . In Yunnan Province, 
JCL can typically grow at an altitudinal range of 600–1,400 m above sea level (Zeng 
 2006  ) . In Yunnan Province, JCL mainly grows between 600 and 1,400 m and can 
survive in plains, hills and valley slopes between 700 and 1,600 m (Yuan et al. 
 2007  ) . In Guizhou Province, JCL is mainly distributed in the southern and south-
west parts, mainly in dry and hot valleys in the basins of Nanpan River, Beipan 
River and Hongshui River at an altitude range of 275–800 m (Chen et al.  2006  ) . In 
Sichuan Province, JCL is mainly distributed in the dry-hot valleys below 1,600 m 
(Xu et al.  2008  ) . 

 According to preliminary statistics, the natural growth of JCL in Yunnan, 
Guizhou, and Sichuan provinces is about 33,000 hectares (Wu and Zong  2007  ) . 
Over the past several years, the area of JCL plantation has been gradually increased 
as more effort has been made in the development of biodiesel. It is reported that the 
area of JCL plantation was 680,000 hectares in Yunnan, more than 17,300 hectares 
in Sichuan in 2007, and 15,300 hectares in Guangxi by the end of July 2008. Despite 
its strong ecological adaptation, existing JCLs are mainly distributed on the sides of 
villages and homestead, banks of ditches and channels, alluvion of rivers, valleys 
and the lower end of slopes. For example, the distribution of existing JCL resources 
in Yunnan Province is shown in Table  6.1 .  

 Before cultivation for biodiesel production, JCL has been used (i) for fencing or 
hedging along rivers and road sides and its seed oil was mainly used to produce 
lubricant and lacquer (Zheng et al.  2008  ) ; (ii) as raw material for green manure in 
Nanpan River, Beipan River of Guizhou and Panzhihua of Sichuan; (iii) for soap 
fabrication in Qiaojia County of Yunnan Province; and (iv) recently to prevent soil 
erosion in Binchuan County of Yunnan Province and Panzhihua, in Liangshan pre-
fectures of Sichuan Province (Xiang et al.  2008  ) . 

   Table 6.1    The distribution of existing JCL resources in Yunnan Province   

 Area  Forests  Clusters on four sides a   Scattered trees  Total 
 Ha  7162.01  8066.76  2823.87  18052.65 
 %   39.67   44.69   15.64   100 

   a  Four sides  refer to sides of homesteads, villages, roads and ditches;  scattered plots  refer to unused 
small patches of lands which are sporadically distributed  
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 Yield of JCL seeds varies greatly with eco-climatic conditions. In their literature 
survey of JCL seed yields in India, Mali, Nicaragua, Paraguay, Thailand and Cape 
Verde, Achten et al.  (  2008  )  showed that the annual yield of JCL seeds was 0.3–5 
tons per hectare with a few reports of 6.7 tons per hectare in India and 8 tons per 
hectare in Mali. At a conference on the production of biodiesel from JCL held in 
Wageningen in the Netherlands in March 2007, participating experts agreed that a 
yield of 4–5 tons per hectare is feasible. However, the upper limit of seed yield (5 
tons per hectare) has never been con fi rmed by JCL growers. As soon as the  fi rst year 
of plantation, JCL can bear fruit in small quantities and the fruit yield can reach 
4–5 kg per tree 4 or 5 years later if the plantation is well-managed. However, if trees 
are planted on barren hills and fed by rain, the yield per tree is not expected to over-
come 1–1.25 kg (Kumar et al.  2003  ) . 

 In China, He at al.  (  2007  )  found that the seed yield is between 300 and 600 fruits 
per tree with an average of 200 fruits per tree and a maximum of 1,500 fruits per tree 
according to a survey of 10 JCL plots in Honghe Prefecture of Yunnan whose trees 
were between 5 and 20 years old (Table  6.2 ). Because there are usually three seeds 
in each fruit and the weight of a single seed is 0.5–0.75 g (Zheng et al.  2008  ) , the 
seed yield is 0.54–1.08 kg per tree with an upper limit of 2.70 kg per tree. In Guizhou 
province, Chen et al.  (  2006  )  found that seed yield of JCL was between 2 and 4 kg 

   Table 6.2    Seed yields of JCL   grown at different sites   

 Code of 
samples 

 Coordinates of 
sample sites 

 Elevation 
(m)  Age (yr) 

 Height 
(m) 

 Crown 
width 

 Number 
of fruits 

  1  23°05 ¢ 37″N; 
103°10 ¢ 47.3″E 

 183  10  5.3  7.5  300 

  2  23°36 ¢ 55.5 ¢ N; 
102°27 ¢ 22. 2″E 

 1150  10  3.3  4.0  450 

  3  23°34 ¢ 21.9″N; 
103 ¢ 52 ¢ 2.22″E 

 1476  10  2.8  3.0  300 

  4  23°0 ¢ 6.72″N; 
103°40 ¢ 3. 84″E 

 1220  15  4.8  3.5  600 

  5  22°42 ¢ 7.3″N; 
102°57 ¢ 6.1″E 

 774  10  5.1  3.7  500 

  6  23°18 ¢ 34″N; 1
02°39 ¢ 6″E 

 258  5  4.4  4.8  600 

  7  23°21 ¢ 54.4″N; 
102°25 ¢ 60.8″E 

 858  8  4.5  3.5  300 

  8  23°17 ¢ 46. 5″N; 
102°36 ¢ 43.3″E 

 482  15  4.2  4.5  500 

  9  23°0 ¢ 47″N; 
102°13 ¢ 14.3″E 

 1116  7  5.1  4.4  600 

 10  23°47 ¢ 22.8″N; 
103°16 ¢ 33.1″E 

 1092  20  5.0  4.5  1,000 

  Source: He et al.  (  2007  )   
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per tree older than 5 years. After studying the population of JCL in Sichuan, Xu 
et al.  (  2008  )  found that the seed yield of JCL in the wild was 750–2,250 kg ha −1 . In 
summary, the seed yield of JCL is 0.6–4.5 tons per hectare at the present levels of 
technology and management in China.  

 In each fruit, there are usually three seeds and occasionally, only two seeds. 
The weight of the seeds is about 55–65% of that of the fruit (Table  6.2 ). The JCL seeds 
are black and toxic. The dry JCL fruit is mainly composed of water (4.4–4.7%), pro-
tein (17.8–28.9%), fat (52.9–57.4%), and cellulose (3.7–4.3%) (Chen et al.  2006  ) . 

 The characteristics of JCL seeds from different regions of Yunnan are shown in 
Table  6.3 . According to the nine samples taken from different parts of Yunnan, the 
weight per 100 seeds is about 48.2–72.3 g, of which the kernel accounts for more 
than 60%. The oil rate ranges from 32.2 to 40.2% of seeds and 50.0–61.3% of ker-
nels. These oil yields were obtained using the mechanical extraction method, which 
is widely used in Yunnan. However, larger oil rate can be obtained from seeds by 
chemical extraction.   

   Development of JCL Biodiesel in China 

 China started the research and development of JCL biodiesel two decades ago. During 
the period of 1986–1990, the project of “Demonstration project on the development 
and application of wild plant oil as alternative fuel” was initiated in Sichuan province. 
This research was conducted in locations where JCL is found in the wild and consid-
ered factors such as cultivation technique, extraction of JCL oil and biodiesel fabrica-
tion. Since then, further researches have been done on the distribution, growth, seed 
yield, oil characteristics, provenance test, and techniques for JCL plantation in the 
three southwest provinces. In particular, some elite JCL varieties screened according 
to their sites of origin, adaptability, seed quality and seed oil content were used to 
establish mother plantations. Among the most important projects that were imple-
mented later on, one can note “the study and applied techniques of oilseed plants” by 
the Chinese Academy of Science and “the joint project of poverty alleviation through 
the development of green energy in minority ethnic areas” by the Chinese government 
and the UNDP. These investigations boosted knowledge accumulation on production 
techniques, germplasm collection, physiological analysis, biochemical characteriza-
tions and genetic diversity in JCL. 

 The establishment of JCL plantation on a massive scale started mainly in 
southwest China, including Yunnan, Sichuan and Guizhou provinces. Mountains 
are the major terrain in these provinces, especially in Yunnan where 94% of the 
land area is upland or mountains. The government’s strategy for JCL plantation 
has focused on barren lands, which is a speci fi c term used in Chinese agriculture 
and forest management, referring to lands that are not being used for obvious 
productive purposes, including some lands that are in fact used for grazing livestock. 
The provinces just quoted have large portion of land that can be used for JCL 
plantation, since much of the upland or mountains are barren land. The barren 
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land is mainly owned by the government or village collectivities enjoying the 
right to use the land contracted to individual households. Therefore, a signi fi cant 
portion of the land area planned for JCL plantation is likely to be collectively 
owned, but under contract of individual households. 

 In 2006, the Ministry of Finance, the National Development and Reform 
Commission, the Ministry of Agriculture, the State Taxation Administration and the 
State Forestry Administration jointly enacted the “Statute on supporting  fi nancial as 
well as tax policies for the development of bioenergy and biochemical engineering”. 
Since then, the three provinces have made plans for the establishment of 1.667 mil-
lion hectares of JCL plantations on waste or marginal lands within 10–15 years, 
including 0.667 million hectares in Yunnan, 0.6 million hectares in Sichuan, and 0.4 
million hectares in Guizhou. According to the State Forestry Administration, the 
total areas of JCL plantation in the three provinces was 0.15 million hectares, which 
accounts for more than 95% of China’s total JCL plantations by the end of 2008. 
During the same year, the national development and reform committee of China 
approved the participation of some small and giant companies, such as Sino-Pec 
and Petro China to pilot projects for the production of JCL biodiesel.  

   The Production Process of JCL Biodiesel 

 The JCL biodiesel production chain can be divided into four stages: (i) produc-
tion of JCL seeds through cultivation; (ii) extraction and processing of JCL oil; 
(iii) distribution and retailing of  fi nal products; and (iv) consumption of JCL 
biodiesel. Here we de fi ne  JCL biodiesel  either as the re fi ned JCL oil or the JCL 
methyl esters (JME), both blended with fossil diesel. Of course, in the case of 
JCL oil considered as an end product, no conversion or transesteri fi cation reac-
tion is required. 

   The Production of JCL Seeds 

 Despite many literatures on the establishment and management of JCL plantations, 
the basic process of JCL seed production can be summarized as shown in Fig.  6.1 .  

 JCL trees can be propagated by seedling, cutting and micro-propagation. Since 
the survival rate of cutting plantation is low and the cost of micro-propagation is 
much higher than that of seedling or cutting, JCL plantation is mainly established 
with seedlings. 

 Land preparation mainly comprises of terracing, digging holes (40 × 40 × 40 cm), 
applying green manures and soil erosion control. However, not all sites need every 
of the activities depending on their conditions. Irrigation is mainly applied in the 
 fi rst year after plantation is established. In the dry season, the plantation will be 
watered twice a week. Also, for some areas with a level of annual rainfall larger than 
2,500 mm, irrigation is not necessary. 
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 The physico-chemical conditions of the JCL plantation are commonly corrected 
with chemical fertilizers, green manures and JCL seed cakes. In the course of site 
preparation, green manure is put into the holes. Chemical fertilizers are applied 
after seedlings are transplanted for the  fi rst 3 years. Each 3 years, about 100 g of 
urea and 250 g of NPK are applied to each tree in the  fi rst part of the year, followed 
by top dressing with 100 g of urea for each tree. From the fourth year to the 30th 
year of plantation, JCL seed cake and green manure are used instead of chemical 
fertilizers. According to Openshaw  (  2000  ) , one kg of seed cake is equivalent to 
0.15 kg of NPK fertilizer (N:P:K = 4:2:1). 

 To control weeds and fungi, the application of herbicides and fungicides is necessary. 
The main herbicide used is glyphosate; it is applied using simple sprayer. In dry season, 
the control of weeds by manual cutting is also applied. JCL is a disease-tolerant plant 
and can be used to produce insecticides. The damage from pest attack is not signi fi cant 
in China. However, carbendazim should be applied to control diseases caused by fungi.  

   Extraction and Conversion of JCL Oil 

 Under this industrial activity, the JCL oil is extracted and converted into biodiesel. 
The JCL oil is mainly extracted using two methods: chemical method using solvent 
extraction with n-hexane and the mechanical method using an engine driven-expeller. 
Because of its simple technology, the latter is widely used (Fig.  6.2 ). The oil is then 
converted into biodiesel through transesteri fi cation by methyl esteri fi cation.  

  Fig. 6.1    The process of  JCL  seed production       

  Fig. 6.2    The process of oil extraction with mechanical expeller       
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 The ripe fruits are plucked from JCL trees, sun dried and then de-husked. To 
prepare seeds for mechanical extraction, they should be heated at sun for several 
hours or roasted for 10 min so as to reduce the oil viscosity. If chemical extraction 
is chosen, the shelling of seeds can increase the yield of oil. 

 The characteristics of JCL oil are shown in Table  6.4 . JCL oil is not suitable for 
direct use in engines because of its viscosity. The high viscosity of JCL oil may 
result in incomplete fuel combustion, formation of carbon deposits in engines and 
reduction of engine life span. Signi fi cant reduction in viscosity can be achieved by 
dilution of vegetable oil with diesel in varying proportions (Pramanik  2003  ) . Among 
blends, the blends containing up to 30% (v/v) JCL oil have viscosity values close to 
that of fossil diesel and up to 50% diesel can be substituted by JCL oil without any 
major operational dif fi culties of compression ignition (CI) engine. Forson et al. 
 (  2004  )  showed that the 97.4% diesel/2.6% JCL fuel blend produced the maximum 
values of brake power and brake-thermal ef fi ciency as well as the minimum values 
of speci fi c fuel consumption and, thus, JCL can be used as an ignition-accelerator 
additive for diesel fuel.  

 Many scholars have analyzed emissions by mixtures of JCL biodiesel and diesel. 
As compared with fossil diesel, the combustion of B10, a blend of 10% of JCL 
biodiesel and 90% of diesel, reduces the emissions of  nitrogen oxide  (NO 

x
 ),  hydro-

carbon  (HC),  carbon monoxide  (CO) and  particulate matter  (PM) by 5.3%, 9.1%, 
15.9%, and 8.9%, respectively, but the deposited carbon is slightly higher (Hu et al. 
 2010  ) . These results are consistent with those of Prasad et al.  (  2000  )  concerning the 
emission of NO 

x
 , but are in contradiction with those of Kumar et al.  (  2003  )  regard-

ing the emission of CO. The emission of  aldehydes ,  sulphur dioxide  (SO 
2
 ) and CO 

2
  

by fossil diesel has also been reported to decrease upon increasing contribution of 
JCL biodiesel to blends (Lou et al.  2010  ) . 

 Although signi fi cant reduction in viscosity can be achieved by dilution of JCL 
oil with diesel in varying proportions, the oil quality will be improved and there will 
be less long-term problems if JCL oil is converted into biodiesel. The process of oil 
conversion into biodiesel is as shown in Fig.  6.3 .  

 JCL biodiesel satis fi es the international standards of diesel fuel for CI engines 
(Table  6.5 ). Compared to diesel, JME have higher cetane number and  fl ash point, a 
similar calori fi c value and lower sulfur content. Therefore, JCL biodiesel has an 
overall performance close to that of diesel and thus can be used as a substitute for 
diesel (Chen et al.  2006  ) .     

   Environmental and Economic Performances of JCL Biodiesel 

 Only the mechanical method has been investigated here because it is far more widely 
used than the chemical method. Since JCL oil can be used in engines after it is 
blended with fossil diesel or converted into JME through transesteri fi cation reac-
tion, JCL biodiesel can be JME or a mixture of JCL oil and diesel. Here we analyze 
the environmental, economic and energy (3E) performance of JCL seed oil while 
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that of JME is available in Wang et al.  (  2011  ) . As mentioned earlier, the lifecycle of 
JCL biodiesel consists of four stages: JCL cultivation, oil extraction and re fi ning, 
biodiesel production, and use in engines. 

 The analysis includes the assessments of 3E performance associated with direct 
inputs and construction of facilities, such as manufacturing machines, housing, etc. as 
well as with manual labor, such as planting, pruning, fruit collection and drying, weed-
ing, etc. The calculations are based on one hectare of JCL plantation for 30 years. 

 Indices used to assess the 3E performance are  fi nancial net present value (NPV), 
CO 

2
  equivalent balance (CEB) and net energy ratio (NER). The NPV is the difference 

  Fig. 6.3    The process of JCL biodiesel production       

   Table 6.5    Physical and chemical properties of JCL biodiesel and diesel   

 Characteristics 
 JCL seed 
oil 

 JCL methyl 
ester 

 Standard 
method 

 German 
DIN51606 
standards  Diesel 

 Gravity, 20°C, 
g/cm 3  

 0.875  0.8784  SH/T0604  0.875 ~ 0.900 
(15°C) 

 0.84 ~ 0.85 

 Kinematic 
viscosity, 
mm 2 /S 

 33.49 
(40°C) 

 7.320 (20°C)  GB/T265  315 ~ 510 
(40°C) 

 112 ~ 315 
(40°C) 

 Calori fi c value, 
MJ/kg 

 37.55  40  GB/T384   ³ 32  42.6 ~ 45.0 

 Flash point, °C  124  >170  GB/T261   ³ 110  80 
 Cloud point, °C  −9  +1  GB/T3535  –  −14 
 Carbon residual 

(%) 
 –  <0.05  GB/T17 144   £ 0.05  – 

 H 
2
 SO 

4
  residual 

(%) 
 –  <0.005  GB/T2433  –  – 

 Sulfur content, 
(mg/l) 

 24.3  32 (0.0036%)  SH/T253 -92   £ 0.01  1.0 ~ 1.2 

 Cetane No.  51  56.1  –   ³ 49  47.8 

  Source: Chen et al.  (  2006  ) , Luo et al.  (  2011  )   
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between the present value of the  fl ow of revenues and the present value of the  fl ow 
of costs. The CEB is the difference between the total sequestrated CO 

2
 , reduced CO 

2
  

emissions and total emitted CO 
2
  equivalent. The NER is the ratio of total energy 

outputs to the total energy inputs. 
 The allocation of costs to co-products is based on their monetary values on the 

market. The credits for allocating environmental and energy burdens are based on 
displacement effects. Although parts of the JCL tree can be exploited for a number 
of uses, such as medicines, insecticides, fuel, fertilizer, etc., this study considered 
seed cake as a fertilizer and the parts involved in fuel stock as substitutes to coal. 

   Carbon Balance at Production Level 

 When JCL oil is directly blended with fossil diesel, its lifecycle carbon balance is 
shown in Table  6.6 . It shows that the production and use of JCL oil has a positive 
carbon balance (Wang and Lu 2011). The effect of carbon emission reduction by the 
diesel substitution with JCL oil tends to become more consistent when seed yield is 
increased. The major contributors to carbon balance are JCL biomass stock and JCL 
oil. The combustion of fruit husks can also reduce carbon emission when they are 
used to replace coal as a fuel.  

 The major GHG emissions come from the application of fertilizers together with the 
transportation of seeds and fertilizers. The JCL plantation will be fertilized with chemi-
cal fertilizers, green manure and JCL seed cakes. In the course of site preparation, 
green manure is put into the holes. Chemical fertilizers are applied after seedlings are 
transplanted throughout the  fi rst three years. In each of the three years, about 100 g of 
urea and 250 g of NPK will be applied to each tree in the  fi rst part of the year, followed 
by top dressing with 100 g of urea for each tree. From the fourth year to thirtieth year 
of plantation, JCL seed cake and green manure will be used instead of chemical fertil-
izers. According to Openshaw  (  2000  ) , one kg of seed cake is equivalent to 0.15 kg of 
NPK fertilizer (N:P:K = 4:2:1). Although much direct energy is used in the oil extrac-
tion stage, the GHG emission associated to this processing step is relatively small.  

   Economic Performance of JLC Oil Production 

   The Cost of Seed Production 

 The production of JCL seeds starts from seedling cultivation to seeds delivered to 
oil extraction plants, involving activities including transplanting, site preparation, 
tending, seed collection, etc. To estimate the revenue of seeds, we used the present 
price of JCL seed that is 2 yuan/kg. 

 Taking a seed yield of 1,485 kg/ha (around 500 pieces of fruits per tree) as an exam-
ple, the total cost at the seed production stage is 73,609 yuan/ha and its components are 
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as shown in Table  6.7 . Obviously, the main costs are associated with fruit drying and 
husk removal, fruit collection, fertilization, fungicide treatments and weeding.  

 The seed yield of JCL varies with the local conditions. The FNPV of seed production 
(FNPV 

s
 ) and the breakeven price of seeds would be different as seed yield changes. 

Assuming that the JCL tree has an annual yield of 100, 300, 500, 700, 900, 1,100, 1,300 
or 1,500 fruits per tree, which are corresponding to an annual seed yield of 297, 891, 
1485, 2,079, 2,673, 3,267, 3,861 or 4,455 kg/ha, respectively, the relationship between 
the FNPV 

s
  and yield is as shown in Fig.  6.4 . It reveals that the FNPV 

s
  tends to increase 

as the seed yield is increased. When the price of seeds is 2 yuan/kg, the FNPV 
s
  will be 

positive only if the seed yield is higher than 3 tons/ha. Obviously, the yield of seeds is 
one of the important determinants of the  fi nancial feasibility of biodiesel production.   

   Table 6.6    The life cycle CO 
2
  equivalent of JCL oil for a period of 30 years   

 Annual seed 
yields, (kg/ha)  297  891  1485  2079  2673  3267  3861 

 Emission from 
applied 
fertilizers (kg/
ha) 

 –  –  –  6719.65  –  –  – 

 Emission from 
the transporta-
tion of seeds 
and fertilizers 
(kg/ha) 

 235.76  604.01  972.25  1340.49  1708.73  2076.98  2445.22 

 Sequestration by 
JCL plantation 
(ton/ha) 

 12.39   37.16   61.93   86.70   111.48   136.25   161.02 

 Reduction by coal 
substitution 
with JCL fruit 
husks (kg/ha) 

 64.39  193.18  321.97   450.75   579.54   708.33   837.11 

 Emission from oil 
extraction and 
re fi ning (kg/ha) 

 34.45  103.36  172.27   241.18   310.09   379.00   447.91 

 Reduction by 
substituting 
fertilizers with 
seed cake 
(ton/ha) 

 1.23   3.69   6.16    8.62   11.08   13.55   16.01 

 Emission from 
 distribution  
kg/ha 

 2.86   8.58   14.3   20.02   25.73   31.45   37.17 

 Reduction by 
substituting 
diesel with JCL 
oil (ton/ha) 

 7.42   22.26   37.11   51.95   66.79   81.64   96.48 

 Life cycle CO 
2
  eq. 

balance (ton/ha) 
  14.11   55.88   97.64   139.41   181.17   222.94   264.70 

  Source: Wang and Lu (2011)  
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   Cost of Mechanical Extraction of JCL Oil 

 When a mechanical extraction method is used, the stage of oil extraction starts from 
the heating of seeds to the re fi ned JCL oil. When the yield of seeds is 1,485 kg/ha, 
the total cost of the processing of JCL seeds is 2,321.91 yuan/ton and its compo-
nents are shown in Table  6.8 . It shows that the major cost is from seed purchase 
(seed price is 2 yuan/kg), which accounts for 86.13% of the total cost while the sum 
of all other costs accounts for about 14.87% only.  

   Table 6.7    The cost components of JCL seed production   

 Cost component  Description  Percentage 

  1. Seedling cultivation  Given land renting, seed production, seed 
treatment, nursery treatment, fertilization and 
tending, the cost of each seedling is 0.11 
Yuan. At an assumed survival rate of 85%, 
1950 seedlings are needed for each hectare of 
land 

  0.59 

  2. Land renting  750 Yuan/ha for a period of 30 years   2.06 
  3. Site preparation & 

transplanting 
 Contracted to reforestation company at the cost 

of 1,800 Yuan/ha 
  4.95 

  4. Fertilization  Including fertilizer and associated labor cost for 
a period of the  fi rst 3 years. Fermented seed 
cake is used as fertilizer instead of chemical 
fertilizers in the fourth year and forwards 

  18.74 

  5. Weeding  Including: a manual weeding and one herbicide 
treatment each year during the  fi rst 5 years 

  6.87 

  6. Spraying fungicide  Including: annual application, labor and 
fungicide/pesticide costs 

  11.05 

  7. Pruning  Twice a year. Costs of labor and instruments   1.84 
  8. Fruit collection  By hand: labor cost only   20.48 
  9. Drying and husk removal  By hand: labor cost only   30.72 
 10. Transportation Cost  Including seeds and fertilizer transportation 

costs: C = 200 Yuan + 1.5 Yuan/km*mileage 
for a 5 tonnage truck 

  2.69 

 Total  Including costs incurred from seedling cultiva-
tion to seed transportation until the oil plant 

 100 

  Fig. 6.4    The relationship between seeds yield and the FNPV 
s
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 As shown in Table  6.3 , the crude oil content ranges from 32.2% to 40.2% in 
seeds when oil is extracted using an engine driven-expeller. According to 
researchers’ recent survey at an oil extraction plant of Er-Kang Science and 
Technology Co. Ltd. in Yunnan province, the yield of re fi ned oil is a little lower 
at ~30.4%. Based on the speci fi c gravity of JCL oil and total costs (Table  6.8 ), 
the cost of producing 1 liter JCL oil is calculated to be 6.99 yuan/liter when the 
seed price is 2 yuan/kg.  

   Financial Analysis of JCL Oil Final Product 

 When both the stages of seed production and oil extraction are considered together or 
produced by a single producer and JCL oil is used as an end-product, the  fi nancial 
feasibility associated with different seed yields is shown in Table  6.9 . Since most oil 
plants are not far away from refueling station and the shared transportation cost for 
each unit of JCL oil is negligible, the cost associated with oil distribution is neglected.  

 Table  6.9  shows that the major cost is incurred at the seed production stage and the 
 fi nancial net present value tends to decrease as the seed yield increases. The reason is 
that the cost increases with the JCL oil production when the cost is higher than the 
revenue of producing an extra unit of oil. In short, the more JCL oil is produced, the 
more the producer will lose. As expected, both the total cost and revenue increase with 
seed yield. However, the breakeven price of JCL oil decreases as the seed yield of JCL 
plantation increases. Moreover, when seed yield increases, the percentage of the costs 
associated with seed production tends to decrease even if the total cost increases.  

   Table 6.8    Components of the mechanical extraction and re fi ning costs per ton of JCL seeds   

 Cost components  Description  Percentage (%) 
 1. Cost of machinery for 

each ton of JCL seeds 
 Calculated with the straight-line average 

service life method with a salvage value 
of 5% (Jin et al.  2009  ) . The machinery 
includes mechanical expeller and the 
equipment for oil re fi ning 

  2.06 

 2. Coal  0.1 ton × 450 Yuan/ton   1.94 
 3. Electricity  17.5 kilowatt × 1 Yuan/kilowatt   0.70 
 4. Labor  3 workers, 50 Yuan/(worker × day)   6.01 
 5. Workshop renting  20,000 Yuan/Year, 240 working days/year   2.43 
 6. Seed cost  Seed price is 2 Yuan/kg   86.13 
 7. NaOH for deacidi fi cation  The present local price of NaOH is 3,700 

Yuan per ton. The acidic value of crude 
oil is about 12.35 mg KOH/g 

  0.47 

 8. Transportation of oil  The distance between the plant and oil 
distribution is assumed to be 10 km, on 
average. The cost is 100 Yuan for a 
distance of 10 ~ 30 km 

  0.26 

 Total  100 
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   Subsidies Required for JCL Oil Production 

 Subsidies are required for both JCL seed producer and oil processors if a given level 
of biodiesel production is targeted. At the stage of seed production, subsidies can be 
provided on the basis of seed weight or the area of JCL plantation. Assuming that 
both the seed producers and processors will receive a margin of 10%, the two kinds 
of subsidy rates are shown in Table  6.10 . It shows that subsidies are required if the 
seed yield is lower than 3 tons/ha and the amount to be paid tends to decrease as the 
seed yield increases. Obviously, the current rate of subsidy, 3,000 yuan/ha of biofuel 
feedstock is suf fi cient to stimulate the production of JCL seeds by companies at a 
wide range of geo-climatic conditions.  

 At the stage of oil extraction, subsidies can be provided based on the volume of 
JCL oil. As previously calculated, the break-even prices of oil extracted with mechan-
ical methods is 6.99 yuan/l, respectively. Based on the present local price of diesel, 
5.89 yuan/l, the subsidy is found to be 1.88 yuan/l, when a margin of 10% is assumed. 
Obviously, the increase of diesel price might provide incentive for investors to pro-
duce JCL oil. For better environment and energy security, it is desirable for govern-
ment to provide producers subsidy as long as there is an economic justi fi cation. 

 When the whole production chain is considered, subsidy is required even if the 
seed yield is as high as 3.86 tons per ha. A single producer who produces both JCL 
seeds and oil will lose even if it receives subsidy for seed production. That is, sub-
sidy is also required for oil extraction and re fi ning. However, there is no speci fi c 
incentive policy for oil extraction and re fi ning in China yet, which is probably the 
reason why the JCL biodiesel industry grows only very slowly and few JCL oil 
processing plants are established.   

   Energy Ef fi ciency of Production and Use of JCL Oil 

 According to the average calori fi c values and speci fi c gravities of diesel and JCL 
oil, it was calculated that 1 liter of diesel has a calori fi c value equivalent to 0.994 
liters of JCL oil. Thus, we consider in the following that, in terms of energy content, 

   Table 6.9    Financial analysis of JCL oil  fi nal product   

 Annual seed yield, kg/ha  297  891  1485  2079  2673  3267  3861 
 Total cost, 10 4  Yuan/ha   2.16   3.14   4.11   5.08   6.06   7.03   8.01 
 Cost of seed production (%)  95.58  90.87  88.38  86.85  85.82  85.06  84.50 
 Cost of oil extraction (%)   4.42   9.13  11.62  13.15  14.18  14.94  15.50 
 Total revenue, 10 4 Yuan/ha   0.55   1.64   2.73   3.82   4.92   6.01   7.10 
 FNPV, 10 4 Yuan/ha  −1.62  −1.50  −1.38  −1.26  −1.14  −1.03  −0.91 
 Output of JCL oil, 10 4  l/ha   0.28   0.80   1.33   1.86   2.40   2.93   3.46 
 Breakeven price of JCL 

oil, Yuan/l 
 23.32  11.28   8.87   7.83   7.26   6.90   6.64 
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1 liter of JCL oil is equivalent to 1 liter of diesel. The energy ef fi ciency is an impor-
tant indicator to evaluate the eco-performance of a renewable energy resource. 
It was assessed with the following indicators:

     

biodiesel
1

energy-input

HV
EE

HV
=

   (1)

 

biodiesel co-products

2
energy-input

HV HV
EE

HV
=

+

 (2)

 

biodiesel
3

direct energy-input

HV
EE

HV
=

 (3)

where EE 
1
  is the ratio of the  heat value  (HV) of biodiesel per unit to the energy used 

to produce that unit of biodiesel; HV 
biodiesel  

is the heat value of biodiesel; HV 
energy-input

  
is the heat value of the energy necessary to produce one unit of biodiesel; EE 

2
  is the 

ratio of the heat value of biodiesel and co-products and that of the input energy; EE 
3  
  

is the ratio of the heat value of biodiesel and that of direct energy inputs. 
 The major energy use for the production of JCL biodiesel is from the application 

of herbicides, insecticides, chemical fertilizers as well as the extraction and re fi ning 
of oil, which are common for the end products of Jatropha oil and JME. 

 The energy attributed to chemicals is mainly an indirect energy input, i.e., the 
energy inputs for the production of these chemicals. For example, the energy used 
for the production of glyphosate and carbendazim are 454 MJ/kg and 397 MJ/kg 
(Tzilivakis et al.  2005  ) , respectively. Because of a low level of mechanization, the 
energy inputs in JCL management is 2.28 MJ/h (Kallivroussis 2002); it is mainly 
due to fruit collection and drying, husk removal, planting and tending. The direct 
energy input is mainly used in the extraction and re fi ning of JCL oil, as well as for 
the transportation of seeds, fertilizers and end products. When JME is the end prod-
uct, additional energy inputs are required for the oil transesteri fi cation. 

 The energy consumption for buildings (of fi ce and workshops) as well as the machin-
eries for oil extraction and further processing was estimated according to the energy 
coef fi cients in Yáñez Angarita et al.  (  2009  ) . The energy content of the produced biod-
iesel was estimated according to the thermal performance and emission of JCL oil 

   Table 6.10    Subsidies required for the production of JCL oil   

 Annual seed yield, (kg/ha)  297  891  1485  2079  2673  3267  3861 
 Required 
subsidy 

 For seeds production 
(yuan/kg) 

  5.4  1.4  0.6  0.3  0.1  0  0 

 For oil extraction and 
re fi ning (yuan l −1 ) 

  1.88  1.88  1.88  1.88  1.88  1.88  1.88 

 For the whole produc-
tion chain (yuan l −1 ) 

 19.76  6.52  3.87  2.72  2.10  1.70  1.41 
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given in Agarwal and Agarwal  (  2007  ) . Limited by data, the energy consumption of 
machinery is only composed of the portions in the production of cast steel, structural 
steel and stainless steel used in the machinery sets while those in the processes of fab-
rication were not included. 

 When re fi ned JCL oil was the end product, its energy inputs were counted starting 
from its processing site to its distribution site. For example, when the seed yield is 
1,485 kg/hm 2  and oil is extracted with a mechanical method, the composition of energy 
input is shown in Fig.  6.5 . The major energy input is for oil extraction and re fi ning, 
fungicide or pesticide application and fertilization. The energy output includes the 
chemical energy in the JCL oil, which is 37.83 ~ 39.20 MJ/l (Augustus 2002; Sahoo 
2009; Baitiang et al .   2008  )  and the biomass energy in twigs, woods and leaves.  

 The energy ef fi ciencies for different levels of seed yield are shown in Table  6.11 . 
The results show that both E 

2
  and E 

3
  are greater than one, which means that JCL is 

energy-ef fi cient for these parameters, but E 
1
  depends on seed yield and the method 

used for oil extraction. When mechanical extraction method is applied, E 
1
  will only be 

greater than one when the seed yield is greater than 1,200 kg/ha. Because of higher 
energy consumption for chemical extraction, the energy ef fi ciency will not be greater 
than one even if the level of seed yield is as high as 3,861 kg/ha (data not shown).  

 Therefore, since E 
2
  is greater than one for all levels of seed yields, it is concluded 

that the production and use of JCL oil will be energy-ef fi cient if all energy outputs 
including twigs, woods and leaves are fully used. If only the direct energy input is 
considered the energy ef fi ciency is higher, as shown by EE 

3
 . 

  Fig. 6.5    The composition of the lifecycle energy input of JCL oil       

   Table 6.11    The energy ef fi ciency of production of JCL oil   

 Annual seed 
yield (kg/ha)  297  891  1485  2079  2673  3267  3861 

 EE 
1
   0.44  1.09  1.57  1.92  2.20  2.42  2.60 

 EE 
2
   1.86  4.66  6.68  8.19  9.37  10.32  11.09 

 EE 
3
   10.65  11.12  11.22  11.26  11.29  11.30  11.31 
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 The production of either JCL oil or JME is not  fi nancially sustainable as it can be 
concluded from the comparison of JME lifecycle and 3E performances (Wang et al. 
 2011  ) . Transesteri fi cation reaction incurs additional costs. However, as a co-product 
of JME, glycerin shares 8.1% of the total costs. As a result, the FNPV of JME is only 
slightly higher than that of JCL oil. Similarly to the case where JCL oil is used as an 
end product, the lifecycle carbon balance of JME is also positive. Intuitively, more 
GHG will be emitted for the production of JME because more inputs are needed. 
However, as a coproduct of JME, glycerol adds a credit to the lifecycle carbon balance 
of JME, and consequently the lifecycle carbon balance of JME is higher than that of 
JCL oil. For both Jatropha oil and JME, the E1, E2 and E3 are greater than one. 
However, because an additional process of transesteri fi caiton reaction is required, the 
energy ef fi ciency of JME is slightly lower than that of JCL oil.   

   Challenges and Suggestions 

 The promotion of JCL biodiesel is directly driven by the scarcity of oil and by the 
social pressure for the reduction of GHG emission. The development of rural areas 
and the rehabilitation of degraded ecological system are other indirect drivers. The 
Chinese policy framework has provided a good opportunity for the production of 
JCL biodiesel. However, despite this opportunity, the production of JCL biodiesel 
is still facing many challenges, which are to be dealt with before JCL biodiesel is 
produced on a massive scale. 

   Challenges 

 Biodiesel is theoretically an environment-friendly alternative to fossil fuel and has 
huge potential to mitigate the future energy needs of the country and to impart eco-
nomic prosperity in the poor and backward areas of the country. However, the pro-
duction of biodiesel is still an emerging industry. The commercialization of JCL 
biodiesel in China is fairly recent since commercial seedling production began in 
2005. Although China has set an ambitious target at establishing biodiesel bases and 
achieving energy independence, there is still lack of suf fi cient scienti fi c and techno-
logical information for the production of JCL biodiesel. For example, what is the 
optimal combination of inputs so as to minimize the production cost and how can 
the JCL seed yield be improved? Although the research on JCL cultivation in China 
can date back to 1970s with much effort carried out with germplasm development 
and tissue culture, little attention has been given to the technology for the industrial 
production of its biodiesel, especially concerning the valorization of its by-products. 
Before rapidly scaling up JCL plantation acreage, more scienti fi c and technological 
studies are required so as to avoid unnecessary costs and to lay a foundation for the 
growth of biodiesel industry responding to society needs. 
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 The ecological impacts of the production system of JCL biodiesel also deserve 
concern. Being an exotic species in most growing areas, the impact on biodiversity 
due to a change of land use towards JCL large scale cultivation is expected to be 
negative. Impact on biodiversity will be especially negative if natural systems, such 
as forests, are to be cleared. Heavy machinery and high fertilizer application are also 
the drivers towards a negative impact. However, JCL can generate environmental 
bene fi ts too. Besides its potential contribution to the reduction of GHG emission, 
JCL plantations may generate economic value by facilitating the ecological restora-
tion of barren lands. Although no literature on the impacts of a change in land use 
due to JCL plantation is available so far, JCL is strongly believed to be able to control 
and prevent soil erosion and it has ever been practically used for erosion control in 
southwest China. Because the production of JCL biodiesel is at present not  fi nancially 
sustainable, the study of ecological impacts as an economic input associated with 
biodiesel production can also provide more information on the economic justi fi cation 
of JCL. To design polices effective for the promotion of JCL biodiesel requires infor-
mation from both systematic and site-speci fi c studies. 

 In China, the development of biodiesel industry is still in its infancy. While much 
effort has been taken towards the establishment of JCL plantations, the mechanism 
for its industrialization only received very few concerns. There is a lack of institu-
tional management to coordinate seed producers, oil processors, oil distributors, and 
supporting agencies. For example, farmers are only involved in providing labors and 
renting land to companies involved in seed production and are not voluntary for JCL 
planting and exploration because the production of JCL seeds is not cost effective. 
Companies are motivated to establish JCL plantation because of government’s sub-
sidies. While subsidies are provided in terms of area of JCL plantation rather than 
seed yield, the incentive function of subsidy cannot be guaranteed and the distribu-
tion of subsidy among producers should be clari fi ed according to the differences of 
production stages. Moreover, there is also a lack of national recommendations for 
standards of biodiesel quality. 

 The basic structure of many current institutions re fl ects views of land, natural 
resources and people, which are fundamentally different from those proposed 
under ecosystem management with its themes of holism, dynamism, complexity 
and uncertainty (Kessler  1994  ) . The difference is partly a result of the complex-
ity of the subject. It is also because we have failed to recognize the linkages 
between the ways people relate to nature and the character of our institutions. 
The biodiesel production system is a social ecological system with human pro-
duction activities interacting with the ecosystem, but the exact requirements for 
institutional change are unclear. In order to manage the social-ecological system 
of JCL biodiesel in a sustainable way, a better understanding of the relationships 
between institutions and the production system is required. 

 The biggest challenge for the industrialization of JCL biodiesel is the lack of 
suf fi cient land for JCL plantation so as to meet the policy target for biodiesel pro-
duction. For example, the consumption of diesel in Yunnan province was 5.56 
million tons in 2010. Assuming the constant diesel consumption in future, about 
0.83 million tons of biodiesel is required in order to meet the B15 target. However, 
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the land areas suitable for JCL plantation is estimated to be 0.675 million hectares 
(Liu et al.  2010  ) . According to the current yield of JCL seeds, the maximum annual 
output of biodiesel would be 0.62 million tons if all suitable lands are used. 
Obviously, the potential biodiesel production will not allow the meeting of the 
policy target. Moreover, as compared to other provinces in China, Yunnan has the 
largest land areas suitable for JCL plantation and its consumption of diesel is rela-
tively small. That is, the potential of B15 in other provinces is lower than that in 
Yunnan province. Therefore, the promotion of biodiesel alone cannot achieve the 
policy target and other alternatives should also be developed. 

 Governments across the world have approved legislative instruments to foster 
the biofuel industry according to one or several different targets, such as oil 
dependency reduction (e.g., EU, USA, China), setting up domestic market (e.g., 
Brazil), reducing carbon emission (e.g., EU, USA) or/and contributing to rural 
development (e.g., China, India). External incentives are applied to achieve the 
biofuel targets set by national administrations. Biofuels are being developed in a 
very complex, dynamic and diverse context. In assessing performance of biofuel 
policies, there is a need for sustainable development framework using criteria 
based on the potential social, economic and environmental impacts (Amiguna 
et al.  2011  ) . However, many policies are being recommended and developed by 
focusing on a single or a few speci fi ed targets while the sustainability of the pro-
duction system is not well addressed. For example, there is no incentive policy for 
oil extraction and re fi ning yet. Moreover, biofuel policies have distributional 
implications for consumers and producers, farm and nonfarm sectors, global trade 
in food and biofuels, and the price of land and other scarce resources (Khanna 
et al.  2010  ) . As a type of biofuel, JCL biodiesel is facing the same policy prob-
lems in its development course.  

   Suggestion 

 To invest in JCL biodiesel requires an economic justi fi cation in a framework of social 
bene fi t cost analysis. As the biodiesel production is not  fi nancially sustainable yet, 
synergic services other than biodiesel production should be investigated for JLC with 
the purpose to increase its attractiveness. Such synergic services are related to the 
concept of  natural capital , which consists of both non-renewable resources (e.g., min-
erals and soil reserves) and renewable resources (e.g., plants, animals and water). The 
natural capital supports the production of goods and services on which society depends 
(Chapin et al.  2009  ) . Natural capital and its derived goods and services are the precon-
ditions or the basis for the economic development. Actually, it is impossible for 
humans to create human-made capital without the support from natural capital (Daly 
 1990  ) . The sustainable production of biodiesel can thus be considered as an invest-
ment in natural capital. Gains in natural capital can be made when biofuel develop-
ment is integrated with ecological restoration because the costs for ecological 
restoration can be reduced and the ecological service increased. Ecological restoration 
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using JCL can lead to an increase in natural capital in terms of soil improvements and 
water conservation; biodiesel-driven restoration of degraded ecosystems can also 
increase terrestrial carbon sequestration (Zhuang et al.  2010  ) . 

 The environmental and energy lifecycle performance of JCL biodiesel can be 
improved by (i) increasing the oil extraction ef fi ciency; (ii) selective breeding for 
high yielding varieties concerning seed quantity and weight as well as oil quality 
and quantity; (iii) creating speci fi c machinery for de-husking and fruit collection in 
order to reduce the cost of seed production; (iv) value addition from co-products of 
biodiesel production. For example, the leaves can be used to feed silkworm, the 
pruned twigs can be used as a source of medicinal compounds and the raw material 
for pesticide production; (v) optimization of ecosystem management and green 
manure that would reduce the energy consumption associated to pesticides, herbi-
cides, fertilizers, oil extraction and re fi ning; (vi) by applying low energy input her-
bicides, such as atrazine and cyanazine or by manual weeding and by using fruit 
husks as an alternative to coal (Wang et al.  2011  ) . 

 Social parameters of JCL biodiesel development including the psychological fac-
tors (cognitive and cultural) that shape farmer’s values and beliefs must be integrated 
to policy strategy (English  2008  ) , since the understanding of biodiesel economics is 
important, but not suf fi cient. Integrated package of policy measures also needs to 
enforce and implement the concepts of sustainable development and natural capital. 
According to such recommendations, a set of sustainability index and indicators 
should be designed to guide policy makers and production managers. From the mix 
of policy tools available to support the promotion of the JCL biodiesel industry, it is 
necessary to identify the most effective and sustainable ones. Alternatively, new tools 
should be created if those currently available are insuf fi cient. 

 Before agreements on institutional arrangement for JCL biodiesel production 
can be set, additional institutional analyses of JCL production system are needed 
concerning (i) the extent to which existing laws, policies, and regulations may con-
strain or promote the development and implementation of JCL production policies, 
programs, and practices; (ii) the design of institutional mechanisms for a national 
approach of the economical-ecological management of biodiesel production; (iii) 
the adoption of an economical-ecological management approach as a management 
philosophy eventually requiring internal organizational changes and new arrange-
ments among resource management agencies; and (iv) the development of method-
ological approaches for the investigation of institutional questions concerning the 
objective related to the sustainable management of JCL biodiesel production. The 
answer to these institutional questions will play an important role in achieving the 
sustainable production of JCL biodiesel. For example, an institutional decision sup-
porting the integration of JCL biodiesel production with the domestic and/or inter-
national carbon market may provide producers with extra revenue from selling 
carbon credits.       
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         Introduction 

  Jatropha curcas  L., more commonly known as the physic or purge nut, is an oilseed 
plant species that is native to tropical America and now thrives in many parts of the 
tropics and semiarid regions in Africa, Asia and South America. This species grows 
in marginal areas frequently subjected to dry and hot conditions and associated with 
poor soils, where most other crops are not able to survive (Francis et al.  2005 ; Tang 
et al.  2011  ) . Recently, it has received special attention because of its high oil content 
and quality of seeds. Therefore,  J. curcas  is potentially an important crop for biofuel 
production and a universally acceptable source of energy (Kumar et al.  2008  ) . 

 Although the importance of  J. curcas  plants as a bioenergy source is recognized, 
the key physiological processes involved in drought and salt tolerance are poorly 
understood. An improved understanding of its stress physiology is essential for the 
adoption of strategies to make its productivity competitive in marginal areas sub-
jected to adverse environmental conditions, such as drought, salinity and low soil 
fertility combined with high temperature and radiation. These factors are wide-
spread in tropical regions, especially in semiarid areas, which are located mainly in 
Asia, Africa and Brazil, where  J. curcas  is becoming widely cultivated. 

 Plant tolerance to abiotic stress has been de fi ned as the ability to maintain ade-
quate rates of growth and metabolism under adverse conditions (Munns and Tester 
 2008  ) . The genetic and physiological mechanisms that control plant tolerance are 
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complex because tolerance to abiotic stress is a quantitative trait that depends 
strongly on environmental factors. In addition, because plants exhibit several complex 
processes during plant stress, such as metabolic plasticity, it is dif fi cult to determine 
the basic processes that account for tolerance to a speci fi c abiotic stress factor 
(Flowers  2004  ) . Plants display several common physiological mechanisms to cope 
with salinity and drought, but some adaptive mechanisms are stress dependent. 

 The most important adaptive processes that are common to drought and salt 
tolerance are (i) osmotic adjustment, (ii) water, photosynthesis and gas exchange 
control, (iii) oxidative protection, (iv) molecular signaling and (v) regulation of gene 
expression. The most important speci fi c mechanisms involved with salt tolerance are (i) 
ionic homeostasis (especially Na + /K +  homeostasis), (ii) nutritional balance, (iii) ionic 
toxicity and ion-speci fi c signaling and (iv) gene expression involved with cellular 
protection. However, protection against drought might also involve speci fi c mecha-
nisms, such as drought-triggered signaling and drought-speci fi c gene expression. 

 Plant responses to salinity and drought differ widely among species and cultivars; 
they also depend on the stress characteristic exposed to the plants. For instance, the 
type of water de fi cit frequently interferes with the plant response. Among other 
factors, water de fi cit can be induced through (i) a quick or slow soil dehydra-
tion; (ii) the type of substrate; (iii) the presence of arti fi cial osmotic agents, such 
as PEG and mannitol; and (iv) the stress intensity. Similarly, salt response depends 
on salt composition, concentration, exposure time and plant age. Several studies 
involving the physiological aspects of  J. curcas  response to drought and salt stress 
have previously been reported by our group (Silva et al.  2009a,   b,   2010a,   b,   c,   2011 ; 
Rodrigues et al.  2012  )  and several other authors (Eswaran et al.  2010 ; Tang et al. 
 2011 ; Díaz-López et al.  2012 ; Gimeno et al.  2012  ) . 

 In this review, we will present current results regarding the most important 
processes related to drought and salt tolerance in  J. curcas,  including osmotic adjust-
ment, photosynthesis and oxidative protection. Overall, the data reported suggest that 
 J. curcas  has both biochemical and physiological characteristics that confer drought 
tolerance and relative salt sensitivity during its initial growth phase.  

   Physiological Responses of  J. curcas  to Salinity 

   General Mechanisms Displayed by Glycophytes 
in Response to Salinity 

 Salinity is characterized by an excess of soluble salts in the root medium that reaches 
a concentration higher than 40 mM or an electric conductivity above 4 dS m −1  in the 
soil solution (Munns and Tester  2008  ) . The salt excess initially induces an osmotic 
effect, especially at concentrations higher than 50 mM, in most glycophytes. 
Practically all crop plants are glycophytes, i.e., plants growing in non-saline soils or 
non-halophytes. In these species, the salt excess causes a rapid decrease in the 
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plant growth rate, primarily in the meristematic tissues, which causes a signi fi cant 
reduction in plant size. This effect is due to, at least in part, a strong increase in 
stomatal closure accompanied by a decrease in photosynthesis. In general, one 
might distinguish two types of glycophyte species based on the mechanisms involved 
in root uptake and saline ion transport to the shoots. 

 The  salt excluder  species (with an inef fi cient salt exclusion mechanism) show low 
selectivity for saline ions in the plasmalemma of the roots and xylem parenchyma 
cells. These species rapidly accumulate huge amounts of saline ions in root that reach, 
in the short-term (days), shoot parts, including old and young leaves (Munns and 
Tester  2008  ) . If these species do not have an ef fi cient partitioning mechanism for salt 
storage in the vacuoles of the oldest tissues, the ion concentration will rapidly reach 
toxic levels in the cytosol of the young leaves. In general, these types of glycophytes 
are relatively more susceptible to saline toxicity. Thus, salt-sensitive species do not 
manage ion exclusion mechanisms ef fi ciently. Paradoxically, the most salt tolerant 
plant species, the halophytes, are  includers ; they accumulate extremely high amounts 
of salts in the leaves under high soil salinity (Silveira et al.  2009  ) . 

 Some glycophyte  salt includers  might regulate high levels of salts by physiological 
mechanisms, such as high protoplasmatic resistance, mobilization of saline ions via 
phloem (high recycling rate) and maintaining high K + /Na +  ratios in the cytosol 
(Flowers  2004  ) . In contrast, the  salt excluders  exhibit contrasting mechanisms to cope 
with salt excess. These species display a great selectivity in the membranes that allows 
them to stop cell ion uptake above a given threshold of cytoplasmic ion concentration, 
which suppresses the salt in fl ux and transport rate to the shoots. The main physiologi-
cal characteristic presented by these species is a coordinate balance between the 
rates of salt uptake and net photosynthesis to avoid salt accumulation. However, this 
strategy results in slow plant growth throughout the development period. 

 In general,  salt excluders  might also have more active Na + /H + -antiporters (trans-
porter proteins) in their tonoplast (NHX system) and root plasmalemma (Voigt et al. 
 2009  ) . The tonoplast antiporters can pump Na +  ions from the cytosol into the vacuole, 
avoiding or minimizing their toxic effects in the cytosol. Plasmalemma antiporters 
(SOS1) might pump Na +  outside the cytosol, i.e., in the apoplast; however, this 
hypothesis is still under debate because the toxic ions released back could reach the 
plasmalemma of nearby cells (Yeo  1998  ) . However, experimental evidences indicate 
that SOS1 protein is more active in cells of the root epidermis, which would facilitate 
their diffusion into the soil solution, thus avoiding root toxicity (Shi et al.  2002  ) . 

 In fact, the division of  includers  or  excluders  is rather conceptual, and plant 
responses to salt stress can vary widely, even within the same species. However, there 
is no simple de fi nition or unique strategy used by a given species or even a cultivar 
because plant behavior depends on stress circumstances, especially with regard to 
plant-environment interaction and plant phenotypic plasticity. Environmental factors, 
such as (i) the vapor pressure de fi cit between the plant and atmosphere, (ii) tempera-
ture and (iii) radiation intensity, can completely change the plant response to salinity 
by exacerbating or minimizing the salt stress effects (Ferreira-Silva et al.  2011  ) . 
Substrate types and properties, such as soil humidity and soil texture, can also strongly 
in fl uence the plant response and strategy under salt stress. 
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  J. curcas  is an interesting model for evaluating the physiological response to 
salinity. When cultivated in hydroponic medium, young plants exhibit extremely 
high af fi nity for Na + , with high rates of in fl ux and transport to the leaves.  J. curcas  
has a reduced af fi nity for Cl −  ions compared with Na +  (Rodrigues et al.  2012  ) . 
In addition, this species also presents a high af fi nity for K + , especially when salinity 
is low (Silva et al.  2009a ; Rodrigues et al.  2012  ) . In hydroponic medium, the ions 
are almost completely available to root uptake; thus, it is an arti fi cial condition com-
pared with the soil. This condition could be roughly comparable to sandy soil irri-
gated with saline water. However, when  J. curcas  was grown in lysimeters on 
sandy-loamy soil and irrigated with saline water for 2 years, the Na +  and Cl −  con-
tents in leaves were lower than those in the hydroponics medium (Nery et al.  2009 ; 
   Veras et al.  2010 ). Thus,  J. curcas  may be considered a  salt includer  species.  

   Growth, Accumulation of Saline Ions 
and Salt Sensitivity in  J. curcas  

 Similar to other glycophytes, the growth of  J. curcas  plants is drastically decreased 
by salinity, especially during the initial growth stage (Silva et al.  2009a  ) . Under 
hydroponic conditions, salt stress similarly affects the root and leaf dry matter 
accumulation. After a relative short-term exposure (1 week under NaCl 100 mM) 
associated with high temperature and high vapor pressure de fi cit,  J. curcas  plants 
accumulate huge amounts of saline ions in all organs and tissues (data not pub-
lished). After a week of salt exposure, the external NaCl concentration suf fi cient to 
reduce total dry matter by 50% was 49 mM. The seedlings rapidly accumulated Na +  
in the leaves, reaching concentrations approximately four-times that supplied to 
the root medium (Silva et al.  2009a  ) . Interestingly, the individual leaf area of the 
salt-stressed plants was generally not signi fi cantly affected. 

 The quick triggering of necrotic symptoms in the roots and leaves of young 
 J. curcas  plants was observed upon transfer to a hydroponic medium containing mild 
concentrations of Na +  and Cl −  (~50 mM). In the leaves, these necrotic symptoms 
began as small yellow spots that progressively extended to major necrotic areas 
(Fig.  7.1 ). The signals of cellular death and apoptosis due to salt toxicity became evident 
as the brown areas enlarged progressively (Silva et al.  2011  ) . Under severe salt stress, 
the necrotic areas progressively increased until death and the fall of the leaf.  

 The high af fi nity of  J. curcas  roots and shoots for saline ions, especially Na + , 
could limit the expansion of the species in semiarid regions where the irrigation is 
frequently performed with saline water and where weather and soil conditions are 
favorable to secondary salinization. Additional studies conducted in Brazil in  fi eld 
conditions or in lysimeters containing high soil amounts (~200 kg) have shown 
contradictory results concerning the salt sensitivity of  J. curcas  (Fig.  7.2 ). These 
studies conducted with adult plants indicate that it is moderately tolerant (Veras 
et al.  2010  ) . The characterization of salt tolerance under  fi eld conditions is dif fi cult 
to establish because several environmental factors that change over time can 
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affect the plant response. For this reason, salt resistance in adult plants is fre-
quently evaluated in lysimeters under greenhouse conditions, as shown in Fig.  7.3 . 
However, this type of experiment is arti fi cial also and does not mimic well the 
 fi eld conditions. For instance, the salts do not undergo periodic soil leaching 
during the rainy season.   

 Salt tolerance occurs mostly in the initial growth phase, in contrast to drought 
resistance, which must be evaluated, especially in the reproductive stage, when 
plants are more sensitive (Dasgan et al.  2002 ; Garrity and O’Toole  1994  ) . Because 
the initial growth phase is the most important to salt tolerance, one might conclude 
that  J. curcas  has several physiological characteristics associated with salt sensitivity, 
such as (i) increased af fi nity for Na +  and Cl − , (ii) reduced ef fi ciency for the storage of 
saline ions in old leaf tissues, (iii) strong antagonism between Na +  and K + , (iv) 
reduced ability to exclude saline ions from the roots and (v) increased ion transport 
rates from the roots to the leaves (Silva et al.  2009a ;  2011 ; Rodrigues et al.  2012  ) . 
Thus, selective breeding for salt tolerant cultivars is required to guarantee the large-
scale cultivation of  J. curcas  in semiarid regions.  

  Fig. 7.1    Leaf symptoms of salt toxicity in young  J. curcas  plants grown on hydroponic media. 
( a ) without NaCl, ( b ) with 50 mM NaCl for 1 week (osmotic effects) and ( c ) with 50 mM NaCl for 
2 weeks (ionic effects) (Source: Silva et al.  2011  )        

  Fig. 7.2    Symptoms of salt toxicity in adult  J. curcas  plants grown in big lysimeters in absence of 
salt stress ( a ) or irrigated continuously at  fi eld capacity with saline water (2.4 dS m −1 ), i.e., ~24 mM 
NaCl ( b ). The irrigation was conducted for 2 years, and subsequently, the soil solution (leaching 
water) reached approximately 70 dS m −1  (Courtesy: AEC Sousa, UFCG, Brazil)       
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   Na +  Toxicity and K +  Protection 

 It has been reported that elevated levels of K +  in the external medium exert 
bene fi cial effects on plants exposed to high levels of Na + , thus restricting salt toxic-
ity (Voigt et al.  2009 ; Rodrigues et al.  2012  ) . Moreover, the maintenance of a high 
cytosolic K + /Na +  ratio is a key feature of salt tolerance (Apse and Blumwald  2007  ) . 
Under optimal conditions, the cytosolic K +  content is estimated to be approximately 
150 mM and is associated with a negligible Na +  level (Carden et al.  2003  ) . However, 
under conditions of salt stress, the excessive Na +  accumulation in the cytosol is 
associated with K +  ef fl ux and the cytosolic K + /Na +  ratio falls dramatically below a criti-
cal level (Shabala and Cuin  2007  ) . This Na + -induced K +  loss from the cells is the result 
of an induced membrane depolarization induced by NaCl leading to the activation 
of depolarization-activated outward-rectifying K +  channels (Cuin et al.  2008  ) . 

     Fig. 7.3    General aspects of a long-term experiment for the evaluation of salt and drought toler-
ance of adult  J. curcas  plants cultivated in lysimeters of ~200 kg of soil (courtesy: AEC Sousa, 
UFCG, Brazil)       
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 The competitive interaction between K +  and Na +  involves root transport systems, 
which involve transporter proteins and ion channels (Apse and Blumwald  2007  ) . 
The K +  transport systems are relatively well known, but those involved with Na +  
uptake are less understood (Britto et al.  2010  ) . Experimental evidence has shown 
that Na +  in fl ux might be mediated through several transport systems, especially via 
high-af fi nity K +  transport channels (Dreyer and Blatt  2009 ; Szczerba et al.  2009  ) . At 
high concentrations in the root medium, Na +  can also be absorbed using low-af fi nity 
systems via non-selective cation channels (Voigt et al.  2009 ; Britto et al.  2010  ) . 

 The data obtained by our group support the idea that the leaf K + /Na +  ratios rang-
ing from 1.0 to 2.0 were strongly favorable for photosynthesis and plant growth in 
 J. curcas  grown under 50 mM NaCl (Rodrigues et al.  2012  ) . The data reinforce the 
importance of the K + /Na +  ratio as an indicator of ionic homeostasis in presence of 
toxic NaCl concentration. However, the physiological mechanisms that regulate this 
balance at the whole plant level have been insuf fi ciently studied to date. 
Because the leaf tissue might simultaneously present high concentrations of both 
Na +  and K +  without showing any sign of Na +  toxicity, it is probable that in some 
plant glycophyte species high amounts of Na +  are stored in the vacuoles, as in 
halophytes, but in lesser concentrations (Whang and Showalter  2004 ; Silveira et al. 
 2009 ; Britto et al.  2010  ) . 

 Recently, we demonstrated that Na +  and K +  present a strong and reciprocal inter-
action at the whole plant level in  J. curcas  young plants (Rodrigues et al.  2012  ) . 
Increased K +  concentration (10 mM) in the root medium mitigates the toxic effects 
caused by 50 mM NaCl, whereas in the absence of K + , the leaves showed typical 
symptoms of NaCl toxicity (Fig.  7.4 ). Taken together, our results show that a supply 
of high concentrations of K +  might promote a favorable ion homeostasis. High K +  
af fi nity and selectivity over Na +  are associated with high rates of K +  uptake by the 
roots and xylem  fl ux and transport toward shoots; both features are essential to pro-
mote proper K + /Na +  ratios in the plant tissues and to avoid the toxic effects induced 
by high Na +  concentration.   

  Fig. 7.4    A high K +  concentration (10 mM) mitigates the toxic effects induced by Na +  (50 mM). 
( a ): Leaf symptoms of Na +  toxicity (black arrow) on control treatment (K 

0
 Na 

1
 ), where the  J. curcas  

plantlets are supplemented with Na +  (50 mM). ( b ): comparison of control (K 
0
 Na 

1
 ) and treated 

(K 
1
 Na 

1
 ) plantlets. ( c ): Leaf symptoms of Na +  toxicity ( black arrow ) on a plantlet (K 

1
 Na 

1
 ) treated 

with a supplement of K +  (10 mM) and Na +  (50 mM). The photos were taken 1 week after treatment 
(source: Rodrigues et al.  2012  )        
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   Photosynthesis and Salt Sensitivity 

 Photosynthesis and plant growth are among the primary processes most affected by 
salinity (Chaves et al.  2008 ). Water stress and salinity can affect photosynthesis 
directly or indirectly by (i) decreasing CO 

2
  availability due to diffusion limitations 

(stomatal closure), (ii) affecting photosynthetic metabolism or (iii) affecting the 
energetic conversion by the photochemical system apparatus (Souza et al.  2004  ) . 
In parallel to the impairment of photosynthesis, salinity induces strong alterations 
of leaf water balance and osmotic homeostasis. It is widely accepted that short-term 
exposure (days) to salinity induces osmotic effects and that long-term exposure can 
cause ionic damage to the plant cells (Munns and Tester  2008  ) . 

 Recently, we observed that the osmotic effects induced by salt excess for 7 days and 
the toxic ionic effects induced after 14 days of exposure to salt excess (NaCl 100 mM) 
were responsible for necrotic symptoms and K + /Na +  ratio imbalance in the leaves of 
 J. curcas  (Silva et al.  2011  ) . Indeed, after 7 days of treatment, the leaves showed minor 
senescence symptoms associated with K + /Na +  ratios near 1.0, but after 14 days, the 
leaves showed large necrotic symptoms and the K + /Na +  ratios were ~5.0. The necrotic 
symptoms persisted even after NaCl removal from the nutritive medium (Silva et al. 
 2011  ) . Table  7.1  shows ion concentrations at both osmotic and ionic phases.  

 The reduction of photosynthesis in  J. curcas  during the osmotic phase was due to 
stomatal closure, i.e., the reduced carboxylation induced by the limitation of CO 

2
  

availability, while both the stomatal and biochemical limitations were observed after 
14 days of treatment (ionic phase). As expected, the negative effect caused by salt 
stress on the leaf gas exchange progressively increased with time as the salt excess 
increased. In addition, photosynthesis did not recover after salt removal, suggesting 
that irreversible damage to chloroplasts occurred after 14 days of treatment. 

 Signi fi cant decreases in the intercellular CO 
2
  concentration (C 

I
 ) and carboxyla-

tion instantaneous ef fi ciency (P 
N
 /C 

I
 ) after 14 days of salt exposure also indicate that 

   Table 7.1    Concentrations of Na + , Cl – , K +  and the K + /Na +  ratio in the leaves of young  J. curcas  
plants cultivated with and without NaCl 100 mM for 7 and 14 days and after recovery for 3 days. 
The concentrations of the ions are expressed in mmol (kg DM) −1  (Source: Silva et al.  2011  )    

 NaCl  Days after treatment 

 Parameter  (mM)   7 days   14 days  Recovery 

 Na +    0  133 Bb   215 Ab   215 Ab 
 100  603 Ca  1721 Aa  1458 Ba 

 Cl −    0  102 Bb   147 Ab   139 Ab 
 100  326 Ca  1498 Aa  1240 Ba 

 K +    0  716 Ba  1071 Aa  1123 Aa 
 100  581 Ab   423 Cb   496 Bb 

 K + /Na +  ratios   0   5.4 Aa    5.0 Aa    5.2 Aa 
 100   0.96 Ab    0.24 Bb    0.34 Bb 

  Values represented by the same upper case letters, between time of treatment and same lower case 
letters for each time of treatment are different (Tukey, p < 0.05)  
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salt stress affected photosynthesis by metabolic limitation. The reduction of P 
N
 /C 

I
  

ratio is likely associated with a decrease of Rubisco carboxylase activity, which cor-
relates with the accumulation of Na +  and Cl −  in the leaf tissues. Thus, the reduction 
of photosynthesis in  J. curcas  may, at least in part, be a direct effect of Na +  and Cl −  
ions, as observed in sorghum (Netondo et al.  2004  )  and orange (López-Climent 
et al.  2008  )  plants. 

 Regarding the photochemical effects after 7 days of salt treatment in  J. curcas , 
the maximum quantum ef fi ciency of PSII photochemistry (F 

V
 /F 

M
 ), which represents 

the maximum ef fi ciency at which light is absorbed by PSII, is used for the reduction 
of QA and was not affected by salinity; the actual quantum yield of primary photo-
chemistry or PSII operating ef fi ciency, which represents the ef fi ciency at which 
light is absorbed by PSII, is used for QA reduction. At a given photosynthetically 
active photon  fl ux density (PPFD), this parameter provides an estimate of the quan-
tum yield of the linear electron  fl ux through PSII ( D F/Fm’), which decreased 
signi fi cantly after 14 days of exposure to NaCl. Photochemical quenching (qP) was 
not affected by salt stress, while the non-photochemical quenching (NPQ) increased 
signi fi cantly in plants subjected to salt stress. 

 The increase of NPQ was already signi fi cant after 7 days of treatment and pro-
gressively increased after 14 days of salt stress (Silva et al.  2011  ) . The increase in 
non-photochemical quenching indicates an ef fi ciency energy excess dissipation 
mechanism at the photosystem II level. Thus, these data revealed reasonable photo-
chemical activity even under ionic stress, which was not compatible with the photo-
synthetic rates. Altogether, the results of the photosynthesis of young plants of  J. 
curcas  exposed to excess NaCl provided evidence that this species has adequate 
stomatal control to restrict CO 

2
  assimilation and the effective mechanisms of dissi-

pation of energy excess at the photosystem II level, especially by the liberation of 
heat via the non-photochemical process. However, when the concentration of saline 
ions reaches very high concentrations, the photosynthetic machinery collapses and 
irreversible damage occurs. 

 The accumulation of toxic ions (Na +  and Cl − ) is accompanied by a decrease in the 
K +  concentration and the photosynthetic damage reinforces, once more, that young 
plants of  J. curcas  are relatively sensitive to excess of NaCl. The absence of any 
photosynthetic recovery three days after salt removal (recovery phase) also indi-
cates that the high Na +  and Cl −  concentrations in the leaves might cause acute dam-
age to the photochemical system and gas exchange under conditions of acute stress 
caused by NaCl 100 mM in  J. curcas . Thus, salt-induced ionic toxicity is able to 
induce irreversible damage to the photosystems and to Calvin cycle machinery.  

   Oxidative Protection Under Excess Salinity 

 Plants have developed several defensive antioxidative mechanisms against the 
excessive production of reactive oxygen species (ROS) generated by excess salinity 
(Miller et al.  2010  )  or other abiotic and biotic stresses. This defense system involves 
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several enzymes, such as  superoxide dismutase  (SOD),  ascorbate peroxidase  (APX) 
and  catalase  (CAT), together with the main non-enzymatic  antioxidants ascorbate  
(AsA) and  glutathione  (GSH). SOD and APX represent the  fi rst line of defense 
against ROS produced in the chloroplasts, while CAT represents the primary scav-
enger of H 

2
 O 

2
  generated by photorespiration. 

 It has been shown that when  J. curcas  is submitted to heat shock (6 h at 42°C) 
under excess salinity, both stressful conditions strongly increase electrolyte leakage 
and lipid peroxidation. The increased electrolyte leakage showed a positive correla-
tion with the lipid peroxidation, suggesting that plasmalemma injuries were, at least 
partly, a consequence of oxidative damage. Numerous investigations have demon-
strated that injuries caused by abiotic stresses in the plant cells are triggered in part 
by oxidative stress (Asada  1999  ) . 

 Total SOD, CAT and APX activities were differently regulated by one or com-
bined stresses, such as salinity and heat, for example, in  J. curcas . APX and CAT 
activities were strongly stimulated by salinity, while SOD activity was only slightly 
increased by this factor (data not published). This response is likely related to the 
speci fi c regulation of gene expression (Cavalcanti et al.  2007  ) . It is well known that 
the SOD-APX-CAT system protects the photosynthetic machinery from oxidative 
damages in plants exposed to salt stress. Thus, despite the increase in the activity of 
antioxidant enzymes, excess salinity causes oxidative damage, as indicated by lipid 
peroxidation and membrane damage. 

 The question of whether  J. curcas  has an ef fi cient antioxidant system under 
excess salinity is still controversial. Our results are dif fi cult to interpret because the 
stress-induced up-regulation of antioxidant enzymes under  in vitro  conditions does 
not necessarily confer an effective protection against salt-induced oxidative damage 
under  in vivo  conditions (Cavalcanti et al.  2004  ) . In fact, we observed that excess 
salinity causes a reduction of plant growth, photosynthesis and increases lipid 
peroxidation and membrane damage. The threshold between oxidative changes 
favorable to plant defense and oxidative damage triggered by salinity is still 
unknown (Foyer et al.  2009  ) .  

   Osmotic Adjustment in  J. curcas  Under Salinity 

 The most important physiological process for salt and drought tolerance in plants is 
turgor maintenance via effective osmotic adjustments, which can preserve essential 
metabolic processes and contribute to a sustained growth under adverse conditions 
(Martínez et al.  2005  ) . The osmotic adjustment in halophytes and glycophytes under 
excess salinity is accomplished mainly through the accumulation of saline ions, espe-
cially in the leaves (Silveira et al.  2009  ) . However, to avoid ionic toxicity and metabolic 
disturbance in the cytosol, a great part of these ions should be stored in vacuoles. 

 Under excess salinity, the non-toxic cytosol osmotic homeostasis is obtained mostly 
through the accumulation of K +  ions and organic solutes. The major osmo-solutes 



1357 Physiological Mechanisms Involved with Salt and Drought Tolerance...

found in most halophytes and some glycophytes are  glycinebetaine  (GB) and proline 
(Flowers and Colmer  2008  ) . These N compounds can also act as protective solutes 
against membrane damage and oxidative stress (Silveira et al.  2003  ) . Unfortunately, 
few glycophytes display an effective osmotic adjustment under excess salinity because 
the saline ions are frequently the major solutes that account for the decrease of osmotic 
potential. Osmotic adjustment through the accumulation of saline ions is poorly effec-
tive; in  J. curcas,  the osmotic adjustment is limited because saline ions quickly reach 
toxic levels and the plants start to suffer damage from long-term exposure to excess 
salinity (Silva et al.  2009b  ) . This mechanism occurs despite that species to accumulate 
constitutively prominent amounts of GB in their roots and leaves. 

 Our group was perhaps the  fi rst to study osmotic adjustment in young plants of 
 J. curcas  subjected to different levels of salinity. We concluded that the saline ions 
(Na +  followed by Cl − ) are quantitatively the most important for the osmotic adjust-
ment in leaves (Silva et al.  2009b  ) . The K +  ion is also important, but Na +  excess 
induces a decrease in the K +  concentration, especially in the leaves. Nitrate has a 
minor quantitative importance. Among the organic solutes, sugars, amino acids 
and GB are the most important for osmotic adjustment, but their synthesis is not 
up-regulated by salinity. 

 GB has a high endogenous concentration, but proline has no contribution to 
osmotic adjustment because its concentration is extremely low. Our results suggest 
that the selection of  J. curcas  genotypes with high GB concentration in the roots and 
leaves would be a good strategy to improve crop performance under excess salinity. 
In addition to contributing to osmotic adjustment, this osmo-solute is extremely 
important to protect the cells against various types of stresses (Silveira et al.  2009  ) . 
The next strategy is to study GB synthesis in meristematic regions of the shoot and 
root in  J. curcas  because osmotic adjustment and cell protection in these tissues is 
essential for maintaining growth and cell expansion under excess salinity.   

   Mechanisms Involved in the Drought Tolerance of  J. curcas  

   General Aspects 

 Drought is by far the most important environmental stress in agriculture, and several 
efforts have been made to improve crop productivity under water-limiting condi-
tions. While natural selection has favored mechanisms for adaptation and survival, 
breeding activity has directed selection toward increasing the economic yield of the 
cultivated species. Since their domestication, the evolution of crops has been driven 
by the selection of desired traits recognized at the phenotypic level (Cattivelli et al. 
 2008  ) . However, the complexity of drought tolerance mechanisms explains the slow 
progress of selective breeding for yield in drought environments. In recent years, 
crop physiology and genomics have led to new insights in drought tolerance, 
providing breeders with new knowledge and tools for plant improvement (Tuberosa 
and Salvi  2006  ) . 
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 It has been suggested that  J. curcas  may thrive in areas with semiarid climates 
and marginal soil conditions that are not suitable to most crops (Maes et al.  2009a,   b ; 
Tang et al.  2011  ) . Indeed, we showed that this species displayed ef fi cient physiological 
and biochemical responses to drought involving water relations, photosynthesis 
(gas exchange and chlorophyll  fl uorescence), osmotic adjustment and oxidative 
protection. Although our results have contributed to the understanding of key physi-
ological mechanisms, they have some limitations because these studies were per-
formed with young plants under controlled and greenhouse conditions. However, 
some other investigations performed under  fi eld conditions have indicated that  J. 
curcas  effectively displays biochemical and physiological characteristics associated 
with drought tolerance (Pompelli et al.  2010  ) . 

 Further studies on adult plants under  fi eld conditions are necessary to determine 
the full implications of the drought-tolerance displayed by  J. curcas . Such informa-
tion is necessary to weigh existing knowledge and will be essential to the selective 
breeding of this new crop to develop drought tolerant genotypes that are able to 
function under stressful conditions. Although the isolated effects of different abiotic 
stresses on plant metabolism have been extensively studied, relatively little is known 
about the combined impact of drought with others stresses commonly found under 
 fi eld conditions. For example, recent studies with  J. curcas  revealed that the plant 
response to the combination of drought and heat is different from that obtained for 
drought or heat stresses applied individually (Silva et al.  2010a  ) .  

   Water Preservation in Leaves as an Ef fi cient Mechanism 
of Drought Resistance in  J. curcas  

 One of the main responses of  J. curcas  to low water availability is its ability to 
maintain a good leaf hydration status. In a recent study, we observed that the 
decrease in leaf  Y  

w
  of drought-stressed plants was associated with an adequate leaf 

hydration status, as indicated by the high values of relative water content, which 
was similar to that of the non-stressed control plants (Fig.  7.5 ) (Silva et al.  2010a  ) . 
Maes et al.  (  2009a  )  worked with 4-week-old  J. curcas  and observed similar results. 
This strategy appears to be common in species from semiarid regions, such as the 
cowpea, when subjected to drought (Souza et al.  2004  )  and salinity stress (Cavalcanti 
et al.  2004  ) .  

 Moreover, the preservation of water in the leaves of  J. curcas  under severe 
drought stress is associated with absence of any injury symptoms, such as leaf dry-
ing or chlorosis. However, adult plants subjected to long-term water de fi cit, such as 
2 years with 25%  fi eld capacity under greenhouse in big lysimeters exhibited typical 
symptoms, such as growth reduction and leaf chlorosis (Fig.  7.6 ). In fact, water 
stress, as indicated by  Y w reduction, is in fl uenced by leaf age and capacity for 
osmotic adjustment (Bajji et al.  2001  ) .  

 Experimental evidence suggests that the drought tolerance of  J. curcas  is associ-
ated with ef fi cient water preservation in the leaves, such as ef fi cient stomatal 
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control, coordinate photosynthetic regulation and photodamage protection in pho-
tosystem II (Silva et al.  2010a ; Díaz-López et al.,  2012  ) . In addition,  J. curcas  is a 
succulent species that can store signi fi cant amounts of water in the stem and branches 
and supply it back to leaves and fruits during dry seasons (Maes et al.  2009a  ) . 

  Fig. 7.5    Changes in the leaf relative water content (RWC) and water potential ( Y w) in  J. curcas  
plants exposed to different water de fi cits for 10 days. The absolute values of the control (100%) 
were RWC = 74% and  Y w = −0.55 MPa (unpublished data)       

  Fig. 7.6    Visual aspects of  J. curcas  grown under controlled conditions. ( a ) Well-watered, ( b ) 
under water stress corresponding to 25% of  fi eld capacity for 2 years (Courtesy: AEC Sousa, 
UFCG, Brazil)       
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Moreover, as a deciduous plant,  Jatropha  presents an avoidance strategy through 
the fall of leaves when cultivated under extreme dry conditions, as has been observed 
frequently in the semiarid regions of Brazil (Fig.  7.7a ).  

 Some observations under  fi eld conditions have provided clue that the intensity of 
the leaf drop appears to be associated with that of the of drought level. Indeed, when 
physic nut plants are cultivated in areas with regular rainfall, only a part of its leaves 
drop due to senescence of the oldest leaves. In contrast, under irrigation conditions 
 Jatropha  is maintained as “evergreen plants” as shown in Fig.  7.7b ; it is important 
to note that both plants shown in Fig.  7.7  were of the same age. However, the 
“evergreen plants” exhibited low rates of  fl owering, fruiting and seed yield (R.A. 
Viégas—personal communication).  

   Role of Inorganic and Organic Solutes in Osmotic Adjustment 

 The physiological and developmental mechanisms, which allow a species to toler-
ate prolonged periods of water de fi cit, can involve numerous attributes. One means 
of increasing drought tolerance is through the accumulation of osmotically 
active solutes, so that turgor and turgor-dependent processes might be maintained. 
The osmotic adjustment associated with partial stomatal opening allows the 
maintenance of CO 

2
  assimilation, water uptake, cell enlargement and plant growth 

despite water stress (Alves and Setter  2004  ) . In this context, the  osmotic adjustment  
(OA) has been considered as an essential mechanism for drought tolerance and it 
has drawn much attention during the last years (Hessine et al.  2009  ) . 

 Our  fi ndings showed that in  J. curcas , the strategy of water loss restriction through 
the leaf is associated with an effective osmotic adjustment mechanism (Silva et al.  2010b  ) . 

  Fig. 7.7    ( a )  Jatropha curcas  cultivated in a Brazilian semiarid region under extreme dry con-
ditions (8 months without rainfall) and ( b ) the same cultivar with similar age grown in the same 
region under irrigation (“evergreen”) (Courtesy: Fazenda Tamanduá, Paraiba, Brazil)       
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The OA capacity is due to the net increase of the relative contribution of some inor-
ganic and organic solutes to the osmotic potential. Our recent data revealed that inor-
ganic solutes, especially Na +  Cl −  and K + , are involved in the OA in the leaf and root 
tissues of both stressed and non-stressed  J. curcas  plants (Silva et al.  2010b  ) . We 
observed that the Na +  concentration did not change signi fi cantly in the leaves and 
roots of plants under drought stress. By contrast, the Cl −  concentration in the stressed 
plants increased in the leaves and slightly decreased in the roots (Table  7.2 ).  

 The Cl −  and Na +  ions showed a signi fi cant contribution to OA in the leaves and 
roots of non-stressed and stressed plants. In addition, the K +  concentration in these 
two organs was high, and its relative contribution to the osmotic potential in  J. cur-
cas  plants under water stress was higher than the other inorganic ions (Table  7.2 ). 
The K +  ion is quite soluble and plays a key osmo-regulatory role in the turgor regu-
lation of guard cells (Shabala and Cuin  2007  ) . Moreover, K +  is involved in charge 
balancing in the cytoplasm and the enzymatic activation mechanisms, which are 
essential for cell function. 

 In spite of its minor quantitative contribution to OA, the leaf concentration of 
NO  

3
  −   increases under drought stress (Table  7.3 ). The increase of NO  

3
  −   levels in the 

leaves likely originates from the inhibition of reductase activity, which has been 
observed in many species, even under mild stress (Kameli and Losel 1995). Although 
the NO  

3
  −   contribution to the OA is not quantitatively comparable to other solutes, its 

relative participation in the regulation of the osmotic potential can be important in 
the organs of stressed and non-stressed plants.  

 Organic solutes, such as  total soluble sugars  (TSS),  total free amino acids  
(TFAA) and GB, are also signi fi cantly involved in the OA of leaves and roots in  J. 
curcas  (Table  7.3 ). The leaf TFAA contents increased only under more acute drought 
stress. However, the leaf and root TSS contents increased in all water stress treat-
ments. Sucrose and reducing sugars were the unique solutes that presented signi fi cant 
increases in the net concentrations in response to increases in the intensity of the 
water de fi cit. Our data support the hypothesis proposed by    Iannucci et al.  (  2002  )  
that soluble sugars are the organic solutes that most contribute to OA in the leaves 
and roots of higher plants under water stress conditions. 

   Table 7.2    Relative contribution of the inorganic solutes in the osmotic adjustment of the leaves and 
roots of  J. curcas  plants subjected to different ratios of vermiculite and gravimetric water content 
(mass of water per mass of dry soil) for 10 days (mean of 4 replicates) (Source: Silva et al.  2010b  )    

 Gravimetric water content, % 

 Na +   Cl −   K +   NO  
3
  −   

 Osmolality (%) 

 leaf  root  leaf  root  leaf  root  leaf  root 

 50  15.7a  17.2a  13.7b  9.5b  32.7a  30.1a  5.1a  5.0a 
 40  17.9a  16.0a  13.2b  12.0a  30.4a  32.9a  5.0a  4.3b 
 30  16.4a  18.7a  15.4a  9.9b  23.9b  29.0b  4.6a  3.8b 
 20  16.4a  16.3a  13.9b  8.3c  23.3b  28.0b  4.8a  3.9b 
 10  13.3b  16.7a  16.4a  6.6d  21.3b  25.6c  5.3a  4.1b 

  The same letters are not signi fi cantly different at P = 0.05 by Tukey’s test  
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 Among several organic solutes studied, the proline content did not change in the 
roots under water stress, but its accumulation increased in the leaves of plants under 
the same conditions, but without insigni fi cant contribution to the osmotic potential. 
By contrast, the leaf and root GB concentrations were high in the well-watered and 
drought-stressed plants. In addition, if the GB accumulation is exclusively con fi ned 
to the cytosol (approx. 10% of the cell volume), a 10-fold increased concentration 
could be expected (Silveira et al.  2009  ) . In this case, GB in concert with soluble 
sugars and K +  would contribute mostly to the OA in the cytoplasm of the leaf and 
root cells of  J. curcas  plants. There is evidence that water stress-induced GB synthe-
sis is an adaptive response because it might function as a non-toxic osmolyte or an 
osmoprotectant primarily in the cytoplasm, but also in organelles, such as chloro-
plasts (Bajji et al.  2001  ) . Overall, these observations suggest that the increased GB 
concentration is a mechanism for adaptation to drought in  J. curcas , and this 
GB concentration contributes to OA.  

   Photosynthesis in  J. curcas  Under Drought Conditions 

 Among the effects caused by water stress in plants, photosynthesis is one of the 
most sensitive biological processes (Chaves et al.  2008 ; Guerfel et al.  2009  ) . The 
inhibitory effects of drought on photosynthesis might be associated with low CO 

2
  

availability caused by (i) low stomatal and mesophyll conductance (Flexas et al. 
 2004,   2007  )  and/or (ii) impairments in photochemistry and carbon metabolism 
(Lawlor and Cornic  2002 ; Peeva and Cornic  2009  ) . Stomatal closure is an early 
response to drought and an ef fi cient way to reduce transpiration in water-limiting 
environments. Biochemical limitations also play an important role in photosynthe-
sis regulation under prolonged periods of drought stress (Yin et al.  2005 ; Flexas 
et al.  2006 ; Chaves et al.  2008 ). 

 In  J. curcas , we demonstrated that increased levels of water de fi cit cause a 
progressive reduction in net photosynthesis (P 

N
 ) and stomatal conductance (g 

S
 ) 

(Fig.  7.8 ), but this effect might be more of an acclimation and/or tolerance response 

   Table 7.3    Relative contribution of organic solutes to the osmotic adjustment of the leaves and 
roots of  J. curcas  plants subjected to different ratios of vermiculite gravimetric water content for 
10 days (mean of four replicates) (source: Silva et al.  2010b  )    

 TFAA  TSS  GB  Proline 

 % of osmolality 

 Gravimetric water content (%)  leaf  root  leaf  root  leaf  root  leaf  root 

 50   8.7b  10.1a   7.7d  10.6c  7.4b   8.6a  0.1b  0.1b 
 40   7.7b   7.7b   9.8c   9.7c  7.1b   9.2a  0.1b  0.1b 
 30   7.9b   9.7a  16.2b  12.4b  6.6b   8.7a  0.1b  0.1b 
 20  10.2a   8.1b  18.2a  19.6a  8.4a   8.3b  0.1b  0.1b 
 10   9.5a   9.1a  20.7a  21.4a  8.8a  10.0a  0.2a  0.2a 

  The same letters are not signi fi cantly different at P = 0.05 by Tukey’s test  
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to low water availability than a harmful effect imposed by water stress. This hypoth-
esis is supported by the fact that when  J. curcas  plants were subjected to a drought 
for 10 days (no water supply), a complete recovery in the photosynthesis occurred 
from the tenth day after re-watering (data not shown). These results showed that 
drought signi fi cantly decreased leaf CO 

2
  assimilation and stomatal conductance; 

however, at the end of the recovery period, these changes were fully reversible 
(Fig.  7.9 ). It is well reported in the literature that a decrease in P 

N
  through stomatal 

limitation associated with a reduction in transpiration to reduce water loss is a com-
mon characteristic in plants typically adapted to semi-arid environments (Souza 
et al.  2004  ) .   

 Based on chlorophyll  fl uorescence parameters, we also demonstrated that water 
de fi cit induces changes in photochemical activity and photosynthetic pigment con-
tent (Silva et al.  2010a  ) . Under increasing levels of water de fi cit, we observed reduc-
tions in the (i) quantum yield of PSII (ΔF’/F 

M
 ’), (ii) apparent electron transport rate 

(ETR’ 
S
 ) and (iii) chlorophyll content. In fact, the changes in ΔF’/F 

M
 ’ and ETR’ 

S
  are 

potentially associated with damage caused by primary electron acceptors of PSII 
(plastoquinone) due to reduced quinone accumulation leading to the deactivation of 
the electron transport chain in thylakoid membranes (Drodzova et al.  2004 ; Chagas 
et al.  2008  ) . 

 The reduction in the chlorophyll content can be considered as an additional strat-
egy of photo-protection because the reduction of light absorption decreases ener-
getic pressure at the PSII level (Chaves et al.  2008 ). Moreover, increased 
non-photochemical quenching (NPQ) and the relative excess of light energy (EXC) 
observed in response to drought, respectively indicate the (i) existence of a non-
radiative energy dissipation mechanism using thermal processes and (ii) over-exci-

  Fig. 7.8    Relative variation in CO 
2
  assimilation rate (P 

N
 ) and stomatal conductance (g 

S
 ) in  J. curcas  

plants exposed to water-de fi cit treatments for 10 days. The absolute values of the control (100%) 
were P 

N
  = 9.98  m mol m −2  s −1  and g 

S
  = 0.30 mol m −2  s −1  (mean of four replicates) (Source: Silva et al., 

in press)       
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  Fig. 7.9    Leaf CO 
2
  assimilation rate ( a ) and stomatal conductance ( b ) in  J. curcas  plants exposed 

to drought for 20 days and after a period of recovery (mean of four replicates) (unpublished data)       

tation of the PSII complex through light energy, which must be deactivated by 
dissipation processes to avoid photochemical damage. These photoprotective mech-
anisms help to maintain the high oxidative state of the primary electron acceptors of 
PSII, lowering the probability of photo-damage and photo-oxidative stress in the 
chloroplast components (Chagas et al.  2008  ) . Figure  7.10  shows the effects of 
drought on photochemical activity and chlorophyll content.  

 Water stress also induces a progressive increase of photorespiration in  J. curcas  
plants (Fig.  7.11 ). The increase of photorespiration has been considered as a protec-
tive mechanism, consuming photochemical products and mitigating damage at the 
PSII level (Chaves et al.  2008 ; Foyer et al.  2009  ) . Although a decrease in photo-
chemical activity has been observed in  J. curcas  plants under water de fi cit, we argue 

 



  Fig. 7.10    Effects of drought on the photochemical activity and chlorophyll content of  J. curcas . 
( a ): Relative variation in maximal (F 

V
 /F 

M
 ) and actual ( D F’/F 

M
 ’) quantum yield of PSII. ( b ): 

Apparent electron transport rate (ETR 
S
 ’) and relative energy excess (EXC). ( c ): Chlorophyll con-

tent and non-photochemical quenching (NPQ) in plants exposed to water-de fi cit treatments for 10 
days. The absolute values of the control (100%) were  D F’/F 

M
 ’ = 0.663; F 

V
 /F 

M
  = 0.774; 

ETR 
S
 ’ = 106.3  m mol m −2  s −1 ; EXC = 0.18; total chlorophyll content = 0.88 mg (g FW) −1  and 

NPQ = 0.247 (mean of four replicates) (unpublished data)       
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that leaf tissues would be more strongly affected if alternative electron sinks, such 
as photorespiration, were non-active. In fact, the maximal quantum yield of PSII 
(F 

V
 /F 

M
 ) was not affected by photo damage in the PSII reaction centers caused by 

water de fi cit, even with plants showing reduced chlorophyll content.   

   Protection Against Oxidative Stress 

 Water stress can induce oxidative damage in the leaves (Sharma and Dubey  2005 ; 
Guo et al.  2006 ; Manivannan et al.  2007  ) , causing the peroxidation of membrane 
lipids, the degradation of photosynthetic pigments (Cavalcanti et al.  2004 ; Silva 
et al.  2010a  )  and the inactivation of photosynthetic enzymes (Guerfel et al.  2009  ) . 
Oxidative stress in leaves depends on the balance between the reactions of CO 

2
  

assimilation, photorespiration and antioxidative defenses (Foyer et al.  2009  ) . Among 
the antioxidative enzymes, superoxide dismutase (SOD) plays an essential role in 
protecting chloroplasts from oxidative damage. In addition,  ascorbate peroxidase  
(APX) functions through the Halliwell-Asada and water-water cycle pathways and 
is especially important in chloroplasts, where CAT is essential to photorespiration 
in the peroxisomes (Palatnik et al.  2002  ) . 

 In many plant species, multiple photo-protective and antioxidant mechanisms 
have evolved to withstand the oxidative stress induced by drought. In this context, 
our results demonstrated that  J. curcas  is able to overcome the accumulation of 
superoxide and hydrogen peroxide in chloroplasts by increased SOD and APX 
activities when subjected to water stress. However, the decrease in CAT activity 
induced by drought should be a limiting factor for H 

2
 O 

2
  scavenging and oxidative 

protection in this species, especially under acute water de fi cit (data not published). 

  Fig. 7.11    Photorespiration in  J. curcas  plants exposed to drought for 20 days and after a period of 
recovery (mean of four replicates) (unpublished data)       
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  Fig. 7.12    Oxidative damage and response of the SOD-APX-CAT complex induced by water 
de fi cit in  J. curcas . ( a ): Relative variation in electrolyte leakage (EL) and lipid peroxidation. ( b ): 
H 

2
 O 

2
  concentration and SOD activity. ( c ): APX and CAT activities.  J. curcas  plants were exposed 

to water de fi cit for 10 days (unpublished data)       
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 The occurrence of oxidative damage through increases in H 
2
 O 

2
  has also been shown 

through lipid peroxidation and membrane damage in the leaf tissues. In fact, several 
studies have shown that lipid peroxidation is a natural metabolic process under normal 
aerobic conditions, but also one of the most investigated consequences of ROS 
(Cavalcanti et al.  2007  ) . ROS causes the peroxidation of membrane lipids, leading to 
oxidative damage (Guerfel et al.  2009  ) . However, despite the induction of strong lipid 
peroxidation by drought stress in  J. curcas  leaves, no experimental evidence to date has 
shown suitable data involving the lipid peroxidation levels (thresholds) and physiologi-
cal performance of stressed plants (Cavalcanti et al.  2007  ) . Figure  7.12  shows oxidative 
damage and the action of SOD-APX-CAT enzymes induced by water de fi cit in  J. curcas  
plants. This oxidative defense mechanism is similar to that obtained in the adult plants 
of  J. curcas  cultivated in the  fi eld under drought conditions (Pompelli et al.  2010  ) .  

 In addition to displaying a relatively ef fi cient enzymatic system under conditions 
of water stress represented by SOD and APX (although CAT activity is strongly inhib-
ited under these conditions),  Jatropha  plants show an ef fi cient photochemical system. 
Indeed, under water de fi cit conditions, photosystem II does not suffer photoinhibition 
and triggers an ef fi cient system of energy excess dissipation involving non-photo-
chemical quenching. However, our investigations demonstrated that drought-induced 
reduction in CAT activity seems to be a non-reversible process because CAT activity 
was slightly recovered after re-watering for 10 days (Fig.  7.13 ).  

 As CAT is an antioxidant enzyme essential to oxidative protection, further 
molecular, biochemical and physiological studies are needed to elucidate its effec-
tive role in photorespiration and  Jatropha  protection under drought conditions. If 
these results are con fi rmed in adult plants under  fi eld conditions, the genetic 
improvement for the production of genotypes with high expression and activity of 
catalases could be an important genetic target.  

  Fig. 7.13    Catalase activity in  J. curcas . Plants were exposed to drought for 20 days, and the cata-
lase activity was scored after a period of recovery (mean of four replicates) (unpublished data)       
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   Comparative Responses Involving Water and Salt Stresses 

 Regarding water relations, both water and salt stresses reduced the water potential, 
but even in these conditions, a good degree of leaf hydration was maintained. Plants 
submitted to salt and drought excesses showed signi fi cant reductions of gas exchange 
in their leaves due to stomatal closure and biochemical alterations, as evidenced by 
the disturbance in the electron transport chain. However, some mechanisms of 
excess energy dissipation were activated under these environmental conditions. 

 Concerning the ability of  J. curcas  to overcome salt and water stresses by OA, we 
found that under mild to high salinity (50–100 mM NaCl), the largest relative contri-
bution to osmotic potential was from Na + , Cl − , amino acids and GB. In contrast, 
under increasing water de fi cit, the levels of K + , soluble sugar and GB showed the 
largest relative contribution to OA. Interestingly, under both stressful conditions, the 
high level of GB in the leaf and root tissues of  J. curcas  seems to be constitutive; i.e., 
its high concentration is independent of the adverse environmental conditions. 

 Although increased membrane damage was observed, as indicated by the increase in 
the lipid peroxidation and electrolyte leakage in  Jatropha  leaves exposed to both salt and 
drought stresses, the ROS-scavenging system, represented by SOD-APX-CAT enzymes, 
was relatively ef fi cient to mitigate oxidative damage. Interestingly, in contrast to drought, 
salinity stimulated both CAT and APX activities. As previously mentioned, the question 
of H 

2
 O 

2
  scavenging produced during photorespiration under drought conditions requires 

further elucidation in the  Jatropha  leaves (unpublished data).   

   Conclusion and Perspectives 

   Salinity 

 The determination of the degree of stress tolerance of a crop is dif fi cult, especially 
in a woody plant like  J. curcas . For example, there are several approaches and 
criteria for the classi fi cation of salt tolerance of a species or cultivar to salinity. 
In general, salt tolerance is reported as the electrical conductivity of the soil corre-
sponding to a 50% reduction of biomass or yield. A mixture of salts like NaCl, 
MgCl 

2
 , CaCl 

2
  and Na 

2
 SO 

4
 , corresponding to the native composition of soil salts 

should be utilized in salinity experiments than just NaCl because they are better to 
mimic the real conditions and consequently the plant responses to salinity.  J. curcas  
is considered moderately salt sensitive because an increase of salt concentration 
corresponding to 47 mM or approximately 4.7 dS m −1  cause a 50% reduction of 
total dry matter in seedlings. In addition,  J. curcas  exhibits a strong af fi nity for 
Na + ion (a salt includer characteristic) and this saline ion effectively competes with 
K + . Unfortunately, studies to determine the degree of resistance of this species under 
 fi eld conditions at the productive phase or even in the mature vegetative stage have 
not been reported. 
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 In tropical semi-arid regions of India, Africa and Brazil, where the cultivation of  J. 
curcas  is increasing, problems of primary salinity and secondary salinization caused 
by irrigation can be critical. In these regions, the expansion of this new crop will inevi-
tably aggravate the problem of soil salinization as a consequence of irrigation. To 
avoid future problems, preventive care, such as drainage, water and soil management, 
will have to be taken. However, it is important to encourage selective breeding for 
tolerance to salt stress if  J. curcas  participates in the energy matrix in the near future. 
Unfortunately, such politics are dif fi cult to implement in those countries and perhaps 
worldwide. It seems clear that this process should begin with the classical genetic 
approach. Molecular marker-assisted selection should boost this process; however, the 
selective process will only be possible if the potential, limits and parameters of this 
new crop are known. Thus, further investigations in molecular genetics will be essen-
tial to effectively characterize the genes involved in salt resistance. 

  Jatropha  producing countries will also have to promote research by multidisci-
plinary and decentralized groups in (i) genetics and breeding, (ii) biochemistry and 
physiology and (iii) omics (i.e., genomics, transcriptomics, proteomics and metabo-
lomics). These multidisciplinary studies might elucidate mechanisms of tolerance 
to salinity. Therefore, there are still signi fi cant challenges ahead until we can 
describe the mechanisms of tolerance to salinity and obtain cultivars of  J. curcas  
tolerant to this factor. Unfortunately, this tolerance to salinity has not even been 
reached in key crops. Thus, speci fi cally in the case of  J. curcas , it is essential to 
select salt-resistant cultivars and/or lines and explain the genetic, biochemical and 
physiological foundations of mechanisms involved with productivity and stress tol-
erance to exchange them with productive cultivars. The data obtained in our studies 
suggest that it would be interesting to obtain cultivars with fewer  salt includer  
mechanism through the increased expression of genes involved with increased 
exclusion and/or decreased transport of Na + ; high ion storage within the vacuoles of 
the roots, stems and leaves; high recycling among leaves and roots by phloem and 
high K + /Na +  ratio in leaves.  

   Drought Tolerance 

 The geographical distribution of  J. curcas  strongly suggests that this species is 
drought tolerant. However, the features of the physiological parameters of drought 
tolerance were based, until now, on a narrow genetic basis that was not well charac-
terized. Furthermore, most investigations have concentrated on individuals grown in 
the greenhouse, primarily at the vegetative stage. In contrast to salinity, when the 
increased sensitivity of plants occurs at the vegetative phase, several experiments 
have provided evidence that increased crop sensitivity to water stress occurs mainly 
at the reproductive stage. 

 Few observations under  fi eld conditions in the semiarid regions of Brazil have 
provided evidence that  J. curcas  display complex ecophysiological mechanisms 
associated with development and productivity in response to water availability. 
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Under non-irrigated conditions, this species maintains its leaves with high photo-
synthesis and adequate metabolic activity for perhaps 4 months. When the dry 
period progresses, the leaves undergo progressive metabolic activity loss (e.g., 
decrease in the levels of chlorophyll). In general, this period coincides with a 
large increase in the incidence of pests and diseases. It is unclear if this process is 
associated with a reduction in plant defense mechanisms associated with water 
restriction and/or if it is controlled by hormones as a part of the physiology of the 
entire plant. 

 In fact, the possibility of the sustainable production of  Jatropha  without irrigation 
in dry and hot regions, including semiarid regions, is controversial, partly because 
the physiology of this species is not yet suf fi ciently known and the plant breeding has 
presented little progress in countries with dry weather conditions. However, the 
development of “evergreen crops” with irrigation also requires the development of 
physiological studies and genotypes that respond adequately to water investment 
under adverse conditions of high temperature, high light and poor soils. 

 Some speci fi c recommendations can be made to improve the performance of 
 J. curcas  under dry conditions, i.e., lower branching by pruning or selective breed-
ing for small plants and increasing the depth and branching of roots because the root 
system of this species is not well developed. Concerning the most important genes 
and processes that could be selected, the up-regulation of catalase expression and 
activity under drought conditions associated with a reduction in photorespiration 
could be a good option. It would be also important to promote studies on drought 
stress in the presence of factors involved in other abiotic stresses, such as high tem-
perature and low air humidity. 

 Because osmotic adjustment is a crucial slow process for drought tolerance and 
 J. curcas  produces high endogenous levels of glycinebetaine, it is also important to 
promote the breeding of cultivars that produce high concentrations of this solute. 
The same line could be followed to increase the concentrations of sucrose, fructose 
and glucose, as we found that these chemicals improve drought tolerance. The accu-
mulation of these solutes in the meristematic tissues is essential, especially in the 
roots, which support continued growth under adverse conditions.       
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         Introduction 

  Jatropha curcas  L. the biofuel plant has attracted the attention of agriculturist and 
forester. It has the potential to become the world’s ecofriendly key energy crops 
since the biodiesel prepared form its oil has proper combustion and low emission. 
Large scale trials are being made in nursery and  fi elds, but no signi fi cant informa-
tion have been documented on the role of microbial inoculants and their interaction 
with inorganic fertilizers. Soils of tropical regions are mainly low in available nutri-
ents and moisture. The symbiotic association between  arbuscular mycorrhizae  
fungi (AMF) and plant roots is widespread in nature (Sa fi r  1994  ) . Positive effects of 
AMF inoculation on agricultural cropping systems have been investigated and 
include improved uptake of phosphorus and other nutrients besides, increased stress 
tolerance and bene fi cial plant growth regulation. Plant roots release a wide range of 
compounds, which are involved in complex communication processes in the rhizo-
sphere. Phosphorus solubilizing bacteria are known to play a major role in the solu-
bilization of unavailable forms of soil phosphorus and uptake in both native and 
applied forms and because of this potential it has been extensively used for enhanc-
ing plant productivity. Therefore, looking at the enormous potential and use of 
microbes the following studies were undertaken.

    1.    Effect of root exudates on mycorrhization of AMF.  
    2.    Effect of rhizospheric myco fl ora on growth and development of  J. curcas  in the 

 fi eld.  
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    3.    Effect of plant-microbe interaction on growth and development of  J. curcas  by 
application of microbes in nursery trials.  

    4.    Studies on phosphatase enzyme activity, total leaf phosphorus, proteins (root and 
leaf) of different micro fl ora.      

    Effect of Root Exudates on AMF Colonization 

  Surface sterilized seeds of J. curcas were germinated and grown in sterilized mix-
ture of soil, sand and peat in equal proportion for 21 days at 25°C with 12–12 h 
(day-night) photoperiod. Then, roots from uprooted plants were placed in 150 ml 
sterilized substrate for 24 h to collect root exudates. The  fi ltered exudates were 
stored at −20°C until use.   

  Seedlings of J. curcas were inoculated with spores of AMF, i.e., Glomus mosseae, 
Gigaspora sp. and Acaulospora sp. trapped in maize roots.  After 6 week growth, 
seedlings were separated in 10 replicates and watered with 100 ml of root exudates to 
each plant. The controls of this experiment were (1) seedlings inoculated with AMF 
alone and (2) seedling watered with root exudates alone. Height weeks after treat-
ment, height, collar diameter, total leaf phosphorus and total protein were estimated as 
described by Jackson ( 1973 ) and Lowry et al. ( 1952 ). The soil phosphatase enzyme 
activity was measured by spectrophotometry at 420 nm as described by Tabatbai and 
Bremmer ( 1969 ) and Singh and Jamaluddin ( 2008 )   . 

   Determination of Root Colonization 

 To visualize roots colonized with AMF, roots were cut into 0.5 cm fragments and 
boiled in 10% KOH at 90°C for half an hour, rinsed and acidi fi ed with 1% HCl. 
Following acidi fi cation, roots were stained with 0.05% trypan blue in lactophenol, 
boiled for 5 min in a water bath and destained with lactic acid and glycerol (1:1). 
Squashed roots were observed under microscope and root colonization (%) was 
recorded following the formula:

     = ´
Number of root segments colonized

Total number of 
Root coloniza

roots examine
tion(%)

d
100     

 The relative root colonization (%) by AMF in J. curcas treated with root exudate 
was 80% compared to 75% and 70% for the control, i.e., plants treated with AMF 
or root exudates alone (Table  8.2 ). Relative colonization in J. curcas was still low 
after 6 weeks, but increased after a longer incubation. Signi fi cant variation in phos-
phatase enzyme activity and more of alkaline phosphatase secreted by AMF than 
acidic phosphatase. Maximum activity was recorded with plant root exudates 
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followed by AMF and root exudates. Amongst AMF population the Glomus 
mosseae, Acaulospora sp. and Gigaspora sp. were observed to be the prominent 
species. Increased AMF colonization may be due to the  fl avonoids present in root 
exudates, which play an important role at the beginning of a signal exchange 
between the host plant and AMF. The higher level of alkaline phosphatase activity 
indicates the formation of vacuoles due to the AMF, which appears with the devel-
opment of hyphae and becomes intense in mature arbuscular and intercellular 
hyphae (Singh and Jamaluddin  2008 ). By contrary, Ho and Zak ( 1979 ) reported 
maximum acid phosphatase activity in roots colonized by AMF. Singh and 
Jamaluddin ( 2008 ) also supported the above notion that there is a direct correlation 
between root fungi and acid phosphatase activity. Enzyme activities varied 
considerably in the treatments studied. The growth measured in terms of plant 
height and collar diameter also varied signi fi cantly amongst all the treatments 
studied. A positive correlation was found between growth and enzyme activity, total 
phosphorus content and protein content amongst all the treatments. Maximum leaf 
protein was recorded in plants treated with root exudates followed by those treated 
by AMF or root exudates alone. Any factor in fl uencing the soil microorganisms will 
indirectly affect soil enzymes activities (Mc Claugherty and Linkins  1990 ). AMF 
interact with a wide range of other soil microorganisms in the root, rhizosphere, 
mycorhizosphere and in the bulk soil. These interactions with speci fi c functional 
capabilities may in fl uence plant growth (Linderman  1988 ; Fitter and Garbye 
 1994 ; Liang  1994 ). From the current work it can be concluded that root exudates 
positively affect the AMF colonization in J. curcas and therefore can be used to 
enhance the colonization which in turn will improve the growth and development of 
J. curcas.  

   Detection of AM Fungi Using PCR 

  DNA extraction:  Colonized and non colonized root samples (8–10 mg) were 
crushed by boiling each sample in 800 ml of extraction buffer (1 M Tris–HCl, pH 
8.5). The sample was then centrifuged at 12,000 rpm for 10 min before processing 
for PCR. PCR reaction mix contained 50 pmol of each primer (VANS1 and NS2), 
200  m M dNTPs, 20 mM Tris–HCl 100 mM KCl, 0.02% gelatin and 1.25 U  Taq  

   Table 8.1    Treatment details of microbes and VAM   

 No.  Treatments  Per plant 

 1.   Pseudomonas  fl uorescens   100 ml 
 2.   Azospirillum  species  100 ml 
 3.  Single Super Phosphate   10 g 
 4.  VAM  100 g 
 5.  Mixed Treatment 

( Pseudomonas +   Azospirillum  + VAM) 
 as above 

 6.  Control  — 
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DNA polymerase. Forty cycles of ampli fi cation was carried out in a thermocycler 
with denaturation at 90°C for 60 s, annealing at 50°C for 45 s, extension at 72°C for 
60 s and  fi nal extension at 72°C for 10 min. Ampli fi ed products were analyzed by 
electrophoresis on 3% agarose gel and visualized by UV transilluminator after being 
stained with ethidium bromide. 

 A rDNA ampli fi cation product of approximately 550 bp was detected in colonized 
roots and supposed to be from the AMF Glomus intraradices. This AMF was detected 
after 1 month of infection. This product was never detected on control plant roots. 
However, non speci fi c products were ampli fi ed as well in roots from the treated plants 
including those from the control. Thus, the primers we used in this study are not taxon 
speci fi c since they ampli fi ed non-mycorrhizal DNA as well.  

   Effect of Different Bioinoculants on Growth of  J. curcas  
and the Status of Fungal Species in Rhizosphere 

   Isolation, Preservation and Identi fi cation of Fungi 

 The soil samples collected from the  fi eld were analyzed for numbers and kinds of 
fungi by a standardized soil dilution plate technique (Waksman  1922 ; Warcup 
 1952  ) . The preservation of pure cultures of fungal isolates was done on potato dex-
trose agar slants in test tubes as stock cultures in the refrigerator at 5–7°C. The 
identi fi cation was done by characterizing each fungus in pure culture and making 
reference with relevant literature. 

 The species pro fi le of myco fl ora showed signi fi cant diversity among treated 
plants and untreated plants. Fungi belonging to 12 different genera were found, 
namely Aspergillus, Emrecilla, Mucor, Rhizopus, Curvularia pallescens, 
Colletotrichum, Trichoderma viride, Fusarium oxysporum, Biospora, Sclerotium, 
Cladosporium. Sterile mycelium could be detected from AMF and mixed inocu-
lants. However, these were not observed in all treatments. The relative abundance of 
these genera varied among treatments. However, the isolated myco fl ora have a 
signi fi cant impact on plant growth as shown by data of Table  8.3 .  

   Growth Enzymatic Activity and Nutrient Status of Plants 

 The growth level reached by treated and untreated plants was measured after one year in 
terms of height and collar diameter. The phosphatase activity of all bioinoculants 
was also measured as described by Tabatbai and Bremner  (  1969  ) . The nutrient status 
of the plants was assessed in terms of leaf phosphorus content (P%), which was esti-
mated by the vandomolybdate phosphoric yellow color method as reported by Jackson 
 (  1973  ) . The total protein in leaf and root was estimated as described by Lowry et al. 
 (  1952  )  and by SDS-PAGE. Data were analysed statistically using ANOVA and differences 
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between treatments were decided signi fi cant or not by reference to p<0.05. AMF  
were maintained on trap plant (maize or Panicum maximum). 

 Myco fl ora exhibited signi fi cant impact on the growth and development of 
 J.  curcas . Remarkable differences of plant growth, measured in terms of plant height 
and collar diameter, were recorded amongst treatments and controls. Plants fertil-
ized with inorganic phosphate attained a maximum height up to 150 cm and collar 
diameter up to 10 cm and were followed by those inoculated by AMF, mix culture, 
Azospirillum and phosphate solubilizing bacteria (PSB). Signi fi cant variations of 
alkaline and acidic phosphatase activities among inoculants were also observed and 
the alkaline phosphatase activity was larger than the acidic one. The maximum 
activity was obtained with inorganic phosphate followed by AMF and mixed cul-
ture. PSB also showed signi fi cant enzymatic activity. In terms of plant nutrient sta-
tus, the maximum phosphorus content was obtained with plants fertilized with 
inorganic phosphate followed by those inoculated with mixed treatment and AMF. 
However, inoculants failed to induce a qualitative variation in their root and leaf 
protein content and the same situation has been also detected on acrylamide gel, i.e., 
all the inoculants shared a common banding pattern, but the band intensities varied 
from one treatment to another.  

   Effect of Plant-Microbe Interaction on the Growth of  J. curcas  

 Thirty days after germination, J. curcas seedlings were treated with 30 ml of spore 
suspension of Trichoderma sp., Aspergillus sp. and Fusarium sp. and 30 g of soil 
containing AMF inoculum separately and in combination as well. Plant height and 
collar diameter was recorded after one month of treatment. Nutrient analysis, root 
staining and enzymatic studies were also performed as described above. 

 Interaction of AMF with non-mycorrhizal fungi like Fusarium sp., Trichoderma 
sp., and Aspergillus sp. exhibited signi fi cant impact on the growth and development 
of J. curcas. Maximum effect was recorded from mixed inoculum, which showed 
signi fi cant results in all the parameters investigated (Table  8.4 ). Isolates secreted 
more of alkaline phosphates than acidic phosphatases which re fl ects the preference 
of AMF for alkalinity. Non mycorrhizal fungi are also playing signi fi cant role in sup-
plying the required phosphates to plants. The phosphorus solubilizing property of 
these fungal agents has also been reported by many other workers (Linderman  1988 ; 
Fitter and Garbye  1994 ; Liang  1994  ) . It is now clear that the microbial interactions 
with speci fi c plant functions stimulate plant growth.  

   Field Trial 

 Two plots were laid out in a random block design with six treatments and ten repli-
cates per treatment (Table  8.1 ). Five treatments contained AMF (100 g/plant), 
Pseudomonas sp. (100 ml/plant), Azospirillum (100 ml/plant), superphosphate (10 g/
plant), mixed culture (containing AMF, Pseudomonas sp. and Azospirillum sp.) 
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Uninoculated plants served as control. A ten-fold diluted culture of bacteria was 
used. Growth and development of the plant was recorded in terms of collar diameter 
after 6 months and 2 years of treatment. The height of the plants was also observed.

In the experiment laid out in August 2008 in the  fi eld according to treatments of 
Table  8.5 . It is evident that inorganic phosphate (Single Super Phosphate) was suit-
able to promote J. curcas growth in height and collar diameter. Comparatively, the 
mixed treatment of bioinoculants (Pseudomonas + Azospirillum + AMF) was also 
found suitable to increase the level of growth and development of J. curcas plants. 
The results indicated that the differences of height and collar diameter were only 
negligible compared to those obtained with inorganic phosphate fertilization. The 
other microbial treatments were also effective in increasing the growth and collar 
diameter of plants during the two years of evaluation. The untreated plants (control) 
showed lower growth and collar diameter when compared with treated plants. Thus, 
the treatment with microbial mixtures was effective for increasing the growth and 
development of J. curcas plants in the  fi eld. Another experiment was carried out 
during August 2009 by using three microbial inoculants including Pseudomonas 

   Table 8.4    Effect of plant microbe interactions on growth and nutrient status of  J. curcas  in nurs-
ery after three months   

 Treatments 
 Height 
(cm) 

 Collar 
diameter 
(cm) 

 Leaf 
Phosphorus 
(%) 

 Leaf Protein 
( m g/ml) 

 Phosphatase activity 
( m g PNP/g soil/h) 

 Alkaline  Acidic 

  Trichoderma  sp. (T)  14.7   8.5  0.09  4.2  1.0  1.2 
  Aspergillus  sp. (A)  16.4   8.2  0.08  5.3  1.6  1.5 
  Fusarium  sp. (F)  13.6  10.1  0.35  4.8  2.1  2.0 
 AMF  21.5   9.8  0.2  6.2  2.8  2.5 
 AMF + T  18.8   5.6  0.5  5.9  3.2  1.7 
 AMF + A  22.6   4.7  0.52  6.8  2.3  1.23 
 AMF + F  24.3   5.9  0.64  6.4  1.8  1.6 
 Mixed culture  29.7  10.7  0.85  7.9  1.4  1.8 
 Control  12.5   7.5  0.48  5.2  0.5  1.2 
 LSD   2.35   1.3  0.2  0.6  0.42  0.33 

   Table 8.5    Effect of different microbial inoculants on growth and development of  J. curcas    

 For the  fi rst year  For the second year 

 No.  Treatment 
 Height 
(cm) 

 Collar 
diameter (cm) 

 Height 
(cm) 

 Collar 
diameter (cm) 

 1   Pseudomonas  fl uorescens   75.3  6.8  208.9  18.9 
 2   Azospirillum  sp.  77.0  6.25  205.0  19.0 
 3  Single Super Phosphate  90.1  7.1  211.4  19.5 
 4  VAM  84.7  6.85  199.7  19.7 
 5  Mixed Treatment ( Pseudomonas + 

Azospirillum  + VAM) 
 82.2  7.07  210.8  19.8 

 6  Control  75.6  5.5  175.3  18.3 
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   Table 8.6    Effect of different microbial inoculants on growth and development 
of  J. curcas    

 No.  Treatment  Height (cm)  Collar diameter (cm) 

 1.   Pseudomonas  fl uorescens   115.3   9.8 
 2.   Azospirillum  sp.  105.7   8.63 
 4.  AMF  122.8  11.3 
 5.  Mix Microbes ( Pseudomonas + 

Azospirillum  + VAM) 
 125.0  10.8 

 6.  Control   88.2   7.1 

 fl uorescens, Azospirillum and AMF. They were given individually and also as a 
mixture and the control was without microbial inoculants. After 18 months of treat-
ment the height and collar diameter of plants were recorded. It was observed that the 
bioinoculants gave signi fi cant result in increasing the height and collar diameter of 
J. curcas plants. Comparatively, control (untreated) plants showed a lower level of 
growth. The best treatment observed was mixed inoculants followed by AMF treat-
ment (Table  8.6 ).              
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         Introduction 

 Development of cultivation technology is towards maximizing the yields per unit 
area with the best utilization of natural resources  viz;  land (soil), water (rainfall), 
sunlight, etc. The limiting resources except sunlight are applied arti fi cially in order 
to reap good harvests. 

 Crop management is the most crucial parameter for increasing the productivity 
of Jatropha curcas (hereafter referred to as Jatropha). It includes the components of 
crop management practices, sustaining productivity, integrating resources for 
increased use ef fi ciency at  fi eld scale. 

 Jatropha is recommended to be grown on marginal soils, which are not  fi t for any 
other crop cultivation. However, suf fi cient bush clearing, land shaping, land prepa-
ration, alignment and staking, pit digging, pit mixture preparation, basal and top 
dressing for fertilizers application are vital in the  fi rst 2 years to ensure initial crop 
establishment and sustainable yields for a period of 30 years. The research  fi ndings 
on crop management at Nandan Biomatrix Limited (NBL) and their recommenda-
tions are mentioned here after:  

   Agronomy Trials 

    Standardization of plant density  • 
  Mapping of soils suitable for cultivation  • 
  Bush clearing and land shaping  • 

    K.  R.   Karanam   •     J.  K.   Bhavanasi   (*)
     Nandan Biomatrix Limited ,   Aparna Crest, H.No 8-2-120/112/88&89, 
Road No 2, Banjara Hills ,  Hyderabad   500 034 ,  India    
e-mail:  jk@nandancleantec.com   

    Chapter 9   
 Cultivation Technology for  Jatropha curcas        

      K.  R.   Karanam    and    J.  K.   Bhavanasi         



166 K.R. Karanam and J.K. Bhavanasi

  Land preparation, alignment and staking  • 
  Pit preparation  • 
  Pit mixture preparation and re fi lling of pits  • 
  Transplantation and watering  • 
  Fertilization  • 
  Weeding and inter culture  • 
  Integrated nutrient management  • 
  Water management and water footprint  • 
  Integrated pest management  • 
  Harvesting and yield  • 
  Pruning and canopy architecture    • 

  Standardization of plant density:  The plant density recommended for low pre-
cipitation regions is high with closed spacing while under high rainfall zones, 
wider spacing with low plant density is recommended (Table  9.1 ).  

  Suitability of Jatropha in various soil reactions: Jatropha  is recommended for 
marginal and sub-marginal lands. Based on the initial soil pH, different amend-
ments and application number are to be optimized (Table  9.2 ).  

  Rainfall:  Jatropha requires a minimum 400 mm rainfall per year. The spread of 
rainfall is also very important. During the long dry spells, one monthly life saving 
irrigation is important in its initial 2 years of plants establishment as it is a perennial 
crop that is expected to stand for 30–35 years. Hence, crop planting is recommended 

   Table 9.1    Plant density per unit area based on annual precipitation   

 No.  Annual rainfall (mm)  Spacing (m)  Plant density/ha 

 1  < 500  2 × 1.5  3,333 
 2  501–1,000  2 × 2  2,500 
 3  1,001–1,800  2 × 2.5  2,000 
 4  1,801–2,500  3 × 2  1,600 
 5  2,501–3,500  3 × 3  1,111 

   Table 9.2    Soil amendments and number of applications (MT=100 kg)   

 Initial soil PH  Soil amendments  Qty/ha bring to PH 7  No. of years 
 5.0  Lime  20 MT  2 (10MTx2) 
 5.5  Lime  16 MT  2(8MTx2) 
 6.0  Lime  11 MT  2(5.5MTx2) 
 6.5  —  —  — 
 7.0  —  —  — 
 7.5  —  —  — 
 8. 0  Gypsum  2.5 MT  1 
 8.5  Gypsum  5.0 MT  2(2.5MTx2) 
 9.0  Gypsum  5.0 MT  2(2.5MTx2) 
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in the beginning of the rainy season of the year. Once the crop is established, 
irrigation is less important, but the yields are dependent upon the spread of rainfall. 
At NBL, seed yield (Kg plant −1 ) of third year crop under rainfed conditions is pre-
sented in Table  9.3 .  

  Bush clearing and land shaping: It is recommended to cut the bushes and dig 
the entire root zone. A minimum  shaping of land as per slope or gradient is 
required to avoid soil runoff, to control soil erosion, to improve water retention and 
to improve ground water recharge (Table  9.4 ).  

  Land preparation, alignment and staking: We plough the land with a mould  
board plough in two directions. Harrowing should be done across the slope and pit 
marking has to be given in straight lines by maintaining a uniform distance of 2 m 
between rows and of 2 m as well between plants. 

  Pit preparation:  Since land is already ploughed, making another 6 in. to obtain a 
50 cm x 50 cm pit with pick and spade is possible. Pits have to be dug at a distance 
of 50 cm one of the other. While preparing the pit, the  fi rst 25 cm of soil from the 
pit should be put on one side of the hole and the last 25 cm of soil, on the other side 
(Fig.  9.1 ).  

  Pit mixture preparation and pit re fi lling:  The pit mixture consists of 2 kg farm-
yard manure (FYM) or 1 kg vermicompost, 6 g bio-inoculants (1 g from each packet 
supplied by NBL), Urea at 60 g, single super phosphate at 20 g and muriate of pot-
ash at 15 g to be mixed thoroughly with the lower portion of 25 cm soil taken out 
from the pit. While re fi lling the pits, the upper portion of the soil removed from the 

   Table 9.3    Seed yield per 
plant (Kg) of 3-year old crop 
under rainfed conditions   

   Table 9.4    Spacing 
for gradient terraces   

 Block  Rainfed 
 Rainfed + life 
saving irrigation 

 Variation 
in yield (%) 

 A  1.1  1.4  21.4 
 B  1.4  1.8  21.3 
 C  1.3  1.6  19.0 
 D  1.2  1.7  27.5 
 E  1.5  1.8  16.7 
 Average    1.3         1.7      20.6  

 Field slope (%)  V.I (m)  H.I (m) 

  0.5    0.45    140  
  1    0.75     75  
  2    0.90     45  
  3    1.05     35  
  4    1.20     30  
  5    1.35     27  
  6    1.5     25  
  7    1.65     23.7  
  8    1.80     22.5  
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pit should be  fi lled at the bottom of the pit and the lower portion removed from the 
pit should be mixed thoroughly with compost, bio-inoculants and fertilizers to be 
 fi lled at the top. 

 Jatropha succeed in taking up in marginal soils lacking in available nutrients. 
However, certain nutrients are  fi xed in the soils in unavailable forms to Jatropha. 
Addition of bio-inoculants consisting of micro organisms allow the solubiliza-
tion of phosphorous and potash and make the nutrients available to the plants. 
The bio-inoculants kit consists of 6 micro organisms and includes (1) vesicular 
arbuscular mycorrhiza (VAM), (2) phosphorous solubilizing bacteria, (3) 
Azotobacter sp., (4) Trichoderma viride, (5) potassium solubilizing bacteria, and 
(6) Metarhizium sp. 

  VAM: They are  capable of extending the nutrient scavenging capacity of the plant 
on a purely physical basis and also releases compounds, which dissolve the 
elements under insoluble form such as phosphorus and zinc, thus, improving the 
uptake of these nutrients. 

  PSB: Phosphate solubilizing bacteria (PSB) increase phosphorus availability to the 
plant; phosphorus  is a major nutrient for plants inducing vigorous growth and also 
contributing to their disease resistance. Phosphorous helps in root formation as well 
as plant growth and fruting. The plant by itself utilizes only 10–15% of the phosphate 
applied. The other 85–90% remain in insoluble form in the soil. PSB is a highly 
ef fi cient phosphate solubilizing microorganism or a mix of such microorganism that 
grows and secretes organic dissolving unavailable phosphates into soluble forms 
and making them available to plants. Thus, the availability of residual phosphates in 
the soil is improved and external application can be optimized. 

  Azotobacter: It contains a highly  ef fi cient nitrogen  fi xing bacteria of the Azotobacter 
genus, which produces a variety of growth promoting substances like indoleacetic acid 

  Fig. 9.1    Pit preparation for  J. curcas        
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(IAA), gibberellins (GA), vitamin B and antifungal substances. Another important 
characteristic of the bacteria from this genus is associated to their excretion of ammo-
nia in the rhizosphere in the presence of root exudates. It  fi xes N

2 
at about 15–20 kg/ha 

under ideal soil conditions and thereby reduces the requirement of nitrogen fertilizers 
by 10–20%. 

  Trichoderma:  It is an agent used for the biocontrol of soil diseases. It has been used 
successfully against pathogenic fungi. T. virides strains solubilize phosphates and 
micronutrients. The application T. virides strains to plants increases the number of 
deep roots, thereby increasing the plant’s ability to resist drought. 

  KSB: —Potassium solubilizing bacteria (KSB) are used to improve plant growth by 
stimulating their potassium uptake. Bacillus mucilaginous and Bacillus edaphicus are 
examples of microorganisms that are used as biofertilizers. KSB solubilizes potas-
sium rock through production and secretion of organic acids. Potassium has many 
functions in plant growth, such as smoothing the progress of cell division and growth, 
increase disease resistance and drought tolerance, regulate the opening and closing of 
stomata required for osmotic regulation. Potassium is essential for photosynthesis and 
act as a key to activate the enzymes from carbohydrate and amino acid metabolisms. 
Furthermore, potassium aids in the transport of assimilates during plant ontogeny and 
one of its most important in fl uences is to improve oil content in plants. KSB is made 
of aerobic bacteria, which play an important role in maintaining soil structure by their 
contribution in the formation and stabilization of soil aggregates. 

  Metarhizium anisopliae : It is a fungus that naturally grows in soils throughout the 
world and causes disease in various insects by acting as a parasite; it is known to 
infect over 200 insect species including termites. It is currently being used as a bio-
logical insecticide to control a number of pests, such as grasshoppers, termites, 
thrips, etc. The fungus does not appear to infect humans or other animals and is 
considered safe as an insecticide. 

  Transplantation and watering:  The plantlets have to be transplanted at a depth of 
4–6″ by grouting the entire root system into the soil (no root zone exposed above the 
ground) depending on the size of the root system. For initial crop stand, watering has 
to be done to maintain soil moisture at  fi eld capacity, once in 10–15 days depending on 
the texture and structure of the soil. This watering is required at least for the  fi rst three 
months to ensure the initial crop stand. 

  Integrated nutrient management (fertilization):  The basal dose of nutrient 
application should be done only during pit preparation as detailed above. During the 
second year, organic manure at 2.5 ton ha −1  needs to be applied. From third year 
onwards, nutrients from Jatropha leaf fall (kg ha −1 ) was found suf fi cient. 

  Analysis of plant parts for nutrient status and recommendations:  Plants from 
the  fi rst to the  fi fth year of growth were uprooted and digested to know their micro 
and macro nutrient contents for the calculation of fertilizer requirement. 

 During winter, Jatropha goes to deciduous stage and leaf senescence happens 
every year adding 3–4 kg of dry leaf per plant to the soil (Fig.  9.2 ). Thus, arti fi cial 
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fertilization is calculated as the amount of nutrients needed to complement that 
coming from the natural fertilization due to leaf litter falling on the soil each year 
(Table  9.5 ).  

    1.    Average No. of leaves per plant (3 years and above): 2000  
    2.    Average weight of dry leave: 1.75 g  
    3.    Dry leaf addition to soil every year: 3.5 Kg plant −1   
    4.    Plant density: 2,500/ ha  
    5.    Total leaf fall every year on a dry wt. basis: 8.75 tons ha −1      

 In addition to the enrichment of soil with nutrients from leaf litter, NBL recom-
mends application of 300 kg of Jatropha deoiled cake per hectare, which adds 96, 
36 and 54 kg ha −1  of N, P and K, respectively at 3.2, 1.2 and 1.8% availability. 

  Water management and water footprint:  With Indian food supply chain being 
irrigation dependent, the rising cereal demand is likely to degrade the water resources 
in the country. A study conducted by USAID reports that cultivation of Jatropha 
(a non-food biodiesel feedstock) on marginal lands would consume less water 

  Fig. 9.2    Deciduous stage showing dry leaf fall       

   Table 9.5    Nutrient availability from dry leaves   

 Nutrient  % of dry leaf wt.  Available nutrient (g plant −1 )  Available nutrient (Kg ha −1 ) 

  Nitrogen    3.64    127.4    318.5  
  Phosphorous    0.25    8.75    22  
  Potash    2.32    81.2    200  
  Sulphur    0.17    5.95    15  
  Calcium    2.67    93.45    234  
  Magnesium    1.05    36.75    92  
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 compared to other conventional biofuel feed stocks (Table  9.6 ). The study also esti-
mates that Jatropha yields 2.67 kg of biodiesel per mm of water consumed compared 
to 2.33 kg per mm of water consumed by most demanded feed stocks like Palm Oil.  

  Weeding and inter:  After plant establishment, weeding and interculture cleaning is 
necessary to avoid crop weed competition. Weeding and interculture cleaning can 
be done mechanically by ploughing the land in two directions. Weeds within the 
vicinity of the plants may be removed manually at least 3–4 times in a year ( fi rst 2 
years) depending on weed density. 

  Integrated crop management:  The other aspects of integrated nutrient manage-
ment include proper canopy architecture, increasing the harvest index, standardiz-
ing the leaf area index, the cropping system and irrigation requirements of the 
crop. 

  Pruning and canopy architecture:  Pruning is done every year after the harvest in 
the month of March. This process increases the number of productive branches, 
avoids summer fruiting and maintains a proper canopy architecture with a height 
lower than 2 m. Figure  9.3  shows the quantity of pruned biomass that is obtained 
from each hectare of plantation.  

  Integrated pest management:  Jatropha is considered to be tolerant to many pests 
and diseases, but this was true as long as it was wild. Once the crop is being domesti-
cated, a wide array of insect pests as well as fungi, bacteria and viruse diseases were 
observed along with physiological disorders. NBL observed several pests and dis-
eases in its trials whose main are:

    1.    Scutellarid bugs  
    2.    Mealy bug  

   Table 9.6    Comparison of sustainability of Jatropha versus other non-sustainable feed stocks   

 Feedstock 

 Water requirement, 
low to high 
(mm year −1 ) 

 Biofuel yield per 
unit of water 
(kg mm −1 ) 

 Growing 
season/time to 
full maturity 

 Growing season/
time to full 
maturity 

  Sugarcane    1,500    2,500    1.65    10–12 months  
  Sorghum    450    650    0.82    4–5 months  
  Sweet sorghum    450    650    3.45    4–5 months  
  Oil palm    1,800    2,500    2.33    10–12 years  
  Jatropha    150    300    2.67    3–4 years  
  Coconut oil    600    1,200    5.2    5–10 year s 
  Maize/Corn    500    800    0.69    4–5 months  
  Rapeseed    350    450    0.83    120–150 days  
  Sugar beet    550    750    11.34    5–6 months  
  Wheat    450    650    1.09    4–5 months  
  Soybeans    450    700    0.35    100–150 days  
  Sun fl ower    600    750    0.32    100–120 days  
  Groundnut    400    500    1.13    100–120 days  
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    3.    Leaf and in fl orescence Webber  
    4.    Yellow Mite  
    5.    Termites  
    6.    Powdery Mildew  
    7.    Mosaic virus     

 NBL has developed effective control measures to combat these pests, which can 
otherwise cause damage and reduce yields by 20–30% (Table  9.7 ).   

 Propagation Techniques 

  Seed raised seedlings:  NBL has developed propagation techniques of seed raised 
seedlings based on  vegetative propagation to guarantee the homogeneous multipli-
cation of its elite plant material (Fig.  9.4 ).  

  Fig. 9.3    Biomass (BM) yield (MT=100 kg) of J. curcas         

   Table 9.7    Pest incidence and yield loss in  J. curcas    

 Insect/Disease  Yield (Kg plant −1 )  Yield variation (%) 
  Control    1.4    —  
  Scutellarid bugs    1.17    16.42  
  Mealy bug    0.89    36.42  
  Leaf and in fl orescence webber    1.05    25.0  
  Yellow mite    0.9    35.71  
  Powdery mildew    1.13    19.28  
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  Fig. 9.4    Propagation of elite material through seeds and vegetative cuttings       

   Productivity of Jatropha 

 The productivity of seeds and oil are the most critical factors that govern the Jatropha’s 
sustainability in the farmers’  fi elds. There have been reports of fruit yield in Jatropha 
varying from a humble half a kilogram per plant to more than 12 kg per plant. 

 One to one and half kg per plant is a routine productivity that has been achieved 
by several institutes and companies in the country. Several projects of research and 
development conducted under DBT and NOVOD Board (India) have reported this 
productivity. Apart from these results, several institutes have also reported plants 
with productivity of 2 kg per plant. 

 NBL has selected superior plants with productivity of 2 kg per plant and hybridized 
these plants in their inter-speci fi c and intra-speci fi c hybridization program. This has 
given them a value of 5.2 kg in the NANDAN-1 hybrid as the highest average yield. 

 Nandan-1, Nandan-2 and Nandan-3 are intra-speci fi c hybrids developed by NBL, 
which are tested under both rainfed and irrigated conditions. Five-year-old plantations 
are available and yields under both the conditions are presented in Fig.  9.5 .   

   Cost of Plantation 

 Several factors control the costs of plantation such as soil type, irrigation, facility, rain-
fall amount and regularity, etc. NBL has calculated the number of man days required 
for various operations of Jatropha cultivation (Table  9.8 ).        
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  Fig. 9.5    Seed yield (kg plant −1 ) of Nandan hybrids under rainfed and irrigated conditions       

   Table 9.8    Number of man days (MD) for different operations of  J. curcas  cultivation   

 No.  Activity/ha  Man days 
  1    Bush clearing & land shaping    10 MD  
  2    Alignment and staking    5 MD  
  3    Digging of pits of 50 cm × 50 cm × 50 cm @ 50 pits per MD    50 MD  
  4    Fertilizer application    2 MD  
  5    Mixing FYM, insecticides, fertilizers & re fi lling pits @100 pits per MD    25 MD  
  6    Planting & replanting cost of 100 plants per MD and 5 MD, respectively.    25 MD  
  7    Weeding & soil working × 2 times per year    10 MD.  
  8    Harvesting of fruits/seeds @ 2 MD per 100 Kg of seed from third year onwards  

  Total    127 MD  
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         Introduction 

  Jatropha curcas  L., a non-edible oilseed, drought tolerant, is gaining  popularity 
commercially as a biodiesel plant in India and many other developing countries. 
It is mostly grown as a medicinal plant or hedge crop and is being advocated for the 
development of waste lands and dry lands throughout the world. The crop has been 
expected to be less prone to damage due to different categories of pests and diseases 
as wild varieties were used as live fence in dry lands. Another reason is that the seed 
oil is reported to have insecticidal, molluscicidal, nematicidal and fungicidal 
properties. However, reports of pest outbreaks on J. curcas have started appearing 
with planting J. curcas as a regular monocrop in both marginal and arable lands 
using high yielding and high fertilizer responsive cultivars. Serious problems of 
economic signi fi cance have been reported in J. curcas plantations due to attack 
of fungi, bacteria, viruses, insects and other pests. Cryoconservation did not reduce the 
incidence of fungi on J. curcas seeds though the physiological quality was preserved 
(Goldfarb et al.  2010  ) . Adverse impact on the crop economics is expected from pest 
and disease attacks since it could seriously affect production costs. 

 In view of the considerations above, the global status of insect pests and diseases 
on  J.curcas  and some species of the Jatropha genus has been reviewed and compiled. 
Below, we report on common and scienti fi c names of pests and diseases along with 
photos of their corresponding symptoms wherever available. We also report on the man-
agement options given in the literature for each of the important pests and diseases.  
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   Fungal Diseases 

   Root Rot 

 Different fungal pathogens,  viz.,   Fusarium moniliforme, Lasiodiplodia theobromae, 
Phytophthora  sp.,  Rhizoctonia bataticola  or  Macrophomina phaseolina, Sclerotium 
rolfsii, Clitocybe tabescens , etc., are known to cause root rot or collar rot in  J. curcas . 

  Fusarium moniliforme  [Gibberella fujikuroi] causes root rot under waterlogging 
conditions as observed for the  fi rst time during routine surveys in Bawal, Haryana, 
India, causing 20–25% mortality of J. curcas (Sharma et al.  2001  ) . 

  Symptoms:  Yellowing of leaves at 45–50 days after planting, followed by defolia-
tion, drying or wilting of the plant from the tip downwards, and  fi nally death. The 
presence of sooty roots is also observed. The disease is more pronounced during 
winter months. 

  Lasiodiplodia theobromae  root rot and collar rot was reported for the  fi rst time on 
 J. curcas  grown in the state of Tamil Nadu, India with heavy losses in 2007 (Latha 
et al.  2009  ) . Pathogenicity was con fi rmed by arti fi cial inoculations on 1-year-old 
plants. In China, the pathogen caused gummosis of  J. podagrica  (Fu et al.  2007  ) . 
The most damaging root and collar rot disease caused by  L. theobromae  was 
observed on adult plants of  J. curcas  in the states of Minas Gerais, São Paulo 
(Pereira et al.  2009  )  and Ceara (   Freire and Mosca  2009 ) in Brazil. Seed health tests 
undertaken on 213 germplasm accessions of  J. curcas  from Andhra Pradesh, 
Chattisgarh, Uttaranchal, Kerala and Tamil Nadu states in India revealed that 
 L. theobromae  was the most prevalent seed borne pathogen, occurring in 83 acces-
sions from all sources (Anitha et al.  2005  ) . 

  Symptoms:  Yellowing, drooping and shedding of leaves, wilting, blackening and 
decaying of the collar region and rotted roots, followed by death of the plants, espe-
cially those undergoing drought stress. Black pycnidia are seen on the collar region 
and black necrotic patches are observed when the bark is removed from the collar 
region. A blackening of the vascular region is consistently observed on collar and 
root regions of ill plants. The disease can also lead to the death of adult plants.    

  Phytophthora   sp.  was reported to cause root rot in Ghent, Kenya (  http://betterglobe-
forestry.com/research/pests-and-diseases.html    ). Large plantations of J. curcas in 
Chiapas, Mexico had been destroyed by  Phytophthora  sp. in 2009, causing collapse 
and death of young plants (CABI UK Centre Annual Report  2009 ). Interspeci fi c 
hybridization between  J. curcas  and  J. integerrima  was undertaken with the objective of 
combining desirable traits such as resistance to root rot, tolerance to frost and high oil 
content (Dhillon et al.  2009a  ) . The hybrids were successfully obtained only when 
 J. curcas  was used as seed (female) parent. Dhillon et al.  (  2009b  )  also found 
that the cleft grafting of J. curcas scions on J. gossypiifolia rootstock let to resis-
tant individuals to root rot.   
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  Fig. 10.1  Collar rot ( Macrophomina phaseolina ) affected  J. curcas  plant (Courtesy:   http://
jatropha.pro    )           

    Rhizoctonia bataticola  or  Macrophomina phaseolina  

 The collar rot disease is more common in the drip irrigated  fi elds, excessively 
irrigated  fi elds or  fi elds with high water table/poor drainage. The plant tries to 
recover by producing new roots in the rotted area. Secondary root growth is 
stimulated by covering the rotted area with soil (  http://jatropha.pro    ).   Twenty to 
thirthy-days-old  J. curcas  plants showing root rot symptoms (10–13% severity) 
were observed in Bawal, Haryana, India, from April to May 2005 (Sharma and 
Kumar  2009  )  and found that  R. bataticola  was responsible for the disease. 
 R. bataticola  caused basal stem rot of seedlings in nurseries raised in Mexico 
(CABI UK Centre Annual Report  2009 ). The epidemiological factors that 
affected the root rot development were studied (Kumar and Sharma  2010  )  and 
found that inoculum density of 20 g kg −1  soil resulted in 42%  pre-emergence 
mortality  (PEM) and 23%  post-emergence mortality  (POEM). Inoculum at a 
depth of 5 cm induced 42% and 31% PEM and POEM, respectively. Irrigation at 
20 days interval showed maximum PEM (42%) and POEM (35%).  R. bataticola  
or  M. phaseolina  is known to cause collar rot of young seedlings (Heller  1996 ; 
Daey Ouwens et al.  2007 ; Sharma and Sarraf  2007  ) . 

  Symptoms  :  Small light-brown lesions develop on hypocotyl/collar region, which 
later turn dark brown and girdle the entire collar region (Fig.  10.1 ). The infection 
moves downwards rapidly. The tissue inside the bark shows black coloration.   

    Seed and Seedling Rots (Sclerotium rolfsii)  

 Seed and seedling rot of  J. curcas  caused by  S. rolfsii  was observed in a nursery 
raised in Karnataka state, India (Hegde et al.  2009  ) . 

 

http://jatropha.pro
http://jatropha.pro
http://jatropha.pro


178 K. Anitha and K.S. Varaprasad

  Symptoms:  Seedlings show complete wilting. When such seedlings are uprooted, white 
mycelium is seen at the basal portion with sclerotial bodies on rotting seeds or seedlings. 
Hegde et al.  (  2009  )  isolated  S. rolfsii  from such wilted plants and could link fungal infec-
tion to pathogenicity since seed failed to germinate, seeds rotted or germinated only after 
40 days leading discolored seedlings to completely wilt within 4 days.  

    Armillaria tabescens  Root Rot 

  Armillaria tabescens  ( Clitocybe tabescens ) was reported to be responsible for 
Armillaria root rot of J. curcas in USA (Agriculture Hand book 165,  1960  )  and 
Sudan (Dalia Amin  2001  ) . A. tabescens is on the disease list that justi fi es quaran-
tine in India (Plant Quarantine Order  2003  ) . 

  Management:  There are no cost-effective fungicidal sprays to control  Fusarium  root 
rot, according to Michigan State University. Therefore, prevention is the common 
method for controlling root rot. It is indicated to avoid overly moist soil conditions. 
 M. phaseolina  root rot can be effectively managed by soil drenching with fungicides 
like carbendazim at 0.1%, hexaconazole at 0.1%, mancozeb at 0.2% or car-
boxin +  thiram at 0.1%. Carbendazim application increased the plant vigour 
signi fi cantly (Hegde and Chavhan  2009/2010  ) . However, there is no registered 
chemical product for this pathogen on  J. curcas  in Brazil. 

 The collar rot disease of J. curcas can be controlled by using 1% Bordeaux solu-
tion (  http://www.k4rd.org/jatropha.htm    ) (TERI  2007  ) . The disease due to  R. batati-
cola  or  M. phaseolina  can be controlled with 0.2% copper oxychloride (COC) or 
1% Bordeaux drenching (Sharma and Sarraf  2007  ) .  

   Plant Wilt ( Fusarium oxysporum ) 

 The pathogen attacks the plant in the seed bed or in the  fi eld. The disease spreads 
from one plant to another, sometimes through  fl ood and open channel irrigation 
(  http://jatropha.pro/wilt.html    ).  

  Symptoms:  Both young and fully grown plants collapse in a very short time (starting 
from the bottom) as they do not get water due to the blockage of vascular system by 
the fungus (Fig.  10.2 ). When the seedling is attacked, the leaves become pale green, 
wither, dried (Fig.  10.3 ) and fall down leaving only the younger leaves from upper 
plant  fl oors (Fact Foundation  2010  ) .   

  Management:  Several cultural strategies can be followed to control infectious 
plant wilt. These include healthy seedling selection, use of resistant varieties, 
avoiding  fl ooding around the plant, improving soil drainage conditions, avoid the 
creation of a hard crust when using a machine for planting, ridge planting, burn 
the trash or infected plant materials and avoid inter cropping with plants from the 
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Solanaceae family, which are alternate hosts of  Fusarium  spp. The seed treatment 
with carbendazim, soil fumigation or drenching with benlate (50 g/100 l) is effec-
tive in combating the problem although expensive. The application of Trichoderma 
viride as a biocontrol agent at 250 g ha −1  at planting has also given good results.  

   Leaf Spot ( Cercospora jatrophae-curcas ) 

 The incidence of C. jatrophae-curcas responsible for leaf spot symptoms on J. curcas 
has been reported in India (Kar and Das  1988 ; Sharma and Sarraf  2007  ) .  C. 
ricinella  was also found responsible for leaf spots on J. curcas in Indonesia 

  Fig. 10.3  Vascular discolou-
ration due to Fusarium 
oxysporum  (Courtesy: 
  www.jatropha.pro    )          

  Fig. 10.2    Wilt ( Fusarium 
sp. ) affected  J. curcas  
seedling (Courtesy:   http://
jatropha.pro    )       
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(  http://www.waterlandasiabio.com    ).  Cercospora  sp. has been isolated from leaf spots 
observed on  J. curcas  at the University of Florida (  http://strawberry.ifas.u fl .edu/
DiagnosticLab    ). The disease is severe during the rainy season and spreads primarily by 
conidial propagation through rain splash. Temperatures ranging between 24°C and 26°C 
and above 60% relative humidity (RH) are favorable for the disease development. 

  Symptoms:  Initially, small brownish necrotic irregular spots with a yellowish halo 
appear on the leaf surface. As the disease advances, these spots enlarge, coalesce 
and leave characteristic shot hole on the middle. The damage caused by this 
pathogen on  J. curcas  can be very heavy. Sometimes, black or brown round spots 
surrounded by a pale green ring are found on both surfaces of leaves. When the spot 
enlarges, it becomes gray and is surrounded by a brown crown that  fi nally becomes 
irregular (  http://www.fact-foundation.com/    ). The conidia are hyaline, tapering at 
one end and 70 × 3 µm with 2–7 septa. 

  Management:  This disease normally does not hamper fruit production by J. curcas. In 
case of severe incidence, application of 0.2% carbendazim (180–200 litre per acre),  
 mancozeb or any fungicide is helpful. It is recommended to use varieties that are 
resistant to the pathogen. The systemic resistance of J. curcas to pathogens such as 
 Cercospora  sp. and viruses was increased by soaking seeds in leaf extracts of 
 Clerodendrum aculeatum  (Debnath and Verma  2008  ) . A minimal care is to adopt 
the recommended cultural practices that is the removal and burning of infected 
leaves around plant bases as well as the avoidance of overhead irrigation.  

   Alternaria spp. 

 Leaf spot disease caused by  A. alternata  (Fr.) Keissler was observed in the J. curcas 
plantation at Marathwada Agricultural University, Parbhani, Maharashtra in 2006 
(Hudge and Datar  2010  )  and in Jabalpur, Madhya Pradesh (Shukla and Jamaluddin 
 2010  ) , India. Leaf spots caused by  Alternaria  spp. were recorded in India (  http://
www.rrljorhat.com/    ) and Kenya (  http://betterglobeforestry.com/    ). The disease inci-
dence was maximum in the month of August and subsequently decreased up to 
November. High humidity and temperatures in the range of 16–20°C favour the 
disease development and the attack may reach 70% affecting the fruit yield and oil 
content (  http://www.waterlandasiabio.com/    ). 

  Symptoms  :  Initially yellow spots appear on the leaves, later they turn to brown. If 
the infection is massive, the plant becomes stunted, and may also die. If the attack 
occurs at the onset of  fl ower initiation, the buds may die; if it occurs at the end of 
 fl owering, the  fl owers may open, but capsules may not form. If the attack is light, 
the  fl owers may dry. The fungus develops very quickly on the capsules when humidity 
is high and fruits become black. Premature drop of the green blighted fruits also 
occurs in severe cases. The disease may appear throughout the year, but  intensive 
attack occurs in the rainy season. The disease may spread through seeds, internally 
or externally. It may also tumble young seedling in the seed bed. Premature leaf fall 
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due to Alternaria sp. infection on J. curcas was reported in Zimbabwe (  http://www.
jatropha.de/sudan/jatropha-project    ). 

 In vitro effect of temperature and humidity against  A. alternata leaf  spot of 
J. curcas in India was studied by Hudge and Datar  (  2009  ) . These authors found 
that the optimum temperature for its growth was 25°C, followed by 30°C and 35°C. 
Mycelial growth was found to be positively correlated with the incubation period. 
Maximum  sporulation was observed at 25°C, followed by 30°C and 20°C, while 
sporulation was poor at low temperatures, i.e., 15°C and 10°C. The largest mycelial 
growth (90 mm) occurred at 100% relative humidity. The optimum relative humid-
ity for growth and sporulation of the fungus lies between 84.5% and 100%. 

  Management:  Seed treatment with contact fungicide is useful to prevent the  fi rst 
phase of its development.  

   Anthracnose (Colletotrichum spp.) 

 The leaf spot disease caused by  C. gloeosporioides  was recorded on J. curcas 
plants in Sudan (Dalia Amin  2001  )  and Brazil (Freire and Mosca  2009  ) . Brown 
angular lesions with yellow halo (Fig. 10.4 ) followed by enlarged necrotic lesions 
(Fig. 10.5 ) on leaves are the most common symptoms. Crown canker, apical death 
of seedlings and foliar necrosis were observed on  J. curcas  in  fi elds located in the 
Yucatan Peninsula in Mexico in 2008 affecting 25% of the production (Torres-
Calzada et al.  2011 ).  

  C. jatrophae-curcas  was found responsible for leaf necrosis in Mexico in 2009 
(CABI UK Centre Annual Report  2009 ). Periodic surveys of different places 
(Chitrakoot, Seoni, Narsinghpur and Bilaspur) in Madhya Pradesh, India, and in the 
neighbourhood of J. curcas revealed that J. curcas plants were infected with  C. dema-
tium  (Gupta et al.  2007 ; Shukla and Jamaluddin  2010  ) . Naik  (  1993  )  reported 
the incidence and pathogenicity of  C. gloeosporioides  [ Glomerella cingulata ] on 

  Fig. 10.4    Angular leaf spot stage of anthracnose (Colletotrichum spp.) symptoms on J. curcas 
leaf (Courtesy: Dra. Daisy de la C. Perez Brito, Yucatan, Mexico)       

 

http://www.jatropha.de/sudan/jatropha-project
http://www.jatropha.de/sudan/jatropha-project


182 K. Anitha and K.S. Varaprasad

 J. glandulifera  in India for the  fi rst time. Seed health tests undertaken on 213 
germplasm accessions of  J .  curcas  from different states in India revealed the pres-
ence of  C. acutatum  and  C. graminicola  (Anitha et al.  2005  ) . Stephen and Mark 
 (  2010  )  reported the incidence of anthracnose and leaf spot due to  Colletotrichum  
sp. on  J. integerrima  in Lee county, USA by the University of Florida.  

  Management:  Infected leaves should be removed when the plant is dry. Leaves 
fallen around the base of the plant should be raked up and disposed of. Overhead 
irrigation should be avoided as far as possible and water should be directed at soil 
level. Watve et al.  (  2009  )  studied the management of  C. gloeosporioides  using 
 biocontrol agents, plant extracts and fungicides and found that  Trichoderma har-
zianum (in in vivo assay), neem leaf extract (in in vitro assay)  and carbendazim 
followed by propiconazole were effective against the disease.  

   Powdery Mildew ( Oidium  spp.;  Erysiphe euphorbiae; E. jatrophe ) 

 Powdery mildew damages leaves and  fl owers of J. curcas in Zimbabwe (  http://
www.jatropha.de/sudan/jatropha-project    ) and Kenya (  http://betterglobeforestry.
com/    ).  Oidium  sp. was observed on  J. gossypiifolia  in Cuba (Bocourt et al.  2005  ) . 
Reddy and Reddy  (  1980  )  reported  Erysiphe euphorbiae  on  J. gossypiifolia  L. from 
India. Later Braun  (  1987  )  reported  E. jatrophe  Doidge on  J. zeyheri  Sond from 

  Fig. 10.5    Advanced necrotic lesions (Colletotrichum spp.) on J. curcas leaf       
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South Africa. Occurrence of E. jatrophe   on  J. curcas  plants was reporded in Manipur, 
India (Sharma et al.  2010  ) . 

 Powdery mildew occurred in the nursery damaging leaves and stems in Zhenkang 
County, China in July of 2008 (Li et al.  2009  ) . Infection characteristics of powdery 
mildew on  J .  curcas  were studied in China and the results showed that plantations 
of J. curcas were easily infected by several waves of powdery mildew over the dura-
tion of the experiment. The period of August to October corresponded to the peak 
incidence of the disease given the favorable temperatures and humidity. After 
November, the disease development decreased, but never stopped (Li et al.  2010  ) . 

  Symptoms  :  The white powdery mycelium of the fungus is seen mainly on younger 
leaves and terminal shoots (Fig.  10.6 ). Powdery mildew damages leaves and  fl owers 
of J. curcas more often in areas with low average temperatures and relatively high 
humidity.  

  Management:  Products based on dithiocarbamate (Zineb, Dithane, Manzate, etc.) 
may be used to  fi ght the disease (  http://jatropha.pro/    ).  

   Pestalotiopsis Blight ( Pestalotiopsis   spp .) 

 J. curcas is reported to be a host of  Pestalotiopsis guepinii  (Mordue  1971  ) . Leaf spot 
caused by  P. versicolor  (Phillips  1975  )  and  P. paraguarensis  (Singh  1983  )  on 
 J. curcas  was reported earlier.  P. mangiferae  was isolated from affected plants in 
Allahabad, Uttar Pradesh and it was con fi rmed that in the absence of bark injury, the 
pathogen failed to enter the plant system to cause the disease (Pandey et al.  2006  ) . 

  Fig. 10.6    J. curcas seedling infected with powdery mildew (Courtesy:   http://jatropha.pro    )         
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The incidence and severity of  Pestalotiopsis  blight was recorded in 2006 in all plan-
tations and hedges of J. curcas in two agro-climatic zones in Karnataka with very 
high levels of disease severity index (DSI) (Chavhan et al.  2010  ) .  Pestalotiopsis  sp. 
is also known to cause leaf spot on J. curcas (Sharma and Sarraf  2007  ) . 

  Symptoms  :  Stems of affected plants exhibit multiple injuries at the collar region and 
above. The exposed inner tissue is dark brown to black. Small to extended cankers 
are formed at these wounds, giving the area a charcoal black appearance (Pandey 
et al.  2006  ) . 

  Management:  Two sprays of 0.1% mancozeb at 30-day intervals proved to be highly 
effective in decreasing the disease in the  fi eld at very low disease severity index 
(DSI of 1.17) compared to a DSI of 1.85 in the control   (Chavhan et al.  2010  ) . 

 Fungicidal screening revealed that carbendazim completely inhibited the 
 P. mangiferae  colony growth even at the lowest concentration (0.1%). Dithane M-45 
[mancozeb] was effective only at 0.3%, while captan proved to be ineffective even 
at 0.3% (Pandey et al.  2006  ) .  

   Botrytis Decay ( Botrytis ricini ) 

  Symptoms  :  The initial symptoms appear as black spots on the  fl owers. The disease 
is a very serious problem in the rainy season especially when it coincides with the 
capsule forming phase. The disease spreads with rains during the nights when 
the temperature is cool. The infected  fl owers start to rot and end up covered. 
Pathogen spreads from the  fl ower to the fruit capsule easily (  http://www.waterlan-
dasiabio.com/rd/    ).  

   Rust ( Phakopsora jatrophicola; P. arthuriana ) 

 There are two rust species recorded on  J. curcas — Phakopsora jatrophicola  and 
 P. arthuriana . Although  P. pachyrhizi  has quite a broad host range within the 
legumes, it has not been recorded on  J. curcas  (  http://biofuelexperts.ning.com/    ). 

 Incidence of  P. jatrophicola  on J. curcas was noticed in Sudan (Dalia Amin 
 2001  ) . Survey conducted in 2009 revealed that rust caused by  Phakospora  spp. 
was the most widely spread and damaging disease in Mexico (CABI UK Centre 
Annual Report  2009 ), infecting plants of all ages.  J. curcas  infected by rust 
( P. jatrophicola ) with 25–30% disease severity was also recorded in Singapore 
(AVA  2010  ) .  

 New isolates of  P. jatrophicola  from Central and South America have been tested 
on six different Australian varieties of  J. gossypiifolia , which is a declared noxious 
weed in Australia (Seier et al .   2009  ) . All varieties tested, including  J. curcas , were 
susceptible to the rust species. Hence, it was decided to collect and evaluate 
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 additional strains of  P. jatrophicola  with an increased host speci fi city for J. 
gossypiifolia. 

  Symptoms  :  The disease looks like rust spots with symptoms as small, bright orange, 
yellow, or brown pustules on the lower surface of the leaf. When touching it with 
the  fi nger, it leaves a colored spot of spores. Leaf necrosis and defoliation of 
seedlings are the major symptoms. The pathogen attacks many plants from 
 Euphorbiaceae .   

  Management:  Spraying or dusting using sulfur powder and mancozeb fungicide 
may reduce the intensity of the attack. In anticipation of new resistant varieties, 
some basic cares such as maximum air circulation, clean up of plant debris espe-
cially around plants that have been infected, avoidance of overhead irrigation and 
water irrigation only during the day to allow plant drying before night are ef fi cient 
means of inoculum control.   

   Viral Diseases 

   Jatropha Mosaic Virus Disease 

 The  Jatropha mosaic virus  (JMV) was  fi rst reported on  J. gossypiifolia  from Puerto 
Rico and identi fi ed as begomovirus (Brown et al.  1999  ) . There are reports on occur-
rence of JMV (JMV-PR) on  J. gossypiifolia  and  J. multi fi da  from Puerto Rico (USA) 
(Bird  1957 ; Brown et al.  1999  ) . JMV was also reported from Cuba on  J. gossypiifolia  
(Martinez  2008  ) . 

 The Jatropha mosaic virus disease (JMVD) has emerged recently and is now 
widely spread in India. The incidence of JMVD ranged between 13% and 47% in 
Karnataka state, India, causing signi fi cant yield loss (Narayana et al.  2006  ) . The 
putative  Jatropha mosaic Indian virus  (JMIV) is transmitted through grafting, the 
dodder  Cuscuta subinclusa  and the white fl y,  Bemisia tabaci.  Phylogenetic  analysis 
of the core coat protein (CP) sequences of JMIV and begomoviruses shows that 
JMIV groups in a separate cluster close to  Indian  and  Sri Lankan cassava mosaic 
virus  isolates and shared highest nucleotide identities (90–95%) with them (Narayana 
et al.  2007  ) . The association of a begomovirus with JMD has been found in north 
India where it possesses the highest identity level and the closest relationships with 
 Indian  and  Sri Lankan cassava mosaic virus  isolates (Raj et al.  2008  ) . The begomo-
viruses causing JMD in the Americas grouped separately from JMIV and shared 
only  72.8–75.2% nucleotide identity with the core CP and are, thus, distinct. 

 JMD was identi fi ed in  J. curcas  plantations as well as in wild stands in semi 
arid regions of India (  http://www.phytotron.com/jatropha1.htm    ). Serious disease 
symptoms were observed on a large number of  J. curcas  plants in various locali-
ties of Balrampur District, Uttar Pradesh during the rainy season of the year 2005 
(Tewari et al.  2007  ) . The disease was sap transmissible and cleft graft  transmissible, 

http://www.phytotron.com/jatropha1.htm
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but not transmitted through seed, dodder and insects (aphids and white fl ies). 
The disease could not be transmitted to any other plant except  J. curcas . Attempts 
made by sap inoculation and grafting to  Nicotiana glutinosa ,  Lycopersicon 
 esculentum ,  Solanum melongena ,  Datura stramonium  and  Carica papaya  were 
not successful (Tewari et al.  2007  ) . 

 The disease resembles to some extent with the  tobacco leaf curl virus  (TLCV) 
(Shanta and Menon  1959  ) . Chlorosis is prominent in case of the disease in  J. curcas , 
while not common on plants attacked by TLCV. The virus causing the mosaic disease 
in  J.  curcas  is not transmitted by white fl ies, while TLCV is neither transmitted by 
white fl ies (Smith  1957  )  nor by sap (Garga    1960  ) , hence it is considered as a 
distinct record of mosaic. Metabolic and histopathological alterations of J. curcas 
induced by the Jatropha mosaic begomovirus   were studied by HR-MAS NMR spec-
troscopy and magnetic resonance imaging (Sidhu et al.  2010  ) . 

  Symptoms  :  Naturally infected plants showed mosaic, reduced leaf size, leaf distor-
tion, blistering and stunting (Fig.  10.7 ). White fl y  inoculated plants developed typi-
cal symptoms such as veinal netting, chlorotic specks, leaf distortion and stunting of 
seedlings within 30 days of inoculation (Narayana et al.  2006  ) . The disease was 
successfully established in healthy plants through grafting using scions from 
infected cuttings. Graft-inoculated plants produced typical mosaic symptoms within 
25 days after graft inoculation. The success rate of disease transmission of JMVD 
to healthy plants through silverleaf white fl y ( Bemisia tabaci  ‘B biotype’) was 
reported to be as high as 40% (Narayana et al.  2006  ) . Although its vector was found 
in 1994, JMVD has not yet been found in Australia (Jones and Csurhes  2008  ) .   

 Gao et al.  (  2010  )  reported the completion of the nucleotide sequence of the virus. 
Phylogenetic analysis of the virus genome suggests it is a new strain of  Indian  cassava 
mosaic virus . The authors suggest that with the genome sequence and the availability 

  Fig. 10.7    J. curcas plant affected with Jatropha mosaic virus (Courtesy: Aswatha Narayana 
et al.  2006 )       
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of the two infective clones, it may be possible to use  double-stranded hairpin RNA 
or arti fi cial miRNA-mediated RNA interference technology to generate transgenic 
J. curcas lines that would be resistant to this new disease. 

  Management:  The application of ZILLON™ is quite effective against JMVD. Virus 
free planting material should be propagated to check the disease spread (  http://
www.phytotron.com/jatropha1.htm    ). The investigations on epidemiology and 
development of speci fi c diagnostic techniques have helped to develop suitable 
management strategies to combat the disease, which is likely to become a serious 
threat for J. curcas cultivation in the country.  

    African cassava mosaic virus  

  J. multi fi da  is known to be a host of African cassava mosaic virus (ACMV), as a 
related species of J. curcas and, thus, may serve as a reservoir for ACMV.  J. curcas  
should not be grown in association with cassava (  http://www.jatropha.de/photo-
show/index.htm#use    ) as it is also believed to be capable of transmitting the cassava 
super-elongation disease ( Sphaceloma manihoticola ) (Achten et al.  2008 ).  

    Cucumber mosaic virus  

 Occurrence of  Cucumber mosaic virus  (CMV) on  J. curcas  in India was reported in 
Uttar Pradesh, India during 2006 (Raj et al.  2008  )  where the major symptoms were 
severe mosaic accompanied by yellow spots. Sap transmission, gel diffusion tests, 
RT-PCR assays, cloning, sequencing and BLAST analysis indicated a 98–99% 
identity of the virus responsible for the symptoms with CMV isolates. Sporadic 
incidence of several other pathogens infecting J. curcas plantations was recorded 
from places to places all over the world (Table  10.1 ).     

   Nematode Diseases 

   Root-Knot Nematode ( Meloidogyne javanica; M. incognita ) 

  J. podagrica  is registered as a new host for root-knot nematode ( Meloidogyne 
javanica ) in Brazil (Freire and Mosca  2009 ; Erum et al.  2005  ) . However, the reac-
tion of J. curcas to  M. javanica  was studied in Brazil by Fernandes and Asmus 
 (  2007  )  and found that J. curcas was immune to  M. javanica . Incidence of  M. incog-
nita  has been recorded on  J. podagrica  from Pakistan (Zarina  1996  )  with maximum 
population observed during the months of January to April and a rapid decline dur-
ing summer months.   

http://www.phytotron.com/jatropha1.htm
http://www.phytotron.com/jatropha1.htm
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   Table 10.1    Other diseases recorded on  Jatropha  spp.   

 Pathogen  Host  Country of report  Reference 

  Amphobotrys ricini    J. podagrica   Brazil  Lima et al.  (  2008  )  
  Botryodiplodia theobromae    J. podagrica   China  Fu et al.  (  2007  )  
  Alternaria  sp.,  Colletotrichum  sp., 

 Dothiorella  sp.,  Fusarium  sp., 
 Oidium  sp., and  Xanthomonas  
sp. 

  J .  curcas   Nicaragua     Padilla and 
Monterroso 
 (  1999  )  

  Cordana musae  (leaf spot) and 
 Chlaropsis thielavioides  
(Marginal necrosis) 

  J .  curcas   Philippines  Tuan et al.  (  2009  )  

  Dothiorella gregaria  (Stalk rot); 
 Diplodia  sp. (Root and stem rot) 

  J .  curcas   China  Wang et al.  (  2009  )  

  Elsinoë   and  Sphaceloma  spp.   J .  aconitifolia  
var.  papaya  

 Central and 
South America 

 Zeigler and Lozano 
 (  1983  )  

  Elsinoë brasiliensis  (superelongation 
disease of cassava) 

  J .  curcas   n.a  www.cabi.org 

  Fusarium solani    J .  glandulifera   India  Das  (  1995  )  
  Fusarium  spp.,  Phytophthora  spp ., 

Pythium  spp .,  (Root rot and 
Damping-off) 

  J .  curcas   n.a.  Heller  (  1996  )  

  Fusarium solani ;  Macrophomina 
phaseolina ;  Pestalotia  sp; 
 Phoma  sp. 

  J .  curcas   Andhra 
Pradesh, India 

 Sudhir et al.  (  2007  )  

  Helminthosporium  [ Drechslera ] 
 tetramera  

  J .  curcas   India  Singh  (  1983  )  

  Meliola jatrophae  (Black mildew)   Jatropha  sp  n.a  Hosagoudar and 
Archana  (  2009  )  

  Nigrospora sphaerica    J. curcas   n.a  Kirk  (  1991  )  
  Passalora ajrekari    J. curcas   Ceara 

state of Brazil 
 Freire and Mosca 

 (  2009 ) 
  P. jatrophigena    Jatropha  sp  Brazil  Braun et al.  (  2004  )  
  Pseudocercospora jatrophae    J. curcas   India  Das and 

Chattopadhyay 
 (  1990  )  

 Powdery mildew and damping-off   J. curcas  
nursery 

 Zhenkang County  Li et al.  (  2009  )  

 Five species of fungi (seed quality 
deterioration) 

  J .  curcas   India  Neelu et al.  (  1996  )  

 Cassava superelongation disease 
( Sphaceloma manihoticola ) 

  Jatropha   n.a.    http://www.
gardenguides.
com     

 Cassava latent virus-C strain   J. multi fi da   Kenya  Bock et al.  (  1981  )  
 Bunchy top virus   J .  curcas   India    http://www.

phytotron.com/
jatropha1.htm     

(continued)
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   Lesion Nematode (Pratylenchus spp.) 

  Pratylenchus roseus  was isolated from the soil around the roots of  J. podagrica  
from Umerkot, Nawabshah and Karachi, Pakistan (Zarina and Maqbool  1998  ) . 
 P. roseus  can be separated from all the other species of the genus by the presence of 
lateral vulval  fl aps.  

   Other Nematode Species 

 Fernandes and Asmus  (  2007  )  studied the reaction of J. curcas to  Rotylenchulus 
reniformis  in Brazil and found that J. curcas was tolerant to  R. reniformis . Two nema-
tode species from the family Hemicycliophoridae (Criconematoidea: Nematoda) 
 viz.,   Hemicycliophora demani  from  J .  gossypiifolia  and  Caloosia exilis  from 
 J. glandulifera  were reported from Orissa (Ray and Das  1980  ) . A  fi eld survey con-
ducted in Northern Samar, Philippines revealed the presence of  Aphelenchoides 
besseyi  from the soil samples taken from the rhizosphere of  J. curcas  (Tuan et al.  2009  ) .   

   Insect Pests 

 A global list of phytophagous insects consisting of 60 species in 21 families and 
four orders has been compiled in Australia, where J. curcas is considered as a weed. 
At least 15 species from the insect order Heteroptera were reported to affect J. cur-
cas in Nicaragua (Manoharan et al.  2006  ) . 

 Pathogen  Host  Country of report  Reference 

  Bacterial diseases  
 Angular spot ( Xanthomonas  sp.)   J. curcas   Nicaragua during 

1993–94 
 Padilla and 

Monterroso 
 (  1999  )  

  Xanthomonas malvacearum    J. curcas   n.a  Hayward and 
Waterston 
 (  1964  )  

  Xanthomonas axonopodis  pv. 
 manihotis  

  J. curcas   Mexico  CABI UK Centre 
Annual Report 
  (2009)     

  Erwinia amylovora  (Fire blight)   J. integerrima   Lee county, USA  Stephen and Mark 
 (  2010  )    http://
lee.ifas.u fl .edu/
Hort/    , browsed 
in Dec 2010 

Table 10.1 (continued)
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   Scutellarid Pests ( Scutellera nobilis, Pachycoris klugii  
and  Chrysocoris purpureus ) 

  Scutellera nobilis, Pachycoris klugii  and  Chrysocoris purpureus  are the scutellarid 
bug pests of J. curcas.  S. nobilis  is very common in Asia and Africa. Ambika    et al. 
( 2007b ) conducted studies on the biology, potential damages and management of 
scutellarid bugs using microbials, plant products and insecticides. 

  Scutellera nobilis (the shield-backed bug or scutellarid bug)    has been consid-
ered as a key pest of J. curcas plantations in India (Chitra and Dhyani  2006 ; Sharma 
 2006  ) , Brazil (Carels  2009  )  and Nicaragua ( Pachycoris klugii ). Very high to 
medium incidence of  S. nobillis  on J. curcas was also reported in Rajanandgaon 
District of Chattisgarh (Pankaj  2007 ; Khande et al.  2008  )  and Andhra Pradesh 
(Prabhakar et al.  2008  ) . Another scutellarid bug,  Agonosoma trilineatum , is also a 
serious problem on J. curcas in India due to its seed-feeding habit (Sharma  2006  ) . 

  Damage:  Damage due to  S. nobilis  is mainly observed during the stage of pod 
development stage to pod maturity. The pest attacks the fruits by sucking the  fl uid 
from the young and premature pods (Fig.  10.8 ). The pest mainly causes  fl ower fall, 
fruit abortion and seed malformation (  www.Jatropha.de    ). It also reduces the seed 
weight. Seed yield losses upto 19% were recorded due to the damage caused by  P. 
klugii  at a density of 3,500 bugs per hectare (Grimm and Guharay  1998  ) . Feeding 
by  P. klugii  and  L. zonatus  leads to fruit abortion, hollow and deformed seeds. In 
Jhansi,  S. nobilis  population was observed to occur at an average of  fi ve per bunch, 
with a maximum of 15 bugs per bunch. The incubation period, nymphal period and 
adult longevity of  S. nobilis  were reported to be 5.9, 26.9 and 38.8–43.5 days, 
respectively (Ambika et al.  2007b ). The potential damages are positively correlated 
with the bug population. Two bugs per plant did not cause signi fi cant damage, while 
20 bugs per plant resulted in signi fi cant damages (Sharma and Srivastava  2010  ) .   

  Fig. 10.8      Nymph of shield 
backed bug ( Scutellera 
nobilis ) attacking  J. curcas  
(Courtesy:   www.Jatropha.pro    )       

http://www.Jatropha.de
www.Jatropha.pro
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    Chrysocoris javanus  and  C. purpureus  

  C. javanus  is easily recognized by its bright red colour with black lines across its 
body. Its length can reach 2 cm. This pest is found in  Ricinus communis  and 
 J. curcas .  C. purpureus  (Fig.  10.9 ) was recorded in North Western provinces, 
Sikkim, Calcutta, Assam and several parts of South India (Prabhakar et al.  2008  ) , 
including Pondicherry (Kershaw and Kirkaldy  1908  ) .   

  Damage:   C. purpureus , another scutellarid bug pest of J. curcas with egg, nymphal 
and adult longevity of 5.75, 33.49 and 45–51 days, respectively with a fecundity of 
25 eggs/female (Ambika et al.  2007b ). 

  Management:   S. nobilis  can be controlled by spraying carbosulfan 25 EC at 1 ml l -1  
(NOVOD Board  2009  ) . Mechanical removal of  C. javanus  adults during pruning 
and plant maintenance is recommended. 

 An egg parasitoid,  Trissolcus  sp. was found to parasitise both the pests,  viz.,   S. 
nobilis  and  C. purpureus .  Beauveria bassiana  was found effective, but neem prod-
ucts were ineffective in controlling the pest. Among the insecticides, carbosulfan 
(0.025%) was found effective followed by monocrotophos (0.045%) and dichlorvos 
(0.076%) (Ambika et al.  2007b ). 

 A treatment of two foliar sprays of lambda-cyhalothrin (5 EC at 25 g a.i. ha −1 ) 
and imidacloprid (17.8 SL 100 mL ha −1 ) given at monthly interval followed by car-
bosulfan (25 EC at 250 g a.i. ha −1 ) and monocrotophos (36 SL at 500 g a.i. ha−1) 
was found effective. Spinosad, endosulfan, and entomopathogenous fungi,  viz.,  

  Fig. 10.9     C. purpureus  
incidence on J. curcas 
(Courtesy:   http://jatropha.pro    )       

http://jatropha.pro
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 Beauveria bassiana  and  Metarhizium anisopliae  resulted in moderate reduction in 
pest population. A maximum reduction of bug population was noticed after the third 
and seventh day of insecticides and bioagents spray, respectively. Chlorpyriphos 
(50 EC at 250 g a.i. ha −1 ) and neem oil (2%) were found less effective and exhibited 
minimum reduction in bug population as compared to other components of the 
integrated pest management  (Sharma and Srivastava  2010  ) . Control of bugs with 
 B. bassiana  and  M. anisopliae  resulted in 65% mortality of  P. klugii  and 94% of 
 L. zonatus , increasing the yield by 28% (Grimm and Guharay  1998  ) .  

   Rainbow Shield Bug ( Calidea dregii ) 

 This pest is known to pose a threat to J. curcas plantations in Guinea-Bissau and has 
potential to cause much more damage to yield and quality of oil (Nielsen  2010  ) . It 
has been reported as a minor pest on J. curcas in India. It also infests sorghum, 
maize, rice, okra, sun fl ower, Noog Abyssinia ( Guizotia abyssinica ), Star Burr 
( Acanthospermum hispidum ),  J. podagrica , and cotton. In Ghana,  C. dregii  Germar 
infestation on  J. podagrica as well as oviposition  on the  fl ower parts and stems was 
reported throughout the year (Kaufmann  1966  ) . Although there are number of difer-
ent  Calidea  spp. in Africa, South of Sahara and Arabia,  C. dregii   was only reported 
on  J. curcas  in Guinea-Bissau and Mozambique (Nielsen  2010  ) . In Mozambique, it 
occurs in insigni fi cant numbers whereas in Guinea-Bissau, it is a major pest. 

  Damage:  The bug sucks the sap from developing seeds leading to premature seed 
dropping or incomplete seed development and low mature seed yield. Seed weight 
from pest affected plants was reduced upto 20% as compared to those from dry areas 
of Mozambique. In cotton, it leads to  fi ber staining, which affects the quality although 
premature boll dropping does not occur (Nielsen  2010  ) . In Tanzania, the develop-
ment of fewer and smaller seeds due to the pest infestation was also reported on 
sun fl ower (Freeman  1939  ) , which demonstrated a large potential of alternative host 
and increased the threat. It was also found that the infestation increased the  free fatty 
acid  (FFA) content of the sun fl ower oil, which results in a drop of transesteri fi cation 
ef fi ciency and biodiesel quality.  

  Management  :  It is dif fi cult to kill this pest with insecticide as it feeds and breeds on 
a wide variety of plants including poisonous ones like J. curcas and castor. In addi-
tion, their population size increases rapidly with the spreading and devastation rates 
that one may expect. In Tanzania, early planting of cotton reduced the bug infesta-
tions, probably because the boll formation stage coincided with a time when there 
were other food sources available for the bug. This method cannot be used for peren-
nial plants like J. curcas. Pruning can delay or break dormancy and thus in fl uence 
the  fl owering time of  J. curcas. Field trials should be established to assess its fea-
sibility and effectivity. In Ghana (Kaufmann  1966  ) , the bug population was found 
to be more or less constant. Nymphs eat eggs, thus a higher density of nymphs 
reduces the number of eggs for the next generation. These bugs are highly mobile 
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and  fl y around in the area to whatever food source is available. The high number of 
bugs observed in Guinea-Bissau is probably due to a lack of alternative feed sources 
in the middle of the dry season.  

   True Bugs Leptoglossus zonatus (Dallas) (Het.: Coreidae), 
Pachycoris klugii Burmeister (Het.: Scutelleridae), Hypselonotus 
intermedius Distant (Het.: Coreidae) 

 Two species of fruit feeding true bugs,  Leptoglossus zonatus  (Leaf-footed bug) and 
 Pachycoris klugii  and one  fl ower feeding true bug,  Hypselonotus intermedius , are 
known to cause damages to J. curcas plantations. In Nicaragua, fruit borers 
(L. zonatus, Hyalymenus tarsatus) and  fl ower borer (H. intermedius) has been 
reported (Grimm and Maes  1997b  ) . The most frequent true bug found in Central 
America is  P. klugii,  which has been observed throughout the year at densities upto 
127 insects per tree or 140,000 per ha of plantation (Wink et al.  2000  ) . J. curcas, 
with its regular fruiting of homogeneous nutritional quality, is as a highly suitable 
food plant for L. zonatus allowing it to maintain its populations throughout the year 
(Grimm and Somarriba  1999  ) . Among the populations of phytophagous bugs 
(Heteroptera) monitored by Grimm and Fuhrer  (  1998  )  during three growing periods 
in J. curcas plantations of Nicaragua and Cape Verde, P. klugii and L. zonatus were 
the two most frequently occurring species. 

  Damage:  The qualitative and quantitative damages caused to the fruits and seeds of 
 J. curcas by these  true bugs were assessed using  fi eld cages (Grimm  1999  ) . All three 
species caused overall yield reduction of J. curcas production. The fruit feeding 
bugs caused premature fruit abortion and seed malformation. Parameters such as 
fruit number, seed and seed kernel weight as well as seed length were positively 
correlated with population density of adult individuals. The oil content of seeds was 
slightly reduced by the bugs, but protein content remained unchanged. Damage 
increased with the developmental stage of the larvae. Female  P. klugii  caused less 
damage than nymphs, while male  P. klugii  caused no signi fi cant damage at all. 
Adult  L. zonatus  of both sexes produced more damages than nymphs. The  fl ower 
feeding bug  H. intermedius  is a pollinator of J. curcas and at high densities, it 
reduced the number of maturing fruits (Grimm  1999  ) . Grimm and Somarriba  (  1998  )  
studied the biology and life cycle of the scutellarid bug  P. klugii  in the  fi eld and the 
laboratory in Nicaragua. They found that the species is multivoltine and each female 
oviposits repeatedly during the rainy season. The adults go hiding during the dry 
season. 

  Management  :  The entomopathogenic fungi,  viz.,  B. bassiana and M. anisopliae 
were effective to control populations of scutellarid bugs. Applications of 
M. anisopliae through ultra-low volume droplet of mineral oil   at a rate of 1 × 10 10  
conidia tree −1  caused bug mortalities ranging from 65% in  P. klugii  to 94% in  L. 
zonatus. B. bassiana  increased fruit yield by 28%, and was more effective than 
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malathion or an aqueous extract of ground neem seeds (Grimm and Guharay  1998  ) . 
The egg parasitoid,  Pseudotelenomus pachycoris  [ Telenomus pachycoris ] was 
found effective against  P. klugii  in Nicaragua and  Pachycoris torridus  in Sao Paulo, 
Brazil (Gabriel et al.  1988  ) .  

   Leaf and Flower Webber Cum Fruit Borer,  Salebria (Pempelia) 
morosalis  (Saalm Uller) 

  Salebria (Pempelia) morosalis  is reported to only affect few forest species like 
Desmodium gangeticum, Flemingia sp., Uraria lagopides (Beeson  1941  )  as well as 
J. curcas, but it does not occur on  fi eld crops grown in India. It is a major pest in 
Jhansi, Uttar Pradesh (Chitra and Dhyani  2006  )  and an emerging pest in Tamil Nadu 
(Regupathy and Ayyasamy  2006  ) , Andhra Pradesh (Prabhakar et al.  2008  )  and Gujarat 
(Nayak et al.  2008  )  states of India.  P. morosalis  may likely become a regular pest 
of J. curcas with growing importance due to the extending monoculture of this crop. 
The occurrence of this pest on J. curcas has also been reported in Kenya (  http://bet-
terglobeforestry.com/    ). 

 The adult moth is gray with snout like labial palpi in the head and hyaline hind 
wings. The male is slightly smaller than the female with pointed abdominal tip. The 
biology of this pest was studied extensively by different workers (Regupathy and 
Ayyasamy  2006  ) . Ambika et al. ( 2007a ) also studied the biology of leaf webber 
and the results revealed that egg, larval, pupal, and adult longevity of males and 
females was 5.83, 28.50, 7.50, 5.67 and 7.25 days, respectively. 

  Damage:  The webber affects the leaves, bark, in fl orescence, and fruits during the 
growth of new  fl ush immediately after rain and  fl owering stage. It reduces the crop 
growth and  fl ower formation. The greenish brown/brownish green caterpillars 
(Fig.  10.10 ) were observed to feed by digging leaves and remaining in the leaf web 
(Fig.  10.11 ). At  fl owering they bore into peduncle and fruits, which show galleries 
made of silk and frass. The caterpillar bores into the fruits throwing out faecal mat-
ter. The greenish larvae turn pinkish at the time of pupation. It pupates on the fruits. 
The larvae are seen under a cover of silk, frass or excreta, which extend between 
 fl owers or fruits (Regupathy and Ayyasamy  2006  ) . 

  Management:  Tamil Nadu Agricultural University (TNAU) (Paramathma et al. 
 2004  )  recommends to spray endosulfan, neem oil (2%), monocrotophos 36 WSC 
(1.25 ml l−1), profenophos 50 EC (1 ml l−1) or endosulfan (2 ml l−1) (NOVOD Board 
 2009  ) . Topical application method to assess the toxicity of insecticides to  P. morosa-
lis  was described by Regupathy and Ayyasamy ( 2006  ) . A dipteran parasite and spi-
der,  Stegodyphus  sp. was reported as a natural controlling agent in Jhansi, India 
(Chitra and Dhyani  2006  ) . However, the mass culture and release technology is yet 
to be improved. Among the microbes tested,  Bacillus thuringiensis  was found to be 

http://betterglobeforestry.com/
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the most effective against leaf webber. The NLC  fl y ash (125 mg leaf −1 ) was more 
effective against leaf webber than paper board  fl y ash. All the insecticides tested 
under  fi eld conditions, i.e., monocrotophos, profenofos, dichlorvos, chlorpyrifos, 
quinalphos, endosulfan and methyl parathion [parathion-methyl] were effective in 
reducing the larval population of leaf webber  ( Ambika et al.  2007a  ) .  

  Fig. 10.10    Leaf webber larvae ( Salebria morosalis ) attacking J. curcas leaf (Courtesy:   http://
jatropha.pro    )       

  Fig. 10.11    Leaf webber damage on J. curcas (Courtesy:   http://jatropha.pro    )       
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   Thrips ( Rhipiphorothrips cruentatus, Retithrips syriacus, 
Selenothrips rubrocinctus ) 

 J. curcas  fi elds in Madurai, Tamil Nadu, India, were severely infested by grapevine 
thrips (Rhipiphorothrips cruentatus) during November 2006 (   Shanthi et al.  2007  ) . 
The incidence was widespread throughout the  fi eld, with populations ranging from 
200 to 250 nymphs and adults per young leaf. The nymphs were white when they 
hatched from the eggs, but they soon developed pale red markings. The female thrips 
were 1.2–1.5 mm long, blackish-brown, with the legs and antennal segments yellow 
and the fore wings pale with yellowish veins. Male thrips were similar to females, but 
their pronotum and abdomen were yellow (Shanthi et al.  2007  ) . Damage due to  R. 
cruentatus  on J. curcas was observed in Karnataka, India (Rani and Sridhar  2002  ) . 
Saturnino et al.  (  2005  )  recorded thrips damage on J. curcas in Brazil. Thrips were 
dominant among the insect pests present at the J. curcas plantation located in Northern 
Samar, Philippines (Tuan et al.  2009  ) . 

  Retithrips syriacus was reported  for the  fi rst time in Puerto Rico on  J. curcas  
leaf during quarantine inspection on 30 April 1993 in San Juan (Medina-Gaud and 
Franqui  2001  ) .  R. syriacus  incidence was recorded on  J. curcas  in parts of Andhra 
Pradesh (Prabhakar et al.  2008  ) . In addition to the above two species,  Heliothrips 
haemorrhoidalis  and  Scirtothrips kenyensis  were reported on  J. curcas  in Kenya 
(  http://betterglobeforestry.com    ).  Thrips hawaiiensis  and  Scirtothrips dorsalis  
were reported to cause damage to  J. curcas  in Andhra Pradesh, India (Raju and 
Rao  2003  ) . 

  Damage:  Both nymphs and adults of  R. cruentatus  colonize the lower surface of 
leaves and suck the sap. Younger leaves are preferred by thrips for feeding. Young 
infested leaves become silvery white initially, later on pale brown and crinkled with 
roughening of upper surface. Thrips are observed in older leaves with yellow spots 
on the leaves. In severe cases, shedding of leaves is observed (Shanthi et al.  2007  ) . 
 R. syriacus  causes leaf mottling, yellowing and browning of leaves and infestation 
is severe during hot weather condition. This promotes  fl ower dropping and prema-
ture shedding of pods. 

  Management:  Research at TNAU, India, revealed that the pest can be controlled by 
spraying methyl parathion 25 EC (2 ml l−1) or dimethoate 30 EC (2 ml l−1) (NOVOD 
Board  2009  ) .  

   Yellow or Golden Flea Beetle ( Aphtona  sp.,  Podagrica  spp.) 

 The yellow or golden  fl ea beetle ( Aphtona  sp., Halticinae, family Chrysomelidae, 
Coleoptera) is the main insect pest of  J. curcas  in Africa (Mozambique, Zimbabwe, 
Tanzania and Kenya). Incidence of  Aphtona  sp., on  J. curcas  plants (few weeks to 
1.5 years old) in 6 different planting sites in the East slope of Simba hills, Kenya 

http://betterglobeforestry.com
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was noticed in 2006. The beetles were 5 mm long and 2 mm wide, and mostly 
reddish. These beetles are known to feed on  Euphorbia  species and were introduced 
in USA for biological control of leafy spurge. Golden  fl ea beetle ( Podagrica  spp.) 
damage on leaves and shoots of young plants of J. curcas was noticed in some areas 
of Zimbabwe (  http://www.jatropha.de/zimbabwe/    ). 

  Damage  :  The larvae and adults feed on young reddish leaves and sometimes on the 
large green leaves and shoots as well; their larvae also penetrate the roots (Nielsen 
 2007 ; Gagnaux  2008  ) . The beetle damages can become severe in young seedlings 
(not more than 1.5-year-old) and affect the yield in mature plants. Beetle damage 
was more severe in areas where the vegetation suggested low soil fertility. There are 
reports that the pest has almost destroyed plantations in Uganda, Mozambique, Mali 
and Zambia. During 2006, in Mozambique, a mortality rate of 95–100% was expe-
rienced in nurseries and in  fi elds with plants upto 3-year-old (Nielsen  2007  ) . The 
yellow  fl ea beetle ( Aphtona dilutipes ) is reported to cause more severe damage than 
the golden  fl ea beetle, resulting in upto 100% mortality (Timothy Mahoney, Pers. 
comm.). 

  Management:  The planting of a trap crop around the J. curcas  fi eld can‘intercept’ 
beetles wherever they try to enter the  fi eld. In order to avoid the beetles from leaving 
the trap crop and moving to the adjacent J. curcas  fi eld, they should be controlled 
with an insecticide soon after their arrival. Lambda cyhalothrin has proved to be 
effective against the beetle. Pesticides containing Chlorpyrifos or Cyphenothrin 
were also found effective against  Aphtona  spp. Pyrethroids or carbamates (Sevin) 
are generally effective. For organic farms, neem or insecticidal soap may be applied, 
but these are less effective. Other insecticides containing pyrethrins (Pyganic) or 
kaolin clay (Surround) have also sometimes proved to be effective. Insect repellents 
containing hot pepper or garlic may also provide some control. Commercial formu-
lations of entomopathogenic nematodes may be helpful in reducing  fl ea beetle dam-
age. On soil application, the nematodes attack beetle larvae, reduce root feeding and 
help to prevent the next cycle of adults. For effectiveness, they should be applied 
when larvae are present and the soil is wet.  

   Cutworm ( Agrotis ipsilon ) 

 Cutworm is considered as a major pest of  J. curcas  in Philippines (The Philippine 
Star  2010  ) . Occurrence in Indonesia (  http://www.used-cars.co.jp/biotec/jatoropha.
pdf    ) and China (Li et al.  2009  )  has also been reported. 

  Damage:   A. ipsilon  attacks seedlings and young plants from the soil surface. The 
damage is indicated by the cutting of the stem near the soil surface and the plant 
withering. The assessment of critical pest damages showed that of the  fi ve 
identi fi ed insect pests attacking J. curcas, cutworms were con fi rmed as one of the 
major pests with a threshold of economic loss on yield due to cutworms of ~19%. This 
level signi fi es the need for appropriate measures to control this pest. Using the leaf 

http://www.jatropha.de/zimbabwe/
http://www.used-cars.co.jp/biotec/jatoropha.pdf
http://www.used-cars.co.jp/biotec/jatoropha.pdf
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damage index and the critical damage index, researchers established the economic 
threshold level equivalent to 5–6 larvae/50 plants for cutworms (PCARRD  2009  ) . 
The researchers also determined that temperature affected the growth and develop-
ment of cutworms. For instance, a warm temperature of 28.5°C enhanced the 
reproductive rate of cutworms from egg to larval stage. Likewise, warmer 
temperatures speed up the hatching of the cutworm eggmass. Under the maximum 
daily temperature of 28.5°C, it took only a day and a half for the eggs to hatch. 
Conversely, it took more than a week for the eggs to hatch under the lowest regis-
tered temperature of 25°C (PCARRD  2009  ) . 

  Management  :  The mechanical control is performed by collecting the larvae around 
the plant and killing them. Prevention by keeping the  fi eld free of weed several 
weeks before planting will help to reduce the cut worm incidence. Toxic baits such 
as bran, sawdust, or cassava mixed with insecticides are effective in killing the lar-
vae. The mixture is poured out around the plant, after the attack is noticed. Insecticide 
can be in liquid form sprayed on the lower part of the stem and the surrounding soil. 
Granular insecticides can be mixed with soil at the time of ploughing and harrow-
ing. Insecticides, which contain active ingredients such as deltamethrin, thiodicarb, 
carbofuran, or beta cy fl uthrin are effective.  

   Grasshoppers 

 Some kinds of grasshoppers ( Valanga nigricornis  and  Locusta migratoria ) may 
attack J. curcas plants anytime (Fig.  10.12 ). However, in Indonesia, the attack of  L. 
migratoria  is seldom observed. Generally heavy attack would occur on young plants. 
Occurrence of grasshopper ( Attractomorpha ranacea ) on J. curcas plantations has 
been reported in South India (Manoharan et al.  2006  )  and Nicaragua (Grimm and 
Maes  1997a  )  with seed yield losses upto 1% (Grimm and Guharay  1998  ) . Giant 
grasshoppers are known to attack J. curcas in Zambia (BAZ  2007  ) . A survey con-
ducted in Philippines revealed that the incidence of leaf chewing grasshoppers is not 
abundant (Tuan et al.  2009  ) . A grasshopper-like insect, which feeds on J. curcas 
plant was responsible for withering and death of the plant in Swaziland (Friends of 
the Earth  2009  ) . Surveys conducted in parts of Mexico revealed that grasshoppers 
and ants are the major insect pests, which are responsible for severe defoliation and 
death of young plants, hampering the successful establishment of seedlings (Marc 
 2010  ) . In feeding preference tests in Madras with the grasshopper,  Eyprepocnemis 
alacris alacris  (Serv.), of the 38 plant species tested, only eight were consumed with-
out reluctance and  J. glandulifera  is one among them (Mralirangan  1978  ) . 

  Management:  Spraying with insecticide is not always successful as the grasshopper 
attack is periodic and spontaneous. The recommended insecticides are betacy fl uthrin, 
cypermethrin, thiodicarb, MIPC and  fi pronil, but the application should be careful 
and wise.  
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  Fig. 10.12    Grasshopper 
attack on J. curcas plant 
(Courtesy: Jose Ines 
Bazan-Mota)       

   Army Worm ( Spodoptera litura ) 

  Spodoptera litura  was identi fi ed as a pest of  J .  curcas  during periodical surveys at 
Barha, near Jabalpur, Madhya Pradesh, in 1992–93 and the incidence reached an 
extent of 60–70% (Meshram and Joshi  1994  ) . The pest is widely distributed espe-
cially in Asia, Paci fi c and Australia. It has a wide host range covering more than 120 
plant kinds,  viz.,  tobacco, corn, paddy, tomato, chilli and legumes including soybean, 
 J. curcas  and taro. It is identi fi ed as a pest of J. curcas in India (Dalia Amin  2001  ) . 

  Damage  :  Larvae eat the leaves of the young and mature plants and often left the 
leaves bitted. If the attack is heavy, only veins of the leaves are left, and plant 
becomes bald (Fig.  10.13 ). 

  Management:  Natural enemies such as egg parasitoid,  Telenomus spodoptera  
(Hymenoptera: Scelionidae), larval parasitoid,  Microplitis manilae  (Hymenoptera: 
Braconidae), predator from Carabidae, Pathogens,  Nuclear polyhedrosis virus  and 
 Borrelinavirus litura  were identi fi ed against the pest. Mechanical control is done by 
collecting and killing the egg masses and young larvae. When the larval population 
is high, insecticide with  Bacillus thuringiensis  or  S. litura -NPV (S1-NPV) at a con-
centration of 6 × 1.0 11  polyhedral inclusion bodies (PIB ha −1 ) can be applied. Natural 
insecticide from neem ( Azadirachta indica ) seeds at a concentration of 4 g l −1  of 
water was also found effective. Proper application of synthetic insecticides such as 
betacy fl uthrin and prothiofos is advised.  

   Mites 

 Species of  Jatropha  have been observed to be attacked by mites of different species. 
Major phytosanitary problems of J. curcas in Brazil include attacks by two mite 
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species, the broad mite  Polyphagotarsonemus latus  and the spider mite  Tetranychus 
bastosi  (Sarmento et al.  2011  ) . Mite damages on  J. curcas  was also reported in 
Kenya (  http://betterglobeforestry.com/    ). 

   Broad Mite [Polyphagotarsonemus latus (Tarsonemidae)] 

 The broad mite,  P. latus , is a polyphagous mite that has been quoted as one of the 
most important pests of J. curcas in Brazil (Carels  2009  ) .  P .  latus  was able to 
complete its life cycle and reproduce on all tested genotypes (Filomena, Bento, 
Oracília, Gonçalo and Paraguaçú) indicating its damaging potential (Lopes et al. 
 2010  )  for J. curcas. A strong and permanent attack of the broad mite mostly during 
the rainy season was also reported on J. curcas in Costa Rica (Aguilar et al.  2010  ) . 
The pest was observed regular on J. curcas in Chattisgarh, but sporadic in Tamil 
Nadu (Regupathy and Ayyasamy  2007  )  and has been found to be emerging as a 
major problem in Tamil Nadu, India. The populations of broad mite were the 

  Fig. 10.13    Spodoptera litura larva attacking J. curcas leaf (Courtesy:   www.fact-foundation.com    )       
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largest during November and the total life cycle of broad mites lasted 6 days; 
females and males lived for 9 and 7 days, respectively (Kavitha et al.  2007  ) . 

 A great diversity of mites was found on J. curcas, especially predaceous phytoseiids 
(a species of  Amblyseius  and two species of  Neoseiulus );  Iphiseiodes zuluagai  
Denmark & Muma and  Phytoseiulus macropilis  (Banks), 2 morpho-species of 
Oribatida,  Tydeus  (Tydeidae) and  P. latus found.  The presence of predatory mites 
indicated their role in the control of the phytophagous species (Almeida et al.  2010  ) .  

    Tetranychus  sp. 

 Mites damage the leaf and make the plant weak. Mite is a polyphagous organism 
that can attack various plants such as cotton, tomato, legumes, citrus, papaya, cassava, 
peanut and weeds. J. curcas with no wax on the  fl ower is more resistant to this pest. 
In Brazil,  J .  gossypiifolia  plant proved to be an important mite reservoir. In all tested 
samples, two  Tetranychus  species (Acari: Tetranychidae) and one  Neoseiulus  
species (Acari: Phytoseiidae) were consistently found, especially on the basal 
leaves. Leaves of this species are glabrous, differently from leaves of  Jatropha  
sp., onto which low levels of a single species of phytophagous mite,  Tetranychus  
sp., and a phytoseiid species were found (Almeida et al.  2010  ) . The red spider mite, 
 T. utricae  is severe in Tamil Nadu, India on plants raised as hedges during warmer 
months, which may be due to water stress and high temperature (Regupathy and 
Ayyasamy  2007  ) . The populations of red spider mite were the largest during October 
and the total life cycle of the spider mite was 6 days (Kavitha et al.  2007  ) . 

  Damage:  Leaves become yellowish and then gets rusted. The shrinking leaf is red-
dish and then falls on the ground. Mites are commonly found at the lower surface of 
the leaves and its bites appear as yellow or red spots. Mites can only induce leaf 
malformation and, ultimately, their fall. These mites spread through the falling 
leaves blown by the wind or through contact with workers in the garden or estate. In 
case of broad mite damages (Fig.  10.14 ), young plants get very thick and sturdy 
with leathery leaves and salient top veins. Shoots will dry and plants stop growing 
until a new  fl ush starts with the onset of rain or irrigation. Mite is a typical problem 
of nursery plants and young plantations. Infected plants sometimes recover, but 
produce a bunch of  fl owers in the top. 

  Management:  The basic care of cleaning the plant area by collecting and burning 
all thrash and infested leaves is important. If the attack is minimal, it is recom-
mended to wait untill pruning time and to cut all the attacked plant parts. Larger 
areas can be treated with avermectin (1.9 EC at 0.5 ml l−1), dicofol (18.5 EC at 3 
ml l−1), or vertimec (1.9 EC at 0.5 ml l−1), or any common miticides. Acaricide or 
miticide with propargit, dicofol, tetradifon, amitraz and dinobuton as active ingredi-
ents can also be used as chemical control agents by spraying upward from below 
and directly pointed to the mites. Frequency of spraying can be as many times as 
required. Studies conducted at Maharana Pratap University of Agriculture & 
Technology, Udaipur revealed that the red mites affect the leaves during the rainy 
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season and are controlled by proparzyte (58% SL, Simba, at 1 ml l −1 ) (NOVOD 
Board  2009  ) . Among several chemical assays, abamectin (0.0009%) provided the 
best control for both broad mites and spider mites (Kavitha et al.  2007  ) . 

 The natural enemies of mites such as predator from  Phytoseiidae  family, and 
beetles of  Coccinellidae, Stethorus  sp. attack their eggs and larvae. The suitability 
of predatory mite species,  viz.,   Iphiseiodes zuluagai  and  Euseius concordis  in con-
trolling  P. latus  and  T. bastosi  on  J. curcas  was evaluated for the  fi rst time by 
Sarmento et al. ( 2011  )  and these authors found that  I. zuluagai  was more ef fi cient 
than  E. concordis  in reducing populations of  P. latus  and  T. bastosi  under  fi eld 
conditions.      

   Nettle Caterpillar ( Parasa lepida ) 

 Nettle caterpillars (Lepidoptera; family: Limacodidae) attack  J. curcas  periodi-
cally. Initially they live in group on a leaf and spread to all parts of the plant as the 
larvae grow older. The adult female lays its eggs as a mass on the soft part of 
the plant. The caterpillar is of 1.5–2.5 cm long, green with blue dots lengthwise. 
The pest moves like snail and produces certain chemical compound, which stings 
the skin. 

  Management:  Mechanical control is performed by killing young larvae and 
cocoons by soaking in water or kerosene. In addition to spraying organophosphate 
insecticides, biocontrol agents such as fungal pathogen (Cordyceps cocconae), 
virus, parasitoid (Apanteles parasae) and Bacillus thuringiensis are also used to 
control mites.  

  Fig. 10.14    Damage on J. curcas leaf due to broad mite (Courtesy:   http://jatropha.pro    )       
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   Leaf Caterpillar or Castor Semilooper ( Achaea janata ) 

 Sporadic occurrence of  A. janata  was recorded on J. curcas in selected locations 
of Tamil Nadu (Regupathy and Ayyasamy  2007  ) . The larvae can eat all the leaves 
in a short time. Heavy attack will in fl uence the quantity and quality of seeds. 

  Management:  The mechanical collection and burning of old larvae is the most 
effective mean of combating the pest. Suitable planting distance prevents larvae to 
migrate from one plant to another. Another way is to throw away the attacked leaves 
where many young larvae are attached at the lower surface. Until now, there is no 
variety of J. curcas available, which can stand A. janata, but there are natural ene-
mies such as  Trichogramma evanescens  (egg parasitoid) and  Microplitis maculipen-
nis  (larval parasitoid). Plant insecticides containing a neem extract can be used as 
well as a synthetic insecticide such as alfamethrin.  

   Stem Borer ( Ostrinia furnacalis  and  Xyleborus  spp.) 

 Damages (Fig.  10.15 ) by stem borers were mainly noticed on J. curcas grown in 
heavy soils in Tanzania (  http://jatropha.pro/    ). In Indonesia, there are two stem borers, 
 viz.,   O. furnacalis  and  Xyleborus  spp.  O. furnacalis  is commonly called as Asian corn 
borer. Old larvae usually drill stems and cause plant break by the wind. Sometimes 
there is a hole at the stem basis that indicates the point of entry by a larva. 

  Management:  A good practice is to incinerate all trashes from pruning since the 
proper maintenance of plants will help to control the population size of this pest. 
Carbofuran can be used to control the pest.  

   Termite (Odontotermis sp.) 

 Termite damages occur mainly on laterite red soils, and sandy soils with a very low 
organic matter content (  http://jatropha.pro/    ). Termites attack plants at their base 
(Fig.  10.16 ), causing plant destruction and total loss. Occurrence of natural termite 
( Odontotermis  sp.) colonies in West Bengal, India was reported (Chattopadhyay  2009  )  
in an area that causes no harm to plants though in some cases mounds are formed 
around plant bases, which causes uprooting due to  fl oods of pre-monsoon storm dur-
ing May-June. The estimated loss is less than 1% so far. Termite incidence on  J. curcas  
was also reported in Tanzania (  http://www.jatropha.de/photo-show/index.htm#use    ). 
However, the termicidal activity of J. curcas oil was reported against the Philippine 
milk termite  Coptotermes vastator  Light (Isoptera: Rhinotermitidae, Acda  2009  ) . 

 The application of neem infusions prepared by soaking neem leaves in water for 
4 days on infested areas is useful against termites as it stops their feeding and  fi nally 
causes their death by starving. (  http://jatropha.pro/    ).  

http://jatropha.pro/
http://jatropha.pro/
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  Fig. 10.15    Stem borer (Courtesy: www.fact-foundation.com) damage on  J. curcas  plant (Courtesy: 
  www.Jatropha.pro    )       

  Fig. 10.16    J. curcas plant affected by termites (Source: Jatropha: A Smallholder Bioenergy 
Crop. The Potential for pro-poor development, Food and Agricultural Organization)         
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   Tip Borer Caterpillar ( Dichocrosis punctiferalis ) 

 The pest incidence on J. curcas was reported in Southeast Asia, Australia and Paci fi c 
Islands. In Java, its incidence was found in low land areas upto 1,750 m above the sea 
level. It attacks usually at the time of  fl owering initiation. The pest bores the tips of 
plants and fruits. Females lay their eggs on the soft part of plants. After the eggs hatch 
into larvae, the attack begins at the tip of young plants, or on seeds of old plants. 

  Management:  The pest incidence can be minimized mechanically by collecting and 
burning infested shoot tips and seeds. The spraying with monocrotophos and bensul-
tap during  fl owering or the application of carbofuran prior to  fl owering and 
15–20 days after  fl owering was found to be useful in minimizing plant infestations.  

   Stink Bug ( Nezara viridula  )  (Pentatomidae) 

 Stink bug (Fig.  10.17 ) plays an important role in the tropical region. This pest some-
times attacks  J. curcas  during  fl owering time, which causes heavy damage to the 
fruit capsule. This pest is spreading all over the world and is easy to recognize 
because of its green color. The other host plants are paddy, tomato, legumes, chilli, 
cotton, potato, soybean and corn. The main damage is not due to the direct suction 
of plant sap, but by the toxin in its saliva. This toxin may wither the plant and cause 
the death of its tip and leaves. 

  Fig. 10.17     Nezara viridula adult sucking on J. curcas leaf (Courtesy:   www.fact-foundation.com    )        
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  Management:  Eggs and adult insects should be collected and burnt. The pest 
incidence can be minimized by avoiding alternate host plants in the vicinity. If the 
pest population is too high, one recommends the application of insecticides such as 
chlor fl uazuron, di fl ubenzuron, alfamethrin, and lamda cyhalothrin.  

   Ear Corn Caterpillar ( Helicoverpa armigera ) 

  H. armigera  is a polyphagous insect that attacks soybean, tomato, chilli, cotton and 
many other hosts including J. curcas (Fig.  10.18 ). 

  Management:  Applications of chlorphyriphos, lamda sihalothrin, fenvalerate, 
permethrin or sipermethrin may reduce the population of the pest in the  fi eld. Other 
alternatives are applications of H. armigera–NPV virus, eggs of Trichogramma 
armigera parasitoid, and a bioinsecticide powder prepared from Azadirachta indica 
at the concentration of 4 g l -1  of water.  

   Leaf Hopper ( Empoasca  sp.) (Homoptera) 

 Leaf hopper is an important pest of  J. curcas  in tropic and sub-tropic regions. It also 
attacks tea and other crops. On the  fi eld, these hoppers could be found throughout 
the year, but are very dangerous to the plant on the seed bed. These species were 
affecting J. curcas in industrial cultures in Brazil (Carels  2009  ) . 

  Damage:  Females lay their eggs on the leaf net, close to the leaf ribs at the lower 
surface. Nymphs and adults suck the plant sap from the lower surface of the leaf and 
induce it to dry and die. Sometimes, the curly leaf occurred at the tip. The pest attack 

  Fig. 10.18     Helicoverpa armigera larva on J. curcas leaf (Courtesy:   www.fact-foundation.com    )        
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is in fl uenced by the color of leaf and texture of  fl owers.  The J. curcas plants with their 
low  content of leaf carotene and thick  fl ower wax are more tolerant to this pest. 

  Management:  Use of systemic insecticides such as imidacloprid, beta cy fl uthrin or 
carbosulfan on seed bed can minimize the incidence.  

   Jatropha Leaf Miner ( Stomphosistis thraustica ) 
(Gracillaridae; Lepidoptera) 

 The infestation of this insect has been observed by the researchers during 1997–
1998 for the  fi rst time in Chhattisgarh plains in India (  http://www.botanical.com/
site/column_poudhia    ) and later in Karnataka (Rani and Sridhar  2002  )  and Andhra 
Pradesh (Arif et al.  2007  ) . The J. curcas leaf miner is known as a medicinal insect 
by the traditional healers of Chhattisgarh plains. The larvae collected just before 
pupation are considered the best stage for medicine preparation. The newly born 
 larvae are not used. After the collection of larvae, they are dried in the shade, pow-
dered and kept for future use as Galactagogue. The powder is given orally with 
lukewarm water in order to increase the  fl ow of milk in lactating women (  http://
www.botanical.com/site/column_poudhia    ). Leaf mining moth ( Epicephala  sp.: 
Gracillaridae) is known to attack  J. gossypiifolia  in Australia (Wilson  1997  ) . 

  Damage  :  The larvae feed on  Jatropha  species (including  J. curcas  and  J. gossypii-
folia ). They mine the leaves of their host plant. Galleries often form several irregular 
blotch nets per leaf. The moth’s larva produces a silvery mine on the upper leaf 
surface (Fig.  10.19 ). This moth was  fi rst collected in north Queensland in 1989 and 
has since been observed annually on bellyache bush in late summer. Damage caused 
by the moth is not suf fi cient to motivate its control. 

  Management:  The application of  Bacillus thuringiensis  sub sp.  kurstaki  is 
recommended.  

   Mealy Bug  (Ferrisia virgata)  

 Mealy bugs are soft body insects belonging to the family Pseudococcidae in the Order 
Hemiptera. Damages due to the white tailed mealy bug, Ferrisia virgata, was recorded 
from Tamil Nadu, India (Regupathy and Ayyasamy  2007  ) . Cotton mealy bug 
( Phenacoccus solenopsis ) incidence was recorded on  J. integerrima  in Multan district 
of Pakistan (Arif et al.  2009  ) . Mealy bug species,  viz.,   F. virgata  and  Planococcus  spp. 
were reported to cause damage to  J. curcas  in Kenya (  http://betterglobeforestry.com/    ). 

  Damage:  Mealy bugs suck the sap from leaves and stems (Fig.  10.20 ), sometimes 
from fruits if heavily infested and causes crinkling leaves, dry stems and reduced 
reproductive parts. 

http://www.botanical.com/site/column_poudhia
http://www.botanical.com/site/column_poudhia
http://www.botanical.com/site/column_poudhia
http://www.botanical.com/site/column_poudhia
http://betterglobeforestry.com/
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  Fig. 10.19    Leaf miner damage of J. curcas leaves       

  Fig. 10.20    Mealybug 
infestation on a J. curcas 
plant (Courtesy:   plantoils.in    )       
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  Management:  Application of chlorpyrifos or mercaptothion, dimethoate, malathion 
(50%) is recommended for controlling the infestation (  http://jatropha.pro/    ).  

   White Grub ( Holotrichia consanguinea  and  H. serrata ) 

 White grub is a polyphagous pest whose damages are more severe in sandy and 
sandy loam soil. Adults are 18–24 mm long and 8–9 mm wide with three segmented 
thoracic legs and strong mouth parts. The young grubs are translucent, white and 
5–6 mm long and beetles emerge out of the soil within 3–4 days after the onset of 
monsoon. Report of white grub ( H. consanguinea ) occurrence on  J. integerrima  
was reported in Punjab, India during 1978 and 1979 (Brar and Sandhu  1982  ) . Both 
adults and larvae can cause damage to plants. The larvae feed on roots and damage 
the stems, while grubs feed on  fi ne rootlets, resulting in pale, wilted plants, dying in 
patches. The caterpillar can cause 20–30% damage to the young plants (  http://www.
sunplantgroup.com/jat_curcas9.htm    ). 

  Management:  Repeated ploughing in summer, use of well decomposed organic 
manure and deep irrigation to restrict the respiration of grubs are some of the good 
cultural methods of control. The grubs and adults can also be collected and destroyed 
from host trees around the  fi eld. Braconids, dragon  fl ies, Nuclear  polyhedrosis virus 
and green muscardine fungus are some of the bioagents against the pest. 
Cypermethrine (25%) or chloropyriphos (50%) mixed with wood dust are effective 
against the pest under  fi eld conditions.  

   Giant African Land Snail 

 The giant land snails are important pests in Africa especially in J. curcas seedling 
nurseries (  http://jatropha.pro/    ). These snails do not like coarse sand around the 
seedling beds; hence application of coarse sand around the seedling beds keeps 
them out of the nurseries. The smaller slugs attack the adult plants. They also can be 
kept away from plants by applying coarse sand around them, however, this method 
is not very practical on huge plantations. Application of carbamate insecticides can 
minimize the incidence.   

   Indian Quarantine Regulations 

 Reports of incidence of certain other insect pests,  viz.,  white  fl ies, carpenter bee, 
bugs, weevils, stem and twig girdlers, cushion scale, soft scale etc. on J. curcas spe-
cies through out the world are depicted in Table  10.2 . 

http://jatropha.pro/
http://www.sunplantgroup.com/jat_curcas9.htm
http://www.sunplantgroup.com/jat_curcas9.htm
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      Table 10.2    Other insect pests recorded on  Jatropha  spp.   

 Pest  Host  Country of report  Reference 

 White  fl ies ( Bemisia tabaci )   J. gossypiifolia 

  J. curcas  

 Uganda, Kenya  Sseruwagi et al. 
 (  2006  )  

   http://betterglobefor-
estry.com/     

 Spiralling white fl y ( Aleurodicus 
dispersus ) 

  J. multi fi da   Tirunelveli, 
Tamil Nadu, 
India 

 Babu and David 
 (  1999  )  

 Carpenter bee ( Xylocopa 
fenestra ) 

  J. gossypiifolia   Jodhpur, India  Sharma  (  1981  )  

 Red pumpkin beetle 
( Aulacophora foveicollis ) 

  J. curcas   India  Sharma  (  2006  )  

 Cotton stainer bug ( Dysdercus 
suturelius ); moths 
( Stomphastis  spp.) 

  J. curcas   Kenya    http://betterglobefor-
estry.com/     

  Oxyrachis tarandus  Fabricus 
(Homoptera: Membracidae) 
Jan-Dec 

  J. curcas   Bihar, India  Ali et al.  (  2006  )  

 Millepede ( Julus  sp.)   J. curcas  (loss of 
seedlings) 

 —  Heller  (  1996  )  

 Locust ( Oedaleus senegalensis )   J. curcas  (leaves, 
seedlings) 

 —  Heller  (  1996  )  

 Cushion scale ( Pinnaspis 
strachani);  Wooly aphid 
( Ferrisia virgata ) 

  J. curcas  (Die 
back of 
branches) 

 —  Van Harten, pers 
comm (Heller 
 1996  )  

 Blue bug ( Calidea dregei )   J. curcas  
(Sucking on 
fruits) 

 —  Van Harten, pers 
comm (Heller 
 1996  )  

 Flies ( Chrysomya megacephala ), 
bees ( Apis  fl orea, A. indica  
[ Apis cerana indica ] and 
 Trigona iridipennis ) 

  J. curcas   Andhra 
Pradesh, India 

 Raju and Rao  (  2003  )  

  Phycita  sp. (May-June)   J. curcas   Bangalore, 
Karnataka, 
India 

 Rani and Sridhar 
 (  2002  )  

  Pachycoris torridus   J. curcas  Brazil  Soto and Nakano 
 (  2002  )  

 Weevil ( Lepropus lateralis ); 
leaf miners 

  J. curcas  
nursery 

 Shuangjiang 
County 

 Li et al.  (  2009  )  

  Nephopteryx  larvae   J. curcas   Pusa and 
Mandalay, 
India 

 Hampson  (  1912  )  

  Mylabris pustulata  (Thnb.) 
adults 

  J. panduraefolia  
 fl owers 

 Aligarh, 
Uttar Pradesh, 
India 

 Siddiqui  (  1983  )  

 White grub,  Holotrichia 
 consanguinea  
in 1978 and 1979 

  J. integerrima   Punjab, India  Brar and Sandhu 
 (  1982  )  

(continued)
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 Three pests have been categorized as quarantine pests of J. curcas in India (Plant 
Quarantine Order  2003  ) . When J. curcas plants meant for propagation are imported 
from USA, care has to be taken that the plants should be free from  Diaprepes 
abbreviatus  (citrus weevil),  Pseudococcus jackbeardsleyi  (Jack Beardsley mealy 
bug), and  Armillaria tabescens  (Armillaria root rot): Syn:  Clitocybe tabescens.  
Post-entry quarantine growing for a period of 45 days is mandatory. Plants/cuttings 
meant for propagation from Singapore also should be free from Jack Beardsley 
mealy bug. All tissue cultured plants from any country should be certi fi ed that the 
tissue cultured plants are obtained from mother stock tested and maintained free 
from viruses.  

   Conclusions 

 J. curcas is susceptible to several pests and diseases. Certain pests with diverse 
hosts, such as mealy bugs may attack many more plants with the passage of time. 
Therefore, effective manipulation of weeds and ornamental plants, adopting crop 
rotation and quarantine measures, etc., will be of high signi fi cance, while devising 
integrated management strategy for such pests. 

Table 10.2 (continued)

 Pest  Host  Country of report  Reference 

 Twig girdler ( Oncideres limpida)    J. curcas   India  Prabhakar et al. 
 (  2008  )  

 Soft scale ( Megapulvinaria 
maxima  (Green) 

  J. curcas   Andhra Pradesh  Prabhakar et al. 
 (  2008  )  

  Anasa scorbutica  (Coreidae)   J. curcas   Nicaragua  Grimm  (  1996  )  
 Hemiptera:  Chelysomidea 

variabilis ,  Pachycoris torridus  
and  Sphyrocoris punctellus  

  J. curcas   Nicaragua  Grimm and Maes 
 (  1997a  )  

 19 species of Coreidae 
(Heteroptera), 3 species of 
Rhopalidae and 3 species of 
Alydidae 

  J. curcas   Nicaragua  Grimm and Maes 
 (  1997a  )  

 15 species of Pentatomidae and 1 
species of Tessaratomidae 

  J. curcas   Nicaragua  Grimm and Maes 
 (  1997c  )  

 Tussock caterpillar  (Orygia 
postica);  Black hairy 
caterpillar  (Estigmene 
lactinea);  Ash weevil 
 (Myllocerus maculosus);  
Grasshopper  (Atractomorpha 
ranacea);  Neem scale 
 (Pulvinaria maxima) ; 
Calotropis leaf hopper bug 
( Eurybrachis tomentosa ) 

  J. curcas   India  Manoharan et al. 
 (  2006  ) , Regupathy 
and Ayyasamy 
 (  2007  )  
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 In the literature, insecticides belonging to different groups have been recom-
mended against some pests; however, main reliance on insecticides may result in 
resistance, resurgence, environmental hazards and thus leading to discontinuation 
of their use. In view of the above, focus on alternative control measures is needed. 
Information on biological parameters of insects and their host preference for feed-
ing and oviposition are very important to develop alternative strategies effective for 
their control like other important insects. 

 Systematic research on biotic stress resistance has not been carried out till date 
in J. curcas. Attention to increasing resistance to pests and diseases is needed in the 
selective breeding of J. curcas. A novel interspeci fi c  Jatropha  hybrid “Nandan-4” 
was developed by the hybridization of J. gossypiifolia with J. curcas (protected by 
a patent) and this hybrid is claimed resistant to several pests and diseases (Karanam 
and Jayakumar  2010  )   viz.,  in fl orescence & capsule borer ( Pempelia morosalis ), leaf 
miner ( Neurobathracu rcassi  Busck.), bugs ( Scutellera nobilis  Fabr.) and powdery 
mildew ( Erysiphe euphorbiae ). There is a de fi nite need for the search of resistant 
sources in J. curcas against other pests also. If neglected, the pests, which are of 
minor signi fi cance, may attain the status of major pests on  J. curcas .        
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         Introduction 

 The species  Jatropha curcas  L., commonly known as physic nut, purging nut,  pinhão 
manso  (in Brazil) is referred to as Jatropha hereafter. It has been studied in many 
research  fi elds by various international institutions.  Jatropha  is a promising species that 
is being now tested as a crop in several countries, justifying the loans and investments 
that numerous research centers and funding agencies have implemented. Several 
aspects of its culture have been addressed, notably the plant health since the species 
was earlier deemed resistant to pests and diseases (Carneiro et al.  2009 ; Laviola 
 2011  ) . It is this fame of a rustic plant that has been responsible for the wide acceptance 
of Jatropha as a crop by farmers in Brazil. Indeed, the latex that oozes from the stem 
and leaves is caustic and is considered an anti-nutritional factor for various insects. 
However, under  fi eld conditions of high temperature and humidity, fungal diseases 
and arthropod attacks are common. 
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 Proper management of pests and diseases should focus on reducing production 
costs associated to plant protection as well as the environmental costs that are related 
to agricultural practices. Thus, the correct identi fi cation of causal agents is the main 
objective of pest and disease control programmes. The association of the biology of 
pest and disease, damage assessment and monitoring methodologies with cultiva-
tion practices of Jatropha enables the control of parasite populations in such a way 
as to cause the least possible impact on environment and human health, thus col-
laborating and strengthening the sustainability of  Jatropha  agriculture. 

 The presence of weeds that emerge in agricultural ecosystems may condition a 
number of biotic factors acting on a cultivated species, which will affect, not only the 
productivity, but also the operation of the crop system under production (Silva et al. 
 2007  ) . In the case of perennial trees, the soil is not renewed every year and is not 
subject to fallow period when herbicide control should normally be done. In addition, 
weeds act as hosts for several species of pathogens and arthropods. Together, these 
factors are responsible for larger losses than when measured apart. 

 The number of publications in this area has increased in the last few years and, 
as pointed out by Laviola  (  2011  ) , pest and disease control is of great importance 
since it represents around 50% of the productivity of a formalized crop system. 
Hereafter, we focus on weeds, pests and diseases found in plantations of Jatropha, 
which can be considered as key problems of this new crop in Brazil.  

   Harmful Arthropods 

 Broad mite, two-spotted spider mite, European red mite, thrips, stink bugs, green 
leafhopper, mealy bugs and termites were recognized as the main organisms that 
use Jatropha as a food source in Brazil (Saturnino et al.  2005  ) . 

  Broad mite  –  Polyphagotarsonemus latus  (   Banks 1904) (Acari: Prostigmata: 
Tarsonemidae), a polyphagous, cosmopolitan organism (Gallo et al.  2002  )  with 
great economic importance in papaya, beans, cotton, citrus, tomato, mango and 
grapes, among others, also causes serious damage to Jatropha. In the northern region 
of Minas Gerais (Brazil), the occurrence of this arachnid has been observed during 
every months of the year, when new shoots are being produced. 

 Broad mite occurs preferentially in the young parts of a plant; it is, initially, 
located in clusters within isolated regions of the  fi eld. The symptoms it causes are 
(1) leaves with a shiny appearance and coriaceous texture (Fig.  11.1 ), (2) new shoots 
with short internodes and (3) later, the death of the apical meristem, which causes 
the appearance of multiple shoots (Fig.  11.2 ).   

 When monitoring broad mite threat in a cultivated area, sampling should be made 
in various locations at random in order to identify broad mite clusters. Mite control 
must be managed immediately where clusters are found in order to avoid their spread, 
which would consequently cause an intervention at the level of the whole area. In 
cotton crop, occurrence of clusters of plants showing leaves with edges turned upwards 
before tearing is the indicator of mite. The infestation is considered widespread, 
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when plants with early symptoms reach 40% of a  fi eld, which is the proportion that 
determines the moment where a control action is needed. Commercial products 
including profenofos, triazophos and abamectin have acaricide activity however 
none of these compounds are registered in Brazil for use in Jatropha. 

  Two-spotted spider mite  –  Tetranychus urticae  (Koch 1836) (Prostigmata: 
Tetranychidae) is considered of great importance worldwide because of its associa-
tion with crops of economic importance such as, cotton, strawberry, rose, tomato, 
bean, soybean, peach tree, castor bean, grape and papaya. Attacks by this arachnid 

  Fig. 11.1    Jatropha leaves with symptoms of broad mite       

  Fig. 11.2    Jatropha plants with multiple shoots resulting from the attack of broad mite (Photo 
courtesy: Marcos Drumond)       
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initially occur in clusters as well, starting on the lower side of leaves. The  fi rst signs 
observed are pinpoint leaf lesions, which gradually  fi ll the entire leaf surface and 
cause death. Under conditions of high population levels, webs may occur in the 
lesioned parts and cause great damage to plants. 

  European red mite  –  Tetranychus bastosi  Tuttle et al. 1977 (Prostigmata: 
Tetranychidae) has been reported as a pest of  Jatropha  spp. and also of weed ama-
ranth ( Amaranthus viridis  L.), weed black jack ( Bidens pilosa  L.), bam-burral 
( Hyptis suaveolens  Poit.), sweet potato ( Ipomoea batatas  (L.) Lam), jiritana 
( Ipomoea glabra  Choisy), Bellyache bush ( Jatropha gossypiifolia  L.), mallow 
( Malva rotundifolia  L.), blackberry ( Morus nigra  L.) and seedlings of  Manihot 
pseudoglaziovii  Pax & Hoffmann (Santos et al.  2006  ) . According to Saturnino et al. 
 (  2005  ) , attacks of European red mite usually occur in older leaves (Fig.  11.3 ).  

  Termites  (Isoptera: Termitidae) are insects genuinely Brazilian. They also received 
popular names, such as white ants,  siriris  or  hallelujahs . The basic food of termites 
is live plant materials, recently dead or in various stages of decomposition and also 
humus. The natural habitat of termites is a forest, but, since termites are currently 
invading agro ecosystems and damaging crops of economic importance, they become 
a major problem for humanity. However, literature indicates that only a small propor-
tion of termite species in rural and urban environments should be considered as pests. 
Many species of termites are important components of the soil fauna in tropical 
regions because of their role in organic matter fragmentation, playing a key role in 
the processes of decomposition and nutrient cycling (Menezes et al.  2007  ) . 

 Termites begin their attacks on roots of both young and adult plants. The attacks 
initially appear in isolated regions within the area of cultivation (cluster), where 
plants are found dead or compromised concerning yield capacity and intensely 

  Fig. 11.3    Jatropha plant with symptoms of European red mite (Photo courtesy: Marcos 
Drumond)       
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producing adventitious roots. Usually, the plant cannot be saved because the root 
system is already irreversibly damaged when symptoms are clear (Fig.  11.4 ).  

 To date there is no product registered in Brazil for pest control of  Jatropha . 
A control measure that has been adopted experimentally is the application of 
termite insecticides used in forest plantations at the level of the plants within a 
cluster and those in their immediate neighbourhood. 

  Thrips  –  Selenothrips rubrocinctus  (Giard 1901) (Thysanoptera: Thripidae) is a pest 
that can cause severe damages to crops, such as Jatropha, grapes, lychee, cashew, 
mango, avocado, guava, cocoa, rose, annatto, carambola, etc. Females introduce 
their eggs under the lower surface of leaves and cover them with a secretion that 
becomes dark when dry. Young thrips appear after 10–12 days. They are yellowish 
and their two  fi rst abdominal segments are red; they also carry a small drop of liquid 
excrement between the terminal bristles of the abdomen (Fig.  11.5 ). The duration of 
the life cycle of this species is about 30 days (Gallo et al.  2002  ) .  

 The pest  stem borer  of Jatropha –  Sternocoelus  (=  Coelosternus) notaticeps  
Marshall 1925 (Coleoptera: Curculionidae) must, in fact, be considered as 
 Coelosternus notaticeps , according to the observations by Bondar  (  1913  )  in Bahia 
(Brazil) reported in Costa Lima  (  1956  ) . It was found in Tatuí, state of São Paulo 
(Brazil), causing severe damage to  Jatropha  (Gabriel et al.  1988a  ) . 

 Adult females lay their eggs in the parenchymal tissue from which larvae hatch; 
they feed on internal tissues of stems and branches, forming galleries within them. 
The pupal stage occurs within the tissues and the insect emerges to infect new plants 
(Ungaro and Regitano Neto  1996  ) . 

 Damages can be considerable and lead to plant loss when the infestation rate is 
too high. Plants should be periodically inspected for perforations and residue at the 
base of stems that could testify attacks by this insect (Fig.  11.6 ).  

  Fig. 11.4    Final stage of an attack by termites on the root system of Jatropha       

 



224 J.C.F. de Resende et al.

 The lack of boron in soil makes plants more susceptible to borers, therefore 
boron application is recommended for prevention of stem borer. The monitoring of 
plants, especially during the summer, is also recommended. Stems should be cut 
and burnt in order to prevent larval development. Chemical control is not advisable 
because larvae are dif fi cult to reach inside stem tissues (Ungaro and Regitano Neto 
 1996  ) . Moreover, there are no chemicals registered for Jatropha’s stem borer in 

  Fig. 11.5    Young thrips ( red ) on the abaxial face of a Jatropha leaf (Photo courtesy: Heloisa 
Mattana Saturnino)       

  Fig. 11.6    Drilling at the base of the trunk of a Jatropha plant caused by  Sternocoelus notaticeps  
Marshall 1925 (Photo courtesy: Dalva Gabriel)       
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Brazil. However, the use of aldicarb in experimental treatments for the control of 
this pest in the state of São Paulo showed promising results (Gabriel et al.  1988a  ) . 

  Green leafhopper  –  Empoasca  spp. (Hemiptera: Cicadellidae) is one of the most 
severe pests of Jatropha in northern Minas Gerais. Adults are green, measure about 
3 mm and live up to 60 days, on average. Females lay 30–168 eggs (average of 107 
eggs per female), each being individually inserted in leaf tissues (Gallo et al.  1988 ; 
Quintela  2002  ) . Nymphs and adults are normally located on the lower leaf side, 
have the same color and move laterally (Quintela  2002  ) . The green leafhoppers 
complete their life cycle on beans in about 3 weeks (Gallo et al.  1988  ) . 

 Damages caused by nymphs and adults are physical as a result of the stylus 
penetration in phloem tissue, which leads to cell disruption, sap granulation and 
vessel blockage (Ospina  1980  ) . According to Saturnino et al.  (  2005  ) , the main 
symptom of attacks by  Empoasca  spp. in Jatropha is the yellowing of leaves, fol-
lowed by leaf hardening and slight bending down of the leaf blade; occasionally it 
may also promote  fl ower abortion. After performing leafhopper control, new leaves 
develop with normal color. 

 In April 2005 (autumn), population levels of  Empoasca  spp. were high in all 
areas planted with Jatropha in the North of Minas Gerais and systemic insecticides 
had to be applied for its control (Saturnino et al.  2005  ) . To date, there is no pesticide 
registered in Brazil for Jatropha. Since Jatropha is a natural host for leafhoppers, it 
is important to set up its culture area far enough from its other natural hosts. Insect 
migration from one crop to the other is to be expected and may cause damages 
not only because of their own direct action, but also because of their potential for 
dispersal of the pathogenic agents that these insects may carry. 

 Another important insect pest is the  stink bug  –  Pachycoris torridus  Scopoli, 
1772 (Hemiptera: Scutelleridae) (Fig.  11.7 ). Peredo  (  2002  )  reported that the species 

  Fig. 11.7    Stink bug on Jatropha. A nymph ( white arrow ) sucking a dry fruit ( a ). Variations in 
drawing and color pattern on bodies of  P. torridus  ( b–g ). An adult female covering its eggs ( white 
arrows ) ( c  and  d ). Nymphs ( white arrows ) protected by females ( e ,  f  and  g )       

 



226 J.C.F. de Resende et al.

of  Pachycoris  are very similar to each other and there is little difference between the 
characteristics used for their identi fi cation. The similarities between them have 
promoted confusion concerning their identi fi cation.  P. torridus,  commonly known 
in Brazil as the “bug of  pinhão-bravo ” (Silva et al.  1968  ) , is the best known species 
of Scutelleridae (Gallo et al.  1988  ) . They are widely distributed in America, being 
found from the United States (California) to Argentina (Froeschner  1988  ) , occur-
ring more frequently in South America and rarely in Mexico (Peredo  2002  ) .  

 According to Bondar  (  1913  ) , this insect appears in Brazil during the summer 
sucking the sap from leaves and fruits of guava ( Psidium guajava ) and  P. araça . 
Saturnino et al.  (  2005  ) , reported that during the period between June 2004 and the 
 fi rst half of May 2005, this stink bug was found in wild condition on an  endemic 
Jatropha sp. from the North and northeast of Minas Gerais. In addition,  P. torridus  
was also found on  Oryza sativa  (rice),  Anacardium occidentale  (cashew),  Eucalyptus  
spp. (Eucalyptus),  Citrus sinensis  (orange),  Manihot esculenta  (cassava),  Mangifera 
indica  (mango),  Aleurites fordii  (tung) (Silva et al.  1968  ) ,  Malpighia glabra  (acerola) 
(Sánchez-Soto and Nakano  2002  ) ,  Schinus terebinthifolius  (an ornamental species) 
(Sánchez-Soto et al.  2004  )  and  Sapium haematospermum , this last occurrence found 
in Paraguay (Hussey  1934  ) . 

 The occurrence of these insects can be veri fi ed by examining leaves and fruits by 
looking for the presence of eggs, nymphs and adults. When found, the insect must 
be immediately destroyed because they quickly produce large numbers of nymphs 
and both insect stages may promote fruit alterations because of their sucking activ-
ity. Actually, they may cause premature abortion of young fruits and affect endosperm 
development (Tominaga et al.  2007  ) , cause seed shriveling (Saturnino et al.  2005  ) , 
affect the oil content and germination potential in mature fruits. 

 Biological control is one of the best alternatives to reduce the population of the 
stink bugs. Adults can be parasitized by  Hexacladia smithii Ashm.  (Hymenoptera: 
Encyrtidae) and by  Trichopoda pilipes Fabr. ( Diptera: Tachinidae) (Costa Lima 
 1940  )  and their eggs can be parasitized by  Telenomus (Pseudotelenomus) pachyco-
ris  Costa Lima (1928) (Hymenoptera: Scelionidae) (Costa Lima  1940 ; Peredo 
 2002  ) . However, in an experiment carried out in the São Paulo state (Brazil) when 
 T. pachycoris  (parasitoid) was tentatively used as a control agent, only 27% of the 
total egg number was parasitized. The low ef fi ciency of the parasitoid is due to the 
protective activity by stink bug females that leave the nymphs to their own destiny 
only when they are in their  fi rst instar stage, which upset the female parasitoid in its 
hunting. Thus, the eggs at the periphery of stink bug female spawn are the only one 
to end up infected (Gabriel et al.  1988a  ) . 

 In India, Sahai et al.  (  2011  )  reported a fruit symptomatology similar to that 
induced by  P. torridus , but caused by  Scutellera perplexa  (Hemiptera: Scutelleridae). 
The nymphal stages of this insect also caused damage on fruits and seeds, such as 
premature abortion, reduction of fruit weight, seed number and germination poten-
tial. Shanker and Dhyani  (  2006  )  suggested biological control with  Stegodyphus  sp., 
 Pseudotelenomus pachycoris  [ Telenomus pachycoris ],  Beauveria bassiana  and 
 Metarhizium anisopliae .  
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   Diseases 

 Saturnino et al.  (  2005  )  quoting Viégas ( 1961 ) and USDA ( 1960 ) report that many 
pathogens have been found infecting  J. curcas  such as  Cercospora jatrophae-curcas, 
Helminthosporium tetrâmera, Pestalotiopsis paraguarensis, Pestalotiopsis versicolor, 
Clitocybe tabescens, Colletotrichum gloesporioides, Elsinoe jatrophae  Bitanc . 
Et Jenkins, Fusarium  spp.,  Glomerella cingulata, Oidium hevea  Steinm.,  Phakopsora 
jatrophicola  Cumm.,  Phytophthora  spp.  Psathyrella subcorticalis  Speg,  Pythium  
spp ., Schizophyllum alneum  (L.) Schoroet .  and  Uredo jatrophicola  Arth. 

 Powdery mildew is an important disease of Jatropha reported in all regions of its 
cultivation. The causal agent of this disease is a highly evolved obligate fungus that 
occurs in various parts of the world, in many cultivated species. The characteristic 
symptom is the formation of whitish, powdery colonies on the surfaces of the aerial 
parts of living plants (Fig.  11.8 ), like young branches,  fl owers, fruits and especially 
the leaves.  

 This pathogen usually appears during the dry season, coinciding with the time of 
natural defoliation of Jatropha. Powdery mildew belongs to family Erysiphaceae. Its 
imperfect stage corresponds to the genus  Oidium,  a fungus responsible for the dis-
ease occurrence in Brazilian conditions. According to Franco and Gabriel  (  2008  ) , 
the species that is pathogenic to Jatropha is  Oidium hevea.  

 The chief measures used to control powdery mildew are restricted to recommend 
the use of resistant varieties and chemicals. The application of fungicides is still one 
of the key control methods of powdery mildew. 

 The diseases caused by  Colletotrichum  are known as anthracnosis whereas the 
most commonly associated species is  Colletotrichum gloesporioides .  Colletotrichum  
spp. are facultative fungal parasites whose control is performed by recommending the 
use of resistant varieties, fungicide application and disposal of residues. The symp-
toms are easily noticeable. In the case of Jatropha in the North of Minas Gerais, this 
fungus has been isolated from necrotic lesions that begin on the leaf edges and move 
towards the centre of the leaf (Fig.  11.9 ), which then dries quickly and fall off.  

 In the state of Ceará (Brazil), anthracnosis of  Jatropha  occurs almost exclusively 
during the rainy season and is caused by two  Colletotrichum  species:  C. gloeospori-
oides  and  C. capsici  (Freire and Parente  2006  ) . Symptoms are similar for both patho-
gens and the infection starts as small round leaf lesions (0.2–0.5 cm) with light brown 
color. Spots become dark brown as the disease progresses and in some cases, total 
leaf necrosis could be observed. Dark-brown color injuries also occur on fruits. 

 In Nicaragua, Padilla and Monterroso  (  1999  )  reported that anthracnosis lesions 
on Jatropha leaves are necrotic, large and irregularly shaped. Usually, the lesions 
start on leaf edges, but can eventually start at the center. Anthracnosis due to  C. 
gloeosporioides  has also been reported in South Korea and con fi rmed by molecular 
markers (Jin-Hyeuk et al.  2012  ) . 

  Alternaria spp. stand  out among those causing leaf spots as the one with the larg-
est widespread occurrence in Jatropha. In Nicaragua, the pathogen was found only 
sporadically, however it has been identi fi ed on mature fruits producing pedicel wilting 
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and fruit fall (Padilla and Monterroso  1999  ) . The general practice for crop control 
contaminated by  Alternaria  spp. is recommending the use of resistant varieties, 
fungicide application and removal of residues. 

  Fig. 11.8    Symptoms of 
powdery mildew ( white ) on 
lower ( a ) upper ( b ) sides of 
leaves and on fruits ( c )       
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 The fungus  Cercospora jatrophae-curcas  is also reported to cause leaf spots on 
Jatropha. In India, the control of this disease is carried out by spraying Bordeaux 
mixture at 1% (Swamy and Singh  2006  ) . In the experimental areas of North Minas 
Technological Center (Empresa de Pesquisa Agropecuaria de Minas Gerais – 
EPAMIG) in Nova Porteirinha the fungi  Cercospora  and  Alternaria  have been iso-
lated from small necrotic lesions of Jatropha leaves (Fig.  11.10 ). These lesions 
occur throughout the leaf and may cause total leaf necrosis by convergence in the 
case of high disease incidence or adverse climatic conditions.  

 The rust disease was  fi rst reported on Jatropha by Viegas  (  1945  )  in the state of 
São Paulo. The causal agent was the fungus  Phakopsora jatrophicola.  According to 
Franco and Gabriel  (  2008  ) , this pathogen causes rust disease on leaves (Figs.  11.11a , b) 
and may lead to plant defoliation. Correia de Sá et al.  (  2008  )  claim that rust is one 
of the main diseases of Jatropha because of the high degree of defoliation it can 
cause to the plants. These authors observed 100% incidence of rust in 18 month old 
plants among 50 accessions in the state of Tocantins. However, when severity was 

  Fig. 11.9    Anthracnosis necroses on Jatropha leaves       
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  Fig. 11.10    Lesions on Jatropha leaves induced by  Alternaria  spp. and  Cercospora  sp. on upper 
( a ) and lower sides of a leaf (b)       

  Fig. 11.11    Rust on the upper side ( a ) and on the lower side ( b ) of Jatropha leaves (Photo courtesy: 
Jaime Menezes)       
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assessed in detail, variation in symptom intensity was observed suggesting that the 
genetic basis for tolerance could be improved by selective breeding.  

 Roese et al.  (  2008  )  reported a rust epidemic in Jatropha plantations in the State 
of Mato Grosso do Sul between 2006 and 2008. These authors reported that the 
occurrence of this disease has increased over the years as the total acreage increased. 
They also quoted a survey conducted by Embrapa in a  fi eld of approximately 
100 ha, in Dourados (MS), which showed total defoliation caused by the rust in the 
lower part and partial defoliation in the upper part of Jatropha infected plants. 
Defoliation occurred right after the reproductive period and affected the fruit and 
seed production process. Regarding disease control, combinations of  fl utriafol + thi-
ophanate methyl, pyraclostrobin + epoxiconazole, azoxystrobin + cyproconazole 
and myclobutanil + azoxystrobin were found effective in controlling the disease in 
the middle part of plant canopy. Despite the effectiveness of these fungicides, they 
have not yet been recommended for use in Brazilian commercial plantations 
because they are not registered at the Ministry of Agriculture, Livestock and Supply 
for use in Jatropha. 

 Root diseases caused by soil fungi have promoted the death of Jatropha plants in 
both experimental areas and commercial plantations in Brazil and worldwide. Fungi 
of genera  Phytophthora  spp. and  Fusarium  spp. have been isolated from Jatropha 
with symptoms of collar rot and root rot in northern Minas Gerais. 

  Fusarium  spp. is a cosmopolitan fungus, which has a large number of species 
known to cause diseases in important agronomic crops. Bedendo  (  1995  )  describes 
that, generally, the symptoms of root rot caused by soil fungi begin with the brown-
ing of young roots and progress to the older ones. This gradual darkening starts with 
a slight brownish color or, in some cases, reddish brown color and then becomes 
darker as the disease progresses. At the end of the process, necrotic roots become 
dark-brown or completely black. The browning symptom is accompanied by decom-
position process of roots and the fully darkened roots disintegrate when subjected to 
light  fi nger pressure. The collar rot is characterized by the appearance of stem 
lesions that can be located just below or above the soil surface. The lesions are usu-
ally depressed and also fungal structures may appear on them. In tender stems, the 
development of lesions can lead to weakening of the lesioned area, which may cause 
plant overturning. In woody stems, onset of cracking and  fl aking is observed, which, 
in addition to local damage, can serve as a gateway to other pathogens. In the  fi eld, 
symptoms occur in clusters, but when there are irrigation furrows, diseased plants 
appear in the same line due to spread of pathogen structures through water. The  fi rst 
evidence of a disease occurrence caused by a soil fungus appear in plant canopy 
through symptoms, such as leaf and branch shriveling, leaf yellowing, nutritional 
de fi ciency, premature leaf and fruit dropping; this syndrome normally leads to plant 
death. Young branches of Jatropha dry and break easily upon infection by  Fusarium  
spp. and fungal structures can be found over the lesions on branches in the aerial 
part of plants (Padilla and Monterroso  1999  ) . Although  Fusarium  spp. are being 
consistently isolated from Jatropha plants with symptoms of stem rot in plantations 
of North of Minas Gerais, experiments identifying this pathogen and pathogenicity 
tests on healthy host have not yet been conclusive. 
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  Phytophthora  spp. is a fungus that causes root and collar rots in plants in the 
early stages of development to maturity. Root symptoms induced by these fungi are 
browning followed by rotting. Franco and Gabriel  (  2008  )  described the symptoms 
of this disease in Jatropha as a manifestation of soft rot where necrotic tissues are 
darker than normal and exude a liquid with characteristic smell. Symptoms in 
the canopy are leaf yellowing and wilting that look as a nutritional de fi ciency. The 
disease can eventually progress until the branch death. As in the case of  Fusarium  
spp.,  Phytophthora  spp. are regularly being isolated from Jatropha plants with 
symptoms of collar rot and root rot in the North of Minas Gerais, but experiments 
for its identi fi cation on healthy host have not been conclusive. 

 Other soil fungi were also reported in the literature to be pathogenic for  Jatropha ; 
they are:  Macrophomina phaseolina  and  Rhizoctonia bataticola,  which cause the 
“collar rot”. The characteristic injury symptom of these fungi is a lesion at the base 
of the main stem that occurs when the soil is waterlogged for long periods or in 
irrigated monocultures (Swamy and Singh  2006  ) .  

   Weed Management 

 The presence of weeds in agricultural ecosystems may condition a number of biotic 
factors acting on the cultivated species and affecting, not only its productivity, but 
also its operation (Silva et al.  2007  ) . 

 The most pernicious weeds for Jatropha are the scandent or climbing ones, such 
as jitiranas ( Merremia  spp.), morning glory ( Ipomoea  spp.) and bitter melon 
( Momordica charantia ), among others. These weeds climb on the trunk and branches 
causing them to choke, tangling the canopy, providing shade and reducing produc-
tion or even leading to host death (Saturnino et al.  2005  ) . 

 An experiment was conducted at EPAMIG in Nova Porteirinha in order to assess 
the damage caused by weeds in early growth of Jatropha. The predominant weeds of 
this experimental site were  Merremia  spp.,  Ipomoea  spp.,  Cenchrus echinatus  and 
 Brachiaria decumbens.  Reduction of Jatropha green matter became evident 45 days 
after the coexistence with weeds. After this period, some of the Jatropha plants died 
due to strangulation and shading caused by weeds (Albuquerque  2012  ) . Shaded plants 
suffered a drastic reduction in photosynthesis, resulting in a lower growth rate and a 
less developed root system with lower ability to absorb water and nutrients from soil. 

 Many weed vine species such as  fl ame vine ( Pyrostegia venusta ), can cause seri-
ous injury to perennial species, reducing crop stand due to elevated seedling mortal-
ity and also causing trunk deformities. Plants affected by these weeds are almost 
always the dominant species with the consequence that they do not fully express 
their genetic potential for biomass production (Pitelli and Marchi  1991  ) . The con-
trol of these weeds in early growth of Jatropha is critical for the development of 
normal plants and to avoid unnecessary costs in replanting. 

 In a screening of 11 commercial herbicides applied in post-emergence, for selec-
tivity towards weeds and inocuity for Jatropha, haloxyfop-r-metyl, bentazon and 
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tri fl uralin were reported affecting the height of Jatropha’s shoots (Albuquerque et al. 
 2008a  ) . All the other products assessed in this experiment (cloransulam-metílico, 
diclosulam,  fl umetsulam, 2, 4-D, imazapyr, imazapic, imazethapyr, quinclorac) 
caused morphological alterations and/or variations in leaf color of seedlings. 

 In pre-emergence (Fig.  11.12 ) and post-emergence (Fig.  11.13 ), tri fl uralin did 
not promote any visible toxicity to plants. It did not induce any changes in shoot 
diameter, shoot dry weight, plant height or stem diameter. Thus, this treatment was 
concluded to be the closest to an effective control of weeds in real conditions of 
Jatropha plantations in northern Minas Gerais (Albuquerque et al.  2008b  ) .   

 In large culture areas, systemic chemicals can be applied between the rows of 
Jatropha. Among products for weed control, the widely used herbicide known as 
glyphosate stands out as the most ef fi cient. Glyphosate inhibits the enzyme 
5-enolpyruvyl-shikimate 3-phosphate synthase (EPSP) and retards the production 
of amino acids phenylalanine, tyrosine and tryptophan used for protein synthesis 
and also for the synthesis of some secondary metabolites, such as vitamins, lignin 
and hormones. If spray shields are located at the end of spray bars and sprays 
directed between the rows, the absence of selectivity of this potent systemic herbi-
cide is not important as long as it does not come in contact with Jatropha leaves. The 
effectiveness of glyphosate depends on the ef fi ciency of a series of processes, such 
as retention of the herbicide by leaves, adequate penetration, translocation and inhi-
bition of the EPSP active site (Monquero  2003  ) . 

 Weeds may cause losses in Jatropha cultivation and the lack of herbicides regis-
tered for the culture complicates the management of this crop. Environment friendly 
weed control should be considered for a more sustainable agriculture. A strategy 
that would be possible in soils without compaction problem, would be the use of 
desiccants with little residual effect that could be applied before Jatropha planting 
to give a comparative advantage to Jatropha seedlings. Another interesting strategy 

  Fig. 11.12    Effect of several herbicides applied in pre-emergence of Jatropha plantlets.  Upper 
panel , from left to right: 2.4 D, Imazapyr and Diclosulam (the control is on the  left  of each panel 
and the treatment on the  right ).  Bottom panel , from left to right: Imazapyc, Flumetsulam 
and Tri fl uralin (the control is on the  left  of each panel and the treatment on the  right ). The word 
“testemunha” is from Portuguese and means  control  in English       
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would be the intercropping of legumes between the lines of Jatropha in order to 
manage weeds and to provide a green manure able to  fi x nitrogen from air. 

 To ensure sustainability and competitiveness, Jatropha depends, among other 
factors, on a technology that meets the standards of quality and productivity reducing 
environmental impact. This reality brings forth the need for an effective investment 
in research for the adoption of proper cultural practices.  

   Conclusions 

 The management of pests, diseases and weeds is an important part of the techno-
logical package to increase productivity levels of Jatropha worldwide. What was 
once considered a minor problem is now of primer importance in the cultivation of 

  Fig. 11.13    Effect of several herbicides applied in post-emergence of Jatropha plantlets.  Upper panel , 
from left to right: 2,4 D ( left : control,  right : treatment), Imazapyr (symptoms of leaf and shoot mortal-
ity), Bentazon (symptoms of cell mortality on a leaf) and Tri fl uralin ( left : control,  right : treatment). 
 Medium panel , from left to right: Quinclorac (symptoms of extended cell mortality on a leaf), 
Cloransulam-methyl (symptoms of leaf mortality), Diclosulam (symptoms of limited cell mortality 
on a leaf) and Imazethapyr (symptoms of leaf mortality).  Bottom panel , from left to right: Imazapyc 
(symptoms of limited cell mortality on a leaf), Haloxyfop-R-methyl ( left : control,  right : treatment), 
Flumetsulam (induces a reduction of internodes and leaf area giving a rosy shape to the main shoot)       
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Jatropha. The diagnosis of major pests and diseases as well as the establishment of 
appropriate management techniques aiming to optimize cost-bene fi ts will also serve 
as a guide to other large areas of knowledge, such as genetic improvement and fossil 
fuel dependency in a feedback process toward Jatropha domestication and 
industrialization.      
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         Introduction 

 The prospects associated with  Jatropha curcas  L. (hereafter referred to as Jatropha) 
as a species for biodiesel production have been extensively reported in the literature; 
however, to date no scienti fi cally valid recommendation for its farming is available 
for this crop. 

 Investigations on propagation techniques, crop fertilization, irrigation, plantation 
spacing, pruning, growth regulators and mechanical harvesting are on-going, and 
basic trends are already de fi ned. However, of fi cial recommendations from govern-
ment references are necessary to warrant faithful production systems capable of pro-
viding acceptable returns on investments to farmers and sustainable oil production. 

 The  Empresa de Pesquisa Agropecuária de Minas Gerais  (EPAMIG), which can 
be translated in English as the Agricultural Research Company of Minas Gerais, 
was incorporated as a public company in 1974. It is the main institution for the 
implementation of agricultural research in the state of Minas Gerais (Brazil) and 
functions to provide solutions for agriculture through technological research and 
development. It also offers specialized services and technical training compatible 
with customer needs and, more generally, aims to improve the quality of life. 

 Among the  fi ve regional units that Epamig maintains in the state of Minas Gerais, 
Minas Epamig North has  fi ve farms, four in the North of Minas Gerais and one in a 
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region called Vale do Jequitinhonha. Most of Epamig’s experiments on Jatropha 
were carried out on one farm ( Fazenda Experimental Gorutuba ) in North Minas 
Gerais (Nova Porteirinha). The farm lies at a latitude of 15°03 ¢  South, a longitude of 
44°01 ¢  West and at an altitude of 452 m. The predominant soil in this region is a red-
yellow  latosol  in  fl at terrain, but  neosol  is also found. Latosol is a type of soil in an 
advanced stage of weathering, which is highly evolved as a result of signi fi cant 
changes in its constitutive materials. These soils are de fi cient in minerals, less resis-
tant to weathering and have low cation exchange capacities. They are generally 
strongly acidic with low base saturation, well drained and very deep. Neosols include 
a thin layer of minerals or organic materials and did not experience signi fi cant 
changes due to the low intensity of pedogenic processes. The soils of North of Minas 
Gerais are typically sandier, with low levels of exchangeable aluminum, phosphorus 
(P) and organic matter (~0.5%) and are typically of the  dry forest  biome. 

 Dry forest is characterized by forest vegetation with a predominance of deciduous 
trees that shed their leaves during the dry season. It is a transition zone between 
 Caatinga  and  Cerrado , with characteristics of the  Atlantic Forest  biome because of 
its diversity in deciduous trees. 

 Caatinga (from Tupi: caa (kill) + tinga (white) = white forest) is the only exclusively 
Brazilian biome, which means that most of its biological heritage cannot be found 
anywhere else on the planet earth. Its name is derived from the whitish landscape 
presented by the vegetation during the dry season, when most plants shed their leaves 
and the trunks become dry and whitish. The Caatinga occupies an area of approxi-
mately 800,000 km², about 10% of the country, comprising contiguous parts of the 
states of Maranhão, Piaui, Ceara, Rio Grande do Norte, Paraiba, Pernambuco, Alagoas, 
Sergipe, Bahia (Northeast Brazil) and the northern part of Minas Gerais. The botani-
cal heritage includes 2,000–3,000 native plant species with xerophytic species in the 
understory associated with calcareous outcrops. 

 The Cerrado is the second largest Brazilian biome, extending over an area of 
2,045,064 km² in eight states (Central Brazil: Minas Gerais, Goiás, Tocantins, Bahia, 
Maranhao, Mato Grosso, Mato Grosso do Sul, Piauí and the District Federal). The 
landscape has a high biodiversity, although less so than the Atlantic Forest. The veg-
etation is similar to the savanna, with grasses, shrubs and sparse trees. The average 
annual temperature is 25°C, eventually reaching 40°C in the spring. The minimum 
registered temperature can reach values close to 10°C or less. 

 Rainfalls are unevenly distributed between the months of November and March 
and account for an average of 750 mm annually. The drought normally extends 
from April to late October and is characterized by a sharp drop in the relative 
humidity. Strong winds occur between May and August. Even if growth is reduced 
to minimum rates during the dry season, leaf loss is not observed in 1-year-old 
plants. The phenomenon of leaf loss during the dry season in northern Minas 
Gerais is observed only from the second year of the plant. In northern Minas Gerais, 
Jatropha remains leafy from November to June (8 months, Fig.  12.1a ), sheds its 
leaves during the resting period (winter) from July to September (3 months, 
Fig.  12.1b ) and sprouts again in October (1 month, Fig.  12.1c ).  
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 Depending on regional climatic conditions, the phenology of Jatropha changes 
according to the time of the year. In the Southeast region of the country, the rainy 
season is concentrated from October to March. In the northern region of Minas Gerais, 
especially where Jatropha is planted on a commercial scale for seed production, the 
rainy season is unevenly distributed in this period (October to March), with peaks 
between November and December followed by a dry period in January and February 
and scattered showers in March. 

 By contrast, in the  Zona da Mata  (a name for a geographic sub-region with speci fi c 
socio-economic features) in the state of Alagoas in Northeast Brazil, the rainy season 
is between April and August (70% of total annual rainfall happens in this period), 
and the dry season occurs from September to February (Souza et al.  2005  ) . Under the 
conditions of Viçosa, which is included in the  Zona da Mata  of Minas Gerais, Matos 
 (  2010  )  concluded that leaf senescence in Jatropha is due to two factors: a decrease in 
minimum temperature and an increase in the difference between the maximum and 
minimum temperatures. Interstingly, leaf senescence was not found to be related to 
water stress or nitrogen de fi ciency. The rate of leaf fall increased as the minimum air 
temperature decreased in the period from January to June. 

 The leaf fall occurred without any signi fi cant relationship to the maximum tem-
perature or soil moisture, which remained near  fi eld capacity. The sharp leaf fall in 
this region occurred when the minimum temperature was below 10°C and the dif-
ference between the maximum and minimum temperatures was higher than 20°C. 

 Corroborating the description of Matos  (  2010  )  and Oliveira et al.  (  2011  )  from 
Rio Grande do Sul (southern Brazil), the number of chilling hours directly in fl uences 
the budding,  fl owering and fruiting of Jatropha. The climatic differences observed 
during the experiment were correlated with differences in the phenology of Jatropha 
over 2 years. In the  fi rst year of the experiment, the occurrence of only 160 chilling 
h guaranteed that fruiting began in November and December, while the incidence of 
331 h of cold delayed the onset of fruiting until January of the second year. 

 After dormancy, the lush production of leaves and in fl orescences begins with the 
 fi rst rains that usually occur in mid-October. Thus, the fruit onset of Jatropha in the 

  Fig. 12.1    Vegetative cycle of Jatropha in northern Minas Gerais. Vegetative phase (Leafy) from 
November to June ( a ); without leaves during resting period (winter) from July to September ( b ); 
and vegetative phase sprouting again in October ( c )       
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northern region of Minas Gerais generally begins in November with a main  fl owering 
peak in December-January and a secondary one in March-April. In Alagoas, the 
period from  fl owering to fruit maturity is 65 days on average (Santos et al.  2010  ) , 
while it lasts from 43 to 61 days in India (Rao et al.  2008  ) . This period gives a win-
dow of fruit harvest in northern Minas Gerais that begins in March (3 months after 
 fl owering) and can extend to June-July. 

 Due to its ability to thrive in a semi-arid climate, Jatropha is well adapted to this 
region, which lacks good agricultural options in terms of biofuels and agriculture in 
general. In the early 1980s, some researchers from EPAMIG became interested in 
Jatropha and started planting trials on various experimental farms in the state of 
Minas Gerais. They collected data that are stored in the company archives. This 
information is of signi fi cant importance for the continuation of current projects on 
Jatropha, which were resumed in mid-2004 after having been slowed at the end of 
the 1980s. Issues relevant to ecological conditions for cultivation, physiological 
aspects, selective breeding, vegetative propagation, seed quality, soil features, fertil-
ization, weed and irrigation management were carefully addressed. Characterization 
of harmful arthropods (pests), diseases, harvest, post-harvest and use of co-products 
of oil extraction for animal feeding are also being pursued. 

 Under the following, we present the important observations on Jatropha farming 
that we have made over the past several decades.  

   Propagation 

 The longevity of pro fi table production of Jatropha is estimated to be between 20 and 
30 years (Dias et al.  2007  ) . Because Jatropha is a dioecious plant that is generally 
out-crossing and entomophilous, large variation of pollen spread between individu-
als is generally observed and may affect the regularity of seed production. In addition 
to seed propagation, Jatropha can also be propagated asexually by cuttings, grafting 
or in vitro culture. The rainy season is the best planting period in the  fi eld. Plants 
originating from seeds  fl ower 9 months after their transplantation in the  fi eld, whereas 
plants reproduced through cuttings generally start to  fl ower after 6 months in the  fi eld 
(Saturnino et al.  2005  ) . In general, plants grown from seeds develop a taproot and 
four lateral roots, and they are economically productive in the fourth year in the  fi eld. 
Plants from cuttings have a less vigorous root system without a taproot, but they 
exhibit slightly earlier production. 

 Seed multiplication is recommended because of the better root system (Severino 
et al.  2006  ) . Indeed, multiplication of Jatropha in Brazil has occurred traditionally 
by collecting seeds from individual plants growing in hedges, gardens and dwell-
ing neighborhoods (Saturnino et al.  2005  ) . Currently, specialized nurseries are per-
forming this work of seed multiplication on commercial substrates. Seedlings 
produced in containers of 120 ml are taller, with larger and more abundant leaves 
than those produced in 50 ml tubes; thus, 120 ml containers are the best for seedling 
production (Avelar et al.  2005  ) . 
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 Vegetative cloning allows the multiplication of individuals without affecting their 
genetic structure, which is advantageous to increase the population of elite genotypes 
(Saturnino et al.  2005  ) . Multiplication through cuttings is most widespread (Lima et al. 
 2010 ; Smiderle and Kroets  2008 ; Vasquez et al.  2010  ) . A possible compromise that has 
yet to be tested is to carry out Jatropha multiplication in vitro by somatic embryogen-
esis, which should give it a better and uniform rooting system in the  fi eld than classical 
micropropagation by shoot multiplication. Somatic embryogenesis is reported in 
Jatropha (Cai et al.  2011 ; Jha et al.  2007 ; Nunes et al.  2008  )  and could be a desirable 
character of a commercial cultivar if the rooting quality is con fi rmed in the  fi eld. 

 A more pragmatic solution is to produce seedlings from bare roots. This sys-
tem is among the most cost effective and warrants a better rooting system (Siles 
et al.  1997  ) . According to this technique, seeds are germinated in high density on 
a ~50 cm deep sand layer. Seedlings develop a robust pivoting root system and an 
etiolated aerial part because of the high density. Seedlings are brought to the  fi eld 
in bundles without support, thus reducing costs and improving the planting 
operations. 

 The planting of cuttings (clones) is only recommended for replacing plants that 
are not productive or are attacked by pests or diseases. The stakes for this purpose 
should be cut from woody branches from plants that have been free of pests and 
diseases for 1 year. The major limitation for the propagation of cuttings is the large 
volume of material to be used in commercial  fi elds, as well as the need to know the 
characteristics of the trees providing the cuttings, emphasizing productivity, health 
and precocity. 

 Grafting is an alternative method for propagation of Jatropha. This technique is 
not used commercially; however, good results have been achieved in experimental 
 fi elds at EPAMIG by grafting shoots of  J. curcas  onto two wild species, i.e.,  Jatropha 
pohliana  Mull. Arg. and  J. gossypiifolia L.  Cleft (Fig.  12.2 ). Following this method, 
a  fi xation rate of about 90% is to be expected; it is more effective than the simple 
 English  graft and is the recommended technique for Jatropha (Marques et al.  2007  ) . 
According to Marques et al.  (  2008  ) , seedlings of  J. pohliana  obtained from mature 
seeds without caruncles yield the best rootstocks due to the higher germination rate. 
Similar results were obtained by grafting  J. curcas  on  J. molissima  Mull. Arg. 
(Anjos et al.  2007  ) .  J. molissima  is native from Northeast Brazil and therefore is 
well adapted to the climate and soil conditions of Caatinga (its area of origin), mak-
ing it an ideal rootstock for Jatropha.  

 Jatropha’s productivity is in fl uenced by spacing. Optimization of the plant 
arrangement has been investigated by several research institutions in Brazil. Eight 
spacing schemes (3 × 1, 3 × 2, 3 × 3, 4 × 1, 4 × 2, 4 × 3, 4 × 4 and 4 × 5 m) were evalu-
ated for Jatropha planting. Silva et al.  (  2011  )  recommended spacings of 4 × 4 and 
4 × 5 m in the region of Anastasius (Mato Grosso do Sul, Brazil). 

 The best spacing and planting arrangements for Jatropha are currently under 
investigation, and these parameters should vary according to the region of cultiva-
tion, size of the plant, soil fertility and exploitation system, such as consortium 
plantation. When intercropped with other cultures, the suggested spacing for 
Jatropha ranges from 2 × 2 m up to 2 × 8 m (Demartini et al.  2009  ) .  
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   Fertilizer Application 

 Jatropha is preferably cultivated in well-structured and deep soil so that the root sys-
tem can reach the deeper layers and explore the soil as much as possible, ensuring 
better absorption of water and nutrients, especially when water is scarce. It can grow 
in poor sandy soils and clay soils of low fertility. However, productivity of the spe-
cies is better when it is grown in well-drained, deep, and airy soils with medium to 
high fertility. At EPAMIG, we have observed that the initial development of Jatropha 
plants grown in clay soils is better than when grown in sandy soil (Fig.  12.3 ).  

 Very shallow clay soils with constant humidity, little air and poor drainage should 
be avoided (Arruda et al.  2004  ) . The root growth of Jatropha has been shown to 
decrease linearly with the compression rate of the top layer of  quartz-sand dystrophic 
neosol , which means that the plant is sensitive to compacted soil (Abreu et al.  2006  ) . 

 In addition, Jatropha should not be planted in soils where the electrical conduc-
tivity (EC) is elevated or where the irrigation water has a high salt content 
(Vale et al.  2006  ) . We observed a reduction of plantlet height from 19.7 to 13.3 cm 
using water with EC values of 0.06 dS. m −1  and 4.2 dS. m −1 , respectively. 

  Fig. 12.2    Grafts of  J. curcas  
(graft) on  J. pohliana  
(rootstock) (Photo courtesy: 
MS Carvalho Dias)       
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 Jatropha adapts to low-fertility soils; however, application of nitrogen (N), phos-
phorus (P), potassium (K), calcium (Ca) and magnesium (Mg) provides signi fi cant 
increases in production. A favorable level of soil fertility is necessary for the plants 
to express their yield potential. According to Silva et al.  (  2009  ) , the macronutrients 
that most affect (by more than 85%) the production of total dry matter are Ca, Mg 
and K. The series of the relative importance of macronutrients is Ca > Mg > K > N > P > S. 
P and S are less important macronutrients because their omissions result in the 
smallest reductions of dry matter production of the macronutrients. In the green-
house, Kurihara et al.  (  2006  )  observed a highly signi fi cant response towards P input, 
especially in soils with low available P. In research conducted at EPAMIG in 
Northern Minas Gerais, Moura Neto et al.  (  2007  )  found that the relationship 
(Fig.  12.4 ) of (1) plantlet height (Fig.  12.4a ), (2) stem diameter (Fig.  12.4b ), (3) 
number of leaves (Fig.  12.4c ), and (4) weight of roots (Fig.  12.4d ), stems (Fig.  12.4e ) 
and leaves (Fig.  12.4f ) to P input follows a quadratic function (ax2 + bx + c = 0). 
Compared to the control without P, these parameters increased under P fertilization 
by 59% (height), 31% (diameter), 205% (leaf number), 59% (root weight), 87% 
(stem weight) and 223% (leaf weight). These authors also concluded that P is 
extremely important for the early development of Jatropha plants, as observed from 
the effects of increasing doses of P on seedling development (Fig.  12.5 ).   

 In sandy soil under controlled conditions, a maximum seed production of 
1,538 kg. ha −1 . year −1  was obtained with 21-month-old plants fertilized with an 
application of 240 and 400 kg. ha −1 . year −1  of N and P 

2
 O 

5
 , respectively (Silva et al. 

 2007a  ) . Maximum seed production (2,137 kg. ha −1 . year −1 ) after 33 months, esti-
mated with the equation  = 1,390 +2.24 * N + 2.11 * P 

2
 O 

5
  – 0.0053* (P 

2
 O 

5
 ) 2  

(R 2  = 0.70), was obtained with the application of 240 and 192 kg. ha −1 . year −1  of N 
and P 

2
 O 

5
 , respectively (Fig.  12.6 ). The seed yield increased with age and stabilized 

between the  fi fth and sixth year, but increasing doses of N and P 
2
 O 

5
  did not result in 

signi fi cant effects on the oil content of the seeds (Table  12.1 ).   
 As described above, N occupies the fourth place in the ranking of macronutrient 

importance in Jatropha (Silva et al.  2009  ) , in contrast with castor beans for which N 
is the most limiting nutrient (Lavres et al.  2005  ) . N is the nutrient that most promotes 

  Fig. 12.3    Jatropha grown in clay soil ( a ) and sandy soil ( b ) in Northern Minas Gerais       
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plant vegetative development in the presence of water. Inter-cropping with Fabaceae 
legume species is a way to partially supply the N that is needed for Jatropha devel-
opment. According to Saturnino et al.  (  2005  ) , Jatropha is highly productive when 
grown in areas that receive large amounts of organic manure. 

 The mass of dry matter produced by Jatropha grown on  yellow-red latosol  with 
medium texture supplemented with four doses of N and  fi ve doses of K was found 
to increase with N following a quadratic function, but to decrease with K (Silva 
et al.  2007b  ) , suggesting that Jatropha does not require a large amount of K for its 
initial development. Thus, the native content of K in soils (87 mg dm −3 ) is suf fi cient 
for the plant demand, as was con fi rmed by the fact that K application during the  fi rst 

  Fig. 12.4    Plant height ( a ), stem diameter ( b ), number of leaves per plant ( c ), root weight ( d ), 
stem weight ( e ) and leaf weight ( f ) of Jatropha as a function of P input (Moura Neto et al.  2007  ) . 
The t-test was signi fi cant at probability levels of 1% and 5%       
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  Fig. 12.5    Response of Jatropha seedlings to increasing P input       

  Fig. 12.6    Seed yield of 33-month-old plants as a function of nitrogen and phosphorus application 
in sandy soils with high availability of phosphorus       
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5 months do not signi fi cantly affect vegetative development (Oliveira et al.  2007  ) . 
K is expected to be essential at the stages of seed formation and maturation, as K is 
present in large amounts in mature seeds (CETEC  1983  ) . The absence of K at this 
stage could be a bottleneck for seed production. 

 Omission of Fe, Cu, Zn, Mn and B led to reductions of the total dry matter by 
84%, 69%, 43%, 31% and 17%, respectively. The importance of micronutrients fol-
lows the series Fe > Cu > Mn ~ Zn > B. In Jatropha, the largest micronutrient require-
ment is for Fe, similar to the requirement of castor beans (Lange et al.  2005  ) . 

 The diagnosis of the nutritional status of plants is an important tool for the proper 
use of fertilizers; its main objective is to identify nutrients that limit plant growth, 
plant development and crop yield. 

 There is a well-de fi ned relationship between nutrient content in tissues, plant 
growth and crop production (Martinez et al.  1999  ) . This relationship is character-
ized by a curve that can be divided into  fi ve regions. The  fi rst and second are 
called regions of  disability . In these regions, an increase in nutrient supply is fol-
lowed by an increase in their content in plant tissues, which results in an increased 
plant growth and yield. In the third region, called the region of  adequacy , an 
increase in the nutrient supply and in the nutrient content in plant tissues is not 
accompanied by a signi fi cant increase in plant growth and yield. In the fourth 
region, called the  luxury absorption  region, the increase in the supply of nutrients 
and their content in tissues is not accompanied by any increase in plant growth or 
yield, which means that the addition of nutrients does not result in any bene fi t for 

   Table 12.1    Seed oil content of Jatropha under different doses of 
N and P 

2
 O 

5
  application   

 Rates of N and P 
2
 O 

5
  (kg ha −1  year −1 ) 

 Oil content (%)  N  P 2 O 5  

  0   0  34.8 
  0  100  35.0 
  0  200  34.0 
  0  400  35.0 
  60   0  34.8 
  60  100  35.4 
  60  200  34.0 
  60  400  33.0 
 120   0  35.2 
 120  100  34.2 
 120  200  35.1 
 120  400  33.1 
 240   0  35.2 
 240  100  33.0 
 240  200  34.7 
 240  400  32.5 
 Mean  34.3 
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plant growth or yield, i.e., it is wasted. The  fi fth region is called the  toxic  region 
and is characterized by a decline in the plant growth or yield with an increase in 
the nutrient supply and tissue content. 

 Studies on Jatropha nutrition are still at an infancy. With the goal of identifying 
the leaf indicators of nutritional status in Jatropha, we found a signi fi cant correlation 
of N and P in the limbo of the  fi fth leaf with the doses of N and P applied to the soil; 
by contrast, only a small correlation was observed between these variables in the 
leaf petiole. For this correlation to be achieved, the  fi fth leaf must be (1) counted 
only among the fully formed leaves, (2) from a branch in the median part of the 
plant and (3) with an in fl orescence (Fig.  12.7 ). The nutrient levels found in the 
limbo of the  fi fth leaf of a highly productive plant are presented in Table  12.2 .   

 Roots exhibit poor development when the soil acidity is below pH 4.5. Limestone 
should be added at a depth of 20–30 cm approximately 2 months before planting to 
reduce the acidity of the soil. Correction of the free aluminum content by liming has 
a positive effect on the development of Jatropha. In a sample of  red clayey latosol , 
the addition of 55% limestone to correct for acidity was needed to obtain maximum 
production (12 g) of the dry mass of Jatropha seedlings. In  sandy neosol , the maximum 
dry mass production (24 g) of seedlings was reached by adding 60% limestone 

  Fig. 12.7    Fifth leaf position on a branch with in fl orescence       

   Table 12.2    Levels of nutrients in the limbo of the  fi fth leaf collected on a  fl owering branch in the 
middle part of a Jatropha plant   

 N  P  K  Ca  Mg  S  B  Cu  Fe  Mn  Zn 
 dag kg −1   mg kg −1  

 2.93  0.29  2.28  2.11  1.14  0.22  39.7  5.1  139  163  19.2 
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(Kurihara et al.  2006  ) . In typical  ortic sandy neosol , 55% limestone provided further 
development of seedlings grown in a greenhouse (Tanure  2006  ) . Several green-
house surveys have shown that the Jatropha plants develop better when Ca is applied. 
It is known that Ca stimulates the development of pivoting roots, ensuring better 
water absorption and formation of secondary roots. These factors are critical for 
better plant use of soil fertility and for adaptation to stress, particularly under water 
de fi cit conditions. Calcium is one of the most important nutrients for root growth 
because it stimulates water and nutrient uptake by roots. Upon application of 
combinations of Ca and Mg doses in Jatropha seedlings grown in soil samples with 
low fertility, Pacheco et al.  (  2006  )  found a larger stimulating effect of Ca compared 
to Mg on seedling development, which indicates that Ca is much more important 
than Mg to support early seedling growth (Fig.  12.8 ).  

 However, the omission of Mg resulted in a decrease in dry matter production 
statistically equal to that of Ca, showing the importance of Mg as a liming factor of 
Jatropha development and explaining the bene fi t of using lime with a higher mag-
nesium content (Silva et al.  2009  ) . 

 According to the results above, it is possible to suggest preliminary fertilizing 
recommendations for Jatropha cultivation (Tables  12.3 ,  12.4  and  12.5 ) in the 
semi-arid region of Montes Claros (North of Minas Gerais, Brazil).    

 Post-planting fertilization is performed in accordance with the projection of the 
plant canopy. Soil sample analysis must be carried out in the region prior to fertilizer 
application to calculate the correct dose. Soil analyses must be carried out once a 
year to assess the evolution of soil fertility. In addition to soil analyses, nutrient 
analyses of the  fi fth leaves are also recommended to check which nutrient(s) may be 
a limiting factor for optimized fruit production. Leaf analysis is an important tool for 
determining if a fertilization program is in agreement with production simulations.  

  Fig. 12.8    Response of Jatropha to increasing Ca doses corresponding to 0.08 and 1.6 times the 
lime required to neutralize the pH (Source: Pacheco et al.  2006  )        
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   Table 12.3    Scheme of fertilization at the stage of Jatropha seedling or cutting plantation   

 Time  Availability of P 1   Availability of K 1   Dose of N 
 Low  Medium  High  Low  Medium  High 
 P 

2
 O 

5
   K 

2
 O 

 Kg ha −1  
 Planting  150  100  60  20  10  0  0 
 Days 
 30  15  10  5  15 
 60  15  10  5  15 

 90  15  10  5  15 

   1 Use the criteria for interpretation of each region. On soils low in zinc (Zn), it is recommended to 
apply 25 g of zinc sulphate per plant in the rainy period  

   Table 12.4    Jatropha fertilization in the  fi rst year of plantation   

 Time  Availability of P 1   Availability of K 1   Dose of N 

 Low  Medium  High  Low  Medium  High 
 P 

2
 O 

5
   K 

2
 O 

 Kg ha −1  
 Months a  
 November  –  –  –  30  20  15  20 
 January  –  –  –  30  20  15  20 
 Feb/March  –  –  –  30  20  15  20 

   a Refers to the months of rain, which may vary among regions. On soils low in zinc (Zn), it is rec-
ommended to apply 25 g of zinc sulphate per plant in the rainy period  

   Table 12.5    Jatropha fertilization in the second year of plantation   

 Time  Availability of P 1   Availability of K 1   Dose of N 
 Low  Medium  High  Low  Medium  High 
 P 

2
 O 

5
   K 

2
 O 

 Kg ha −1  
 Months a  
 November  100  60  30  40  30  20  30 
 January  40  30  20  30 
 Feb/March  40  30  20  30 

   a Refers to the months of rain, which may vary among regions. On soils low in zinc (Zn), it is rec-
ommended to apply 25 g of zinc sulphate per plant in the rainy period  

   Irrigation 

 In an eco-physiology study of water and gas exchange, Lima Filho et al.  (  2007  )  
measured the water potential, gas exchange, stomatal conductance, photosyn-
thesis and transpiration of leaves exposed to sun in 18-month-old plants spaced 
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2.0 × 2.0 m in irrigated and non-irrigated plots, following a completely randomized 
design. The water potentials of the irrigated and non-irrigated plants were −0.57 
and −0.95 MPa, respectively, at 5:00 am (before sunrise) and −1.4 and −1.7 MPa 
after sunrise when evapotranspiration is increased. Photosynthesis was much 
more impaired than evapotranspiration within the levels of water potential and 
stomatal conductance observed. The parameters of leaf temperature (Tf), photo-
synthesis, water pressure, stomatal conductance (gs) and transpiration (E) mea-
sured at 8:00 am, 10:00 am, 12:00 pm, 2:00 pm and 6:00 pm showed that 
Jatropha presented the typical behavior of a woody plant under warm climates 
and a rainy season. The values of gs were higher in the early morning (between 
1.0 and 1.5 mol m −2  s −1 ) and then fell to values approximately 0.7–0.9 mol m −2  s −1  
between 12:00 am and 2:00 pm depending on the temperature of the largest leaf. 
The stomata were closed between 12:00 pm and 4:00 pm; however, photosyn-
thesis reached its highest values during this time interval (between 8 and 
9 mmol m −2  s −1 ), certainly as a result of the higher air evaporative demand 
(Araújo et al.  2007  ) . 

 Although the cultivation of Jatropha has been described as drought tolerant to 
water shortages, we observed a positive effect of an arti fi cial water supply to the crop 
in periods when it is subjected to water stress. This positive contribution of water to 
Jatropha development and production has also been observed in regions where rain-
falls are higher and evenly distributed. However, successful irrigation of this species 
requires a rational system together with other necessary agricultural inputs. 

 Irrigation of Jatropha can be performed using several methods and systems; there 
is not a system more suitable than the others, but rather advantages and drawbacks 
for each of the system. Thus, in situ experiments can be used to learn about the most 
appropriate irrigation system. Appropriate irrigation methods for Jatropha are (1) 
localized irrigation (micro-sprinkling systems and drip), (2) overhead irrigation (cen-
tral pivot and conventional sprinkling with restrictions) and (3) surface irrigation. 

 In the localized irrigation methods, water is applied directly to each plant above 
the root system. In overhead irrigation, water is applied above the plants, resembling 
natural rain. By contrast, surface irrigation refers to irrigation methods where water 
is moved from the soil surface to the plants. Linear and central pivot are considered 
as automated overhead irrigation systems. In linear irrigation, an automated sprin-
kler moves in a straight line. In central pivot irrigation, automated sprinklers moves 
in a circle around a central point or pivot. 

 According to Costa et al.  (  2008  ) , the root system is an important parameter to be 
considered for crop irrigation. In addition to providing plant support, it is the main 
organ responsible for the absorption of water and soil nutrients. As described above, 
Jatropha plantations derived from seeds exhibit larger vegetative development and 
fruit production than plantations derived from cuttings, which has been attributed to 
better root development from effective use of irrigation water. On average, Jatropha 
cuttings develop  fi ve roots, a central and four peripheral roots, indicating good soil 
use when the appropriate growth conditions are provided. 

 In farming under irrigation, plant spacing is normally managed according to the 
plant characteristics. Physical restriction may also occur, depending on the irrigation 
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system used. In experimental areas of irrigated Jatropha, the most widely used spacings 
have been 4 × 2 and 5 × 2 m when mechanical harvesting was applied. The spacing is 
related to the tree size and irrigation system. For example, “central pivot” or “linear” 
systems can be dif fi cult to apply or require pruning. According to Saturnino et al. 
 (  2005  ) , Jatropha sheds leaves during the dry season or the cold period. The plant 
remains dormant until the beginning of next rainy season, and the end of dormancy is 
marked by new sprouts developing at the tips of branches. However, the periodic leaf 
loss typical of non-irrigated plantations was not observed under irrigation in Northern 
Minas Gerais. These results indicate the adaptation potential of Jatropha and an oppor-
tunity for further irrigation management strategies. For example, an irrigation pause 
during certain periods could enable nutrient accumulation, among other bene fi ts. 

 In northern Minas Gerais, it appears that Jatropha is able to produce and develop 
under non-irrigated conditions, with only water from the poorly distributed precipi-
tation (rainfall concentrated between the months of November and February) of 
approximately 1,200 mm. However, preliminary results show positive effects of 
irrigation including (1) better plant development, (2) increased precocity of produc-
tion, (3) maximized harvest period, and (4) increased yield. Although tolerant to 
periods of water shortage, Jatropha needs a proper and constant water supply to 
achieve its yield potential. 

 Under irrigation, Jatropha’s production starts earlier and is greater. Drummond 
et al.  (  1984  )  reported that in an experimental Jatropha area in Janaúba (northern 
Minas Gerais), 18-month-old plants under surface irrigation produced 2,500 kg of 
seeds per hectare at an oil rate of 38% of seed weight. In another region, the seed 
yield conducted under non-irrigated  yellow-red latosol  at Felixlândia Cerrado 
(Central region of Minas Gerais) only reached 500 kg ha −1 . Thus, although adapted 
to dry regions and having a thick stem able to store enough water to survive in dry 
regimes, Jatropha is far less productive under non-irrigated conditions. Jatropha is 
productive in warm climates with more abundant and regular rainfalls, such as 
Zona da Mata (Minas Gerais). In irrigated and fertile areas, Jatropha can start 
producing soon in the second planting year, reaching 2 t ha −1  in the third year 
(unpublished data). 

 In NNE Minas Agro Florestal Ltda. (Janaúba),  fl owering initiation took place 7 
months after crop planting under  drip irrigation  with a volume of 15 l per plant per 
week, given in three irrigation events over the course of the week. 

 MSEA  (  2008  )  and Reyadh  (  1999  )  reported that 5,000 ha of Jatropha were 
planted with 3 × 3 m spacing (1,260 seedlings per hectare) in sandy soils of the 
desert in the Luxor region (Egypt) under irrigation with ef fl uent water from sewage 
treatment (EC 1.04 and pH 7.47). The plants did not receive any organic or mineral 
fertilization other than the nutrients contained naturally in the irrigation water from 
the ef fl uents of sewage treatment. The production began 18 months after seedling 
transplantation and reached an average yield of 3–4 kg per plant 2 years after plant-
ing. The oldest and largest plants produced between 12 and 18 kg per plant. These 
reports not only indicated the feasibility of fertirrigation on Jatropha plantations, 
but also the possibility of using waste water for a productive activity that neither 
harms human health nor pollutes the environment. 
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 In an area on the experimental farm of EPAMIG in Jaíba (northern Minas Gerais), 
nitrogen and potassium were successfully applied to a Jatropha plantation using 
localized irrigation systems (drip and micro-sprinkling). 

 To determine the yield potential of Jatropha in semiarid conditions, Drummond 
et al.  (  2007  )  compared Jatropha’s productivity under dry and irrigated conditions in an 
experimental  fi eld (9°09 ¢  S, 40°22 ¢  W at an altitude of 365.5 m) of Embrapa (ENT-
Petrolina, Petrolina, Pernambuco, Brazil). In this region, the average annual rainfall 
ranges from 400 to 500 mm and is concentrated in February to April. The average 
temperature is 26.4°C, the average evaporation is 7.4 mm d −1 , the average day length 
is 7.3 h d −1  and the annual average relative humidity is 61.8%. Nine rows of 23 plants 
spaced 2.0 × 2.0 m with surface irrigation were planted at the beginning of the rainy 
season. The area was divided into two parts of four rows, separated by a central row. 
The plants of all rows were grown under non-irrigated conditions until 4 months after 
planting. After this period, four rows were irrigated each week. Nine months after 
planting, 63 plants from both of the four dry rows and the four irrigated rows were 
assessed individually for (1) plant height, (2) stem diameter, (3) branch number at one 
meter and (4) numbers and weights of fruits and seeds. The results obtained for these 
parameters showed that Jatropha’s performance 4 months after planting was far supe-
rior when complemented with irrigation compared to the control plants grown with 
rain precipitation. The average seed productivity under irrigation was 871 kg ha −1 , i.e., 
which is 3.5 times larger than the control (246 kg ha −1 ). 

 In a comparison of vegetative development under dry and irrigated conditions in 
the region of Vale do Jequitinhonha, plants were spaced 2 × 2 m, and one irrigated 
row was separated from the other by a non-irrigated row. Irrigation was performed 
by dripping. Ninety-six plants, including 48 from dry rows and 48 from irrigated 
rows, were evaluated after 5 months for plant height and stem diameter. As expected, 
plants under irrigation exhibited better development in terms of both plant height 
and stem diameter (Evaristo and Moreira  2008  ) . 

 An average production of 63.72 and 83.02 g of seeds under non-irrigated and 
irrigated conditions, respectively, was reported in 9-month-old plants by Coletti 
et al.  (  2008  ) . By contrast, Drumond et al.  (  2008  )  found that 12-month-old 
Jatropha planted in a scheme of three rows containing 21 plants spaced 2 × 2 m 
produced an average of 50 (330 kg ha −1 ) and 210 (1,156 kg ha −1 ) fruits per plant 
under dry and irrigated (drip) conditions, respectively. More recently, Drumond 
et al.  (  2010  )  reported average seed yields ranging between 2,853 and 3,542 kg ha −1  
in 12-month-old genotypes under irrigation. However, investigations of Jatropha’s 
productivity are not generally based on  fi eld realities. Experiments based on 
small sample sizes may give unreliable results because of statistical inconstancies. 
Other important parameters were not considered by these investigators, such as 
the genotype interaction of this undomesticated species with the edapho-climatic 
conditions of the environment. However, irrigation and fertirrigation are tech-
nologies that have great potential for the cultivation of Jatropha. To be successful, 
they must be adapted to farming techniques that still need to be optimized for 
this crop. 
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 Frigo et al.  (  2008  )  analyzed the expenses of different energy sources (renewable 
and non-renewable) of a Jatropha agro-ecosystem under drip irrigation to evaluate its 
long-term sustainability based on energy balance and use of non-renewable resources. 
Data from primary (collected in the  fi eld through oral reports) and secondary sources 
(data from bibliographies of the area), as well as manual or mechanical operations 
such as land cleanup, pruning, rowing, mechanical, digging, seedlings plantations, 
insecticide application, fungicide manual application, manual weeding, irrigation 
and harvesting, were used to calculate an energy balance of 2,141.66 MJ ha −1 . Thus, 
for each kg of Jatropha fruit produced (i.e., a gross energy of 12.80 MJ), 4.62 MJ are 
from non-renewable energy sources, which, in the case of this study, corresponds to 
fossil fuel sources (fuel, grease and lubricants). Because the energy ef fi ciency is 2.77 
for every kg of fruit produced (12.80 MJ), an additional 35.56 MJ of non-renewable 
energy sources is needed. Finally, the culture ef fi ciency of irrigated Jatropha is 
0.36%, meaning that for every 12.80 MJ produced (kg of fruits), 35.67 MJ of fossil 
fuels are needed as energy input. Thus, due to the heavy use of non-renewable energy 
in the irrigation process, Jatropha under irrigation is an untenable agro-ecosystem in 
the long run. Jatropha can be used to convert solar energy into oil with lower energy 
input than the energy effectively released in the oil after its extraction. However, this 
study only looked at the  fi rst year of cultivation, which is insuf fi cient to draw conclu-
sions about the energy ratio over the 20 years of a Jatropha perennial plantation. 
Nonetheless, this study may serve as a reference for future analyses needed to iden-
tify in which agro-system Jatropha may become sustainable as a member of the 
energy matrix. There is an imperative need for economic investigations on the 
 fi nancial viability of irrigation of Jatropha before making any recommendation on its 
use, especially when referring to small- and medium-sized producers who have few 
resources to invest in such a productive process.  

   Fruit Harvesting 

 The fruits of Jatropha are considered mature when they reach a yellow coloration 
and are generally harvested by hand. The fruits at this stage of development are at 
the peak of oil accumulation in seeds and get detached easily from stalks. 
Fructi fi cation occurs in bunches, but maturation is not uniform, and  fl owering occurs 
continuously as long as there is heat and moisture. Thus, continuous harvesting is 
needed throughout the maturation period. 

 An alternative faster and easier method is to shake plants at half their height to 
allow fruits to fall, which can then be easily collected on a canvas extended on the 
soil (Saturnino et al.  2005  ) . The drawback of this method is that some fruits do not 
tear off and others are pulled out when falling on the ground, which also may lead 
to contamination and the need to collect the fallen fruit. 

 Farmers and the scienti fi c community believe that the implementation of a 
mechanical harvesting system for Jatropha would be a critical step to improve crop 
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feasibility. Today, equipment used in other crops, such as coffee, is being tested for 
adaption to Jatropha. 

 A semi-mechanized system with lateral vibrating  fi ngers is being tested at the 
Federal University of Viçosa (Minas Gerais). This type of equipment is widely used in 
the cultivation of coffee. The performance of the prototype has been considered to be 
excellent when tested on Jatropha (Dias et al.  2007  ) . Ideally, a harvester should cause 
minimal plant damage and fruit loss. However, tests conducted in the  fi eld in Janaúba 
(Minas Gerais) using this equipment caused extensive damage to branches and plants. 

 A self-propelled harvester designed for coffee was also tested on Jatropha by 
Biojan Ltda in Janaúba. This harvester uses a system to drag and shake branches 
(Fig.  12.9 ). Fruits are collected by mugs as they fall, led by elevators and dispensed 
into a cart. According to Biojan, the results are promising because the fruit harvest 
yield was very good. An evaluation performed shortly after harvesting revealed the 
occurrence of damage to the trunks, branches, loss of leaves and eventually partial 
loss of in fl orescences. In addition, many immature fruits were collected together 
with the mature ones. However, despite all the above constraints, the plant recovery 
was quickly veri fi ed, even if the equipment was used throughout the year.  

 In order for a mechanical harvesting system to be viable, a series of technological 
advances must be achieved. For example, pruning is a viable alternative to reduce the 
crown size for mechanical harvesting (Silva et al.  2012  ) . Pruning at 80 cm in the pri-
mary branch with thinning below 60 cm and promotion of three secondary branches 

  Fig. 12.9    Jatropha mechanical harvesting system in Northern Minas Gerais, Brazil (Source: 
Biojan Ltd). Views are taken from the lateral (a), front (b) and rear (c)       
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gave the best results for mechanical fruit harvesting. Dwarf cultivars or those with 
different architectures should be developed in conjunction with the harvester to allow 
for better circulation of the equipment over plantation lines. Such dwarf cultivars 
should present similar  fl ower numbers despite their small size, good/proli fi c  fl owering 
and fructi fi cation in discrete periods of the year and greater fruit uniformity within the 
same cluster. Knowledge of plant physiology for inducing synchronous  fl owering and 
maturation under irrigation control, pruning and/or plant regulators are needed. 
Pruning is a viable alternative to reduce the canopy size for adaptation to mechanical 
harvesting; however, this method requires human power, which inevitably increases 
costs. Biophysical analyses of branch, fruit and stem resistance should be carried out 
to measure the average force needed to collect mature fruits without breaking new 
in fl orescences, productive branches and damaging immature fruits.  

   Conclusions 

 Jatropha is an oilseed crop with good potential for biodiesel production; it is hardy, 
tolerant to drought, widespread through tropical to sub-tropical climates and some 
temperate regions. However, under inadequate conditions of light, air temperature, 
relative humidity, rainfall, soil fertility and moisture, this species does not reach the 
expected productivity. Production costs should be considered based on the speci fi c 
environment where Jatropha is grown. Damages caused by biotic and abiotic factors 
also need to be assessed. 

 Research on the fertilization of Jatropha is still at an early stage in Brazil. To exploit 
this crop on a large scale, additional information is needed to warrant sustainability of 
its commercial cultivation. 

 The information available on the physiology of Jatropha is very meagre. The limited 
information on the vegetative and reproductive growth in various environments and 
cropping systems came from observations made in the early stages of plant life without 
reference to the physiological mechanisms that explain these processes. Investigations 
on gas exchange and water balance are lacking. Moreover, there is no information on 
hormonal relationships, nitrogen metabolism, assimilate partitioning, and root physiol-
ogy, among other things. Molecular biology is in the early stages of applications for 
understanding the mechanisms of regulation of gene expression in response to environ-
mental stresses. 

 Irrigation is a technology that holds great potential for cultivation of Jatropha. 
However, to be successful, it must be adapted to other cultural treatments, performed 
using good-quality equipment, and maintained periodically to ensure proper perfor-
mance in the long run. An economic survey is needed to verify the  fi nancial viability 
of irrigation in the cultivation of Jatropha to understand the conditions under which 
it is recommended. 

 Because  fl owering and fruit development is asynchronous in Jatropha, fruit har-
vesting is one of the main challenges to be overcome for the viability of the culture 
as an industrial crop. In the present stage of crop development, the process simply 
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needs to be suf fi ciently ef fi cient to be economically viable, i.e., there must be a 
positive balance between fruit crop and crop costs; the higher the harvesting fre-
quency, the lower the fruit loss, but the higher the crop cost. On the other hand, if 
the harvest occurs only once, losses can be so high that they may challenge Jatropha’s 
sustainability. Postharvest steps leading to biodiesel production will be subject to 
both losses in quantity and quality of oil, which can only be prevented by using 
several agronomic and industrial technologies. High-quality seeds are needed for 
storage and industrial processing to ensure good yield and quality of biodiesel.      
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   A bbreviations  

  AMF    Arbuscular mycorrhizal fungi   
  dS m −1     Deci Siemens per meter   
  EC    Electrical conductivity   
  ha    Hectare   
  K    Potassium   
  kg    Kilogram   
  N    Nitrogen   
  NaCl    Sodium chloride   
  P    Phosphorus     

       Introduction 

 Mutualistic fungi depend on plants for photosynthetic carbon while host plants 
receive inorganic nutrients and water captured from the soil through fungal hyphae. 
Most  arbuscular mycorrhizal fungi  (AMF) are obligate symbionts within the 
monophyletic phylum, Glomeromycota. The AMF form highly branched exchange 
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surfaces, known as arbuscules, within the cortical tissue of roots during periods of 
active root growth. Many AMF also form vesicles, which are lipid- fi lled structures 
produced in intercellular spaces. Their function is food storage, but can also serve 
as reproductive propagules for the fungus in some species. Other structures are aux-
iliary cells and asexual spores, which are formed in the soil (Fisher and Jayachandran 
 1999 ; Sylvia et al.  2005 ; Trappe  2005 ; Schüßler et al.  2009  ) . These fungi cannot 
 fi nish their life cycle or multiply on arti fi cial media without their plant host 
(Sieverding  1991  ) . The majority of vascular plants develop mycorrhizal associa-
tions (Smith and Read  1997 ; Öpik et al.  2008 ; Parniske  2008 ; Siddiqui et al.  2008 ; 
Verma  2008  )  that play important roles in plant  fi tness including suppression of soil-
borne pathogens (Brundrett et al.  1996 ; van der Heijden and Sanders  2003 ; Siddiqui 
et al.  2008  ) , nutrient cycling and soil conservation in natural as well as agricultural 
ecosystems (Boomsma and Vyn  2008  ) . These fungi are sensitive to some agricul-
tural chemicals; their diversity and abundance are also reduced by fertilizers, espe-
cially those containing high amounts of phosphorus (P). Many AMF produce large 
spores; a fact that facilitates their extraction from soil and observation under micro-
scope (Brundrett et al.  1996 ; van der Heijden and Sanders  2003 ; Sylvia et al.  2005 ; 
Verma  2008  ) . Hence,  fi eld surveys can readily be undertaken since the results are 
only limited by the capacity to identify AMF using molecular tools. Lastly, inocula-
tion with target mycorrhizal fungi can lead to an improvement in growth and repro-
duction in many crops (Brundrett et al.  1996 ; Smith and Read  1997 ; van der Heijden 
and Sanders  2003 ; Öpik et al.  2008 ; Parniske  2008 ; Verma  2008  )  depending on the 
prevailing edaphic factors. 

 There is strong interest in bringing marginal lands, which cannot be used for food 
production, into cultivation for physic nut (Jatropha curcas L. hereafter referred to as 
Jatropha). However, in order for this plant to perform well on these marginal sites, 
inoculation with symbiotic microorganisms, such as AMF, is likely to be essential 
due to the loss of soil micro fl ora resulting from past land management and other 
practices. This report explores the association of AMF with Jatropha including AMF 
diversity, compatible AMF species and known bene fi ts of AMF for Jatropha growth 
and development. It draws heavily on work undertaken in northern Thailand, supple-
mented with studies elsewhere. Knowledge gaps were identi fi ed and served as guide-
lines to investigate future directions for research and management.  

   The Mycorrhizal Status of Jatropha 

 Investigations of Jatropha seedlings or cuttings from the  fi eld indicate that their 
roots are generally associated with AMF (see for example Leye et al.  2009 ; 
Kamalvanshi et al.  2011 ; Singh and Jamaluddin  2011  ) . No systematic study has 
been undertaken on AMF associated with Jatropha in the wild, thus comparisons 
can only be drawn between Jatropha under cultivation. The analyses by 
Charoenpakdee et al.  (  2010a  )  revealed a strong relationship between Jatropha and 
AMF in the rhizosphere of Jatropha trees in six provinces of Thailand (Fig.  13.1 ). 
Thirty-four AMF morphospecies were identi fi ed among which the predominant 
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genus, in terms of spore density and species diversity, was  Acaulospora  followed by 
 Glomus ,  Scutellospora ,  Gigaspora  and  Entrophospora . Furthermore, seven species 
dominated the AMF spore populations in many sites (Fig.  13.2 ). Jatropha roots 
were heavily colonized in all the  fi eld sites sampled (Fig.  13.3 ). Thus, in both acid 

  Fig. 13.1    Collection sites for AMF associated with Jatropha in six provinces of Thailand. ( a ) CR2: 
Chiang Rai, ( b ) CM1: Chiang Mai, ( c ) CM2: Chiang Mai, ( d ) CM3: Chiang Mai, ( e ) CM4: Chiang Mai, 
( f ) LP1: Lumphun, ( g ) CR1: Chiang Rai, ( h ) KK1: Khon Kean, ( i ) LO1: Loei, ( j ) NK1: Nong Khai       
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and alkaline soils in Thailand, Jatropha appears to be readily colonized by AMF 
under a range of  fi eld conditions, including acidic to alkaline soils, soils of low to 
moderate organic matter content and soils differing greatly in the concentration of 
available P.     

  Fig. 13.2    Spore traits of the dominant AMF collected from Jatropha rhizosphere under light ( a – c , 
 e – g ) and scanning electron ( h ) microscopes.  Acaulospora foveata  (CMU02) ( a ),  Entrophospora 
colombiana  (CMU05) ( b  and  h ),  A. dilatata  (CMU09) ( c ),  A. lacunosa  (CMU14) ( d ),  Gigaspora 
rosea  (CMU29) ( e ),  Gigaspora  sp.01 (CMU28) ( f ), and  A. scrobiculata  (CMU06) ( g ) with Melzer’s 
reagent. Bars:  a ,  b ,  c ,  d ,  g  = 38  m m (40×); e, f = 150  m m (10×); h = 50  m m       

  Fig. 13.3    AMF colonization in Jatropha roots. ( a ) AMF structures near the root tip ( arrow ), 
( b ) highly infected root, ( c ) vesicles ( arrows ), and ( d ) arbuscules ( arrows ). Bars are 150  m m 
( a ), 75  m m ( b ), 38  m m ( c ), 15  m m ( d ), respectively       
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   Spore Production of AMF Species Compatible with Jatropha 

 Jatropha has been introduced into many countries from its natural distribution in 
the American tropics. The soil microbiota and soil conditions of these new sites 
can differ markedly from those of its natural habitat. Under these situations, especially 
where soil microbial diversity has been depleted from soil by disturbance in the 
past, it may be desirable to introduce compatible bene fi cial rhizosphere bacteria 
(Johansson et al.  2004 ; Desai et al.  2007 ; Khan  2008 ; Nehra and Saharan  2011  )  
and fungi. This necessitates the production of inocula for commercial application. 
In the case of AMF, which cannot complete their life cycle without a host plant 
(Corkidi et al.  2008  ) , spore inoculum has to be produced in the rhizosphere of 
compatible host plants (Liu and Wang  2003  ) . A range of techniques are available 
for producing inoculum including growing plants in sterile sand or in more con-
trolled environments, such as aeroponic and nutrient  fi lm systems (Setiadi  2002  ) . 
Alternatively, when good facilities are available (Pratap and Potty  2011  ) , cul-
tures of transformed roots are preferred for multiplying AMF spores to ensure 
that only the desirable species are present in the inoculum (Ishii et al.  1997  ) . 

 Many mycorrhizal fungi have been distributed around the world with the 
movement of plants prior to the establishment of quarantine services and also 
because some AMF are compatible with a broad range of hosts. Thus, it is a 
good practice to  fi rst evaluate whether local AMF are effective for Jatropha or 
not. According to this approach, Jatropha was used as a bait plant for AMF in 
soils taken from the  fi eld in northern and north-eastern Thailand. Although these 
soils contained over 34 species of AMF, only one species of  Entrophospora  and 
one species of  Scutellospora  were able to multiply their spores (Fig.  13.4 ) in the 
rhizosphere of pot-grown Jatropha, suggesting that the majority of AMF species 
may be preferentially associated with the roots of weeds and not Jatropha. Each 
species of AMF was identi fi ed on the basis of its spore morphology under 
microscope. Spore shape, size and ornamentation were used for genus 
classi fi cation. For example, based on light microscopy alone, the AMFs of 
Fig.  13.4a  can be from  Gigaspora  or  Scutellospora  and those of Fig.  13.4d  from 
either  Acaulospora  or  Entrophospora . Internal structures of spores, such as (1) 
the  germination shield  can then be used to con fi rm  Scutellospora  (Fig.  13.4b ) 
and (2) the presence of two  scars  on the outer spore wall in addition to a red to 
purple reaction of the inner wall layer to Melzer’s reagent suggest  Entrophospora  
(Fig.  13.4e ). Electron microscopy provides additional traits such as spore orna-
mentation that can be used to con fi rm some species (Fig.  13.4c , f). Molecular 
tools, such as the sequence of small (18S) and large subunits (28S) of rDNA 
genes can be used for  fi nal species identi fi cation (Charoenpakdee  2009  ) . These 
two compatible AMFs were then multiplied further using a range of cereals 
(Fig.  13.5 ) of which sorghum was the best host plant for AMF sporulation 
(Charoenpakdee et al.  2010b  ) . Plants such as grasses, which grow fast and have 
extensive systems of  fi ne hairy roots are ideal for producing AMF spores in 
sterile sand in pots or in raised beds in the greenhouse. Once compatible species 
of AMF have been multiplied in suf fi cient quantity their effectiveness must be 
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evaluated in  fi eld trials before deployment in commercial plantations. Only a 
few species of AMF have been assessed so far in  fi eld trials (e.g., Behera et al. 
 2010  ) . By contrast, a wider range of AMF species have been evaluated in con-
tainers (Feldmann et al.  2008 ; Leye et al.  2009 ; Kumar et al.  2010 ; Ultra  2010  )  
for many food and  fi ber crops.    

  Fig. 13.4    Examples of AMF species trapped with Jatropha viewed under stereomicroscope (a, d), 
compound microscope (b, e) and scanning electron microscope (c, f). Spores of Scutellospora sp. 
(a, b, c) are ~130 mm (a). A general view of bulbous subtending hyphae (H) and germination shield 
(GS) is given in (b). The attachment region of bulbous subtending hyphae is a character that allows 
species classi fi cation (magni fi cation 5,000) (c). Spore of Entrophospora sp. (d, e, f) are ~3 mm (d). 
The spore wall layer appears red to purple in Melzer’s reagent (arrow) (d, e) and spore ornamenta-
tion is evident at magni fi cation 10,000 (f). Bars are 141 mm (a), 150 mm (b), 5 mm (c), 18 mm (d), 
25 mm (e) and 5 mm (f), respectively       
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   Bene fi ts to be Gained from Symbiosis with AMF 

 Studies on a wide range of crop species have shown considerable advantages to be 
gained from roots being associated with compatible AMF. As Jatropha is a relatively 

  Fig. 13.5    Process of AMF spore multiplication in pot culture. Spore inoculum of  Scutellospora  
sp. in soil ( a ) and on strips of sterilized paper used as starter inoculum ( b ). Sorghum seedlings are 
being planted in sterilized soil pre-inoculated with spores (see paper strip) ( c ). The surface of pot-
ting mix is kept moist with sterilized coir (host is  Coix lacryma-jobi ) ( d ) and external contamina-
tion is controlled by soil cover with a plastic sheet and by pots elevation on bricks (job’s tears) ( e ). 
A case experiment with rice kept on water sheet before harvesting ( f )       
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new crop for biodiesel production, studies are incomplete. However, it is reasonable 
to assume that similar bene fi ts as found for many other crops will also apply for this 
new crop. The following sections describe the main bene fi ts of AMF symbiosis for 
Jatropha as they are documented in the literature. 

   Enhancing Nutrient Uptake 

 AMF play an important role in the mineral nutrient uptake by host plants (Marschner 
and Dell  1994  ) , which facilitate plant growth and yield (Monzon and Azcon  1996 ; 
Hartwig et al.  2002 ; van der Heijden and Sanders  2003 ; Davies et al.  2005 ; Schreiner 
 2007 ; Plassard and Dell  2010  ) . AMF produce  fi ne hyphae, which ramify into soil 
providing a large absorption surface for nutrient uptake. Nutrient capture can take 
place in sites where root diameter precludes root access especially for elements that 
are strongly adsorbed to soil surfaces (Brundrett et al.  1996 ; Smith and Read  1997 ; 
van der Heijden and Sanders  2003 ; Verma  2008  ) . Furthermore, AMF may have access 
to forms of nutrients that are not readily available to roots including organic forms of 
P (Jones  1998 ; van der Heijden and Sanders  2003 ; Plassard and Dell  2010  ) . AMF may 
also have a role in the cycling of soil nitrogen (N) (Veresoglou et al.  2011  ) . 

 Studies undertaken so far with Jatropha indicate that macronutrients are often 
limiting when this crop is grown on poor soils. Not surprisingly, inoculation with 
selected AMF can increase the growth of young plants in these soils. In a  fi eld trial 
in India, the application of  Glomus fasciculatum  and  Scutellospora calospora  spores 
promoted a larger growth of Jatropha compared to the unfertilized control and to 
plants that were given 10 g NPK fertilizer at establishment (Behera et al.  2010  ) . 
Similar growth responses to AMF inoculation have been observed on soils with low 
available P in pot trials. For example, Leye et al.  (  2009  )  tested four species of AMF 
( Glomus aggregatum, G. fasciculatum, G. interradices,  and  G. mosseae ) and found 
that growth was stimulated in 4-month old seedlings. However, there was a signi fi cant 
interaction between AMF species and Jatropha cultivars concerning growth stimula-
tion. In the Philippines, Ultra  (  2010  )  suggested that AMF should be added in con-
junction with 15–30 kg NPK fertilizer/ha to improve nutrient utilization. 

 In Thailand, growth stimulation of Jatropha’s seedlings have been obtained with 
a range of AMF species ( Acaulospora  sp. no.22,  Entrophospora colombiana ,  Glomus 
caledonium ,  G. etunicatum ,  Scutellospora  sp. CMU33, a commercial product con-
taining two species of  Glomus  and two species of  Acaulospora ). The values of all 
parameters referring to plant growth were increased after AMF inoculation 
(Table  13.1 ). The increased vigor of inoculated plants can be deduced from their two 
times larger diameter of their stems (Fig.  13.6 , Table  13.1 ) and their two times larger 
root system (Charoenpakdee  2009  ) . Despite their preference for speci fi c hosts, AMFs 
have a wide range of hosts as reported by Zhu et al.  (  2000  ) . Similarly, application of 
 G. aggregatum  with organic fertilizer (duck guano) and either phosphate rock or tri-
ple superphosphate (TSP) increased fruit production, seed weight and plant height in 
2-year old Jatropha cuttings grown in the  fi eld in Thailand (Silpachai et al.  2009  ) .   
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 In Brazil, Jatropha seedlings inoculated with  Gigaspora margarita  or  Glomus 
clarum  in pots containing 4 kg of sandy soil had higher shoot and root dry matter, 
plant height, leaf number and total leaf area (Balota et al.  2011  ) . Not surprisingly, in 
degraded soils AMF can accelerate revegetation including with exotic species, such 
as Jatropha (Singh and Jamaluddin  2011  ) . The higher success rate of revegetation 
was demonstrated in India using an inoculum of  G. fasiculatum  and  S. calospora  
spore (Behera et al.  2010  ) .  

  Fig. 13.6    Effect of inoculation with AMF on the growth of Jatropha seedlings for 30 days in 
30 cm diameter pots containing 5 kg of sterilized sandy soil; T0 = control (no AMF), 
T1 =  Acaulospora  sp., T2 =  Entrophospora  sp., T3  = Glomus caledonium , T4 =  G. etunicatum , 
T5 =  Scutellospora  sp, T6 = mixed species (a mixture of 20 spores of each of the above  fi ve AMF 
species) and T7 = commercial product (Charoenpakdee  2009  )        

   Table 13.1    Growth of inoculated (T1-T7) and uninoculated (T0) Jatropha seedlings assessed 
90 days after transplantation   

 Treatment  Height (cm) a  
 Stem circumfer-
ence (cm) a  

 Weight (g) a   Colonization 
(%) b   Fresh  Dry 

  T0   11.60 ± 2.29a c   3.68 ± 0.56a  16.51 ± 11.10a   5.82 ± 5.40a   0 ± 0.00a 
  T1   13.35 ± 3.28ab  4.45 ± 0.91ab  28.13 ± 6.11b  10.49 ± 3.90b  73 ± 5.19bc 
  T2   13.10 ± 1.61ab  4.30 ± 0.24ab  23.79 ± 6.61ab   8.38 ± 2.53ab  75 ± 3.42bc 
  T3   13.58 ± 1.31ab  4.63 ± 0.75b  25.19 ± 4.83ab   9.21 ± 2.01ab  85 ± 2.64c 
  T4   13.43 ± 3.33ab  4.75 ± 0.33b  28.68 ± 6.64b   9.13 ± 4.24b  55 ± 5.04b 
  T5   15.93 ± 1.51b  5.00 ± 0.00b  33.43 ± 2.96b  13.36 ± 2.09b  80 ± 4.51c 
  T6   14.38 ± 2.22ab  4.93 ± 0.30b  31.85 ± 4.44b  12.74 ± 4.03b  87 ± 2.97c 
  T7   13.83 ± 2.29ab  4.55 ± 0.64b  30.52 ± 5.44b  11.43 ± 2.57b  77 ± 3.76bc 

  T0 = control, T1 =  Acaulospora  sp. no.22, T2 =  Entrophospora colombiana , T3  = Glomus caledo-
nium , T4 =  G. etunicatum , T5 =  Scutellospora  sp., T6 = mixed species and T7 = commercial 
product 
  a Values are averages of four replications (mean ± standard deviation) 
  b Values are averages of 30 replications (mean ± standard deviation) 
  c Letters “a”, “b” and “c” stand for the groups of individuals which variance can be considered 
homogeneous and which mean can be considered signi fi cantly different from one another at 
P < 0.05 using Duncan’s multiple range test. One can see that group “a” appears only for the con-
trol, which implies that all the inoculated individuals are signi fi cantly different  
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   Enhancing Tolerance to Saline Soils 

 Salt stress can markedly reduce plant growth and can lead to death in sensitive species. 
In addition to osmotic damage due to the accumulation of salts in plant tissues and to 
the water de fi cit in shoots, salinity can also result in mineral nutrient imbalance at the 
whole plant level. AMF may assist some plants to withstand low levels of salinity 
stress by enhancing plant biomass and altering host plant physiology (Ruiz-Lozano 
et al.  1996  ) . Examples of these responses have been demonstrated for food and  fi ber 
crops including cotton (Tian et al.  2004  ) , green basil (Enteshari and Hajbagheri  2011  ) , 
lotus (Sannazzaro et al.  2007  ) , maize (Amerian and Stewart  2001 ; Feng et al.  2002  ) , 
tomato (Fritz et al.  2006 ; Subramanian et al.  2006  )  and wheat (Daei et al.  2009  ) . Rabie 
and Almadini  (  2005  )  described some of the mechanisms of AMF on ion transport in 
plants. Mycorrhizal plants have relatively less export of sodium (Na) and chloride (Cl) 
from the roots to the shoots (Scheloske et al.  2004  )  and this can have bene fi cial effects 
such as reducing Na in leaves as well as increasing membrane stability and concentra-
tion of N, P and K (Rinaldelli and Mancuso  1996 ; Kaya et al.  2009  ) . Moreover, higher 
rate of K accumulation by mycorrhizal plants under NaCl stress may help in maintain-
ing a large K/N ratio (for biochemical bene fi ts of AMF, see Sannazzaro et al.  2007  and 
Borde et al.  2011  ) . 

 Differences between AMF have been observed in their capacity to in fl uence the 
uptake of Na and Cl (Tian et al.  2004 ; Daei et al.  2009  ) . Moreover, salinity can have 
negative consequences on symbiosis by reducing the (1) rate of colonization, (2) 
rate of spore germination, (3) growth of hyphae in soil and hyphal spread after 
infection and (4) arbuscule number. 

 Jatropha is quite sensitive to saline soils. Trial in containers showed the addition of 
NaCl decreased tap root length and root biomass. However, plants in the same condi-
tions (light, soil pH, soil and air humidity, etc.), but preinoculated with AMF had 
larger root systems, better leaf water status, less leaf membrane damage (low lipid 
peroxidation activity), higher solute (proline and sugars) and higher leaf chlorophyll 
concentrations than uninoculated plants. The authors concluded that inoculation with 
AMF in the nursery before transplanting in the  fi eld is useful for improving the growth 
of Jatropha in soils with up to 0.5% NaCl (EC of 7.2 dS m −1 ).  

   Enhancing Tolerance to Heavy Metals 

 The plant tolerance to heavy metals such as zinc, chromium, nickel and arsenic 
is generally improved by mycorrhization (Subramanian et al.  2006 ; Wu and Xia 
 2006 ; Jankong and Visoottiviseth  2008 ; Turkmen et al.  2008  ) . For example, 
seedling inoculation with  Glomus mosseae ,  G. intraradices  and  G. etunicatum  
resulted in an improved tolerance of  Pityrogramma calomelanos ,  Tagetes erecta  
and  Melastoma malabathricum  to arsenic contamination of soil in Thailand 
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(Jankong and Visoottiviseth  2008  ) . Two possible reasons for AMF-mediated 
arsenate tolerance are: (1) AMF colonization might down-regulate the high-af fi nity 
for phosphate or arsenate transport system by enhancing phosphorus uptake, but 
suppressing arsenic uptake and (2) AMF might increase the ef fl ux of arsenic (as 
arsenite) from mycorrhizal roots (Jankong and Visoottiviseth  2008  ) . AMF might 
also reduce plant exposure to metals by their preferential uptake into fungal tissues 
as well as into extra-cellular glycoproteins in the rhizosphere. Organic amendments 
in conjunction with AMF could further help to mitigate heavy metal toxicity in 
soil (Nanda and Abraham  2011  ) . 

 In the Philippines, Jatropha has been successfully established using AMF on 
mine tailings contaminated with heavy metals (Fig.  13.7 ). Inoculation with AMF 
enhanced survival and growth of seedlings (Lu et al.  2007 ; Charoenpakdee  2009 ; 
Kumar et al.  2010  ) . In general, sequestering of heavy metals in roots of mycorrhized 
plants reduces heavy metal accumulation in shoots.   

  Fig. 13.7    One year old Jatropha seedlings planted in abandoned mine tailings in Mogpog, 
Marinduque, Philippines. Seedlings were inoculated with a commercial mix of eight AMF spe-
cies ( Enterphosphora ,  Gigasporea ,  Glomus ) before planting ( a ) or uninoculated for the control 
( b ). The inoculated plants had better survival (100%), height (19 cm) and stem diameter (2.1 cm) 
than the uninoculated plants (70%, 13 cm, 0.8 cm, respectively). Photographs and data are a 
courtesy of Nelly S. Aggangan (BIOTECH, UPLB, Laguna, Philippines)       
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   Enhancing Tolerance to Water Stress 

 Mycorrhization strongly affects the growth and tolerance to water de fi cit of many 
plants (Borkowska  2002 ; Kaya et al.  2003 ; Pinior et al.  2005 ; Lu et al.  2007  ) . 
Under unstressed conditions, AMF can (1) increase the relative leaf water content 
and transpiration rate and (2) decrease stomatal resistance to gas exchanges. 
Moreover, under continuous drought conditions, mycorrhized plants recovered 
more quickly their optimal turgor and experienced higher growth rate compared 
to non-mycorrhized plants (Kaya et al.  2003 ; Pinior et al.  2005 ; Lu et al.  2007  ) . 
The exact mechanisms underlying these physiologic changes are not understood 
though changes in hormone balances have not been implicated (van Rooyen et al. 
 2004 ; Khalvati et al.  2005 ; Bárzana et al.  2012  ) . 

 So far, there are no detailed investigations on bene fi ts to be gained from inoculat-
ing Jatropha with AMF in water-limited environments. Since Jatropha plantations 
are being established in some regions with a long dry season where risks of drought 
are likely to be exacerbated by climate change, it is prudent to undertake research to 
identify AMF that may enhance survival and oil yield under water-limited condi-
tions. Preliminary observations on rewatering wilted Jatropha seedlings showed that 
plants inoculated with AMF regained stomatal function more quickly than uninocu-
lated plants (Charoenpakdee, unpublished data).  

   Enhancing Tolerance to Biotic Stress 

 The biological control of soil-borne pathogens by AMF has been suggested by 
many workers because fungi have some ability to produce antimicrobial sub-
stances. However, the extent of such pathogen control is likely to be overstated and 
often pot studies are not con fi rmed in the  fi eld (Sylvia et al.  2005 ; Li et al.  2007  ) . 
Biocontrol agents can exert disease suppression by different modes of action, 
including competition, direct parasitism, antibiosis and the induction of plant resis-
tance mechanisms (Li et al.  2007 ; Mukerji and Ciancio  2007  ) . Moreover, AMF 
may enhance host  fi tness by impairing nematode development. The net effects vary 
with the environment, plant genotype, nematode species and fungal isolates 
(Talavera et al.  2001 ; Gera-Hol and Cook  2005 ; Oyekanmi et al.  2007  ) . Many 
changes in plant physiology after AMF infection have been reported including 
higher chitinase activity in roots (Jothi and Sundarababu  2002  ) .   

   Application of Mycorrhizal Technology for Jatropha Production 

 From earlier sections of this report, it is clear that Jatropha can be strongly associated 
with AMF in the  fi eld and that AMF can play an essential role in overall plant  fi tness, 
improving the uptake of nutrient and water by the host, protecting plants against toxic 
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stress, etc. Therefore, managers of Jatropha plantations should request information on 
the AMF status of the crop being established. The  fl ow chart in Fig.  13.8  shows a 
hierarchal approach that facilitates decision making as to whether inoculation is 
desirable or not.  

 If inoculation is deemed desirable, then it is important to thoroughly test the 
AMF inoculum and to evaluate its ability to colonize the roots of Jatropha and con-
fer bene fi t to the crop. Hence, it is most desirable that speci fi c inocula be developed 
for different site conditions and regions. Investment in the production of these inoc-
ula will pay dividends in the future. Managers need to be wary of deploying AMF 
inoculum that has not been speci fi cally tested and developed for their plantations. It 
is evident that considerable research and development is still required. However, the 
task is not dif fi cult since the technology exists and protocols for testing and evaluat-
ing AMF are widely available. 

 Although Jatropha is a robust plant and can grow in marginal environments, 
oil production for biodiesel will be uneconomic unless a crop with consistent 
vigor is achieved. Even in soils of larger fertility with less abiotic stress, AMF 
can be bene fi cial in nutrient cycling, by increasing the ef fi ciency of fertilizer use 
and reducing fertilizer loss. Thus Fig.  13.8  should be a component of proper 

  Fig. 13.8    Questions to consider when evaluating the need to inoculate Jatropha with AMF in the 
context of new commercial plantations       
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agronomic management in order to obtain optimum yield and economic return 
(Francis et al.  2005 ; Ultra  2010  ) .      
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         Introduction 

 One of the major challenges West African countries are facing and that worsened 
since the 70s, is the high spatial and temporal variability of quantitative rainfall (IPCC 
 2007a  ) . This makes agricultural production systems vulnerable and severely limits the 
opportunities for intensi fi cation, thereby constituting the major constraint to achieve 
the objectives of food self-suf fi ciency in the region. In this context, climate change 
poses an additional threat because the forecast is  a priori  an increase of variability in 
West Africa (IPCC  2007b  ) . In addition, over four million cubic meters of wood are 
collected annually to meet the energy needs of the populations in Senegal (CSE/
MEPN  2005  ) . It is used as  fi rewood, representing 60% of the energy balance of the 
country and over 80% of total energy consumption of households. Therefore,  fi nding 
solutions to stabilize farmers’ income is a necessity if acceptable living conditions in 
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villages are to be maintained and rural exodus reduced. Crop diversi fi cation to open 
up prospects for the promotion of new agricultural industries that can increase farm-
ers’ income and thus reduce poverty is increasingly considered one of the preferred 
solutions. In this regard, some countries of the West African Economic and Monetary 
Union have taken the option of introducing biofuel crops into their production sys-
tems and focusing primarily on  Jatropha curcas  L. This choice is justi fi ed by the fact 
that  J. curcas  provides various products and bene fi ts that cover four main aspects of 
rural development: the promotion of women (soap production), poverty reduction 
(sale of seeds and soap), maintenance of soil fertility by controlling erosion (through 
hedgerows), valuation of oil cake as organic fertilizer and provision of renewable 
energy for lighting, cooking, windmills and electric generators in order to reduce 
deforestation. In addition to these socio-economic bene fi ts,  J. curcas  is a species con-
sidered to be well adapted to marginal, water scarce and poor soils that are character-
istic of the Sahel. The development of  J. curcas  intensive farming in the Sudano-Sahelian 
region of Africa could however be compromised by inadequate knowledge about its 
agronomic characteristics. In fact, except for the study of Heller  (  1996  ) , little work has 
been devoted to this species in the region. 

 To overcome this scarcity of reliable data on  J. curcas , we conducted in Senegal, 
as part of the project “Interdisciplinary and Participatory Research on the Interactions 
between Ecosystems, Climate and Societies of West Africa”, an exploratory work 
to contribute to a better understanding of farming systems of this crop, the diversity 
of its germplasm and its yield potential in the Sudano-Sahelian zone.  

   Farming Systems of  J. curcas  

 The study was conducted in seven villages (Diaglé, Ndiaffé, Diamaguène, Keur 
Sambaré, Dantakhoune, Keur Bamba and Bambougar) of the Department of 
Foundiougne (14°08 ¢ N and 16°28 ¢ W), located in the Senegalese region of Fatick 
(Fig.  14.1 ). This site is characterized by a Sudano-Sahelian climate marked by a 
short rainy season of 4–5 months (June-October) and a long dry season of 7–8 
months (November-June). The average monthly temperatures range from minima 
of 21.9°C in January and maxima of 36.8°C in March (ANAMS  2010  ) . The soils are 
of tropical ferruginous type leached or not called in Wolof, the local language, “dior 
and deck”, respectively. Most of these soils are saline (0.5–3 g/l salt) with a rela-
tively high  fl uorine content (2 mg/l). These saline lands cover large areas and repre-
sent a constraint for the development of agriculture (DAT  2001  ) .  

 The survey that we conducted was on a sample of 24 farms involved in  J. curcas  
growing and scattered over seven villages. A questionnaire covering aspects, such 
as socio-demographic features of farm owners, means of production (labour, agri-
cultural equipment, land) and cropping systems (seed supply, planting patterns, 
planting density, fertilization, weeding, pesticide treatments, intercropping) was 
made to collect data and construct a statistical model of the activity. 
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 It appeared that the motivation of farmers for the cultivation of  J. curcas  is due 
to a combination of factors. Awareness campaigns were conducted since the middle 
of the decade 2000–2010 by States, non-governmental organizations (NGOs) and 
private companies. They focused on the important role that  J. curcas  could play in 
controlling soil erosion, valorization of marginal land, access to energy and improv-
ing farmers’ incomes in the West African Sudano-Sahelian zone. Thus, Senegal 
government started to provide support to install public and private nurseries in order 
to facilitate farmers’ access to seedlings. The fact that  J. curcas  requires only a 

  Fig. 14.1    Location of experimental  fi elds.  Top : the location of Senegal ( pink ) is given relative to 
the African continent ( green ).  Bottom : the location of Foundiougne department ( blue ) is given 
relative to Senegal ( white )       
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small investment and does not lead to a high workload for farms is a source of moti-
vation for farmers’ adoption (Somé  2011  ) . The majority of household chiefs (75%) 
who have  J. curcas   fi elds are relatively old (have more than 32 years), illiterate 
(58.3%) and primarily use family labor, with an average workforce of seven people, 
which is comparable to the national average (7.97). Those households are very 
poorly equipped and they combine farming and animal husbandry. Field work is 
performed manually, but animal traction is also used with bovine traction for 41.7%; 
horses are used in 20.8% cases while donkeys are used in 54.2% of farms. 

 There are many reasons for farmers to grow  J. curcas  (Table  14.1 ). In decreasing 
order of importance,  J. curcas  is used for: 

   The delineation of  fi elds and to protect crops against strayed animals and secure • 
the property over the land used;  
  Income that farmers hope to gain from the sale of seeds or oil;  • 
  The medicinal properties, i.e., the latex is used to treat wounds due to its antimi-• 
crobial properties and leaves are used as herbal tea to treat respiratory ailments 
such as colds;  
  The making of handmade soap.    • 

 Actually, some other factors may play an important role for the adoption of 
 J. curcas  by farmers. For instance, in Malawi, Mponela et al.  (  2011  )  found that 
age, education level of the household chief, availability of work force for labor 
and possession of uncultivated land have a positive in fl uence on the allocation 
of land for  J. curcas  cultivation. In contrast, the ownership of livestock and off-
farm incomes discourage farmers to plant this species. 

 In terms of cropping systems, it appeared that household chiefs are gradually 
adopting  J. curcas . Actually, 21.7% of them have started cultivating this crop. The 
main methods of  J. curcas  planting are hedgerows and intercropping in association 
with food crops. Hedgerow is an established traditional planting system of  J. curcas  
that has spread in many rural areas in Senegal for many years before the recent 
campaigns for intensive biofuel production. Hedgerows of  J. curcas  are intended 
primarily to delineate the  fi elds and secondarily to protect crops against livestock 
strays and to control wind erosion. Planting  J. curcas  in hedgerows is still the largely 
dominant cropping system in the area of study where it is practiced by 78.3% of 
farmers surveyed. It is followed by intercropping in association with food crops 
(13% of farmers) and by monoculture of  J. curcas  that is still marginal (8.7%). 

 Type of use for  J. curcas   Frequency (%) 

 Sale  33.3 
 Making fences  35.4 
 Medicines  23.0 
 Soap   6.3 
 Wood   2.0 

 Table 14.1    Relative 
frequency of  J. curcas  
according to its type of use  
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The association of  J. curcas  with food crops is adopted by farmers because this 
system allows them to use the same land at the same time for both crops and there-
fore insure minimum income source, primarily from the food crop and then from 
 J. curcas . In such a system,  J. curcas  plants bene fi t from management provided for 
food crops (Bazongo  2011  ) . Table  14.2  indicates that food crops most frequently 
associated with  J. curcas  are, in decreasing order of importance, peanut, pearl mil-
let, sorghum, corn and sesame.  

 Planting density of  J. curcas  varies from  fi eld to  fi eld. In hedgerows, the planting 
density was one plant per meter in a single line (65.2%) or two rows separated by a 
50 cm. In monoculture,  J. curcas  is planted in either a 2 × 2 m or 2.5 × 2.5 m spacing 
(8.6%), which corresponds to a planting density of 1,600 trees/ha. Planting designs 
in intercropping scenario is 2 m spacing between trees in the row and 10 m spacing 
between consecutive rows of trees. 

 In the majority of cases,  J. curcas  is  fi rst grown from seeds in nurseries and then 
transplanted to the  fi eld. The establishment of nurseries and  fi eld implantation early 
in the rainy season warrant more vigorous plants. At  fi rst glance, this strategy is 
certainly more costly, but it is the best method for successful plant acclimatization 
in the  fi eld, which is an important safeguard to recover the initial investment. Direct 
sowing gives poor results mainly due to pest and diseases (Somé  2011  ) . 

 In terms of crop management,  fi eld work in  Jatropha  plots before and after seed-
ling transplantation consists with clearing and weeding (Table  14.3 ). Fertilization and 
phytosanitary treatments are rare practices even though our  fi eld observations showed 
that  Jatropha  exhibited symptoms of infestation by pests and diseases in terms of leaf 
necrosis, defoliation, termites and grasshopper’s attacks as well as mite attacks.   

 Crop  Frequency (%) 

 Peanut  36 
 Millet  26 
 Cowpea  14 
 Sesame  2 
 Maize  6 
 Sorghum  8 
 Melon  2 
 Fruit trees  4 
 Rice  2 

 Table 14.2    Relative 
frequency of food crops 
used in intercropping with  J. 
curcas   

 Management  Frequency (%) 

 Pruning  33.4 
 Weeding  45.3 
 Fertilization   4.2 
 Lack of maintenance  29.2 
 Phytosanitary treatment   0.0 

 Table 14.3    Relative 
frequency of plantation 
managements by type  
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   Assessment of Seed Traits and Oil Content 

 On one hand, studying morphological characters of seeds of a natural population 
is reported to be a useful step towards the assessment of genetic variability in that 
population (Kaushik et al.  2007  ) . On the other hand, information on morphologi-
cal attributes of seeds is a necessary step at a very early stage of selective breed-
ing. Therefore, fruits of  J. curcas  were collected from plantations in different 
agro-climatic zones of the country. Oil characteristics and content were then char-
acterized from seeds of Senegal and foreign accessions introduced from India, 
Mozambique and Tanzania to assess genetic variability and speci fi cities among 
traits of  J. curcas . Thus, seed size and oil content of 30 accessions from Senegal 
(CE1, CE2, CE3, CE5, CE6, CE8, CE9, CE11, CE12, CE13, CE14, CE15, CE17, 
CE32, CE33, CE34, CE35, CE38, CE48, CE50, CE51, CE52, CE69, CE77, CE83, 
CE85, CE89, CE90, CE94 and CE95) and three foreign accessions introduced 
from Tanzania (CE97), Mozambic (CE98) and India (CE99) (Table  14.4 ) were 
assessed by (1) air drying of seeds until constant weight and (2) measure with 
electronic caliper of parameters, such as maximum length, width and thickness on 
random aliquots. Seed weight was taken from three replicates of 100 seeds and oil 
content of kernel (% w/w) was estimated by the soxhlet method using three repli-
cates of 2 g for each sample (Pant et al.  2006  ) .  

   Seed Traits and Oil Content 

 Data of seed quantitative traits, oil content and related descriptive statistical 
analysis are provided in Tables  14.4  and  14.5 . It appears that there were 
signi fi cant differences among accessions for seed size. The largest seeds were 
from Guinean accessions. As an example, the longest seeds were from CE35 
while the thickest were from CE90. The smallest seed (width, length and thickness) 
were observed for CE12 collected in the Sahelian zone. Among the foreign 
accessions, Indian ones were the largest, close to the Guinean accessions. For 
ten accessions of  J. curcas  collected in the states of Madhya Pradesh and 
Maharashtra in central India, Ginwal et al.  (  2004 ,  2005 ) reported seed length 
from 17.47 to 18.64 mm and seed width from 10.83 to 11.35 mm. Those seeds 
were 8.47–9.14 mm thick and their oil content ranged from 46.22% to 58.12%. 
Kaushik et al.  (  2007  )  reported seed lengths from 16.00 to 17.63 mm, widths 
from 10.16 to 10.92 mm and thicknesses from 7.24 to 8.33 mm. In contrast, 
seeds of accessions from Tanzania and Mozambique were signi fi cantly smaller 
according to all seed size parameters.  
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   Table 14.4    Seed size and oil content variability in  J. curcas  accessions   

 Accession 
 Country 
of origin 

 Length 
(mm) 

 Width 
(mm) 

 Thickness 
(mm) 

 100-seed 
weight (g)  Oil content (%) 

 Climatic 
zone 

 CE1  Senegal  17.86  11.17  8.77  64.20  54.83  Guinean 
 CE2  Senegal  17.60  11.36  8.81  65.30  51.33  Guinean 
 CE3  Senegal  17.69  11.07  8.44  63.20  46.35  Sahelian 
 CE5  Senegal  17.85  11.25  8.78  69.30  55.70  Guinean 
 CE6  Senegal  18.66  11.00  8.86  70.20  51.78  Sahelian 
 CE8  Senegal  17.58  10.91  8.82  53.45  44.67  Sahelian 
 CE9  Senegal  17.04  11.01  8.46  43.00  45.20  Sahelian 
 CE11  Senegal  17.85  11.42  8.68  49.05  42.64  Sahelian 
 CE12  Senegal  16.30  10.79  8.25  41.65  44.92  Sahelian 
 CE13  Senegal  17.42  11.14  8.59  53.70  44.66  Sahelian 
 CE14  Senegal  16.50  10.87  8.38  56.80  51.34  Sahelian 
 CE15  Senegal  17.20  11.14  8.72  46.65  47.63  Sahelian 
 CE17  Senegal  18.16  11.03  8.82  59.65  48.74  Guinean 
 CE32  Senegal  17.14  11.00  8.90  67.50  51.08  Guinean 
 CE33  Senegal  16.88  11.07  8.66  67.30  55.16  Guinean 
 CE34  Senegal  18.19  11.29  8.81  68.35  50.94  Guinean 
 CE35  Senegal  18.69  11.18  8.95  75.40  58.60  Guinean 
 CE38  Senegal  17.30  11.31  8.57  58.45  50.13  Sahelian 
 CE48  Senegal  17.91  11.24  8.46  61.50  49.44  Sudanian 
 CE50  Senegal  17.97  11.10  8.75  61.80  49.61  Sudanian 
 CE51  Senegal  17.99  11.10  8.87  62.20  51.05  Sudanian 
 CE52  Senegal  18.66  11.22  8.80  56.40  53.91  Sudanian 
 CE69  Senegal  17.44  10.94  8.44  51.15  47.46  Sudanian 
 CE77  Senegal  17.95  11.04  8.45  50.15  48.73  Sudanian 
 CE83  Senegal  17.69  11.06  8.57  56.30  44.89  Sudanian 
 CE85  Senegal  17.75  10.97  8.45  39.60  50.20  Sudanian 
 CE89  Senegal  17.92  11.06  8.55  40.35  49.25  Guinean 
 CE90  Senegal  18.15  11.36  9.03  64.20  52.00  Guinean 
 CE94  Senegal  18.50  11.16  8.94  59.30  47.69  Sudanian 
 CE95  Senegal  17.61  11.01  8.65  50.50  50.40  Sudanian 
 CE97  Tanzania  16.94  10.69  7.88  60.20  45.64  – 
 CE98  Mozambic  16.71  10.34  7.85  45.85  36.40  – 
 CE99  India  18.01  11.06  8.68  61.40  56.20  – 
 F a  13.6 b   6.63 b   8.68 b   21.9 b   64.0 b  

   a    F values are result of one-way ANOVA 
  b Statistically signi fi cant differences between accessions at P < 0.05 according to Tukey’s test  

 There were also signi fi cant differences between the accessions considering the 
weight of 100 seeds. Local accessions, such as CE35 from the Guinean zone had the 
largest values while CE12 from the dry Sahelian zone gave the lowest values. 
Among foreign accessions, Indian accessions ranked  fi rst. 
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 Oil content varied between 42.64% for CE11 and 58.6% for the accession CE35 
with signi fi cant differences among accessions. Considering foreign accessions, 
Indian accessions had the highest oil content, followed by those of Tanzania. Thus, 
the values of seed size and oil content from this study fall into the range reported by 
Indian authors. 

 Thus, according to the classi fi cation of Kaushik et al.  (  2007  ) , all the Indian 
accessions and 10% of African accessions (CE35, CE33 and CE5) could be 
considered to have a high oil content (> 55% of kernel weight) while 40% of the 
accessions had moderate oil content (50–55%) and 50% had low oil content 
(< 50% of kernel weight).  

   Assessment of Variability of Seed Traits and Oil Content 

 There is great variability between populations of  J. curcas  in Senegal for seed traits, 
oil content and yield. A cluster analysis of 30 accessions of  J. curcas  from Senegal 
based on oil content allowed the identi fi cation of three groups of accessions (I, II 
and III) according to length, width, thickness, weight and oil content of seeds 
(Table  14.5 ). Cluster I was composed of 15 accessions including three that origi-
nated from the Sahelian zone, six from the Sudanian zone and six others collected 
in the Guinean zone, i.e., between 5 ° and 20 ° North. This cluster was subdivided 
into two sub-clusters: Ia, consisting of eight accessions (CE17, CE38, CE48, CE50, 
CE77, CE85, CE89, CE95) and Ib composed of seven accessions (CE2, CE6, CE14, 
CE32, CE34, CE51, CE90). Cluster II included ten accessions, mostly collected in 
the Sahelian zone and also included two sub-clusters: IIa with four accessions (CE3, 
CE15, CE94, CE69) and IIb with six accessions (CE8, CE9, CE11, CE12, CE13, 
CE83). Cluster III consisted of  fi ve accessions, but had two sub-clusters: IIIa with 
four accessions (CE1, CE5, CE33, CE52) and IIIb, including a single accession 
(CE35). Analysis of Table  14.5  shows that there are signi fi cant variations between 
the three groups identi fi ed in terms of 100 seed weight and oil content. Group III 
shows the largest values for all parameters (length, width, thickness of seeds, 100 
seed weight and oil content). 

 Theoretically speaking, the clusters, which are having larger inter-cluster 
distance and higher mean value, would produce divergent trees (Kaushik et al. 
 2007 ; Srivastava et al.  2011  ) . Clusters II and III had the largest inter-cluster 
distance. Thus, the trees belonging to these clusters could be selected as parents 
for breeding program. According to this remark, the unique accession of sub-
cluster IIIb (CE35) harvested in the locality of Kagnobon in Casamance 
(Guinean zone) is characterized by a very high weight of 100 seeds (75.4 g) and 
was exceptionally oil rich with 58.6%. The characteristics of this accession are 
therefore slightly better than the best performing accessions identi fi ed in India 
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by Ginwal et al. ( 2005 ), Kaushik ( 2007 ) and Kaushik et al.  (  2007  ) . This acces-
sion should be taken into consideration for its potential for biodiesel production 
in Senegal, although the effect of soil types and climatic conditions has yet to be 
understood. Among the six accessions studied for growth performance, CE96 
and CE48 were the more interesting accessions. Their seed yield represented 
3.6 times that of CE3, which is the accession with the lowest performance. 
Therefore, these accessions could be regarded as best adapted to Sudano-
Sahelian climate. But, for commercial production of these accessions, knowl-
edge gaps on yield regularity, technical and operational aspects regarding crop 
farming, fruit harvesting and seed processing have,  fi rst, to be  fi xed. Oil content 
of seeds and fatty-acid composition are also important information that should 
also be provided. 

 The existence of a great phenotypical variability in  J. curcas  was reported in 
many works in West Africa (Heller  1996 ; Sanou  2010  )  and in Asia (Ginwal et al. 
 2004 ; Ratree  2004 ; Kaushik et al.  2007 ; Srivastava et al.  2011 ; Wani et al.  2012  ) . 
This variability may be due to the heterogeneity of growing areas of  J. curcas  
whereby the contrasted climatic conditions and soil types should play a major 
role. Actually, seeds of the different accessions were collected between the 
isohyets 250 and 1,300 mm. Variations in seed traits, oil content and yield, in 
relation to plant habitat were already reported for many woody plant species 
including  J. curcas  (Ginwal et al.  2005 ; Kaushik et al.  2007  ) ,  Azadirachta indica  
A. Juss. (Jindal et al.  1999  )  and  Acacia nilotica  (L.) Willd. (Kundu and Tigerstredt 
 1997  ) .   

   Vegetative Growth and Productivity of Local Accessions 

 The experiment was conducted in Thiès (latitude 14° 42 ¢  N, longitude 16° 57 ¢  W) in 
Senegal. This site is characterized by a Sudano-Sahelian climate marked by a short 
rainy season (June-October) and a long dry season (November-May). The maxi-
mum and minimum temperatures are 33°C and 23°C in the rainy season and 33°C 
and 19°C in the dry season. Annual rainfall varies between 600 and 800 mm with a 
rainfall pattern that exhibits strong variability with a yearly average for the period 
1999–2009 of about 480 mm (coef fi cient of variation of 24%). However, more rain-
fall was recorded during the 2 years of experimentation with values of 536 mm in 
2009 and 645.5 mm in 2010. The soil of Thiès is of sandy loam texture with acidic 
pH (5.0) and a low fertility (organic carbon and nitrogen contents are less than 5% 
and 0.3%, respectively). The water holding capacity over a 1 m depth of soil varies 
from 60 to 100 mm (Cissé  2010  ) . 

 Senegal can be divided in three major eco-climatic zones that receive different 
rainfall levels: Sahelian zone, Sudanian zone and Guinean zone (Le Houérou 
 1989  ) . Compared to Köppen-Geiger’s climate classi fi cation, these zones correspond 
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to the following climates: desert climate, steppe climate and equatorial savannah 
with dry winter climate. The Sahelian zone is between the isohyets 200 and 
600 mm, the Sudanian zone receives an annual rainfall between 600 mm and 1,200 
mm. The Guinean zone is characterized by an annual rainfall exceeding 
1,200 mm. 

 Six native accessions harvested from Sahelian, Sudanian and Guinean eco-climatic 
zones of Senegal were planted in a randomized block design with four replications in 
Thiès (latitude 14° 42 ¢  N, longitude 16° 57 ¢  W). Three accessions (CE3, CE38 and 
CE12) were collected from Sahelian zone, one accession (CE48) originated from the 
Sudanian zone and two accessions (CE34 and CE96) were collected from the Guinean 
zone (Table  14.6 ).  

 The comparative performance of these accessions was estimated by measuring 
plant height, basal diameter, crown diameter, yield and yield components (number 
of seeds per plant, number of fruits per plant, seed weight per plant, shell weight 
per tree). 

 The survey showed that there is no signi fi cant difference among the six acces-
sions for growth parameters (Table  14.7 ). The overall averages were 1.46 ± 0.13 m 
for plant height, 83.55 ± 6.51 mm for collar diameter and 1.31 ± 0.12 m for canopy 
diameter. Differences between accessions were signi fi cant for yield and its compo-
nents (Table  14.7 ). With respect to the yield parameters, the values for the acces-
sions CE48 and CE96, collected in the Guinean and Sudanian zones respectively, 
were the largest and followed by CE12, while the smallest values were from CE34 
(Guinean zone), CE3 and CE38 (Sahelian zone).  

 The values for growth parameters in a Sudano-Sahelian site under strict rainfed 
farming conditions (146.5 cm for maximum height, 130.8 cm for crown diameter and 
83.5 mm for collar diameter) were similar to those reported in West Africa (Heller 
 1996 ; Sanou  2010 ; Diédhiou  2011  )  and Asia (Ginwal et al.  2004 ; Ratree  2004  ) . The 
average seed yield per hectare obtained in the present study appeared low and varied 
between 33.36 and 123.22 kg/ha depending on the accession. These results on the 
performance of  J. curcas  under Sudano-Sahelian climate are in accordance with data 

   Table 14.6    Sites of collection of Senegalese accessions of  J. curcas  tested at Thiès   

 Accession code  Origin  Department  Latitude  Longitude  Climatic zone 
 CE3  Pambal  Tivaouane  14° 58 ¢  N  16° 53 ¢  O  Sahelian 
 CE38  Noto  Tivaouane  14° 59 ¢  N  17° 01 ¢  O  Sahelian 
 CE12  Ndialite  Bambey  14° 40 ¢  N  16° 28 ¢  O  Sahelian 
 CE48  Ndoffane  Ndoffane  13° 55 ¢  N  15° 55 ¢  O  Sudanian 
 CE34  Sindian  Bignona  12° 57 ¢  N  16°10 ¢  O  Guinean 
 CE96  Vélingara  Vélingara  13° 07 N  14°08 ¢  O  Guinean 
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from other works in Senegal (Diédhiou  2011  )  and Burkina Faso (Bazongo  2011  ) . 
The low yield could be attributed to the short duration of the experiment (2 years) 
that did not allow plants to reach their maximum rami fi cation, a key yield compo-
nent. Another reason would be the low soil fertility in the experimentation  fi eld. It 
could be speculated that the soil fertility was not good enough to sustain optimal 
mineral nutrition for  J. curcas  trees. In fact, a recent work showed that seed yield 
could be doubled through application of organic manure in a plantation of  J. curcas  
(Diédhiou  2011  ) .  

   Conclusions 

 This study provides the  fi rst scienti fi c data on production practices and actual 
agronomic performances of  J. curcas  in Senegal. It shows that in Senegal, farmers 
have started to adopt  J. curcas  as a crop. This  fi nding corroborates the reports by 
Kane  (  2010  )  and Bazongo  (  2011  )  showing a gradual breakthrough of this plant in 
the agricultural production systems in West Africa. 

  J. curcas  is grown in the Sudano-Sahelian West Africa mainly to increase farm-
ers’ income, for  fi eld protection or to take advantage of its medicinal properties. The 
dominant cropping systems are hedgerows, association with food crops and mon-
ocultures. In the absence of an established farming system for  J. curcas , care brought 
to plantation of  J. curcas  is minimal and consist with  fi eld clearance and weeding. 
Fertilization and pest control are almost nonexistent although the pest status of 
plantations is of concern. The yields of 2 years old plantations that did neither 
bene fi t from weeding nor fertilizing were low and far below projections by common 
reports in the West African sub region. The lack of reliable technical information is 
the reason for the lack of mastery of farming techniques (planting dates, planting den-
sity, nursery management techniques, planting methods) by the farmers. This is 
currently the major constraint to  J. curcas  industry development (Faye et al.  2011  ) . 

 The local accessions showed an interesting potential for oil production. Five of 
them exhibited high oil content at levels similar to the highest values reported for 
Indian accessions and were introduced in a process of selective breeding. It appeared 
also that there is a phenotypic variability revealed by the hierarchical analysis in 
local accessions of  J. curcas  in Senegal that does not re fl ect the eco-climate diver-
sity of the country. However, other environmental factors including the nature and 
quality of soils that have not been studied in this work may have in fl uenced the 
observed phenotypic diversity. In any case, these results are only partial and a 
molecular analysis is necessary to draw a  fi nal conclusion about the relationship 
between genetic diversity and eco-climatic diversity. 

 The economic effect of yield variability results in decreasing pro fi tability of 
 J. curcas  plantations and consequently, negatively affects biofuel industry. Failing 
to  fi x this kind of problems would greatly decrease the attractiveness of  J. curcas  
industry to potential producers and investors as well. However, plant breeding 
offers powerful tools to target and select highly productive materials as well as 
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mass propagate elite accessions in view of developing cultivars with optimal yield. 
It is worth to recall here, as an example, that wheat bene fi ts of 5,000 years domes-
tication while  J. curcas , at best, bene fi ts 500 years and more realistically ~30 
years since its economical value was only seriously recognized in the 1980s. 
Therefore, breeding for high yielding varieties for a large scale production of 
 J. curcas  is still a priority if sustainable production of biodiesel is targeted. This 
option should be coupled with developing appropriate technologies of produc-
tion in order to optimize the growth and productivity of these accessions.      
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         Introduction 

 Present environmental concerns with climate change led scientists to explore plant 
based fuels such as biodiesel, because it is renewable, non-toxic, biodegradable and 
environmentally friendly. In comparison to petroleum diesel, biodiesel decreases the 
emission of CO 

2
 , sulphur, hydrocarbon, particle matter and smoke during the combus-

tion process (Shu et al.  2007  ) . Furthermore, burning of biodiesel has no net addition 
to atmospheric CO 

2
  levels, because it is made from materials produced via photosyn-

thetic carbon  fi xation. From the economic view point, biodiesel can be produced at 
low cost on a commercial scale from agricultural and agroforestry crops (Wood  2005  ) . 
Biodiesel is monoalkyl esters of fatty acids derived from vegetable oils and animal 
fats that is known as clean and renewable fuel. Biodiesel is usually produced by 
transesteri fi cation of vegetable oils or animal fats with methanol or ethanol (Knothe 
 2006  ) . The concept of using biofuel in diesel engines has originated more than 
100 years ago when Rudolf Diesel tested vegetable oil (i.e., peanut oil) as fuel in his 
engine. However due to abundant supply of petro-diesel, research and development on 
vegetable oil were not seriously pursued. It received attention only recently when it 
was realized that petroleum fuels are dwindling fast and environment friendly renew-
able substitutes are to be identi fi ed (Agarwal and Das  2000  ) . For this purpose many 
researchers exploited several commercially edible oils as feedstocks for biodiesel. 
Fortunately, nonedible vegetable oils, mostly produced by oilseed trees and shrubs 
can provide an alternative to edible oils for production of biodiesel not competing 
with food resources. The need of nonedible vegetable oils drawn the attention on 
Jatropha curcas (hereafter referred to as Jatropha), which grows in tropical and sub 
tropical climates across the developing world (Openshaw  2000  ) . The fact that Jatropha 
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may grow and produce on marginal soil not suitable for food crops makes it ideal for 
use as energy or fuel source. Besides biodiesel production, the seeds of Jatropha pro-
vide proteins, which have a descriptive history in both nutrition and therapeutic 
applications (Mandal and Mandal  2000  ) . From a nutritional perspective, seed storage 
proteins have always been major players in supplying global protein needs and food 
energy (Rosegrant et al.  2001 ; Steinfeld et al.  2006  ) . The larger need for proteins in 
the livestock sector has accentuated the search for new protein sources that do not 
con fl ict with human food security interests. In the current situation, oilseeds able to 
produce on marginal soils are the potential and preferred choice for protein and other 
nutrients for livestock, provided they would be free of toxic and anti nutritional factors. 
The wide adaptability of Jatropha to grow under diverse agro-climatic conditions, mar-
ginal lands, thin soil, semi-arid as well as humid conditions theoretically ensure no 
competition with food crops (Rao et al.  2008  ) . Moreover, the expected large production 
of biodiesel from Jatropha seeds will result in the availability of high amounts of 
pressed cake from seeds and kernel meal as by-products, which are rich in proteins of 
high quality. Unfortunately, the Jatropha’s press cake is toxic to animal, but non-toxic 
varieties exists and research on press cake detoxi fi cation is on-going. Thus, in a close 
future, Jatropha’s press cake should be available for animal feeding as well. In addi-
tion, the press cake could also be a source for various bioactive molecules having a 
wide range of activities (Wang et al.  2007  ) . From a pharmaceutical, industrial or agri-
cultural prospective, Jatropha spp. are also a rich sources of phytochemicals. Jatropha 
proteins and peptides have been studied for their role in the plant metabolic activities 
and defence against predators as well as for their therapeutic and industrial poten-
tial. In the present review an attempt has been made to discuss (a) the quality of oil as 
a biodiesel source, (b) the nutritional quality of seed proteins (specially for animals), 
(c) the chemistry, biological role and potential application of biologically active cyclo-
peptides, and (d) other usefulness of  J. curcas  plant parts in our daily life. It is hoped that 
the state-of-the-art information provided here will stimulate further research and devel-
opment leading to more intensive, ef fi cient, and sustainable utilization of Jatropha.  

   Biodiesel 

  Jatropha , which is believed to be native of Central America (Ratree  2004  ) , belongs 
to the family Euphorbiaceae. Every part of this plant has its own uses. In the pres-
ent day context, the major part that is economically important is the seed from 
which biodiesel can be produced. The utilization of Jatropha oil as a new source of 
fuel for diesel engine has tremendous scope in contributing to alleviate the pressure 
on energy resources (Saikia et al.  2009  ) . Jatropha oil can be obtained from seeds 
by mechanical or solvent extraction with hexane (a non polar solvent) for 6–8 h in 
a Soxhlet. The extracted oil is then  fi ltered and excess solvent is removed by using 
a rotary evaporator at 40°C. Finally, the crude oil is stored in a freezer at −2°C for 
subsequent analysis (Emil et al.  2010  ) . The physicochemical properties include 
the amount (%) of fatty acid, iodine value, peroxide value, saponi fi cation value, 
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viscosity, calori fi c value, cetane number,  fl ash point, etc. It was found that the values 
of these properties are signi fi cantly different for the crude Jatropha oil compared to 
the fossil diesel used in diesel engines. This is only because of the presence of 
higher unsaturated fatty acids like oleic (42.4–48.8%) and linoleic acid (28.8–
34.6%) (Emil et al.  2009,   2010  ) . Other major fatty acids of Jatropha oil are the 
palmitic and stearic fatty acids. As the proportion of oleic and linoleic acids is 
higher, the Jatropha oil can be classi fi ed as oleic-linoleic oil. Physicochemical 
properties differing from recommended standards may result in poor atomization, 
coking tendency, carbon deposits and wear. These unwanted features were gener-
ally experienced in most of the tests that adversely affects the durability of an 
engine. It has been reported that the high viscosity and low volatility of vegetable 
oil (including crude Jatropha oil) are generally observed to be the major drawbacks 
for their direct injection in diesel engines (Prasad et al.  2000  ) . The high viscosity 
of vegetable oils cause an increase in smoke levels and the low volatility of the 
vegetable oils result in oil sticking of the injector or cylinder walls causing deposit 
formations, which interfere with the combustion process (Sahoo and Das  2009  ) . 
After several tests with crude vegetable oils for several hours (200 h), it was con-
cluded that as far as power output, thermal ef fi ciency and lubricating oil data are 
concerned, the 1:3 (v/v) blend of soybean oil and sun fl ower oil with diesel fuel 
performed satisfactory (Schlick et al.  1988  ) . However after 200 h of operation, 
combustion examination of several parts revealed heavy carbon deposits in the 
combustion chamber, tracers of wear on piston rings as well as on the plunger and 
injector tips, slight scuf fi ng of the cylinder liner and uneven spray from nozzles 
(Schlick et al.  1988 ; Bari et al.  2002  ) . These problems led the investigators to sug-
gest that either different operating conditions or modi fi cation of vegetable oils 
could help in improving the conditions of the engines (Schlick et al.  1988  ) . The 
transesteri fi cation of a vegetable oil to its methyl esters reduces its molecular 
weight and viscosity and increases its cetane number (Gerhard  1983  ) . The 
transesteri fi cation process has been proven worldwide as an effective mean of 
biodiesel production and viscosity reduction of vegetable oils (Peterson et al. 
 1992  ) . Transesteri fi cation is the process of reacting triglyceride with alcohol in the 
presence of a catalyst to produce glycerol and fatty acid esters. Temperature, cata-
lyst type, alcohol to oil proportion and stirring speed have been observed to 
in fl uence the transesteri fi cation process to a greater extent. A comparative study of 
the physicochemical properties of crude Jatropha oil and its methyl esters with fos-
sil diesel has been carried out to know the actual status of Jatropha oil concerning 
its biodiesel performance (Singh and Padhi  2009  )  (Table  15.1 ). The study show 
that Jatropha oil can be used as a source of triglycerides for the production of 
biodiesel by esteri fi cation and/or transesteri fi cation. Although the biodiesel from 
re fi ned vegetable oils meets the requirement of a high speed diesel oil, the produc-
tion of biodiesel from edible oil is currently much more expensive than fossil die-
sel due to the relatively high cost of edible oil. Thus, there is a need to explore 
non-edible oils like that of Jatropha for the production of biodiesel as it is easily 
available in many parts of the world including India and is cheaper compared to 
edible oils.   
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   Nutritional Source 

 Both the toxic and non-toxic genotypes of Jatropha exist. Toxic genotypes are 
prevalent throughout the world while non-toxic genotypes exist only in Mexico 
(Makkar and Becker  2009  ) . The seeds of  J. curcas  are composed of kernel and 
shell with an average ratio of 62.2:37.7. The kernel has higher crude protein 
(22–28%) and oil contents (54–58%) compared to the shell (4–6% crude protein 
and 0.8–1.4% oil) (Makkar et al.  1998  ) . The seeds also contain antinutrients and 
toxic factors such as phytate, trypsin inhibitor, lectin, curcin and phorbol esters 
(PEs). Hence, the use of Jatropha meal and protein isolates prepared from toxic 
genotypes of Jatropha in animal nutrition is still restricted (Makkar and Becker 
 2009 ; Makkar et al.  1997  ) . 

   Storage Proteins 

 The storage proteins in seeds are important for germination and also have important 
nutritional value. The storage proteins extracted from defatted kernel meals of both 
toxic and non-toxic genotypes revealed that the total protein content is ~89% (Osborne 
 1924  ) . Glutalins, globulins and albumins shared a major proportion of total protein 

   Table 15.1    Comparison of fuel properties of Jatropha oil, Jatropha methyl ester and diesel   

 Property  Unit 
 Jatropha 
oil 

 Jatropha 
oil 
methyl 
ester  Diesel 

 ASTM D 
6751-02 

 DIN EN 
14214 

 Density at 15°C  Kg m −3   918  880  850  875–900  860–900 
 Viscosity at 40°C  mm 2  s −1   35.4  4.84  2.60  1.9–6.0  3.5–5.0 
 Flash point  °C  186  162  70  >130  >120 
 Pour point  °C  −6  −6  −20  —  — 
 Water content  %  5  Nil  0.02  <0.03  <0.05 
 Ash content  %  0.7  Nil  0.01  <0.02  <0.02 
 Carbon residue  %  0.3  0.025  0.17  —  <0.3 
 Sulphur content  %  0.02  Nil  —  0.05  — 
 Acid value  mg KOH g −1   11.0  0.24  0.35  <0.8  <0.50 
 Iodine value  —  101  104  —  —  — 
 Saponi fi cation 

value 
 —  194  190  —  —  — 

 Calori fi c value  MJ kg –1   33  37.2  42  —  — 
 Cetane number  —  23  51.6  46  —  — 

  Source: Singh and Padhi  (  2009  )  
  ASTM: American  Society for Testing and Materials 
  DIN: Deutsches Institut für Normung  (German Institute for Standardization)  
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contributing 56.9%, 27.4% and 10.8%, respectively, whereas prolamins and non 
extracted proteins were present in minor quantities (0.6% and 4.3%, respectively). 
Gastric digestions of albumins and globulins by pepsin and pancreatin system had 
protein digestibilities of 64% and 61%, respectively, whereas a higher digestion rate 
(95%) was observed for glutalins. The glutelin fraction which forms >50% of proteins 
leads to low solubility of Jatropha protein (Selje-Assmann et al.  2007  ) , which in turn 
decreases protein degradation in rumen when compared to soybean proteins. Thus, a 
high amount of rumen undegradable protein available post-ruminally can be utilized 
by gastric digestion. The ruminal and gastric protein digestions indicate the potential 
availability of Jatropha protein in both ruminants and monogastrics. However, the 
meal should be detoxi fi ed before it is incorporated into animal diets (Devappa et al. 
 2010  ) . It has also been reported that defatted  Jatropha meal  (JM), which was obtained 
after oil extraction with hexane and defatted  Jatropha kernel meal  (JKM), which was 
obtained after solvent extraction of kernels (free of shells) have high protein content. 
The JKM contains higher protein content than JM. Non protein nitrogen represented 
only 4.7–5.0% of proteins in JKM (Makkar et al.  1998  ) . The rate of digestibility of 
JKM proteins is high (90%) and the protein fraction has good amino acid composition 
(Makkar and Becker  2009  ) . The amino acid composition of proteins is often used to 
de fi ne their nutritional quality. The amino acid composition of meals from both toxic 
and non-toxic genotypes of  Jatropha  was found similar. The levels of  essential amino 
acids  (EAA) except lysine were higher than that of the FAO reference and the EAA 
requirements for chicks and young pigs (Makkar et al.  1997,   1998,   2008 ; Devappa 
and Swamylingappa  2008  ) . Similarly, the levels of EAA except isoleucine in Jatropha 
meal was higher or similar when compared to castor bean meal, and except for lysine, 
the amino acid pro fi le is comparable with that of soybeans (Makkar et al.  1998  ) . 
However, in JM and JKM, the presence of antinutritional factors and toxic factors 
restricts the utilization of these meals in animal nutrition (Makkar and Becker  2009 ; 
Devappa and Swamylingappa  2008  ) .  

   Protein Isolates 

 Protein isolates are the concentrated forms of plant proteins, generally prepared by 
solubilizing proteins and removing non protein ingredients. The rate of protein 
digestibility of such isolates was also approximately 90% (Makkar et al.  1998 ; 
Devappa and Swamylingappa  2008  ) . The EAA content (except lysine) of protein 
isolates was higher than those of FAO/WHO references considering 3–5-year-old 
children and the amino acid levels in the protein isolates were similar to those in the 
kernel meal. The calculated values for nutritional indices such as computed protein 
ef fi ciency ratio (C-PER) (based on the EAA pro fi le and protein digestibility analy-
sis) for JM (1.1), JKM (1.72), protein isolates from JM (1.85) and protein isolates 
from JKM (2.16) were comparable to or higher than the reported C-PER values for 
regular animal feed ingredients such as corn meal (1.1), wheat  fl our (0.8), soy  fl our 
(1.3) and quality protein feeds (1.43) (Devappa and Swamylingappa  2008 ; 
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Angulo-Bejaranoa et al.  2008  ) . This suggests that Jatropha proteins have good quality 
and could supplement or replace the conventional protein sources in animal diets.   

   Animal Nutrition 

 Most genotypes of Jatropha produce seeds containing several toxic factors such as 
phytates, trypsin inhibitors, lectin, curcin and phorbol esters (PEs), which makes 
their seed meal toxic to mice, rats and goats (Goel et al.  2007 ). The major organs 
that were affected in these animals were intestine, liver and kidney (Li et al.  2010 ). 
PEs were found to be the principal compounds responsible for meal toxicity as 
shown by feeding  fi sh and mice with their puri fi ed fractions (Becker and Makkar 
 1998 ; Li et al.  2010 ). PEs are present in Jatropha meal at levels of 2–4 mg g−1 
(Makkar and Becker  2009 ; Makkar et al.  1997 )  . 

 In the past two decades, several studies have been carried out for the complete 
detoxi fi cation of Jatropha meals. In brief, trypsin inhibitors and lectin were com-
pletely deactivated by moist heat (Aderibigbe et al.  1997 ; Aregheore et al.  2003  ) . 
However, toxic PEs could not be removed completely due to their stability to heat 
and chemical degradation (Chivandi et al.  2004 ; Martinez-Herrera et al.  2006 ; 
Devappa and Swamylingappa  2007  ) . Recently detoxi fi cation of Jatropha kernel 
meal and protein isolate had been successfully achieved (Devappa et al.  2010  ) .  The 
detoxi fi ed Jatropha kernel meal  (DJKM) and  detoxi fi ed protein isolate  (DPI) pre-
pared from screw pressed cake have been added to  fi sh diet at high level with excel-
lent growth performance and no toxic effects at blood and tissue levels. The DJKM 
and DPI have high protein content (60% and 90%, respectively) and excellent amino 
acid composition and these preparations could replace at least 50% of the protein 
contributed by the high quality  fi sh meal (65% protein) in standard  fi sh diet. It has 
also been reported that the feeding of Turkey, pigs and broilers with DJKM and DPI 
resulted in growth response and nutrient utilization comparable to those obtained 
with concentrates prepared from conventional protein sources without any apparent 
signs of toxicity  (Devappa et al.  2010  ) . On the basis of the results obtained so far 
on  fi sh and other animal species it has been suggested that the DJKM and DPI are 
suitable substitutes for  fi sh meal or soybean meal for livestock diets (Makkar and 
Becker  2009  ) . The meal from non-toxic Jatropha genotypes is free from PEs, but it 
contains trypsin inhibitors, lectins and phytates at the same levels as the meal from 
toxic genotypes. The nutritional quality of the non-toxic  Jatropha meal , after heat 
treatment (to inactivate trypsin inhibitor and lectin), evaluated in  fi sh (carp) and rat 
models, was found to be very high (Makkar and Becker  1999  ) . The meal or the 
protein isolate obtained from the non-toxic genotype, after heat treatment, could be 
an excellent protein rich ingredient in feed of ruminant and monogastric animals 
including  fi sh. Moreover, it has also been reported that along with the storage of 
proteins and oil, Jatropha seeds are also a source of carbohydrates and other miner-
als with livable antinutrients levels. The effect of some physical treatments (like 
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soaking, germination and roasting) and some chemical treatments (like NaHCO 
3
 , 

ethanol extraction and NaOH) were successful in inactivating the antinutrients 
(phytic acid, trypsin inhibitor activity, total phenols and saponins) (Abou-Arab and 
Abu-Salem  2010  ) . In parts of Mexico (like in Veracruz State), seeds from non-toxic 
Jatropha genotypes are also consumed by humans, after roasting (Makkar et al. 
 1998  ), but the  consumption of raw seeds is considered to produce cramps and 
uneasy feeling in stomach. The protein hydrolysate obtained from ground  Jatropha  
cake have shown to be well solubilised and contained proteins at a rate as high as 
71.69%, which is appropriate for further applications in human and animal food 
(Apiwatanapiwat et al.  2009  ) .  

   Pharmaceutical Importance 

 Presently lot of research activities have shown that the cyclopeptides isolated 
from latex, seeds and roots of many plants possess various biological activities 
such as cyclooxygenase, acetyl choline esterase and tyrosinase inhibition (Yahara 
et al.  1989 ; Morita et al.  1994  ) , immunosuppression (Morita et al.  1997  ) , antima-
laria (Baraguey et al.  2000  ) , vasorelaxation (Morita et al.  2005  )  and cytotoxicity 
(Mongkolvisut et al.  2006  ) . Jatropha species have been shown to be a rich source 
of bioactive cyclic peptides, which contain 7–10 residues with a high proportion 
of hydrophobic amino acids. There is a need to exploit the potential role of cyclic 
peptides from Jatropha for pharmaceutical applications (Devappa et al.  2010  ) . 
The cyclic peptides isolated from  J. curcas  ( viz.,  jatrophidin and curcacyclines A 
& B) only are discussed below, emphasizing their chemistry in view of its poten-
tial in agricultural and pharmaceutical sectors. 

   Jatrophidin 

 Jatrophidin is an octapeptide isolated from the latex of  J. curcas  (Altei et al.  2008  ) . 
The latex was partitioned with ethyl acetate, fractionated on Sephadex G15, eluted 
in solid phase extraction, and puri fi ed by HPLC to obtain jatrophidin-I. The amino 
acid analysis, mass spectroscopy, and 1D/2D nuclear magnetic resonance (NMR) 
studies demonstrated that jatrophidin-I exists as two conformers of a cyclic struc-
ture (Gly-Trp-Leu-Asn-Leu-Leu-Gly-Pro) with the conformational equilibrium 
of proline residues between  cis  and  trans  forms, indicating that this peptide has 
more than one conformational state in solution. The isolates of jatrophidin-I had 
weak antifungal effect against the strains of  Candida albicans ,  C. krusei, 
C. parapsilosis  and  Cryptococcus neoformans  and moderate activity as an acetyl-
cholinesterase inhibitor, when compared with the standard galanthamine.  
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   Curcacyclines A and B 

 Curcacycline A was isolated from the ethanolic extract of  J. curcas  latex. It is a 
cyclic octapeptide (C 

37
 H 

66
 N 

8
 O 

9
 ; MW 766.97). The amino acid sequence was deter-

mined to be cyclo-(Gly 1 -Leu 2 -Leu 3 -Gly 4 -Thr 5 -Val 6 -Leu 7 -Leu 8 ). Curcacycline 
A displayed a moderate inhibition of (1) the classical pathway activity of human 
complement and (2) the proliferation of human T-cells (Van den Berg et al.  1995  ) . 
Curcacycline B is a cyclic nonapeptide (C 

42
 H 

73
 N 

9
 O 

10
 ; MW 863) isolated from the 

latex of  J. curcas.  The amino acid sequence was found to be cyclo-(Leu 1 -Gly 2 -
Ser 3 -Pro 4 -Ile 5 -Leu 6 -Leu 7 -Gly 8 -Ile 9 ). The absolute stereochemistry of amino acids 
was shown to be  “L”  con fi guration. It contains mostly hydrophobic residues and 
one proline, thus differing from cyclic peptides previously isolated from the latex 
of  Jatropha  spp., which does not contain proline. The structure of curcacycline B 
was suggested to be a substrate for peptidylprolyl cis-trans isomerase (PPIase), as 
it has some structural features in common with cyclosporin A (inhibitor of cyclo-
philins A and B). Curcacycline B enhances PPlase activity by 60% at 30  m M based 
on an enzymatic experiment involving a human cyclophilin B and R-chymotrypsin 
rotamase, whereas no modi fi cation of cyclophilin B activity was observed in the 
presence of curcacycline A (Auvin et al.  1997  ) . Curcacycline B from  J. curcas  pos-
sesses antimalarial activity (IC 

50
  < 10 mM) against  P. falciparum  (Baraguey et al. 

 2001  ) . Besides the activity of these cyclopeptides, the antibiotic effect of an alco-
hol extract from J. curcas leaves has been observed in vitro on  Escherichia coli  and 
 Staphylococcus aureus  (Zeng et al.  2004  ) . The extract inhibited  E. coli  and 
 S. aureus  and the activity against  E. coli  was found to be larger than that against 
 S. aureus . The poisonous effects of protein fraction, seed oil and ethanol extract 
from Jatropha seeds were evaluated for insecticidal activity against  Lipaphis 
erysimi  (Kaltenbach) (Li et al.  2004  ) . The protein fraction did not show any 
signi fi cant effect to  L. erysimi , while seed oil demonstrated strong contact toxicity.  
The molluscicidal ef fi cacy of Jatropha seed extracts from Yunnan (China) and Mali 
(Africa) was compared by Cheng et al. ( 2001  )  and these authors did not found any 
difference of activity between the extracts from these distant countries. Actually, 
PEs have strong molluscicidal activity (Goel et al.  2007  )  and the content of PEs in 
Jatropha seed samples collected from different parts of the world have been of 
similar order of magnitude.   

   Other Traditional Uses 

 Apart from the above mentioned useful properties,  Jatropha  has many other eco-
nomic uses. Its seeds and fruits are anthelmenthic, useful in chronic dysentery, 
thirst, tridosha, urinary discharge, abdominal complaints, biliousness, anaemia 
 fi stula and heart diseases (Nasir et al.  1988 ; Gubitz et al.  1999 ; Augustus et al.  2002 ; 
Akintayo  2004 ; Franke et al.  2004  )  .  It is also applied topically for rheumatism, 
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herpes and pruritus. Jatropha leaves are used in traditional medicine against coughs, 
as antiseptics after birth, and food for the Tassar silk worms (Gubitz et al.  1999 ; 
Kinawy  2010  ) . On the other hand the sap extracted from the leaves is used via exter-
nal application to treat piles. In addition, the tender twigs of the plant are used for 
cleaning teeth (Kinawy  2010  ) . The latex is useful for wound healing and other med-
ical uses (Salimon and Abdullah  2008  ) . The deoiled seed cake of Jatropha is suit-
able as substrate for enzyme production by solid-state fermentation (SSF) and also 
supported good bacterial growth and enzyme production (Mahanta et al.  2007  ) . 
Traditionally, various solvent extracts of Jatropha   have been taken orally with ripe 
banana to treat dysentery in adults. The sap from twigs is considered stypic and is 
used for dressing wounds and ulcers. The bark is rubbed with asafoetida and but-
termilk is reportedly taken orally to relieve dyspepsia and diarrhoea. A decoction 
of bark is used externally for treating rheumatism and leprosy. The decoction of root 
bark is used to rinse mouth, to relieve toothache and sore throat (Goonasekera et al. 
 1995 ; Parotta  2001  ) . The bark is also rich in tannin and produces a purple dye 
(Openshaw  2000  ) . Moreover  Jatropha  can be used for erosion control, as living 
fence, ornamental plant or even as  fi rewood.  

   Conclusion 

  Jatropha  is a multipurpose plant with many attributes and considerable potential. Its 
seeds constitute a source of oil, proteins, carbohydrate and minerals with tolerable 
antinutrient level. The high seed yield of Jatropha oil compared to other vegetable 
sources is an advantage for selecting this oil to produce cost competitive products. The 
seeds of Jatropha   are nutritionally promising and could allleviate protein malnutrition, 
which is a major public health problem in the developing world and is still unexplored. 
The seeds may thus be a good option due to their multipurpose features of Jatropha 
such as its high level adaptability to environmental factors, applicability of seed oil for 
biofuel production, and generation of productive value-added co-products.      
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         Introduction 

 The current worldwide energy crisis and associated pollution causing global warming 
are largely due to extensive dependence of energy supply on conventional fossil 
fuels. Present scenario of depleting world’s fossil fuel reserves, increased con-
sumption, rising prices of petroleum products at unprecedented levels, depen-
dence on non-renewable sources and its substantial contribution to environmental 
pollution and global warming have led researchers, policy makers, environmen-
talists and industrialists to consider the importance of biofuels such as biodiesel 
in search of alternatives to existing limitations (Wani et al .   2006  ) . The burgeoning 
population, fast growing industry and energy hungry new technologies further 
increase the urgency to look for alternatives to existing limitations. It is estimated 
by the International Energy Agency (IEA) that increasing population along with 
increasing incomes in developing countries will contribute a share of 74% to the 
increase in global primary energy use. India and China will be responsible for 
45% of this increase. For India, one driver behind the growing order for energy is 
the transport sector that currently consumes 27% of total primary oil demand. This 
share will increase to 47% by 2030 (IEA  2007  ) . Diesel makes up almost 70% of the 
oil used in Indian road transport. Biodiesel among biofuels is a renewable source of 
energy, therefore it offers a great potential and mitigate limitation and supplement 
supplies of fossil fuel and at the same time minimize C emissions. Biofuel and 
biodiesel, in particular, are derived from biomass and use photo-synthetically  fi xed 
C, thus, facilitating recycling of atmospheric CO 

2
 . Meeting the energy require-

ments by using environment-friendly biofuels will help to decrease the carbon 
dioxide emission into the atmosphere. 
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 Biodiesel from J. curcas (hereafter referred to as Jatropha) seed oil is considered as 
an answer to energy crisis, which can replace depleting fossil fuel and at the same time 
render environmental services by way of maintaining or reducing CO 

2
  levels. It also 

helps in creating other environmental bene fi ts, such as rehabilitation of degraded lands 
through addition of organic matter through leaf fall, hedge for erosion control and 
wind break. After extracting oil, the deoiled cake serves as a rich source of organic 
matter and plant nutrients for crop production. Switching over to biodiesel will have 
implications in terms of employment generation for various production and market 
related activities and decentralized energy affecting rural livelihoods. Biodiesel can be 
a decentralized source of energy through its use in electricity generator, thus address-
ing the issue of erratic supply in farms with large productivity and use in other domes-
tic or power based livelihood activities. So, we are today facing a question—is Jatropha 
truly a wonder biodiesel plant, which can be a panacea for issues of depleting fossil 
fuels, environmental degradation and main streaming of the poor?  

    Jatropha,  the Potential Plant for Biodiesel 
on Degraded and Marginal Lands 

 The recent assessments of the Indian government have identi fi ed 16% (> 50 m ha) 
of the geographical area as wasteland (Government of India  2010  ) . Keeping in mind 
the 221 million poor in India, and the fact that 70% of poor in India are small marginal 
farmers and landless labourers (Srivastava  2005  ) , it is essential that wasteland devel-
opment programs are undertaken to generate the needed socioeconomic bene fi t for 
poor farmers and labourers. As a plant of the dry regions of Meso-America, Jatropha 
is suitable to grow on degraded drylands. Distributed by the Portuguese colonial 
power,  Jatropha  now grows in many African and South-Asian countries, and is well 
adapted to semi-arid tropical conditions.  Jatropha is drought  tolerant and can sur-
vive under 200 mm water per year. Its mechanism of leaf fall in dry spells increases 
the amount of organic matter in the soil, which makes Jatropha   not only the one 
adapted to degraded lands, but the one rehabilitating them. Its dense root system 
stabilizes soil and arrests erosion. It produces fruits with a high content of non-edi-
ble oil that can be used for several purposes and is not browsed by animals. Thus, 
 Jatropha  can be a good candidate to rehabilitate the degraded lands mostly in pos-
session of poor and marginal farmers and generate additional income for them. 
Grass et al.  (  2008  )  found that at crude prices above US $ 75 per barrel,  Jatropha  fuel 
production on India’s wasteland starts to be economically viable. 

 To develop a strategy that serves both energy and food needs, work has been 
initiated recently for growing energy plants suitable for the degraded lands. 
According to a report of the committee on biofuels constituted by Planning 
Commission, Government of India (2003) out of a large number of oilseed tree spe-
cies, Jatropha along with  Pongamia pinnata  would best suit the Indian conditions. 
For raising Jatropha, it is not necessary to sacri fi ce the land area that is already 
under cultivation of food and horticultural crops as Jatropha has the inherent ability 



31316  Jatropha curcas Biodiesel, Challenges and Opportunities…

to thrive on degraded and marginal lands. Jatropha is a fast growing crop, not 
browsed by cattle and goats with ability to withstand harsh climatic conditions. The 
National Mission on Biofuels in India has identi fi ed about 13.4 million ha for  J. curcas  
(and Pongamia pinnata)   plantations in immediate future and it covers poor, mar-
ginal, degraded, fallow, waste and other lands, such as along canals, roads, railway 
tracks, on farm and property bunds in the arid and semiarid areas. Once success is 
achieved on potential lands, it should be possible to include lands with low fertility 
soils, which can be brought under Jatropha plantation in an economically feasible 
manner to rehabilitate them. By adopting knowledge-based and pro-poor strategy, 
non-edible oil can be used for biodiesel production. Pro-poor bio-power strategy 
leads to a win-win-win situation that improves livelihoods, protect environment and 
allows the energy release from renewable sources.  

   Coherent National Policy on Biofuels 

 Biofuels are gaining importance ever since the prices of fossil fuel began skyrocketing 
due to the reduced supplies and growing concern with environmental pollution. Both 
developed and developing countries are formulating policies for a mandatory blend-
ing of bioethanol and biodiesel (produced from renewable sources) with fossil fuels, 
resulting in a huge demand for raw materials for producing biofuels. 

 Realizing the urgency, the Government of India has formulated and approved a 
National Policy on Biofuel in 2009 along with setting up of an empowered National 
Biofuel Coordination Committee, headed by the Prime Minister and a Biofuel 
Steering Committee headed by Cabinet Secretary. Under the approved policy, the 
country aims to rise blending of biofuels with gasoline and diesel to 20% by the 
year 2017 (Achten et al.  2010  ) . The policy focuses on indigenous production of 
biodiesel in waste, degraded and other marginal lands. It incorporates the announce-
ments on Minimum Support Price (MSP) with the provision of periodic revision 
for biodiesel oilseeds to provide fair price to the growers, which would be based on 
the actual cost of production of bioethanol. In case of biodiesel, the MSP could be 
linked to the prevailing retail diesel price. The National Biofuel Policy envisages 
that biofuels, namely, biodiesel and bioethanol may be brought under the ambit of 
“Declared Goods” by the Government to ensure unrestricted movement of biofuels 
within and outside the states. It is also stated in the Policy that no taxes and duty 
would be levied on biodiesel.  

   Biodiesel, A Convenient Energy Source 
with Good Fuel Properties 

 During the last few decades researchers tried many edible and non-edible oils in 
compression ignition for different utilities. Due to short supply, India can neither 
afford usage of edible oils as power source nor can afford to bring in agricultural 
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lands under biofuels. Hence, the cultivation of non-edible vegetable oils on degraded 
and marginal lands is strategically propagated. 

 Biodiesel was among the  fi rst alternative fuels with bioethanol to really become 
known to the public. The advantage of biodiesel is that it can be used in existing 
vehicles with little or no modi fi cation required when used as blended. There are 
energy plants available that will produce a higher yield in kWh per area, but the 
simplicity of having a fuel that is fully compatible with present fuel and engine 
technology makes Jatropha biodiesel very attractive. 

  Jatropha  biodiesel has good fuel properties, comparable to or even better than 
petroleum diesel (Rao et al.  2008  ) . Its cetane number (an indication of its fuel 
burning ef fi ciency) is 51–52 for biodiesel from Jatropha oil, which is higher than 
the cetane number of most petroleum diesels. It has 10% built-in oxygen content 
that helps it to burn completely. The esters of the long-chain fatty acids of biodie-
sel are excellent lubricants for the fuel injection system. It has a higher  fl ash point 
than diesel, making it a safer fuel. Other advantages are the almost zero sulphur 
content and the reduced amount of carbon monoxide, unburned hydrocarbons and 
particulate matter in the exhaust. But there are a few technical issues that need to 
be resolved. Biodiesel has a high viscosity at low temperatures, leading to  fl ow 
problems at these temperatures. 

 ICRISAT assessed the performance of the vehicles (8 TATA Mobile 207Di, 2 Nissan 
Diesel and 1 Toyota Qualis) being run since May 2007 on fuel blended (B10) with biod-
iesel (400 L received from Southern Online Bio Technologies Ltd). The observations 
and comments by automobile engineer from Farm and Engineering Services at 
ICRISAT were very encouraging. All vehicles put on fuel mixtures performed nor-
mally. There was no starting trouble or pickup problem in any vehicle. There was no 
abnormal smoke or other speci fi c complaints from the users while driving the vehicle.  

   Re fi ning Agronomic Practices for Realizing 
Higher Productivity 

   Optimizing Fertilizer Practices 

  Jatropha  is well adapted to marginal lands, but it responds to fertilizer application. 
Nutrient management is one such aspect that may play a pivotal role in economic 
cultivation in marginal lands. Information available on nutrient requirement of 
Jatropha is scarce and particularly in wastelands where it is nil. The work to evaluate 
the effect of nitrogen and phosphorus on growth and productivity of four year-old 
Jatropha,   planted on wastelands at ICRISAT, showed response to fertilizer applica-
tion. In the on-station study, four-year-old Jatropha plantation recorded 1,290 kg ha −1  
seed yield in the fertilized control plots (Table  16.1 ). The seed productivity varied 
from 1,320 to 1,610 kg ha −1  with the application of nitrogen and phosphorus fertil-
izers. The highest productivity was recorded at 80 kg N and 20 kg P 

2
 O 

5
  ha −1 .   
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   Growth Regulators 

  Jatropha  is a monoecious shrub, where the  fl owers are unisexual, i.e., male and 
female  fl owers are produced in the same in fl orescence. In fl orescences produce a 
central female  fl ower surrounded by a group of male  fl owers. Generally, there are 
1–5 female  fl owers and 25–90 male  fl owers per in fl orescence with an average male 
to female  fl ower ratio of 29:1. 

 Studies were conducted at ICRISAT during 2009 to evaluate the effect of 
growth regulators like naphthaleneacetic acid (NAA), gibberellic acid (GA), 
chlorocholine chloride (CCC) and ethrel on the male and  fl ower ratio and yield of 
Jatropha planted in the year 2004. The results revealed that yields were in general 
low due to unfavourable weather, but application of either CCC or GA at 90 and 
25 mg kg–1, respectively, at the time of  fl ower initiation can improve the  fl owering 
characteristics and crop yields.  

   Mycorrhizae Inoculation 

 Keeping in view the water and nutrient stress in marginal lands where Jatropha is 
supposed to grow, the effective absorptive root surface can be increased by inocu-
lating roots with mycorrhizal fungi. Mycorrhizal fungi increases nutrient uptake 
not only by increasing the absorbing surface area of roots, but also through the 
release of powerful enzymes into the soil that dissolve hard-to-capture nutrients, 
such as organic nitrogen, phosphorus, iron and other tightly bound soil nutrients. 
This extraction process is particularly important in plant nutrition in marginal 
lands and explains why non-mycorrhizal plants require high levels of fertility to 
maintain their health. ICRISAT has raised  Jatropha  following mycorrhizal appli-
cation to enhance growth and yield of seedlings. One gram of mycorrhizae may 
be placed below the seed at the time of sowing to enhance growth of the seedlings. 
Mycorrhized  Jatropha  seedlings showed higher plant height, stem girth and num-
ber of leaves compared to non-mycorrhized, when sampled three months after 
sowing (Table  16.2 ).   

 Fertilizer/plant  Seed yield (kg ha −1 ) 

 Control  1,290 
 N (40) + P 

2
 O 

5
  (10)  1,320 

 N (40) + P 
2
 O 

5
  (20)  1,330 

 N (80) + P 
2
 O 

5
  (10)  1,560 

 N (80) + P 
2
 O 

5
  (20)  1,610 

  Source: Wani et al.  (  2012  )   

 Table 16.1    Effects 
of nitrogen and phosphorus 
on seed yield of four-year-
old Jatropha planted in 
wastelands at ICRISAT, 
India during 2008  
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   Pruning and Irrigation 

  Jatropha  produces  fl owers in cymose in fl orescences with dichasial cyme pattern in 
new borne branches and hence, the number of new branchlets determines the number 
of in fl orescences in  Jatropha . Therefore, pruning is essential to increase the number 
of fruiting branchlets in  Jatropha , which is carried out by nipping the terminal bud to 
induce secondary and tertiary branches. 

 A study was carried out to assess the effects of pruning on canopy characteristics 
of  Jatropha  in which half of the plants in the block plantation were pruned at 45 cm 
in the  fi rst year and 75 cm in the second year of growth during the dry season 
(February–March) when the plants are dormant and the rest half were grown without 
pruning. During the third year, the top one third of the secondary and tertiary branches 
of plants were nipped off under the pruning treatment. The effect of pruning was 
observed on plant height, stem girth at 10 cm above the ground, number of branches, 
crown area, and volume index during third year (Fig.  16.1 ). The results showed that 
pruning signi fi cantly ( p  < 0.05) in fl uenced plant height (224 cm), stem girth (36 cm), 
and crown index (29) compared to the non-pruned plants, where the plant height, 
stem girth and crown index were 197 cm, 27 cm, and 15, respectively. Similarly, the 
branches per plant were also more numerous (43) in the pruned when compared to 
the non-pruned (26) plants.  

   Table 16.2    Effects of mycorrhizal inoculation on growth of 3-month  Jatropha  seedlings in nursery 
at ICRISAT   

 Treatment  Plant height (cm)  Stem girth (cm)  Number of leaves 

 Inoculated  47  6.5  16 
 Non-inoculated  35  5.9  12 

  Source: Wani et al.  (  2006  )   

  Fig. 16.1    Growth characteristics of Jatropha plants due to summer pruning during the 3rd year of 
establishment (Source Wani et al.  2009a  )        



31716  Jatropha curcas Biodiesel, Challenges and Opportunities…

 Similarly, Jatropha is well adapted to drought conditions, but shows profuse 
growth under irrigated conditions compared to no irrigation. As the fruits are borne 
on new branches in Jatropha, the enhanced growth and number of branches has 
direct relation to fruit and seed yields.   

   Water Requirement, Balance and Soil Conservation 
Under Jatropha cultivation   

 Soil moisture was monitored in the  Jatropha  plantation (seedlings planted in 
November 2004) at ICRISAT from November 2005 using a neutron probe. Weather 
was monitored at the ICRISAT agrometeorological observatory, Patancheru. Daily 
reference crop  evapotranspiration  (ETo) was computed following the FAO Penman-
Monteith method (1998). Evapotranspiration requirements of Jatropha under ideal 
soil moisture conditions were estimated based on ETo and crop coef fi cients mea-
sured for different phenophases. Evapotranspiration values under actual  fi eld condi-
tions of  Jatropha  plantation were estimated from soil moisture measurements using 
the standard water balance equation. 

 Monthly crop evapotranspiration (Fig.  16.2 ) values indicate that during April to 
June, ETo requirements are high due to atmospheric demands as well as the vegetative 
stage of plantation. However, this is the period in which the actual availability with 
respect to demand is low. During July to October, soil moisture status is suf fi cient to 
satisfy much of the ETo requirements and this period coincides with  fl owering and 
fruit set stage. During three years from 2005 to 2008,  Jatropha  used 75–90% of the 
rainfall received. Lower relative utilization (%) occurred when the rainfall distribution 
was erratic, though the rainfall amount was high. In the year 2008, rainfall till 30th 

  Fig. 16.2    Variation of rainfall and ETo in the  Jatropha  plantation at ICRISAT (Source Wani et al. 
 2009a )         
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November was 1,103 mm; however, total rainfall during June and July was only 
190 mm compared to the normal 305 mm. The August rainfall was 382 mm 
compared to the normal 220 mm. There were eight days in the year 2008 with a 
rainfall of more than 50 mm and long periods of dry spells occurred in June and 
July. The total ETo use by Jatropha in the year 2008 till November was 820 mm, the 
highest in the last three years. If the rainfall distribution was good,  Jatropha  could 
have used even more water. The study indicated that contrary to the belief that 
 Jatropha  needs less water, under favourable soil moisture conditions,  Jatropha  could 
use large amounts of water for luxurious growth and high yield.  

 Combining ArcSWAT and HYDRUS1D modeling tools, water balance compo-
nents of  Jatropha  plantation were studied in contrast to wastelands in Velchal, 
Rangareddy district of Andhra Pradesh, India (Garg et al .   2011  ) . The data showed 
that under waste lands, 40–60% of the rainfall got lost as runoff, while it was reduced 
to 20–40% under long term  Jatropha  plantation (Fig.  16.3 ). Groundwater recharge 
doubled in current  Jatropha  and quadrupled in the long-term (current  Jatropha  for 
long period of time)  Jatropha  plantation. More than 50% of the non-productive 
evaporation transformed into productive transpiration in both current and long term 
 Jatropha  plantations. The results showed clearly that in wastelands where crop man-
agement is dif fi cult,  Jatropha  might be a better option for conserving water and 
converting non-productive evaporation into productive transpiration  

 Cumulative soil loss recorded over a period of 10 years under  Jatropha  showed 
50% reduction in total soil loss as compared to waste lands (Fig.  16.4 ). The study 
documents the importance of  Jatropha  in soil conservation and arresting further 
degradation.   

  Fig. 16.3    Water balance components of different land management scenarios during dry, normal 
and wet years (data compiled from 2001 to 2010) (Source Garg et al.  2011  )        
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   Tapping Germplasm for Potential Productivity 

 In order to achieve full potential of biodiesel plantations with Jatropha, solution 
to the problem of low yield needs to be addressed to boost the large scale pro fi table 
cultivation. Genotypes in fl uence yield potential, therefore the source of seed 
assumes greater signi fi cance. Genetic diversity in plant species is a gift to human-
kind as it forms the basis for selection and further improvement. It is desirable to 
select seed source for multiplication from known plant populations with favorable 
traits. However, comprehensive work on collection, characterization and evalua-
tion of germplasm for growth, morphology, seed characteristics and yield traits is 
still in its infancy. The study conducted at ICRISAT (during 2008) on progeny 
trial evaluation comprising 99 Jatropha accessions collected from different agro-
eco regions of India and planted during 2006 showed great variability in plant 
height (105–274 cm), collar diameter (5.1–18.9 cm), number of branches (9.7–
66.3), crown area (0.5–6.3 m 2 ), volume index (8,056–85,708 cm 3 ), seed length 
(11.6–19.3 mm), seed width (9.5–11.7 mm), seed thickness (7.6–11.0 mm), 100-
seed weight (38.9–67.1 g) and seed oil content (27.5–40.5). ICJC 06116 recorded 
the highest 100 seed weight of 67.1 g (Table  16.3 ). Accession ICJC 06004 recorded 
the highest plant height (274 cm) and ICJC 06087, the highest volume index 
(85,708 cm 3 ) and collar diameter (18.9 cm). The number of branches and crown 
area were the highest in ICJC 06115 (66.3) and ICJC 06010 (6.3 m 2 ), respectively. 
Highest seed length was seen in accession ICJC 06082 (19.3 cm) while accession 
ICJC 06055 showed the maximum seed width (11.7 cm) and thickness (11.0 cm). 
The highest oil content for seeds was 40.5% in accession ICJC06019. As a whole, 
44% of the accessions have exhibited seed oil content in the range of 35.1–40%.  

  Fig. 16.4    Cumulative soil loss (t ha −1 ) under different land management conditions (data from 
year 2001 to 2010) (Source: Garg et al.  2011  )        
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 The objective for genetic improvement of Jatropha as a crop should aim at a larger 
proportion of female  fl owers or pistillate plants, high seed yield with high oil content, 
early maturity, resistance to pests and diseases, drought tolerance, reduced plant 
height and high natural rami fi cation of branches. Jatropha   is an often cross-pollinated 
crop and can be improved through mass selection, recurrent selection, mutation 
breeding, heterosis breeding and interspeci fi c hybridization or biotechnological 
interventions to bring changes in the desired traits (Divakara et al.  2010  ) .  

   Assessment of Genetic Variability Using Molecular Markers 

  Ampli fi ed fragment length polymorphism  (AFLP) was employed to assess the diver-
sity in the elite germplasm collection of  J. curcas  (Tatikonda et al.  2009  ) . Forty 
eight accessions collected from six different states of India, were characterised with 
seven AFLP primer combinations that generated a total of 770 fragments with an 
average of 110 fragments per primer combination. A total of 680 (88%) fragments 
showed polymorphism in the germplasm analyzed, of which 59 (8.7%) fragments 
were unique (accession speci fi c) and 108 (15.9%) fragments were rare (present in 
less than 10% accessions). In order to assess the discriminatory power of the seven 
primer combinations used, a variety of marker attributes like  polymorphism infor-
mation content  (PIC),  marker index  (MI) and  resolving power  (RP) values were 
calculated (Table  16.4 ). Although the PIC values ranged from 0.20 (E-ACA/M-CAA) 
to 0.34 (E-ACT/M-CTT) with an average of 0.26 per primer pair and the MI values 
were observed in the range of 17.60 (E-ACA/M-CAA) to 32.30 (E-ACT/MCTT) 
with an average of 25.13 per primer pair, the RP was recognized the real attribute 

   Table 16.4    Marker attributes for AFLP combinations used at ICRISAT   

 Primer combination  PIC a   EMR b   MI c   RP d  

 E-ACT/M-CTT  0.34   95  32.30  46.82 
 E-ACA/M-CAA  0.20   88  17.60  23.11 
 E-ACA/M-CAT  0.25   77  19.25  26.21 
 E-AGG/M-CAG  0.25  101  25.25  34.81 
 E-AGG/M-CTA  0.24  119  28.56  39.17 
 E-ACG/M-CAA  0.24  117  28.08  38.84 
 E-AGC/M-CTA  0.30   83  24.90  37.53 
 Minimum  0.20   77  17.60  23.11 
 Maximum  0.34  119  32.30  46.82 
 Average  0.26   97  25.13  35.21 

  Source: Tatikonda et al .   (  2009  )  
  a Polymorphism information content (PIC) 
  b Effective multiplex ratio (EMR) 
  c Marker index (MI) 
  d Resolving power (RP)  
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for AFLP to determine the discriminatory power of a primer pair. The RP values for 
different primer pairs varied from 23.11 (E-ACA/M-CAA) to 46.82 (E-ACT/M-CTT) 
with an average of 35.21.  

 Genotyping data obtained for all 680 polymorphic fragments were used to group 
the accessions analyzed using the UPGMA-phenogram and  principal component 
analysis  (PCA). Majority of groups obtained in phenogram and PCA contained 
accessions as per geographical locations. In general, accessions from Andhra Pradesh 
were found diverse as these were scattered in different groups, whereas accessions 
from Chhattisgarh showed occurrence of higher number of unique/rare fragments. 
Molecular diversity estimated in the present study combined with the datasets on 
other traits will be very useful for selecting the appropriate accessions for plant 
improvement through conventional as well as molecular breeding approaches.  

   Mass Multiplication 

 Seedling quality affects survival, growth and yield of the crop and therefore raising 
of healthy seedlings is important.  Jatropha  seedlings can be grown by two methods, 
namely bare root and container (polythene bag). 

 In the bare root method, nursery bed is prepared by mixing  farm yard manure  
(FYM), soil and sand in equal parts. Soaked seeds are sown at a row spacing of 25 cm 
and plant to plant spacing of 5 cm. Plants that become ready for transplanting within 
6 weeks after germination may be carefully uprooted from nursery beds, wrapped in 
wet gunny bag and transplanted within 24 h. Before transplanting it should be ensured 
that enough moisture is available in the pit receiving bare root seedlings. 

 Seedlings of  Jatropha  can be raised in poly bags (4″ × 7″, 150 gauge for three to 
four-month-old seedlings)  fi lled with 2 kg medium comprising equal parts of soil, 
sand and FYM. Diammonium phosphate (DAP) may be added at 1.0 g per polybag. 
Good quality seeds having 80% germination should be sown at 1 seed per bag at 
2–3 cm depth for getting higher germination success. 

 The study on evaluation of the effects of propagation techniques in  Jatropha  in 
Mali, showed more than 80% survival in plots planted with poly bag seedlings, fol-
lowed by bare root cuttings as observed after 1 year of plantation. Planting of stem 
cuttings and direct sowing of seeds in the main  fi eld proved less effective and the 
survival rate was less than 20%.  

   Bene fi ts of Intercropping in  Jatropha  
During Gestation Period 

 Because  Jatropha  takes a minimum of 3–4 years for producing economic yields, the 
intercrops provide additional income to the farmers during the gestation period. 
The feasibility of growing drought tolerant  fi eld crops as intercrops with  Jatropha  
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was studied until plantations were three-year-old on Vertisols at the ICRISAT farm, 
Patancheru, India. Intercrops, such as sorghum, pearl millet, pigeonpea, chickpea, 
sun fl ower, saf fl ower, soybean and mung bean were successfully cultivated and eval-
uated in  Jatropha  plantations during rainy season and post-rainy seasons. Sorghum, 
pearl millet, soybean and chickpea yielded more than 1 t ha−1 (Table  16.5 ). The 
intercrops productivity in terms of grain yield varied from 0.29 t ha −1  in case of 
green gram (mung bean) to 1.5 t ha −1  in case of sorghum.   

   By-Product Deoiled Cake as Source of Nutrients 
in Crop Production 

 Deoiled cake is a by-product of oil extraction that contains all the macro and 
micronutrients and is an excellent organic fertilizer unlike inorganic fertilizers 
that supply only few nutrients.  Jatropha  seeds yield on an average 30% oil and 
around 70% by-product cake. The cake is suitable for fertilizing plantation or 
commercial crops. The studies at ICRISAT have indicated that  Jatropha  cake is 
relatively rich in nitrogen, phosphorus and sulphur (Table  16.6 ) compared to leaf 
and shoot parts.  

 The contribution of deoiled cake in crop production has been evaluated in maize 
and soybean crops (Osman et al .   2009 ; Wani et al .   2006  ) . In an on-farm study by 
ICRISAT, a replacement of 50% basal N dose in maize through deoiled cake has 
promoted the maximum yield, which was around 4% more than pure inorganic 
fertilizers added at a rate of 120:60:40 kg NPK ha–1 (Table  16.7 ). Thus, Jatropha 
plants grown on degraded lands are useful not only for biofuel, but also for its nutri-
ent rich deoiled cake in order to get higher crop yields with signi fi cant cuts on cost 
and use of chemical fertilizers.   

   Table 16.5    Intercrop yields in strip cropping system with Jatropha at ICRISAT   

 Crop 
 Grain yield (t ha −1 ) 
 Year 2005–06  Year 2006–07  Year 2007–08 

 Sorghum  1.50  –  – 
 Pearl millet  1.15  1.2  – 
 Chickpea  1.01  –  – 
 Sun fl ower  0.98  –  – 
 Saf fl ower  0.54  –  – 
 Soybean  1.06  –  0.51 
 Pigeonpea  –  0.56  0.62 
 Mung bean  –  –  0.29 

  Source: Wani et al .   (  2009b  )   
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   C Sequestration and Land Rehabilitation 

 Carbon sequestration by  Jatropha  biofuel plantations not only mitigates global 
warming, but also helps in the reclamation of the degraded lands (Sreedevi et al .  
 2009 ; Wani et al .   2006 ;  2009b  ) .  Jatropha  plants have a mechanism of drought avoid-
ance by shedding their leaves during moisture stress periods to minimize the water 
requirement, which proves useful to exploit  Jatropha  in the rehabilitation of degraded 
lands. Pruned loppings also add C rich biomass to the degraded soil. In addition to 
deoiled cake (~500 kg C ha −1 ), studies have revealed annual addition of around 
1,000 kg C ha −1  to the soil under  Jatropha  by means of litter fall and pruned loppings 
(Table  16.8 ).  

   Table 16.6    Chemical composition of deoiled cake from Coimbatore, 
Tamil Nadu analyzed at ICRISAT, Patancheru, India   

 Nutrients  Content in doiled cake of Jatropha

 Nitrogen (%)  4.91 
 Phosphorous (%)  0.90 
 Potassium (%)  1.75 
 Calcium (%)  0.31 
 Magnesium (%)  0.68 
 Zinc (mg kg–1)  55 
 Iron (mg kg–1)  772 
 Copper (mg kg–1)  22 
 Manganese (mg kg–1)  85 
 Boron (mg kg–1)  20 
 Sulphur (mg kg–1)  2,433 

  Source :  Wani et al .   (  2006  )   

   Table 16.7    Effects of  Jatropha  deoiled cake application on grain yield of maize in Andhra Pradesh, 
India during 2007   

 Treatments 
 Plant 
height (cm) 

 Cob 
length (cm) 

 Cob 
diameter (cm) 

 DMP 
(kg ha −1 ) 

 Grain yield 
(kg ha −1 ) 

 Absolute control  220  13.44  7.77  11,424  6,640 
 50% of the basal dressing 

N (30 kg N ha −1 ) through 
deoiled cake 

 217  17.38  8.04  15,491  9,560 

 100% of the basal dressing 
N (60 kg N ha −1 ) through 
deoiled cake 

 228  16.94  8.02  14,193  8,490 

 100% of the basal dressing 
N (60 kg N ha –1 ) through 
inorganic fertilizer −1  

 226  16.82  8.12  15,498  9,200 

 LSD (5%)  NS   1.85  NS   1,240  796 

  Source: ICRISAT  (  2008  )   
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 In addition to C manure through leaf fall, pruned loppings and deoiled cake, the 
live plants sequester huge C quantities in its above ground and below ground bio-
mass. Studies of Wani et al.  (  2012  )  revealed that a plantation at 2 × 2 m spacing 
accumulates 4.07 kg plant −1  as above ground shoots and 0.81 kg plant −1  as below 
ground roots. Similarly, a plantation at 2 × 3 m spacing accumulates 5.12 kg plant −1  
as above ground shoots and 1.02 kg plant −1  as below ground roots. This translates to 
a C sequestration of 6,100 kg ha −1  at 2 × 2 m spacing (2,500 plants) and 5,120 kg ha −1  
at 2 × 3 m spacing (1,667 plants). Such huge quantities of C sequestrated in plant 
biomass is a great ecosystem service we can have and these C credits can be traded, 
under the Kyoto protocol, with the countries or regions who are not able to manage 
their C credits (D’silva et al .   2004  ) . 

 The annual additions of C through added leaves, loppings and decaying roots are 
enough to give the kick start to microbiological activities and nutrient dynamics. 
The microbial population is used as an indicator of soil health and thereby land 
productivity. The studies have revealed a higher level of microbial population com-
plexity under Jatropha plantations (Table  16.9 ) as compared to non-Jatropha soil.  

 The falling leaves and loppings are recycle by microbial population, which releases 
and adds the nutrients to the soil and thereby increases soil fertility. A study from 
ICRISAT revealed the leaf fall of a three-year-old plant is ~2.6 fold that of a 1 year 
plant (Table  16.10 ). The falling leaves in a three-year-old plantation returned around 
20 kg each of N and K and around 2 kg of P to the soil.  

 The cumulative C and nutrients added to soil through Jatropha biomass were 
documented by Wani et al.   ( 2012  ) . The in situ study carried out in a farm at Kothlapur 

   Table 16.8    Total C sequestered through  Jatropha  plantation as C returned to soil, 
biodiesel C replacement per year and live plant C   

 C through Jatropha plantation  Plant part involved  Organic C (kg ha −1 ) 

 C returned back to soil  Leaf fall  800 a  
 Pruned loppings  150  a  
 Deoiled cake  495 b  

 C replacement in fossil fuel  Jatropha oil  230  b  
 C in live plant  Shoots and roots  5,120 

  Source :  Wani et al .   (  2012  )  
  a Leaf and stem prunings added C every year 
  b Jatropha oil C (Fuel replacement) and deoiled cake added C from fourth year onwards 
every year  

   Table 16.9    Microbial population as in fl uenced by  Jatropha  plantation at Velchal, Andhra Pradesh, 
India   

 Microbial parameters  Non- Jatropha  plantation soil Jatropha plantation soil  Coef fi cient of variation 

 Bacteria (cfu g −1 soil)  8 × 10 4   1 × 10 5a   54.6 
 Fungi (cfu g −1  soil)  1 × 10 3   2 × 10 3a   35.6 
 Actinomycetes 

(cfu g −1  soil) 
 8 × 10 2   8 × 10 2a   80.0 

  Source: Susanna  (  2009  )  
  a Signi fi cant at 1%  
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indicated a higher concentration of soil C and available P under the  Jatropha  planta-
tion as compared to the adjacent uncultivated control grasslands (Fig.  16.5 ). The C 
in the surface (0–0.15 m) of soil under four-year-old Jatropha plantation increased 
by 19% as compared to the adjoining grasslands, which corresponds to about 
2,500 kg ha −1  additional C sequestered by the plantation in four years. Carbon seques-
tration in these degraded infertile semi-arid tropical soils serves the dual purpose of 
reducing the atmospheric CO 

2
  concentration and increasing the soil organic carbon, 

which plays a crucial role in soil quality improvement and nutrient availability to 
plants (Srinivasa Rao et al .   2009  ) . Similarly, available P in surface soil layer under 
 Jatropha  increased by as much as  fi vefold. A positive relationship between soil 
organic C and available P implies the role of increased organic matter in enhancing P 
and soil quality as a result of C sequestration (Wani et al .   2003  ) .   

   Employment Generation and Social Mainstreaming 

 India is home of 22% of the world poor. Around 221 million poor in India do not 
have access to a consumption basket; a feature that is considered to de fi ne the pov-
erty line. A programme that generates employment is therefore, particularly wel-
come. The biofuels sector has the potential to successfully rehabilitate the degraded 
lands and hence to improve the livelihoods of rural people by providing employ-
ment and additional sources of income (Wani et al .   2006  ) . Biofuel plantation activ-
ity on commercial scale provides employment at village level through plantation, 
agronomic management, seed collection and through markets for fertilizer, pesti-
cides, fuel and industrial raw material for soap/cosmetics, etc. Developing nations 
are looking towards biofuels to help reduce their spiraling foreign oil import costs, 
and to mitigate pollution and global warming. The drylands, often neglected com-
pared to more favorable areas, can contribute importantly to a future powered by 
biofuels. In India, large tracts of degraded lands not suitable for arable cropping are 
in the possession of poor farmers. Our challenge and opportunity is to ensure that 

   Table 16.10    Content and amounts of nutrients returned through fallen leaves during 2007 at 
ICRISAT, Patancheru   

 Age of the 
plant  Fertilizer dose 

 Dry leaf 
(g/plant) 

 Nutrient recycling by leaf litter 

 N 
(%) 

 P 
(%) 

 K 
(%) 

 N 
(kg ha −1 ) 

 P 
(kg ha −1 ) 

 K 
(kg ha −1 ) 

 1-year- old  120 g Urea, 
170 g SSP, 
50 g gypsum 

 552.5  1.14  0.06  1.1  15.7  0.8  15.2 

 3-years- old  100 g Urea, 38 g 
SSP 

 1,451.1  0.86  0.08  0.95  20.8  2  23 

  Source: Wani et al .   (  2009c  )   
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poor drylands will not be left behind. The carbon credits gained through switching 
from fossil fuels to biofuels can also be a source of income to the rural poor as these 
can be traded with the other developing or developed regions and countries. 

 A large part of India’s population, mostly in rural areas, does not have access to 
energy services. There is an increasing gap between supply and demand, added with 
continuous deterioration in quality of power and a low level of access to electricity. 
Lack of access to affordable energy services among the rural poor seriously affects 
their chances of bene fi ting from economic development and improved living stan-
dards. Under such circumstances, decentralized power generation using biofuels is 
the need of the hour. Access to modern decentralized small-scale energy technolo-
gies, particularly renewable biofuels, are an important element for effective poverty 
alleviation policies. A program that develops energy from raw material grown in 
rural areas will go a long way in providing energy security to the rural people for 
their domestic use, farm production activities (e.g., irrigation, etc.) and engagement 
in livelihood activities (e.g., small processing mills) leading to improved incomes, 
better living and their social main streaming.  

   Insect Pests and Diseases 

  Jatropha  has been believed to be less susceptible to various insect pests and other 
diseases merely based on few observations. 

 Insects, such as the leaf eating beetles, thrips, leaf hoppers, grass hoppers, cater-
pillars and leaf miner feed on the foliage. Shoot/stem borer and bark eating caterpil-
lar damage the stem. Blue bugs and green stink bug suck on fruits while capsule 

  Fig. 16.5    Organic carbon and available P contents in surface (0.0–0.15 m) soil samples under 
 Jatropha  plantation in Kothlapur, Andhra Pradesh, India, 2009 (Source: Wani et al .   2011  )        
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borer damages the fruits (Wani et al .   2006  ) . The pests may be controlled by spraying 
endosulfan at 3 ml per litre water or any other pesticide recommended for that 
particular pest. The galls are formed due to the attack of mites and can be controlled 
by spraying dicofol at 5 ml of water or wettable sulphur at 3 g per litre of water. 

 Diseases like root rot, damping off, powdery mildew and leaf spots, cassava 
mosaic virus are frequently reported when the crop is raised as plantations (Wani 
et al .   2006 ; Divakara et al.  2010  ) . Black rot in Jatropha   was observed during 2009 
and 2010 in plantations in several states in India including Andhra Pradesh, Assam, 
Chattisgarh and Madhya Pradesh (Srinivasa Rao et al .   2011  ) . Affected plants 
(Fig.  16.6a–f ) showed drying along with shriveling, stem  discoloration with sticky 
reddish brown exudation at the base of plants. Black lesions on the stem under bark 
and cambium layer were also observed. The symptoms spread to leaves and petioles 
as 1–3 mm diameter black spots as well as shriveling and gummosis of hard wood, 
 fi nally leading to death of the infected plant. The causal fungus was identi fi ed as 
 Botryosphaeria dothidea . Spraying affected plants at early stage of symptoms with 
bavistin (Carbendazim 50% WP) at the rate of 2 g L −1  controlled symptom spread 
and led to recovery of plants with new leaf growth after the rains.  

  Fig. 16.6    ( a ) Shriveled appearance of black rot affected stems, ( b ) black lesions over the stem 
under the bark ( right ) caused by  Botryosphaeria dothidea,  ( c ) Exudation of reddish brown gummy 
substance from the late infected stem, ( d ) discoloration of the affected stem, ( e-f ) Initiation of new 
foliage from affected branches/ground after fungicide spraying in Velchal village plantation, 
Rangareddy district during July 2009 (Source: Srinivasa Rao et al .   2011  )        
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 The studies on regional incidences of insect pests and diseases are necessary for 
the successful development of an effective package of viable agronomic practices.  

   Issues Confronting the Upscaling of Biodiesel Production 

 One of the main problems in getting the biodiesel programme running is the dif fi culty 
linked to initiating large-scale cultivation of Jatropha. The success of Jatropha oil for 
biodiesel production lies in the sustainable and economically viable production of 
seeds at  fi eld level. Farmers do not yet consider  Jatropha  cultivation remunerative 
due to the wrong perspective being adopted. Therefore, large-scale cultivation of 
 Jatropha  has been put into question and concerns have been raised regarding its suc-
cess. Actually, the Jatropha cultivation in pilot studies on productive lands has been 
found to perform badly in terms of net returns when compared with cash crops, 
which caused serious setback to the program. It should be clear that Jatropha must 
be grown on lands where cash crops would hardy compete with it in order to war-
rant its comparative success. Further, diverting arable lands to cultivate such biofuel 
crops is not a viable proposition, as it will directly affect the food security of a coun-
try, which may have further deleterious consequences. 

 Among other issues challenging upscaling are low yields, lack of high yielding 
cultivars, high harvesting costs, diseases and pests in block plantations, water bal-
ance changes and off-site impacts. Further, in the absence of seed collection and oil 
extraction infrastructure, it will be dif fi cult to convince entrepreneurs to install 
transesteri fi cation plants. Finally, there is the problem of co-product (glycerol) 
utilization. The co-product glycerol accounts for about 12% of the biodiesel pro-
duced and is of about 88% purity. If alternative means are not quickly found for utiliz-
ing glycerol, then its price will plummet due to excess supply. 

 The farmers are also reluctant in view of:

    1.    The lack of con fi dence due to the delay in notifying, publicizing and explaining 
the government biodiesel policy.  

    2.    The absence of long-term purchase contracts prevents the buy-back arrangements 
or purchase centers for  Jatropha.   

    3.    The lack of availability of certi fi ed seeds with higher seed yield and oil content.  
    4.    The lack of incentives and other bene fi ts to farmers.     

 The government needs to produce measures that seriously address the farmers’ 
concerns. Financial assistance should be given to organizations engaged in devel-
oping large-scale training programs for farmers. Subsidized promoting visits of 
progressive farmers to distant centers of excellence are required to enable them to 
witness success stories in biodiesel production and propagate their associated 
know-how.      
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         Introduction 

  Jatropha curcas  L. belongs to the family Euphorbiaceae and is considered to have 
originated from Central America, most probably Mexico. In Mexico, it is found 
extensively in different regions, namely Sonora, Sinaloa, San Luis Potosi, 
Guadalajara, Michoacán, Guerrero, Oaxaca, Chiapas, Colima, Tabasco, Yucatán, 
Quintana Roo, Veracruz, Tamaulipas, Puebla, Hidalgo and Morelos. Some common 
names for  J. curcas  in Mexico are “piñon”, “piñoncillo”, “Ashte”, “Cak siil”, 
“Chuta”, “Chuahuayohuiaxtli”, “Cuauyohuatli”, “Cuipi”, “Que-ca”, “Scu-Lu´u”, 
“Tempatl”, “Xkakal-che”, “Sikil´te”, “piñon oil”, “Mexican piñon”. The edible 
plants of  J. curcas  grow in several places of Veracruz state, mainly in the north in 
regions as Castillo de Teayo, Joloapan, Pueblillo, Paso del Correo, Cerro del Carbón, 
Tlapacoyan, Paso del Progreso, Coyusquihui, Coyutla, Tantoyuca, Tempoal, 
Chontla, Ilamatlán, Espinal, Papantla, Zozocolco, Misantla, Atzalan y Martínez de 
la Torre and Puebla state growing in the Sierra nororiental in provenances as 
Xicotepec, Hueytamalco, Huehuetla, Huitzilan, Xochitlán, Zapotitlán, Zongozotla, 
San José Acateno, Jonotla, Coatepec, Pahuata and Zoyotla. These regions are called 
as Totonacapan where the Totonaca culture was developed. 

  J. curcas  occurs between altitudes of 0–1,700 above sea level and in several agro-
climatic conditions and plants from the same climatic zone may show morphological 
differences according to edaphic conditions (Martínez-Herrera et al.  2010  ) . 
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 Recently,  J. curcas  has attracted attention of various research organizations, 
governments, public and international developmental agencies and industries in the 
tropics and sub-tropics due to its adaptability to semi-arid marginal sites, the pos-
sibility of using its oil as a diesel fuel substitute and its role in erosion control. 
Recently, this species has attracted immense attention in Mexico as well. About four 
years ago, the Mexican Government initiated a program in which CONAFOR 
(Consejo Nacional Forestal or National Board of Forestry), MEXICO pays US$ 570 
per hectare to a farmer for planting J. curcas with a population density of 1,600 
plants per hectare (ha). Some states that currently have planted more than 5,000 ha 
of  J. curcas  have accessions from Michoacan (non-toxic), Veracruz (non-toxic), 
Chiapas (toxic), Puebla (non-toxic) and San Luis Potosi (toxic) and the plantations 
would substantially increase in the coming years. The land used for planting  J. curcas  
has been the temporarily idle land without any agricultural use or uneven and slop-
ing lands, because the irrigated lands are used for planting staple crops such as corn, 
beans, sugar cane, sorghum and rice. This year, for the  fi rst time, we observed that 
the leaves, stems and  fl owers of the non-toxic  J. curcas  were browsed by cows and 
horses in the dry months in the state of Morelos, Mexico suggesting its non-toxic 
nature. It is worth noting that toxic genotypes of  J. curcas  have been planted in 
several countries as a live fence since the leaves and other parts of the plant are not 
consumed by livestock even in peak summer months when other grass species are 
sparse. In some places in Mexico,  J. curcas  has been intercropped with beans, pea-
nut, chilli, coffee, chia, medicinal and aromatic plants for the  fi rst 2 years, giving 
additional productive outputs. In addition,  J. curcas  fruits are used as compost or to 
generate biogas. The seeds from the non-toxic genotype have the added advantage 
that the press cake can be used as animal feed or as human food (Martínez-Herrera 
et al.  2010  ) . The fruits of the non-toxic accessions are oval unlike those of the toxic 
variety which are round to spherical (Fig.  17.1 ). This difference is important to 
assist in the determination of a non-toxic variety characterized by the absence of 
phorbol esters.   

   Tolerance to Desiccation and Chemical Characterization 
of  J. curcas  Collected in Totonacapan 

 Mexican Jatropha nut ( J. curcas ) is a vitally important species, given its potential 
as an alternative bioenergetic and food source. However, there is little or no infor-
mation for the conservation of its germplasm. At best, there are reports on collec-
tions of genotypes that have high levels of toxicity when eaten. In order to offer 
alternatives for its conservation and use, in this study the nut (seeds) were evalu-
ated for the degree of tolerance to desiccation and longevity, as well as their proxi-
mate chemical analysis and anti-nutritional components from seeds collected in the 
region of Totonacapan (Puebla and Veracruz, Mexico). To de fi ne desiccation toler-
ance, we used a mixture of seeds from three climatic groups; it was subjected to a 
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12 and 5% desiccation and stored for 3 and 6 months at −18°C. Moreover, seeds 
with 14, 8 and 5% humidity were stored for 3–6 months in hermetically sealed jars 
in a cold room at 5°C, in Ecatlan, Puebla (mean annual temperature >18°C, 
Relative humidity 60%). For the proximate chemical analysis, 30 collections from 
three different climatic groups were used; the seed  fl our (without husk/testa) was 
measured for total raw protein, lipids, ash, composition of fatty acids and anti-
nutritional compounds (inhibitors of trypsin, phytates, saponins and phorbol 
esters). When the humidity content of  J. curcas  seeds was reduced to 5%, the 
decrease in viability was upto 29%, the germination rate upto 70% and the electri-
cal conductivity upto 10 µS cm −1  g −1 . 

 No changes were detected in these variables after 6 months of storage at −18°C. 
The increase in germination was probably due to a reduction in seed dormancy dur-
ing the drying process. In the case of seeds stored with 14% humidity in Ecatlan, 
the decrease in viability was upto 51%, the germination rate upto 52%, and the 
electrical conductivity upto 28 µS cm −1  g −1  after 6 months while those stored with 
5% humidity were unaffected in any of the variables under different storage condi-
tions. As for the chemical analysis, raw protein varied between 20 and 28% and the 
fatty acid content ranged between 57% and 69%. Among the saturated fatty acids, 
the most outstanding ones, based on their concentration were palmitic acid and 
stearic acids and among the unsaturated acids were oleic and linoleic acids. Most 
accessions showed values that were undetectable or below the range considered as 
non-toxic in compounds that inhibit trypsin, phytates, saponins and phorbol esters. 
No signi fi cant effect was detected from the climatic group on the evaluated vari-
ables in the year of collection, but signi fi cant variation was detected to allow the 
selection, evaluation and genetic improvement of J. curcas to increase the useful-
ness of this species. 

  Fig. 17.1     J. curcas  fruits from Mexico non-toxic ( left ) and toxic ( right ) varieties showing differ-
ences in shape and size       
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 It may be concluded that  J. curcas  seeds can be considered as orthodox. Seed 
longevity is better maintained at 5% humidity and temperatures below 5°C 
(Baustista-Ramirez  2010  ) . The evaluated collections showed a higher concentration 
of proteins and lipids, which represent no risk of toxicity, and can be used as a food 
both for humans and animals and for use in food industry as well.  

   Traditional Uses 

 Based on the empirical knowledge that the seed was used to prepare various dishes 
and the study of nutritional goodness, it was thought to develop a number of food 
products from seeds and  fl our with a bene fi cial impact on society and particularly in 
highly marginalized communities where  J. curcas  grows natively. 

 There are apparently no morphological differences between toxic and non-toxic 
accessions, except the fruit shape and size, which is why the introduction of toxic 
genotypes in Totonacapan regions would put at risk an ancestral legacy as well as 
the loss of biodiversity and the possible poisoning of the residents of these regions 
by eating toxic seeds mistaken for edible seeds. 

 The traditional dishes are consumed 1–2 times per week. During holidays, they 
are consumed on a larger scale to commemorate the day of the dead in Mexico. 
After roasting the seeds, the farmers add salt, tomato sauce, chilli and prepare a rich 
snack. The pulacles are bean tamales, wrapped in dried corn husks, the dough is 
prepared  fi rst, followed by the preparation of the baked beans and J. curcas seed is 
ground with onion, zucchini, chayote, added to corn husk, and cooked (Fig.  17.2 ).  

 To prepare the pipian, J. curcas seeds are roasted, ground and then combined 
with sesame and pumpkin seeds. To enhance  fl avour, cut onions and chilli paste is 
added to the chicken and the preparation is ready for eating. 

 Besides high quality protein, sulphur amino acids and easy protein digestibility, 
the promotion of Jatropha can generate additional jobs in the food sector and rescue 
its Mexican use, which has been replaced by fast food of little nutritional value.  

   Preparation of Different Foods for Human Consumption 

    J. curcas  Flour Addition to Wheat Flour Dough and Their Effects 
on Rheological Properties 

 The purpose of this investigation was to study the effects of addition of  J. curcas  
 fl our into wheat  fl our to elaborate dough with improved protein and better rheology. 
Dough was prepared by mixing J. curcas fl our (JF) at rates of 5%, 10%, 15%, 20% 
or 100% with wheat fl our (WF). The protein content of JF was 63.3%. The extenso-
graphs showed that increasing the JF percentage from 0% to 20%, the dough became 
less extensible as indicated by higher ratios of R50/Ex, while the area under the 
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curve (i.e., the energy required to break the strength of dough) increased substan-
tially. This indicates that the dough of the blends are still strong and elastic. However, 
when the amount of JF was raised upto 100%, the dough became very weak, the 
stability and development time decreased as well as its extensibility and resistance. 
The adhesiveness decreased particularly in samples prepared with 20% and 100% 
of JF. The presence of proteins resulted in a decrease in dough  fi rmness and consis-
tency and an increase in its cohesiveness, which favours the production of a high 
quality product. The best blend for the elaboration of quality bread was obtained 
with the mixing of 5% JF (Cruz-Villegas et al.  2007  ) .  

   Evaluation of the Effects of JF   on the Quality of Cookies 

 JF has an important nutritional value for the bread products (baking industry). The 
aim of the present work was to characterize the dough texture, adhesiveness and exten-
sibility of cookies amended with JF, for which the proximate analysis was done. 

  Fig. 17.2    Traditional Mexican foods from  J. curcas  seeds       
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The dough was prepared with WF amended with various levels of JF (2.5%, 5%, 
7.5%, 10% and 12.5%). Later the rheological analyses (TPA, adhesiveness and 
extensibility) were performed by using a TA.XT2i texture analyzer (Stable 
MicroSystems Ltd, Surrey, UK) in compression mode. The chemical composition 
of the  fl our was 6.5% protein for WF and 25% protein for JF. The cookies amended 
with 10% of JF had 24.6% protein content as compared to 6.4% in the regular prod-
uct, which agreed with other results reported in the literature. The addition of 10% 
and 12.5% protein content promoted a decrease in  fi rmness and consistency as well 
as an increase in cohesiveness of dough. Generally, higher amounts of precipitate 
(30%) did not signi fi cantly affect the  fi rmness, consistency or cohesiveness of 
dough. The adhesiveness increased particularly in samples prepared with 10% and 
12.5% of  JF . Presence of JF entailed an excellent  fi rmness and consistency of cook-
ies and an increase in their cohesiveness, which favours the production of a high-
quality product. Use of JF amended cookies will favor improved protein intake and 
human nutrition (López et al.  2008  ) .  

   Sensory and Rheological Properties of Noodles Enrichment 
with  JF  

 Pasta made from semolina is a good source of complex carbohydrates. Pasta 
contains relatively high amounts of starch and is low in fat and protein; an alterna-
tive to compensate these de fi ciencies is the use of oilseeds such as  J. curcas . 
Therefore, we prepared pasta from semolina enriched with 5%, 10%, 15%, 20% and 
25% of JF. The protein content was 13.62% (compared with 11% for commercial 
pasta) for noodles with 10% of JF and a lysine content of 6.5% (compared with 
2.3% for control). Sensory analysis of enriched noodles with 10% of JF was consid-
ered as the best. The extensibility of noodles prepared with 10% of JF was 35.3 cm 
and the R max was 38.9. These results were similar to those of control noodles. The 
 fi rmness of noodles with 10% JF (0.55 Kf) was similar to control noodles (0.51 
Kf). The b* value decreased when percentage of JF was increased. The best treat-
ment was that including 10% JF. (Guemes-Vera et al.  2009  ) .  

    JF  Addition to WF Tortillas and Their Effects 
on Textural Properties 

  JF  has excellent sulfur amino acid composition and rate of in vitro digestibility, which 
certainly could be an important ingredient in the complementation of different foods 
and even surpassing protein complementation by beans, corn, soybeans and wheat. 
The aim of this study was to evaluate the defatted  J. curcas  meal as an ingredient to 
fortify  fl our. 
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 The following formulations were used: (1) WF 100%, (2) WF 97.5% and Jatropha 
meal (HJc) 2.5%, (3) WF 95% and HJc 5%; (4) WF 92.5% and HJc 7.5%; (5) WF 
90% and HJc 10%; (6) WF 87.5% and HJc 12.5%; (7) WF 85% and HJc 15%; (8) 
WF 80% and HJc 20%. These formulations were tested for dough extensibility, 
dough stickiness, hardness of mass, mass texture pro fi le, determination of protein 
and fat as per AOAC and sensorial evaluation (AOAC  2005  ) . 

 The results of proximate analyses of whole  fl ours of wheat and J. curcas   are shown in 
Table  17.1 . The protein content of WF is similar to that found in other samples of wheat 
(11.0%) belonging to the durum group; the value of fat was low compared with that 
reported by Guemes-Vera et al.  (  2009  ) . The protein content (31%) of HJc was lower than 
that reported for soybeans, but higher than that of sun fl ower and cotton. However, HJc 
oil content (58%) was higher than that reported for soybeans (Villafuerte et al.  2008  ) .  

  Extensibility masses : Wheat  fl our (formulation 1) with 660.87 gf was found to be 
the best followed by formulation 2 (616.7 gf) and formulation 4 (703.84 gf); formu-
lation 8 with 274.6 gf was the worst. Thus, the higher the concentration of HJc in 
dough, the lower its extensibility. 

  Adhesiveness of mass  :  Formulation 2 (21,020 gf) was the closest to the control value 
(20,247 gf). The adhesion force of a body with a surface is the work necessary to over-
come the force of attraction between this body and that surface, which means that the 
adhesion decrease with the increase of bond strength, i.e., with the HJc proportion. 

  Hardness test masses  :  This test showed a value of 2,282.3 gf for the control, which 
is very close to formulations 2 (2,584.6 gf) and 3 (2,286.9 gf), meaning the force 
required to achieve a given deformation. It was observed that the dough hardness 
increased in proportion to its HJc content compared to the control sample. 

  Texture pro fi le analysis  :  Formulation 2 (142.13 gf) showed higher hardness when 
compared with the control (276.39 gf). This can be explained by the fact that the added 
proteins have an effect on the dough hardness due to their hydration, but without 
affecting the mass.   

   Use of  J. curcas  Non-Toxic Press Cake as Animal Feed 

  Balanced feed for poultry : For this experiment a total of 300 one-day-old chicks 
were used according to 5 replicates of 20 chicks, which were randomly assigned for 
a total of 100 chicks per treatment. By mixing corn, soya and J. curcas press cake 
with a commercial diet, we obtained the following treatments: J. curcas press cake 

   Table 17.1    Flour analyses in wheat and J. curcas     

 Sample  Moisture (%)  Protein (%)  Oil (%)  Ash (%) 

  Wheat   14.84 ± 0.5  10.61 ± 0.1   0.46 ± 0.0  0.30 ± 0.1 
  J. curcas    7.2% ± 0.2  31.1 ± 0.1  57.8 ± 0.1  4.7 ± 0.2 
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(T1), corn-soya blend (T2) and J. curcas (20%) + (soybean)  ( T3). The experiment 
lasted for 2 months Table  17.2 . The results show the average body weight gained by 
chicks according to the three treatments tested. Based on the results, it may be con-
cluded that treatment No.3 is not signi fi cantly different from treatment No.1. 
Therefore, the press cake of  J. curcas  could be used effectively for monogastric and 
ruminant feeding, which will allow the achievement of the full cake utilization of 
non-toxic accessions of J. curcas. In addition, mixing soybean meal and J. curcas 
cake will ensure partial replacement of soybean meal in animal feed and, thus, allow 
the decreasing their feeding costs.   

   Existing Commercial Cultivars and Availability 

 During the past four years, Mexico has initiated work on the establishment of 
 J. curcas  plantations in the  fi rst instance to obtain seeds and secondly with the pur-
pose of obtaining short-term biodiesel. Some states have chosen the toxic accessions 
as they are more resistant to pests. However in states where non-toxic accessions are 
naturally present, the preference is given to them since the seed cake can be utilized 
as food for animals besides their traditional use in human alimentation. The possibil-
ity of using residual products will give added value to the marketing of oil, not 
excluding of course the use of shell as a biofertilizer. By 2010, the cultivation of this 
variety in Mexico was about 10,000 hectares, which is expected to double by 2012.      
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         Introduction 

  Jatropha curcas  L. is a shrub or small tree belonging to the family Euphorbiaceae. 
It is a succulent and is adapted to long periods of droughts and soils low in nutrients. 
The origin of the plant is thought to be Central and South America. The plant has now 
become naturalised in most tropical countries of the world. It is being targeted by 
several countries as a potential source of indigenous bio-energy production. Jatropha 
is being favoured under the premise that it can thrive on degraded lands that can oth-
erwise not be used for conventional agriculture and requires comparatively less water. 
Such lands are available in large areas in many tropical countries at a low price. 

 Even though J. curcas has been investigated for quite some time, the kind of 
comprehensive research and development efforts that would result in the generation 
of critical information concerning its pro fi tability for the different climatic and 
edaphic regions have started only recently. Results of such research are trickling in 
slowly. The present paper attempts to review the existing information on the impor-
tant quality aspects of J. curcas seeds, oil and other by-products such as seed cake 
relevant to their commercial use.  
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   Jatropha Fruits 

 In practice, at least on small farms, J. curcas fruits are picked up from the ground 
when they fall down. They can also be plucked from trees when the fruits are deep 
brown or dry. This results in a mix of fruits with different moisture contents and 
possibly fungal infection. The oil extracted from such mixed collections have a 
comparatively low quality and have a  free fatty acid  (FFA) content of up to 12% 
(unpublished data). To maintain high quality of the seeds and oil, J. curcas fruits are 
preferably harvested when they are yellow in colour (FCI 2 and 3 in Fig.  18.1 ). The 
plucking force relative to the weight of the fruit is lowest also at this stage. Once 
harvested, it is best to peel the fruit sheath to expose the black seeds straightaway. 
The fresh fruit sheaths can be put back as mulch for J. curcas plants. The seeds are 
then to be dried under sunlight on a clean, dust free surface. Under good sun, the 
moisture content of seeds comes down to below 7% after 3 days.  

 Alternatively, if there is market demand for the dried husk as fuel, the whole 
fruits can be dried under sun for 4–5 days and stored as such. The dried fruits can 
be dehusked before the seeds are to be crushed to extract oil. The dry husk has good 
burning properties and has an energy content of between 14 and 17 MJ kg −1  on a dry 
matter basis (own unpublished data; Vyas and Singh  2007  )  

 Seeds having less than 7% moisture content can be stored in moisture free condi-
tions for between 3 and 6 months without affecting quality. The time of storage depends 
on the atmospheric humidity. Dry  J. curcas  seeds can be stored without damage for 
more than a year if the storage conditions are sterile, cool (around 4°C) and dark. 

 Evaluation of dried fruits from 17  J. curcas  provenances showed that the dry fruit 
weights ranged from 1.5 to 2.8 g and the percentage of seeds between 0.64 and 0.73 
(fruits from the second year harvest processed similarly for all provenances, moisture 
content around 7%, provenances collected from different agro-climatic and geographical 
zones, cultivated at the Jatropower research farm near Coimbatore; unpublished results). 

 The FFA content of seed oil extracted from seeds processed as above was almost 
always less than 1% for all the above 17 provenances (unpublished data) showing 
their good quality.  

  Fig. 18.1    Different stages of maturity in  J. curcas  fruit (After Nuss    2007  )        
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   Table 18.1    Origin of J. curcas seeds and agroclimatic conditions of sites from where they were 
collected   

 Origin 
 Altitude 
(msl) 

 Average annual 
rainfall (mm) 

 Average 
temperature (°C) 

 Climate 
type 

 San Jose Acateno, Veracruz  80  1,400  24.0  A(w) 
 Tenampa, Veracruz  980  920  27.0  A(w1) 
 Coatzacoalcos, Veracruz “non Toxic”     10  2,500  25.6  Am 
 Huitzilan, Puebla  900  2,021  18.0  Acf 
 Xochitlan, Puebla  1,040  1,400  24.0  Acf 
 Suchiapa, Chiapas  440  1,186  24.4  A(w) 
 Villa fl ores, Chiapas  560  1,209  24.3  A(w1) 
 Cuautla, Morelos  1,300  856  22.6  Awº 
 Comalcalco, Tabasco  40  2,675  26.4  Am 
 Tlaxmalac, Guerrero  940  911  25.0  A(w) 
 Costa Chica, Guerrero  50  1,200  25.0  A(w1) 
 Chiapa de Corzo, Chiapas  450  990  26.0  A(w) 
 Tlapacoyan, Veracruz  430  1,500  18.0  A(w) 
 Tejabán, Nuevo Urecho, Michoacan  483  853  24.7  A(w) 
 La Ordeñita, Tepalcatepec, Michoacan  304  621  24.8  A(w1) 
 San Isidro, Tepalcatepec, Michoacan  402  621  24.8  A(w1) 
 Corona, Periban, Michoacan  1,420  1,366  28.2  A(w1) 
 La Cortina, Gabriel Zamora, Michoacan  474  853  26.0  A(w) 

  A(w) = hot sub-humid region with rains in summer, Am = hot humid climate with abundant rains in 
summer, Awº = semi-hot, sub-humid climate with rains in summer, A(w1) = hot sub-humid region 
with rains in summer, Acf = semi-hot humid climate with rains all year 
Source: Herrera et al.  (  2010  )   

   Table 18.2    Physical characteristics and oil content of seeds of different provenances from Mexico   

 Origin of the accessions 
 Average seed 
weight (g) 

 Kernel weight 
(% of seed) 

 Shell weight 
(% of seed)  Oil (%) 

 San Jose Acateno, Veracruz  0.73  68.9  31.1  58.3 
 Tenampa, Veracruz  0.74  65.9  34.1  57.4 
 Coatzacoalcos, Veracruz. “non toxic”  0.79  69.7  30.3  52.6 
 Huitzilan, Puebla  0.68  66.9  33.1  64.5 
 Xochitlán, Puebla  0.72  67.2  32.8  57.1 
 Suchiapa, Chiapas  0.83  74.4  25.6  60.4 
 Villa fl ores, Chiapas  0.67  73.7  26.3  45.9 
 Tlaxmalac, Guerrero  0.73  61.7  38.3  57.7 
 Cuautla, Morelos  0.61  65.9  34.1  58.7 
 Comalcalco, Tabasco.  0.71  66.5  33.5  56.3 
 Costa Chica, Guerrero  0.74  62.8  37.2  58.7 
 Tlapacoyan, Veracruz  0.83  69.5  30.5  56.1 
 Chiapa de Corzo, Chiapas  0.72  67.2  32.8  55.3 
 Tejabán, Nuevo Urecho, Michoacán  0.68  64.0  36.0  53.5 
 La Ordeñita, Tepalcatepec, Michoacán  0.64  63.2  36.8  51.4 
 Corona, Periban, Michoacán.  0.46  63.8  36.2  51.3 
 San Isidro, Tepalcatepec, Michoacán  0.67  63.9  36.1  48.9 
 La Cortina, Gabriel Zamora, Michoacán  0.70  67.1  32.9  51.1 

  Source: Adapted from Herrera et al.  (  2010  )   
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   Jatropha Seed Composition 

 The composition of J. curcas seeds vary according to provenance, soil characteris-
tics, and climatic conditions on which J. curcas plants are grown. The analysis of 
the physical and chemical characteristics of a collection of J. curcas seeds from dif-
ferent climatic conditions in Mexico illustrate this point (data taken from Herrera 
et al.  2010  ) . Table  18.1  shows the climatic conditions under which the mother plants 
were grown. Table  18.2  displays the physical characteristics and oil contents of 
the collected seeds. The variability of the different seed characteristics is obvious 
from Table  18.2  with seed weights varying from 0.46 to 0.83 g, kernel percentage 
from 61.7 to 74.4% and kernel oil content from 45.9 to 64.5%. This can be taken to 
be a representative range for most J. curcas provenances. The seed weights of plants 
growing on very poor soils and under water stress tend to be generally smaller in 
size. Although quantitative data are lacking, the seeds collected in the rainy season, 
from July to September are bigger than those collected during the period, November 
to December (Herrera et al.  2010  ) .   

 The seed weights of different provenances collected from different agroclimatic 
and edaphic conditions and grown under similar conditions will also show differ-
ences as seen in Table  18.2 . Unpublished data from the Jatropower research station 
showed that seed weight, kernel percentage and kernel oil content varied between 
0.41 and 0.72 g, 0.56–0.67% and 42–63%, respectively for 17 provenances with 
different geographic, climatic and edaphic origins when grown on a common site.  

   Seed Processing 

 Dry J. curcas seeds are currently crushed using screw presses. The whole seeds with 
shell are crushed as deshelled kernels alone form a pasty mass that comes through 
the screw as it is without complete separation of the oil. The seeds are sometimes 
warmed to about 40°C to make the oil more mobile before crushing. The percentage 
of oil extracted depends on the oil content of the seeds, but generally the residual oil 
content of the seed cake after crushing is between 6% and 10% (G. Francis, unpub-
lished data). In practice, 4 kg of dry J. curcas seeds generally yield 1 kg of oil and 
3 kg of seed cake in small scale screw presses. The oil produced by screw pressing 
is of suf fi ciently high quality for conversion to biodiesel. 

 Until now there has been no attempt to extract the oil through solvent extraction 
for J. curcas seeds. It is economically viable only on a large scale (Adriaans  2006  )  
and such quantities of J. curcas seeds are not available currently.  
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   Table 18.3    Important properties of  J. curcas  seed oil   

 Property  Unit  Value  Limits of DIN V 51605 

 Density  G cm −3   0.85–0.92  90–93 
 Kinematic viscosity  cSt at 40°C  34.5  Max. 36 
 Lower calori fi c value  MJ kg −1   37.1  Min. 36 
 Cloud point  °C  4  – 
 Pour point  °C  1  – 
 Flash point  °C  256 (186,210) a   Min. 220 
 Acid value  mg KOH g −1   0.48–11  Max. 2 
 Iodine value  –  95–105  95–125 
 Sulphur content  mg kg −1   1.6–2000  Max. 10 
 Oxidative ash content  %  0.02–0.7  Max. 0.01 
 Oxidation stability  h at 110°C  Up to 16  Min. 6 
 Cetane number  –  Up to 55  Min. 39 
 Phorbol esters  mg g −1   3.1–8  – 

   a other literature values; data from own unpublished results, Jindal et al.  (  2010  ) , Singh and Padhi 
 (  2009  ) , Makkar et al.  (  2009  )   

   Oil Characteristics and Composition 

 Some of the key properties of screw pressed J. curcas oil are presented in Table  18.3 . 
It can be seen that the values of different characteristics vary in a range owing to the 
differences in seed quality, type of screw press and  fi lter type. Under optimized con-
ditions it is possible to obtain J. curcas oil that conforms to the German Pre-Standard 
for vegetable oils to be used as motor fuel (this standard is the basis for the European 
standard for vegetable oils as motor fuel that is currently being formulated with some 
changes and additional requirements) except for ash content. In addition to physical 
 fi ltering, a chemical adsorbent  fi ltering may be required to reduce the content of ele-
ments such as P, Ca and Mg in order to bring down the ash content.  

 Phorbol esters are toxic substances found in J. curcas oil. This is dealt with in 
detail in a different section below. 

 The quality of J. curcas oil as a feedstock for biodiesel is also determined by the 
composition of fatty acids. Since standardized J. curcas seeds are currently not 
available there are different compositions (Table  18.4 ) depending on the origin of 
the seeds and probably in fl uenced by climatic and environmental conditions under 
which the mother plants are grown (King et al.  2009  ) .  

 As biodiesel feedstock, J. curcas oil with a higher concentration of oleic acid is 
desirable as the increase in double bonds reduces the oxidative stability and conse-
quently, the keeping quality of the oil. High oleic acid content also increases the cetane 
number of the oil. The cetane number is a measure of delay in the combustion of the 
fuel from ignition and increase in values up to 55 increases the quality of the oil (cross 
references in King et al.  2009  ) . On the other hand an optimal mix of unsaturated fatty 
acids is required to ensure higher  fl uidity and hence, winter suitability for colder 
regions. Screw pressed J. curcas oil, apparently produced from mixed seed lots has 
been found suitable as a biodiesel feedstock even when the conversion is done in a 
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batch processor (own unpublished data). The J. curcas oil methyl ester (J. curcas 
biodiesel) produced from such oil has been found to be having the quality require-
ments prescribed in the European standard EN 14214 (Mandpe et al.  2005  ) .  

   Phorbol Esters and Toxicity of Jatropha Oil 

 Phorbol esters are the principal toxic substances present in the toxic variety of  J. curcas  
seeds and oil making these inedible. Phorbol esters are toxic when consumed by 
humans and animals and could also act as carcinogens promoters (Goel et al.  2007  ) . 
Non-toxic edible varieties of  J. curcas  exist in different regions of Mexico (Herrera 
et al.  2010  ) . These are often consumed by the local population after cooking (heat 
destroys other antinutrients in J. curcas seeds such as trypsin inhibitors and lectins, 
e.g., curcin). A comparative analysis of seeds from edible and non-edible varieties 
revealed that edible seeds lacked phorbol esters (Makkar et al.  1998  )  giving evidence 
of their involvement in the toxicity of J. curcas seeds. 

 Phorbol esters are present in concentrations varying from 3.1 to 8 mg g −1  in J. 
curcas oil (Makkar et al.  2008  ) . The presence of phorbol esters makes J. curcas oil 
unsuitable for food and feed applications. Even though phorbol esters are not con-
tact poisons, their presence necessitates additional precautions during the process-
ing of  J. curcas  seeds and oils. Care is to be taken that they do not enter the body 
either through food contamination or through wounds, etc. Makkar et al.  (  2009  )  
studied the fate of phorbol esters during oil processing and transesteri fi cation into 
biodiesel. The results are reproduced in Table  18.5 .  

 The study found that chemical re fi ning of oil (degumming, neutralization, silica/
bleaching, mild deodorization/stripping) as it normally occurs at low temperature 
does not affect phorbol ester content in the resulting oil. In physical re fi ning (degum-

   Table 18.5    Phorbol ester content (expressed in mg g −1  ± SD, n = 3) of the different fractions 
obtained during pre-treatment and transesteri fi cation of three different J. curcas oil samples   

 Parameters 

 Toxic seed samples 

 Non-toxic  Solvent extracted  Screw pressed 

 Crude oil  3.10 ± 0.25  3.77 ± 0.03  ND 
 Degummed oil  2.48 ± 0.24  3.62 ± 0.19  ND 
 Acid gums  2.02 ± 0.07  3.35 ± 0.00  ND 
 Wash water  2.72 ± 0.01  2.08 ± 0.48  ND 
 Silica-treated oil  2.51 ± 0.33  3.76 ± 0.50  ND 
 Stripped oil  ND  ND  ND 
 Fatty acid distillate  ND  ND  ND 
 Biodiesel  ND  ND  ND 
 Crude glycerine  ND  ND  ND 
 Biodiesel wash water  ND  ND  ND 

   ND  not detected; Reproduced from Makkar et al.  (  2009  )   
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ming, silica/bleaching, deodorization/stripping at 240–260°C and under vacuum), 
the deodorization conditions are much more severe and lead, leading to phorbol 
ester degradation to different levels. Stripping at 200°C did not result in phorbol 
ester degradation (Haas and Mittelbach  2000  ) , but stripping above 260°C resulted 
in complete removal of phorbol esters. The biodiesel and glycerol produced through 
the process outlined in Makkar et al.  (  2009  )  were free of phorbol esters; however, 
these could contain phorbol ester degradation products. At present, no information 
is available on the nature or toxicity of the degraded products. Research work is 
currently being conducted on this aspect (Makkar et al.  2009  ) . 

 Phorbol esters themselves are commercially valuable compounds and  fi nd use as 
a pharmacological tool for the investigation of biochemical processes, such as 
carcinogenesis and also in many agricultural applications, such as pesticides, 
molluscicides, insecticides, bacteriocides and fungicides (cross references in 
Devappa et al.  2010b  ) .  J. curcas  oil could act as a valuable source of this substance. 
Extraction of a majority of phorbol esters from the oil using methanol did not affect 
the quality of the oil or biodiesel prepared from it (Devappa et al.  2010a  ) .  

   Seed Cake Composition, Quality and Potential Uses 

 Currently, J. curcas oil is produced almost exclusively by crushing whole  J. curcas  
seeds in small-scale screw presses. The oil produced after suitable  fi ltration proce-
dures are qualitatively adequate for use as pure plant oil fuel or as biodiesel feedstock. 
 J. curcas  seeds from 17 different provenances grown under similar conditions showed 
a shell content (%) of between 33.5 and 45.9 and a kernel content of between 55.6 and 
66.5 (G. Francis, unpublished data). If an average of 40% shell, 60% kernel and 35% 
oil content is considered and an oil extraction ef fi ciency of 80% in screw pressing, the 
seed cake that remains will have an average composition of 56% shell, 35% pressed 
kernel and 10% residual oil on a dry matter basis. Singh et al .   (  2008  )  found 93.8% 
 total solid  (TS) out of which 92.5% was  volatile solid  (VS) in screw pressed     
seed cake. The important properties of the seed cake are presented in Table  18.6 .  

 The  J. curcas  seed cake is also relatively rich in important micronutrients, such as 
Cu, Fe, Mn and Zn (Gaind et al.  2009 ; Brittaine and Lutaladio  2010  ) . Even if cake 
from the edible variety of  J. curcas  is considered with non-detectable levels of toxic 
phorbol esters, this seed cake is not suitable as a feed ingredient for any animal. 
This is because of the high shell and lignin content that is undigestible for animals. 
This point is to be especially noted as many publications mistakenly mention the 
potential of  J. curcas  “seed cake” as an animal feed if the phorbol esters are removed 
and the cake is heat treated. One could ask what would be the potential of the kernel 
meal of  J. curcas  seeds where the shell with its lignin content is completely removed. 
However, such seed meal is unlikely to be produced in the near future on a 
commercial level as  J. curcas  oil extraction is currently exclusively obtained through 
screw pressing. 

 The seed cake is, however, a good organic fertilizer with pesticidal properties. It 
has been shown to increase yields in pearl millet, maize, cabbage (additional pesti-
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cidal activity against cutworms), tomatoes, rice and  J. curcas  itself at application 
levels of 3–10 tons per ha per year (for cross references see Achten et al.  2008 , 
information also from Patolia 2006, personal communication). It degrades slowly 
and hence the application levels in subsequent years can be reduced after a  fi rst 
application (Patolia 2006). There have been concerns about the persistence and pos-
sible accumulation of phorbol esters in the soil on repeated application of seed cake 
from the non-edible  J. curcas  seeds. This is unfounded as it has been recently shown 
that phorbol esters are unstable and are degraded in soil. Devappa et al .   (  2010b  )  
showed that the total phorbol ester concentration caused by application of  J. curcas  
seed cake decreased from 0.37 mg g −1  in soil to below detection levels in 17 days at 
13% moisture levels and 32°C ambient temperature. The degradation rate increased 
when ambient temperature and soil moisture contents increased. Similar degradation 
patterns were observed when isolated phorbol esters adsorbed to silica was applied 
to soil so that the initial level was as high as 2.6 mg g −1  of soil. 

 Because of its high organic content  J. curcas  seed cake is also suitable as biogas 
feedstock. Singh et al.  (  2008  )  reported total biogas production of 348 litres kg −1  of 
total solids from the reactors having  J. curcas  cake at 10% total solids in the 
substrate after an incubation period of 40 days. The biogas production was 241 
litres kg −1  of total solids from the reactors having J. curcas cake at 15% total solids. 
Methane in biogas was 66 ± 2% in both cases and microbial cultures were from cow 
dung slurry (Singh et al.  2008  ) . Previous reports (Staubmann et al.  1997  )  also 
showed similar biogas yields for  J. curcas  seed cake. The spent substrate after bio-
gas production can be used as organic manure.  

   J. curcas Seed Kernel Meal 

  J. curcas  seed kernel meal that could potentially form animal feed ingredients after 
heat treatment can theoretically be produced from deshelled  J. curcas  kernels from 
which oil is extracted through solvent extraction. Adriaans  (  2006  )  concluded that 

   Table 18.6    Summarized properties of screw pressed  J. curcas  seed cake on a dry matter basis   

 Property  Value for screw pressed jatropha seed cake 

 Organic matter (%)  94.7 
 Carbon content (%)  55.0 
 N (%)  3.00–6.50 
 P (%)  0.65–3.00 
 K (%)  0.80–1.80 
 Mg (%)  0.68–1.4 
 S (%)  0.20–0.35 
 Lignin content (%)  22–24 
 Gross Energy (MJ kg −1 )  19–22 
 Phorbol esters (mg g −1 )  0.0–1 

  Collated from Brittaine and Lutaladio  (  2010  ) , Gaind et al.  (  2009  ) , own unpublished data  
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solvent extraction using hexane in a continuous process was economical only if over 
200 t or more of  J. curcas  seeds are processed per day. He also pointed out the nega-
tive environmental impacts of conventional  n -hexane solvent extraction, such as 
generation of wastewater, higher speci fi c energy consumption, higher emissions of 
volatile organic compounds, and possible human health impacts connected to work-
ing with hazardous and in fl ammable chemicals. 

 Another challenge is the absence of suitable commercial technologies to separate 
the kernel of  J. curcas  seeds from the shell. This would be necessary for enabling use 
of the solvent extracted kernel meal as an animal feed ingredient. The separation is 
dif fi cult because the kernels of many  J. curcas  seeds are attached tightly to the shells 
even after drying and scraping off the latter results in considerable loss of good ker-
nels (own observations). If suitable separation technology is discovered, it would 
result in another potentially valuable byproduct namely the shells that could make 
good fuels for domestic and industrial use with an average energy content of about 
20 Mj kg −1 . The shells are also suited for making fuel briquettes (Singh et al.  2008  ) . 

 The future market demand for protein rich animal feed ingredients is expected to 
stimulate technology development and adoption of the solvent extraction technol-
ogy when  J. curcas  seeds are available in suf fi cient quantities. 

 The chemical composition of  J. curcas  kernel meal after solvent extraction 
from the edible and non-edible varieties (presented in Table  18.7 ) is a valuable 
animal feed ingredients.  

 In addition to having a high concentration of true proteins,  J. curcas  kernel meal 
is also having an amino acid composition more or less similar to soybean meal 
(Makkar et al.  1998  ) . The chemical composition of the edible and non-edible 
 J. curcas  kernel meal are similar and the only important difference is the presence 
of phorbol esters in the latter. 

 The seed kernel meal of edible varieties of  J. curcas  requires only conventional 
treatments (moist heat treatment to remove trypsin inhibitors and lectins, addition 
of phytase enzyme to neutralize the phytate content) before use as animal feeds. 
Feeding trials in common carp with such treated meal from edible varieties has 
shown that they have high nutritional quality that exceeds that of soybean meal 
(Nahid Richter, G. Francis and Klaus Becker, unpublished data). Developing plan-
tations with edible varieties of  J. curcas  would therefore be the easiest way of 
generating seed kernel meal for use as animal feed ingredients. 

 In the case of toxic varieties, additional treatments are required to remove 
phorbol esters from the kernel meal. Several treatments have been tried and at least 

   Table 18.7    Chemical composition of extracted meal (% dry matter) of the toxic 
and non-toxic varieties of  J. curcas    

 Parameter  Toxic variety  Non-toxic variety 

 Crude protein  56.4  63.8 
 Lipid  1.5  1.0 
 Ash  9.6  9.8 
 Gross energy (MJ kg −1 )  18.2  18.0 
 Neutral detergent  fi bre  9.0  9.1 

  Source: Makkar et al.  (  1998  )   
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on a laboratory level the  J. curcas  meal can be detoxi fi ed (Nahid Richter, G. Francis, 
Harinder Makkar and Klaus Becker, unpublished data; Kumar et al.  2010  ) . Whether 
these technologies can viably be integrated into the commercial processing chain 
of  J. curcas  seeds remains a challenge.  

   Conclusion 

 This chapter provides basic information about the harvesting and processing of 
 J. curcas  seeds that would result in the production of oil of high quality. The impor-
tant properties of oil, seed cake and seed kernel meal as well as their utilization 
perspectives are also outlined.      
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         Introduction 

  Jatropha curcas  L. (hereafter referred to as Jatropha) holds great potential in future as 
an oilseed for production of environmental friendly  Jatropha methyl ester  (JME) or 
biodiesel as it can be grown on wastelands. The Jatropha biodiesel has been demon-
strated to be a suitable fuel for unmodi fi ed diesel engines (Mandpe et al.  2005 ; Mukerji 
 2005 ; Bacovsky et al.  2006 ; Fairless  2007 ; Ghosh et al.  2007a  ) . Byproducts of JME 
obtained through base catalysis route of transesteri fi cation are shell/husk, oil cake, 
soap, glycerol and potassium sulphate (Ghosh et al.  2010b ; patent). For every metric 
ton of biodiesel produced, roughly thrice the amount of solid Jatopha cake (JC) is 
produced as one of the main byproducts (Ghosh et al.  2007a  ) . Potential area available 
for Jatropha plantation in India has been estimated to be about 10 million hectares (ha) 
or an equivalent of 5.7 million tons of neat biodiesel, assuming on average, a yield of 
3.3 tons of seed capsule (i.e. 2 tons of seed) per ha in a year. This generates about 14 
million tons of organic JC annually (Ghosh et al .   2007a  ) . Disposal of such enormous 
amounts of cake generated would be a problem especially since it cannot be used as an 
animal food in its unprocessed form because of the presence of toxic constituents like 
phorbol esters (PE), curcin and the presence of other antinutrients and toxins (Martínez-
Herrera et al.  2006  ) . Finding a cost effective, environmentally sustainable, long-term 
solution for utilizing JC is therefore of critical importance and the different ways of 
addressing this issue are discussed in this chapter. 

 Jatropha seeds usually contain 28–38% oil, depending upon the genotype and 
growing conditions. First Jatropha seeds are cooked at 60–70°C for 15–20 min and 
then pressed in extruder or expeller. Practically, under decentralized model 
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concept of biodiesel production, i.e., local production for local consumption, 
wherein, oil extraction from seeds is in close vicinity of plantation (Fig.  19.1 ) by 
direct pressing of the entire seeds after removal of the husks, ca., 28–30% (w/w) 
yield of raw oil from whole seeds has been recorded (Ghosh et al .   2007a  ) . The oily-
cake in such cases is left with some residual oil (Reinhardt et al.  2008 ), usually 
5–6% (may be as high as 12% depending upon the type of expeller), which may be 
further completely de-oiled if solvent extraction is employed subsequent to mechan-
ical pressing, which is more suited under centralized biodiesel production model. 
However, encouraging decentralized production might well be bene fi cial to sustain-
able development if it leads to considerable socio-economic changes (Reinhardt 
et al .   2007  ) . Thus, seed cake containing residual oil is expected to be produced in 
larger amount under Indian scenario.  

   Alternate Uses of  Jatropha  Cake 

 JC can be either used as manure or can serve as solid biofuel in power plants due to 
its high energy value (18.25 MJ kg −1 ). It can also be used for the production of 
biogas, while the residual slurry can again serve as a nutrient rich manure. Inherent 
dif fi culties make the cake unsuitable for animal nutrition in unprocessed form 
although research trials have successfully been done towards improving its use as 
animal food after detoxi fi cation. Value addition to obtain non-food related industrial 
products could be an alternative way of JC utilization. Different alternate uses of 
cake are discussed as below. 

  Fig. 19.1    Mechanical screw press for Jatropha cake production after oil extraction from seeds at 
a plantation (Chorvadla, Bhavnagar, Gujarat, India)       
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   Use as Manure in  Jatropha  and Other Crops 

 Since India is being already short in arable land  vis-à-vis  burgeoning food demand, 
it is imperative that biofuel solution should come from feedstocks that does not 
infringe upon limited land resources. Jatropha suits this criterion by its virtue of 
being able to be grown on wastelands and is supposed to be cultivated in India only 
on degraded lands with inherent soil nutrient de fi ciencies. But, the dilemma is that 
high Jatropha seed productivity also implies higher ef fl ux of nutrients from the soil 
(Table  19.1 ). Since the requirement of nutrients of Jatropha appears to be high, it is 
necessary to provide nutrients in the form of inorganic fertilizers. Recently 
Mohapatra and Panda  (  2011  )  conducted an experiment to optimize the requirements 
of N:P:K fertilizers for better economic returns from Jatropha.  

 Much of the nutrients removed by Jatropha seeds are left in the de-oiled cake 
after oil extraction and if it is disposed off from plantation area, it would result in 
further deterioration of already degraded land and diminution of the soil fertility as 
well as productivity, contrary to stated objective of bio-reclamation of wastelands, 
which would make the production system environmentally unsustainable. Therefore, 
it is imperative that oil cake – which will be produced to the amount of 1.3–1.5 t/ha-
should largely be ploughed back in the  fi eld itself (Ghosh et al .   2007a ;  2010a  ) . 

 This could compensate nutrient depletion and at the same time improve the soil 
physico-chemical properties. Consequently, it would not be of environmental inter-
est to utilize the cake for any other purpose. This conclusion  fi ts well with the concept 
of “local use of local produce” under the decentralized model of biodiesel produc-
tion in contrast with the centralized model according to which longer transport dis-
tances would be involved to bring back the cake to the plantation and would make 
it economically and energetically less attractive. Jatropha is demanding in nutrient 
requirement especially nitrogen if attractive yields are to be realized (Ghosh et al. 
 2007a ). JC is a rich source of micro- and macro-nutrients (Table  19.1 ), such as 

   Table 19.1    Elemental composition of Jatropha oil cake*    (on dry weight basis) and possible nutrient 
ef fl ux from soil through cake (assuming 2 t ha −1  seed yield annually) disposal outside the plantation   

 Element  Elemental composition in oil cake  Soil nutrient ef fl ux (kg ha −1 ) by oil cake 

 Carbon (%)  40–48  NA 
 C/N  10–16  — 
 Nitrogen (%)  3–4.5  42–63 
 Phosphorus (%)  0.65–1.2  9.1–16.8 
 Potassium (%)  0.8–1.4  11.2–19.6 
 Sulphur (%)  0.2–0.35  2.8–4.9 
 Copper (mg kg −1 )  18–25  0.03–0.04 
 Iron (mg kg −1 )  800–1,000  1.12–1.40 
 Manganese (mg kg −1 )  300–500  0.42–0.7 
 Zinc (mg kg −1 )  30–50  0.04–0.07 

   *
 
 Cake produced after expelling oil from seed by mechanical screw press  

  Source: Ghosh et al .  ( 2007a )     
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nitrogen, which makes it a fertilizer with tremendous potential for organic farming 
and in particular for itself. 

 Most Jatropha cultivations are likely to take place in poor soils with low water 
and nutrient capacity under rainfed conditions and high temporal variability in 
rainfall distribution over the rainy season. Under such conditions, the applied 
chemical fertilizers may be leached away due to excessive runoff because of 
excessive rains and proper nutrient supply to Jatropha plants may be hampered 
at some point during the long Jatropha fruiting season. There is evidence of 
lower oil content in seeds at the end of the season under similar condition (Ghosh 
et al.  2010a  ) . Because JC is an organic fertilizer, it releases its essential nutrients in 
a sustained manner over the growing and fruiting period. The added advantage of 
de-oiled cakes over similar organic sources of nutrients is its quick mineralization, 
low C:N ratio that favors quick decomposition, high N content and hence, it can be 
applied as manure at the crop sowing stage and partially as top dressing as well 
(Saxena and Singh  1980  ) . 

 In view of the above considerations, a study was conducted in the third year of 
plantation (planted in 2003) at CSMCRI Jatropha  fi eld station of Mohuda (Orissa), 
to study the response of Jatropha to its cake used as a fertilizer, in which it was 
applied to two differently spaced Jatropha plots (4 m × 3 m and 3 m × 2 m) at  fi ve 
varying doses (0, 0.75, 1.5, 2.25 and 3 t JC ha −1 ) from June 2005 (2005–06) onwards 
for 3 years (Ghosh et al .   2007b  ) . The JC application resulted in marked and 
signi fi cant improvement in mean seed yield during the fourth and  fi fth years of 
plantation (Table  19.2 ). The highest seed yield during the  fi fth year (2007–08) was 
1.8 kg plant −1  (equivalent to 1.5 t seeds ha −1 ) and was obtained by application of 
3 t ha −1  of JC under 4 m × 3 m spacing, while the application of a same cake dose in 
3 m × 2 m spacing only yielded 0.8 kg plant −1  (equivalent to 1.4 t seeds ha −1 ) and the 
increase in seed yield due to treatments was statistically signi fi cant.  

 In yet another experiment carried out at CSMCRI Jatropha experimental station 
at Neswad (Bhavnagar, Gujarat), the application of nitrogen (140 kg ha−1) during 2 
consecutive years after transplanting through JC fertilization in the second year of 

   Table 19.2    Seed yield response of Jatropha plants to JC   

Jatropha cake dose (t ha −1 ) 

 Seed yield per plant (g) 

 4 m × 3 m  3 m × 2 m 

 (2006–2007)  (2007–2008)  (2006–2007)  (2007–2008) 

 Control  687.2  615.9  447.6  464.8 
 0.75  776.6  835.3  519.7  546.0 
 1.50  1,049.9  845.0  627.8  730.0 
 2.25  1,310.4  987.7  750.2  758.6 
 3.00  1,519.8  1,820.8  867.1  809.8 
 S.Em (±)  47.4  83.8  24.3  38.4 
 LSD (p = 0.05)  146.1  258.2  74.9  118.3 

  NB: The plants received inorganic fertilizers at 45:30:20 N: P 
2
 O 

5
 :K 

2
 O ha −1  yr −1  prior to the start of 

the experiment  
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plantation promoted an increase in seed yield of 35% over the treatments where 
equivalent amount of nitrogen was applied solely through inorganic fertilizers. 

 To study the cumulative effect of JC and sulphur fertilization on nutrient content 
and yield of Jatropha, treatments comprising of 0, 10, 20, 40 kg S ha −1  alone and in 
combination with JC (3.3 and 6.6 t ha−1) applied annually. After 2 years, leaf 
samples were collected and analyzed for nutrient content (D.R. Chaudhary, unpub-
lished data) and it was found that the N content varied from 1.86 to 2.39%, was 
non-signi fi cantly affected by S applications, and was positively correlated with cake 
applications. Similarly, N, P (0.20–0.30%) and K (1.70–2.51%) contents were also 
improved by cake application. The S content in leaves varied from 0.18% to 0.25% 
and signi fi cantly increased at 40 kg S ha−1, which was at par with other sulphur 
levels applied with cake. Results revealed that the application of cake together 
with S, in fl uence S uptake by the plant. Seed yield (g plant −1 ) varied from 10.1 to 
55.0. The highest seed yield was observed for applications of 20 kg S ha −1  with 
6.6 t cake ha −1 . Oil content was signi fi cantly increased from 28.9 (control) to a 
maximum of 35.11 (40 kg S ha −1 ). 

 Jatropha cake was likewise found to be good manure for other crops as well. 
The effect of the JC produced at CSMCRI’s biodiesel pilot plant has been tested 
on wheat (Table  19.3 ) at BCKV (Nadia, West Bengal). Signi fi cant differences in 
grain yield was obtained on wheat over controls (where full dose of N was applied 
by inorganic means) by fertilizing it with Jatropha cake. The largest seed yield 
(5.64 t ha −1 ) was obtained in the treatment where entire nitrogen dose was given 
through JC, which was however not statistically different from both treatments 
where the mineral fertilizer was substitute with 50% or 75% cake releasing yields 
of 5.36 and 5.44 t ha−1, respectively. The yield increase over control under treatment 
having 50% N substitution by JC was 23.5% and appeared to be the optimum 
substitution rate. The increase in grain yield of wheat by JC application might 
have been due to increase in plant growth and also perhaps due to availability of 
nutrients over a sustained period.    

 In experiments carried out by CSMCRI during 2005–06 where JC was 
applied to pearl millet, sesame and cotton at 1.5, 1.0 and 2.0 t ha −1 , respectively, the 

   Table 19.3    Effect of substitution of inorganic nitrogen (IN) by Jatropha cake 
on wheat   

 Treatment  Seed yield (t ha −1)  

 Control (100% RD of IN a )  4.34 
 75% RD dose of IN + 25% N substituted by JC  4.85 
 50% RD of IN + 50% N substituted by JC  5.36 
 25% RD of IN + 75% N substituted by JC  5.44 
 100% RD of N through JC  5.64 
 S. Em (±)  0.32 
 CD (p = 0.05)  0.93 b  

  NB:  a RD- Recommended dose of N = 120 kg N ha −1  
  b Highly signi fi cant  
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grain (or seed) yield increase by pearl millet, sesame and cotton over controls 
(without application of cake) was 11.3%, 14.3% and 15.2% in yield, respectively 
(Table  19.4 ). 

 In another experiment of nutrient management (INM) study at CSMCRI during 
2006–2007 (unpublished data) where different combinations of mineral N doses and 
organic N sources (castor cake - CC, Farm yard manure –FYM - and JC) were 
tested, the seed yields of sesame under JC (1.5 t ha−1), FYM (5 t ha−1) and castor cake 
(1 t ha−1) applied in combination with mineral nitrogen (25 or 50 kg ha−1) were 
similar (Table  19.5 ). The maximum seed yield was obtained by application of 
1.5 t ha −1  JC and mineral nitrogen at 25 kg ha−1. Larger doses of mineral N (50 kg 
ha−1) together with Jatropha cake did not result in any yield increase. In the GTZ 
project in Mali, a trial was carried out with pearl millet where the effect of manure 
(5 t ha −1 ), JC (5 t ha −1 ) and mineral fertilizer (100 kg ammonium phosphate and 50 kg 
urea ha −1 ) was investigated. Pearl millet yields per ha were 630 kg for the control, 
815 kg for manure, 1,366 kg for press cake and 1,135 kg for mineral fertilizer (Heller 
 1996  ) . 

 A similar  fi eld experiment was conducted during 2007–08 to  fi nd out the effect 
of de-oiled seed cake of Jatropha and castor ( Ricinus communis  L.) as a source of 
nutrient alone and in various combinations with mineral sources in spring sun fl ower 
( Helianthus annuus  L.) and maize ( Zea mays  L.) cultivated in sequence (Bodake 
and Rana  2009  ) . Three organic sources of N (RDN), viz., JC (100%), CC (50%) 
and FYM (25%) were combined with three doses of mineral N (RDF),  viz.,  0%, 
50% and 75% and applied in sun fl ower along with a  fi xed mineral supplement 
of (80, 26.2 and 30 kg ha−1 of N, P and K, respectively). Residual effects of RDN 

   Table 19.5    Effect of INM using  Jatropha  cake on seed yield of sesame   

 Treatments  Control  25 kg N ha −1   50 kg N ha −1  

 Control  475.1e  578.9d  766.7ab 
  Jatropha  cake @ 1 t ha −1   660.8cd  694.0bc  754.5abc 
  Jatropha  cake @ 1.5 t ha −1   748.6abc  813.9a  829.0a 
 Castor cake @ 1 t ha −1   697.4bc  799.1a  826.3a 
 FYM @ 5 t ha −1   681.1bc  803.8a  810.0a 

 Standard error (±)  30.1 
 LSD (p = 0.05)  85.2 

  Means with same letters are not signi fi cantly different according to LSD at  p  = 0.05  

      Table 19.4    Effect of Jatropha cake as organic manure on pearl millet, 
sesame and cotton   

 Crop  Application (t ha −1 ) 

 Yield ha −1  

 Control  Treated 

 Pearl millet  1.5  1.90  2.15 
 Sesame  1.0  0.56  0.64 
 Cotton  2.0  1.65  1.90 
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and RDF were evaluated on the succeeding maize. The sun fl ower seed yield 
obtained with 25% RDN through JC or CC with 75% RDF was found to be 
comparable with RDF in the  fi rst season. In the second season, replacement of 
50% RDN with JC or CC entailed perceptible increase in seed yield over RDF 
alone. Residual effect of treatments on succeeding maize and system productivity 
was found to be the most pronounced with 50% RDF + 50% RDN (JC). In the  fi rst 
season, the best agronomical N use ef fi ciency (ANUE) was recorded with RDF, 
closely followed by 75% RDF + 25% RDN (JC or CC). In the second season, best 
ANUE was obtained with 50% RDF with 50% RDN (JC) closely followed by 
50% RDF with 50% RDN (CC). In the second season, integrated use of 50% 
RDF with 50% RDN through JC recorded the highest ANUE closely followed by 
50% RDF with 50% RDN through CC. 

 Chaturvedi et al.  (  2009  )  carried out a  fi eld experiment to study the response 
of garlic to composted de-oiled cake by comparing FYM (12 t ha−1) (control), com-
posted JC (2 t ha−1), composted neem cake (NC) (2 t ha−1), composted JC + tobacco 
waste (2:1) (2 t ha−1) and urea (120 kg ha−1). The application of 2 t ha−1 mixture of 
composted JC and tobacco waste (in ratio 2:1) resulted in an increase of 22.88% in 
fresh bulb weight, 29.52% in dried bulb weight per plant and 18.3% in average 
yield of bulb as compared to control and was comparable to that recorded for plants 
grown on soil treated with chemical fertilizers. Punia et al.  (  2010  )  also reported 
JC to have better fertilizing effect as compared to other selected cakes (neem, 
mahua, karanja) on selected vegetable crops (tomato, brinjal, chilli and okra). 
Thus, based on these studies, it is obvious that the cake can be used as an organic 
source of nutrients. The organic fertilization through JC enables sustainable agri-
culture with yield enhancements and is a viable alternative to synthetic inorganic 
fertilizers.  

   Effect on Soil and Its Microbial Community 

 Soil application of JC after oil extraction potentially provides an important disposal 
method for bioenergy byproduct and it has the added bene fi t of supplying nutrients 
to soil, However, JC contains some toxic biochemicals, such as PEs which may 
inhibit key populations of soil microorganisms. Currently, little information exists 
on the effect of oilseed cakes on soil microbial ecosystems. A study was carried out 
by adding different amounts (0.5, 1, and 5% w/w) of Jatropha, camelina, and  fl ax 
seed cakes and wheat biomass to Weswood loam soils in laboratory to investigate 
microcosm sensitivity (Wang et al.  2009  ) . Different methods including microbial 
biomass, quantitative PCR (qPCR) assays,  phospholipid fatty acid pro fi les  (PLFA), 
whole soil  fatty acids methyl esters  (FAME) analyses and Biolog EcoPlates were 
used to investigate community changes over an incubation period of 19 weeks. The 
total microbial biomass dramatically increased in all treatments with the greatest 
increase occurring with the oilseed cakes. For the 0.5% and 1% rates of addition, 
biomass levels returned to the background levels within 2 weeks except for wheat. 
Biomass remained higher than controls at the 5% application rate until the end of 
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the incubation. Addition of oilseed cakes generally increased the abundance of 
bacterial and fungal biomarkers, but resulted in lower bacteria to fungi ratios 
compared to wheat treatments as indicated by PLFA results. The qPCR studies 
indicated that addition of oilseed cakes resulted in lower ratios of bacteria:fungi 
indicating community composition changes. Soil amended with Jatropha residues 
(leaves, fruit shell and deoiled JC) showed that microbial biomass (FAME

tot
) and 

bacterial and fungal FAME concentrations were signi fi cantly higher in soils 
amended with cake compared to other treatments (Chaudhary et al.  2011  ) . Higher 
fungal to bacterial FAME ratios were found in residue-amended soils over control, 
with the highest ratio occurring in fruit shell-amended soil. A signi fi cant decrease in 
the stress indicator (saturated to monounsaturated FAME ratio) was found in cake-
amended soil. The fate of PEs in the soil and its bioactivity during the process of 
degradation was studied by Devappa et al.  (  2010  )  and it was concluded that PEs are 
biodegradable in soils and their degraded products appear to be innocuous. The PEs 
from seed cake were degraded after 21, 17 and 15 days (at 130 or 230 g kg−1 mois-
ture). Increase in temperature and moisture increased the rate of PEs degradation. 
Using snail ( Physa fontinalis ) bioassay, mortality by PE-amended soil extracts 
decreased with a decrease in PE concentration in the soil .  Similarly, in another study 
carried out at CSMCRI (unpublished data), it was found that no traces of PE were 
found in any of the plant parts of groundnut treated with JC in substitution to 
mineral nitrogen, suggesting that it can be innocuously used as a manure in soil.  

   Use as a Bio-Pesticide 

 Apart from its encouraging results for use as organic manure in various crops and 
itsef, Jatropha has bio-pesticidal properties as well. PEs contained in seeds of 
Jatropha were reported to be effective as biopesticide against diverse fresh water 
snails. Snails act as intermediate hosts of schistosomes causing schistosomiasis in 
many tropical countries (Goel et al.  2007  ) . Aqueous and acetone extracts of neem 
and Jatropha seed kernel was recommended to control stem borers in upland rice 
(Amaugo and Emosairue  2003  ) . JC has been proved to possess very good bio-pes-
ticidal properties in control of nematodes and termites. In a study (undertaken in 
joint collaboration with CSMCRI, Bhavnagar and Anand Agricultural University - 
AAU, Anand, Gujarat in 2004–2005) to test the ef fi cacy of JC for management of 
root-knot ( Meloidogyne incognita ) nematodes in tomato, it was found that JC applied 
at 3 t ha −1  to tomato crop could successfully control root knot nematode and was com-
parable to the chemical treatment (Carbofuran) applied to the control. In addi-
tion, the application of 2 t JC ha−1 was found to give similar results to NC treatment, 
which is the reference in organic control of nematodes. Tomato yield signi fi cantly 
increased over control with the increase in dose of cake (Table  19.6 ).  

 Studies conducted during 2008–2009 for nematode management in which JC, 
produced as a byproduct of CSMCRI’s biodiesel pilot plant at Bhavnagar, was used 
as one of the treatments revealed that it works well as an effective nematicide in 
various crops (Dr. B.A. Patel, personal communication, on the basis of works 
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 carried out by S.K. Patel, A.D. Patel and H.V. Patel at AAU Anand). They con-
cluded that complementation of soil solarization with either NC or mustard cake or 
JC each at1 kg sq m −1  increased growth and development of seedlings by checking 
root-knot infection ( M. incognita  and  M. javanica ) and thereby produced more 
number of transplantable seedlings in nursery. No toxic effect of JC was observed 
on seed germination of tomato. When the treated seedlings were transplanted in 
nematode infested  fi eld, all the cake treatments were signi fi cantly superior over 
carbofuran and control treatments for root-knot management and thereby increased 
tomato yield. Similarly, control of phytoparasitic nematodes, such as  Meloidogyne 
spp  in greengram and  Rotylenchulus reniformis  in cowpea through use of NC or 
JC alone or in combination with the biocontrol agent  Trichoderma viride  was 
also reported. According to the reports, JC worked well alongside other cakes like 
NC, CC, etc., in controlling nematodes across various centers under All India 
Coordinated Research Project on Plant parasitic nematodes (ICAR) on various  fi eld 
crops. NC and JC were recommended for the management of root-knot nematodes 
infesting bitter gourd in Kerala. 

 In a laboratory study involving value addition of different cakes for bio-
pesticidal purpose at IIT Delhi, the cold and hot water extracts and methanol 
extracts of JC provided good control against termites. In  fi eld study as well, JC 
provided better protection of termites over untreated control, although NC was 
found to be the best. A combination of cakes from Jatropha, Karanj, Mahua and 
neem provided the best control against termites (Punia et al.  2010  ) .  

   Use as Animal Food 

 The cake after oil extraction contains as much as 19–28% protein. The major amino 
acid in JC was found to be glutamic acid 2.82% and for the others, the series is as 
follow: arginine 2.19%, aspartic acid 1.74%, leucine 1.24%, serine 0.91%, alanine 
0.87%, valine 0.86%, proline 0.82%, glycine 0.81%, phenylalanine 0.78%, lysine 

   Table 19.6    Effect of  Jatropha  cake on root knot index (RKI) in tomato   

 Treatment  RKI (0–5)*  Tomato Yield (kg t ha −1 ) 

  Jatropha  cake @ 1.0 t ha −1   3.54  27,006 
 @ 2.0 t ha −1   3.11  29,815 
 @ 3.0 t ha  2.84  32,716 
 Neem cake @ 2.0 t ha −1   2.94  39,568 
 Carbofuran @ 2.0 kg ha −1   2.31  37,037 
 Control  5  18,271 
 S. Em. ±  0.24  1,729 
 CV%  12.6  11.2 

  * Root Knot index categorized as low to high ranging from 1-5 (1=Free; 5=Maximum 
nematode infestation) 
 NB: (a) Organic amendment was incorporated in the soil 10 days prior to seeding 
 (b) Carbofuran was applied at the time of seeding 
 (c) Susceptible hybrid (Navin/Rashmi)  
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0.75%, threonine 0.71%, isoleucine 0.7%, cysteine 0.51%, histidine 0.43% and 
tyrosine 0.40% (Waraporn et al.  2009  ) . Despite high protein content, the seed cake 
as such is not suitable for animal feeding due to the presence of toxins like PEs, 
hydrocyanic acid, alkaloids, curcin and presence of other antinutrients like tannins, 
trypsin inhibitors, phytates, saponins and lectins (CRC  1977 ; Martínez-Herrera 
et al.  2006 ; Punia et al.  2010  ) . In addition, the presence of hard outer seed coat 
(37–42% of seed weight) having high lignin and cellulose makes it further unpalat-
able. PEs are tetracyclic diterpenoids generally known for their tumor promoting 
activity and even at very low concentrations, show toxicological manifestations in 
animals fed diets containing them (Goel et al.  2007  ) .    Makkar et al. ( 1997 ) reported 
that trypsin inhibitor activity in the defatted kernels (cake) varied from 18.4 to 
27.5 mg of trypsin inhibited g −1 . Similarly, a wide variation was observed for 
saponins (1.8–3.4% as diosgenin equivalent), phytate (6.2–10.1% as phytic acid 
equivalent), and lectin activity (0.85–6.85 using a latex agglutination test and 51.3–
204 using hemagglutination assay) in the cakes. The seed content of PEs varies 
among different Jatropha cultivars — ranging from undetectable in the Mexican 
‘non-toxic’ varieties (of which the roasted seeds are eaten by humans) to over 
6 mg g −1  kernel in a toxic variety from India (Francis et al.  2005  ) . Toxicity of 
Jatropha seeds has been studied extensively in different animal models like goats, 
sheep, mice, rats, and  fi sh when fed with food containing PEs (Adam  1974 ; Adam 
and Magzoub  1975 ; Makkar and Becker  1999  ) . If JC has to be used for animal 
nutrition, it can be detoxi fi ed and the seeds can be decorticated (i.e., the seed outer 
cover removed to expose the seed kernels) prior to mechanical and/or solvent 
extraction. The composition of lignin, cellulose, and hemicellulose in JC after 
removal of outer seed cover is 0.53%, 6.43%, and 1.94%, respectively, in contrast to 
19.46%, 20.3%, and 5.55% present when shells are not removed (Staubmann et al. 
 2007  ) . The protein rich cake obtained after oil extraction from seed kernel may 
serve as animal food after detoxi fi cation. 

 Studies conducted at CFTRI, Mysore, revealed that the defatted “ Ghani”  pressed 
cake, which had 0.072% PEs was reduced to 0.01–0.0079% after treating the samples 
with 4% NaOH and 2% Ca(OH) 

2
 . Autoclaving was the most effective treatment as 

trypsin inhibitors are heat labile. The roasting, boiling and alkali treatments were most 
effective in reducing the saponin content by 75.3%, 84.8% and 84.2%, respectively. 
Alkali soaking and boiling the sample reduced the tannins by 46–50% .  The acetone 
and methanol/water were the most effective solvents in reducing the phytate content by 
30% and 34%, respectively. Further works are need to achieve complete detoxi fi cation 
of JC in order to use it in food formulations (Punia et al.  2010 ), however microbial 
fermentation is an other route that seems to offer promising results. 

 Solvent extraction of PEs followed by heat treatment to inactivate lectins in JC 
was reported to convert the non-toxic cake to a high-quality protein source for 
livestock (Makkar et al.  1997  ) . Makkar and Becker  (  1999  )  explored a non-toxic 
variety of Jatropha and reported that the heat-treated or untreated cake was suitable 
for animal feeding. These authors also reported that this variety results in a promising 
 protein ef fi ciency ratio  (PER) and food conversion ratio with simultaneous 
decrease in trypsin inhibition and lectin activity when tested in rats and  fi sh carp 
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 (Cyprinus carpio ). The PER of the diet containing unheated and heated JC was 37% 
and 86%, respectively, of the casein in rats. The trypsin inhibitor and lectin activities 
decreased more than 99%, after 45 min of heat treatment. Heat-treated cake of the 
non-toxic variety of Jatropha was found to be comparable to commercially avail-
able soybean cake in nutritional quality for common carp (Goel et al .   2007  ) . On the 
other hand, heat treatment followed by solvent extraction to remove PEs could 
result in elimination of most of the antinutrients and toxins from the toxic variety. 
The cake treated in this manner was found to be innocuous to rats and  fi sh (Makkar 
et al.  1997  ) .  

   Use for Biogas Production 

 Even if detoxi fi cation is not an option, the cake may be converted to biogas. When 
using an anaerobic  fi lter with JC as a substrate (Loading Rate of 13 kg COD m −3 d −1 ), 
76% of the  chemical oxygen demand  (COD) was degraded and 1 kg degraded 
COD yielded 355 L of biogas containing 70% methane (Staubmann et al .   1997 ). 
An experiment was carried out with  Jatropha  cake supplied by CSMCRI, 
Bhavnagar to Biogas Research and Extension Centre, Gujarat Vidyapith, Gandhinagar 
to evaluate biomethanation potential of JC along with buffalo dung (1:4 ratio by wt). 
Results showed signi fi cantly higher (139.20%) biogas production in test (JC + Buffalo 
dung) over control (buffalo dung only) digesters with methane content of 71.74% 
during 120 days of experimentation. Nutritive value of ef fl uent slurry of test digester 
was signi fi cantly higher in terms of available nitrogen and potassium, calcium, 
magnesium and carbonate contents than that of control digesters and could be used 
as a nutrient rich manure in  fi eld. Co-digestion resulted in 92.94% decrease in 
chemical oxygen demand (Shilpkar et al.  2009  ) . Ali et al. ( 2010 ) observed that 
biogas plant initially charged with pure cattle dung increased the biogas production 
by upto approximately 25% when gradually replaced with JC (0–100%). Study 
carried out by Ingenia, Netherlands, reported fairly high (0.84–0.95 m 3 /kg dm) bio-
gas production because of the high content of carbon (47.6–48.5%) in JC. They 
reported that the H 

2
 S concentration in the produced biogas is too low (0.18 mg m −3 ) 

to pose a problem for any known application (Visser and Adriaans  2007  ) . Utilization 
of JC for biogas has also been reported by Singh et al .   (  2008  ) .  

   Other Uses 

 Apart from the above uses, research is being carried out across the world to add value 
to JC for its gainful utilization. JC, either alone or in combination with potato 
dextrose agar (PDA) or dextrose has been successfully used as substrate for growth 
of selected fungi (biocontrol agents). Maximum radial growth of  Paecillomyces 
variotii  was recorded on JC + dextrose, i.e., 0.36 cm day −1  as compared to 
0.26 cm day −1  obtained under control (PDA) (Punia et al .   2010  ) . As discussed above, 
the cake after oil extraction contains as much as 19–28% protein which is suitable 
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as a protein source for animal feed after detoxi fi cation. Typically, anti-nutrients and 
toxins could be almost removed by different solvent extractions; however, huge 
amount of chemical solvents would be discharged as ef fl uents, which need to be 
treated. Therefore, non-food related products could be an alternative way of JC 
utilization. Basic hydrolysis of protein in JC using 2.5% NaOH at 50 °C resulted 
in best degree of hydrolysis (19.93% DH) to obtain most soluble nitrogen. The 
obtained protein hydrolysate was shown to be well solubilized and contained 
protein as high as 71.69%, which was appropriate for further applications, such as 
for light-weight concrete industry (Waraporn et al .   2009  ) . Experimentation on solid-
state fermentation of JC showed that, it could be a good source of low cost pro-
duction of industrial enzymes. The seed cake supported good bacterial growth 
( Pseudomonas aeruginosa  PseA strain) and enzyme (protease, 1,818 U g −1  of sub-
strate and lipase, 625 U g −1  of substrate) production (Mahanta et al .   2008  ) . 

 Suf fi ce it to say that, besides the obvious implication on Jatropha biodiesel cost, 
creative applications of by-products could be as important as the application of the 
biodiesel itself and there is need for intensive research to add value to these prod-
ucts besides identifying new outlets (Ghosh et al .   2007a  ) . The results described 
above demonstrated viable approaches for utilization of huge amount of JC, which 
is expected to be released in abundant quantities during biodiesel production.        
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         Introduction 

 Insect pests are one of the major limiting factors in increasing productivity of many 
crops. The cost of plant protection in agriculture has been increasing over years 
(Kumar and Sharma  2008 ; Jayaraj and Rabindra  1988  ) . Because of increasing 
problems associated with the use of toxic synthetic insecticides, there is a need for 
the development of safer alternative crop protectants. Among various options avail-
able under the concept of Integrated Pest Management (IPM), bio-pesticides play a 
key role. Plants produce secondary metabolites that are insecticidal and have 
diverse modes of action like hormonal, neurological, nutritional or enzymatic effects 
(Rosenthal and Janzen  1979  ) . These secondary plant metabolites with insecti-
cidal or more generally pesticidal properties are of several types,  viz ., repellents, 
antifeedants, phagostimulants and toxins (Philogene  1981  ) . A number of second-
ary plant metabolites have been extracted from plants. 

 Biopesticides generally affect only the target pest and closely related organisms, 
in contrast to broad spectrum, conventional pesticides. Biopesticides are effective 
in very small quantities, are biodegradable and avoid the pollution problems 
caused by conventional pesticides (Klocke  2007 ). When used as a component of 
IPM program, biopesticides can greatly decrease the use of conventional pesticides, 
besides maintaining high crop yields. The application of microbial and botanical 
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insecticides is increasing (Dent  1993  ) . Among the plant families studied, 
Meliaceae, Rutaceae, Asteraceae, Labiateae, Piperaceae and Annonaceae are the 
most promising families with insecticidal properties (Jacobson  1989 ; Isman  1995  ) . 
The search for plant-derived chemicals that have the potential use of crop pro-
tectants (insecticides, antifeedants, growth inhibitors) often begins with the screen-
ing of plant extracts. The insects under test are fed with plant extracts and monitored 
for behavior and development. This kind of information is needed to ensure safety 
to non-target organisms (humans, bene fi cial insects) (Akhtar and Isman  2004  )  

 Seeds of  Jatropha curcas  (hereafter refered to as Jatropha) are reported to contain 
6.6 g H 

2
 O, 18.2 g protein, 38.0 g fat, 33.5 g total carbohydrate, 15.5 g  fi bre, and 

4.5 g ash per 100 g (Duke and Atchley  1983  ) . In addition, Jatropha leaves contain  a  
amyrin,  b  sitosterol, stigmasterol, and campesterol, 7-keto-  b  -sitosterol, stigmast-
5-ene-3-  b , 7-  a  -diol, and stigmast-5-ene-3  b , 7  b  –diol, isovitexin and vitexin. 

 Rug and Ruppel  (  2000  )  found that the oil content of Jatropha seed is 25–30%, 
the oil is 21% saturated fatty acids and 79% unsaturated fatty acids. However, the 
amount of oil extracted from seeds and kernels dependents on the method with 
only ~20% for hand presses and much higher quantity for more sophisticated 
mechanic presses. The by-product of oil extraction from seeds and kernels is called 
seed cake. The cake resulting from oil extraction through cottage industry is said to 
still contain approximately 11% oil (Wink  1993  ) . The seed kernel itself contains 
about 60% oil that can be converted into biodiesel and used as a substitute for 
diesel fuel. The seed cake remaining after oil extraction is an excellent source of 
plant nutrients. However, the presence of high levels of antinutrients prevents its 
use in animal feeding (Trabi et al.  1997  ) . 

 Phorbol esters are used to describe the family of naturally occurring compounds 
that can be referred to as tigliane diterpenes (Evans  1986  ) . Phorbol esters (phorbol-
12-myristate 13-acetate) have been identi fi ed as the major toxic principle in 
Jatropha (Makkar and Becker  1997 ). Adebowale and Adedire  (  2006  )  investigated 
the chemical composition and insecticidal activity of Jatropha seed and evaluated 
that the oil content of the seed kernels is high (66.4%). Triacylglycerol is the 
dominant lipid species, while the major triacyglycerol being 1, 2-dioleoyl-3-lino-
leoyl-rac-glycerol. 

 Martinez-Herrera et al.  (  2006  )  studied Jatropha from four agro-climatic regions 
of Mexico and found that accessions from all the four regions differed in the con-
tents of crude protein, lipid,  fi bre contents, starch, total soluble sugars, essential 
amino acids except lysine, phorbol esters, trypsin inhibitors, saponins and lectins. 
Makkar et al.  (  1997  )  made a comparative evaluation of non-toxic and toxic varieties 
of  J. curcas  for chemical composition, digestibility, protein degradability and toxic 
factors. Insecticidal activities of Jatropha oil containing phorbol esters have been 
reported in  Manduca sexta, Helicoverpa armigera, Aphis gossyii, Pectinophora 
gossypielaa, Empoasca   biguttula, Oncopeltus fasciatus,  etc. (Wink et al.  1997  ) . 
Insect pests attacking Jatropha and their management potentials were reported by 
Shanker and Dhyani  (  2006  ) . 

 Osoniyi and Onajobi  (  2003  )  worked on the humectation action of Jatropha. The 
latex of Jatropha possesses both procoagulant and anticoagulant activities. Georges 
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et al .   (  2008  )  studied the insecticidal activity of eight plant species including 
 J. curcas  collected from Burkina Faso against  Heliothis virescens  larvae and adult 
white fl y ( Bemisia tabaci ). The ethyl acetate extract of  S. madagascariensis  was the 
most active on adult white fl y. Gandhi  (  1995  )  studied the larvicidal activity of ethyl 
acetate, butanol and petroleum ether extracts of Jatropha against the early fourth 
instar larvae of  Aedes aegypti  L. and  Culex quinquefasciatus . 

 The biological effects of these compounds in addition to tumour promotion, 
bring about a wide range of biochemical and cellular effects, alter cell morphology, 
serve as lymphocyte mitogens and induce platelet aggregation (Blumberg  1980 ; 
 1981  ) . Phorbol esters are de fi ned as “polycyclic compounds in which two hydroxyl 
groups on neighboring carbon atoms are esteri fi ed to fatty acids.” Several plant spe-
cies, such as  Sapium indicum ,  S. japonicum ,  Euphorbia frankiana ,  E. cocrules-
cence ,  E. tirucalli ,  Croton sparei fl orus ,  C. tigilium ,  C. ciliatoglandulifera ,  J. curcas , 
 Excoecaria agallocha,  and  Homalanthus nutans  are reported to contain the toxic 
phorbols (Beutler et al.  1989  ) . Among these species,  J. curcas  has also been reported 
to possess other potential toxic compounds, such as curcin and hydrocyanic acid 
(CRC  1977  ) . There are several other plant species that contain different derivatives 
of phorbols and diterpenes, such as crotonogyne, crytogonone, dimorphocalyx, 
duvigneaudia, fahrenheitia, maprounea, and plagiostyles (Beutler et al.  1989  ) . 

 The major toxic principles in Jatropha seeds are phorbol esters (Makkar 
and Becker  1997 ). Hirota et al.  (  1988  )  named a new phorbol from Jatropha as 
DHPB ( dihydroxy phenyl dibutyrate ). The effect of phorbol esters was also 
studied in guinea pigs  in vivo  whereby the topical application of these esters was 
reported to induce in fl ammation and epidermal hyperproliferation by inducing 
DNA synthesis through prostaglandin activation and especially prostaglandin E 
(Bourin et al.  1982  ) . 

 Experiments were conducted to assess the pesticidal activity of Jatropha seeds, 
seed cake and oil under laboratory and  fi eld conditions, against the selected Poly-
phagous pest, Cotton boll worm or  Helicoverpa armigera  (Hubner) (Lepidoptera) 
attacking musk melon. Biochemical investigations were also carried out with spe-
cial emphasis on amylase, protease and lactate dehydrogenase.  

   Solvent Extracts, Biotests and Enzyme assays 

 Seed ( Oil Technological Research Institute  (OTRI), Anantapur, Andhra Pradesh, 
India) and cake samples macerated in solvents (methanol, ethanol, petroleum ether 
and ethyl acetate, benzene, hexane and water) according to 1:3 ratios during 24 h 
were reduced in a rotary evaporator, to obtain crude extracts and stored in refrigera-
tor at 4 °C (Georges et al.  2008 ). Larvae of  Helicoverpa armigera  commonly known 
as cotton boll worm (department of Entomology, Acharya N.G. Ranga Agricultural 
University, ANGRAU, Anantapur) were cultured on leaves of musk melon ( Cucumis 
melo ) for feeding. Laboratory and  fi eld trials were conducted using 3rd instar larvae 
since they are responsible for the major crop loss. In laboratory conditions, larvae 
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were fed on fresh leaves pretreated by dipping them in 125, 250 and 500 ppm 
extract solutions of seed, cake or oil. For  fi eld trials, musk melon  fi eld plot measuring 
460 m2 located in Katiganikalava village in Anantapur mandal of Anantapur district 
(Andhra Pradesh, India) were sprayed after infestation with each of the 3 extract 
solutions. The entire study was conducted according to standard test methods as 
prescribed by World Health Organisation ( 1975 ). 

 Ten larvae of  H. armigera  (third instar) collected among dead individuals killed 
extract treatments were then weighed and homogenized in 0.15 M NaCl solution 
with methanol. After centrifugation (10,000 g for 10 min at 4°C), the supernatant 
was used to determine the (i) protein concentration of larval extracts by the Bradford 
method ( 1976 ), (ii) amylase activities at 550 nm through the method of Bern fi eld 
(1955) as described by Ishaaya and Swirski ( 1970 ), (iii) protease activities at 600 
nm as described by Snell and Snell ( 1979 ), and (iv) lactate dehydrogenase (LDH) 
activities at 440 nm after 60 min of incubation. All data were statistically consistent 
at p = 0.01 (Sengottayan et al.  2006 ) using WindowStat version 8, Tukey’s Honestly 
Signi fi cance Difference (Tukey’s HSD) test and two factorial RBD (Panse and 
Shukatme  1967 ).  

   Pesticide activity of Jatropha extracts 

 Among the different toxic fractions from oil, the highest average mortality of H. armigera 
larvae under laboratory conditions was registered with 500 ppm of extract obtained 
with methanol (85.94%), followed by ethanol (68.85%) and petroleum ether (66.14%). 
The series of extract activity methanol > ethanol > petroleum ether was maintained for 
all three concentrations tested (Fig.  20.1 ). Under  fi eld conditions, population reduction 
was observed with methanol and ethanol at all three concentrations tested, but the larg-
est effect was obtained with 500 ppm. At a concentration of 500 ppm, the population 
reduction was 70.26% with methanol and 67.5% with ethanol (Fig.  20.2 ).   

 When different solvent extracts of seeds were tested for average population reduc-
tion under laboratory conditions, methanol followed by ethanol and petroleum ether 
were found to be more effective at 500 ppm. Again, the largest population reduction 
was obtained with methanol (85.94%) and was not signi fi cantly different compared to 
the methanol extract of oil (Fig.  20.3 ). When average caterpillar mortality was observed 
under  fi eld conditions, the methanol extract resulted in the signi fi cantly largest popula-
tion reduction corresponding to 47.8%, 61.38% and 82.8% for all three concentrations 
tested 125 ppm, 250 ppm and 500 ppm, respectively (Fig.  20.4 ). Similarly to oil, the 
largest reduction of larval populations was obtained for methanol and ethanol extracts 
at 500 ppm, i.e., 82.8% and 78.2%, respectively.   

 Considering cake extracts under laboratory conditions, population reduction was 
only observed with methanol and it was almost the double at 500 ppm (85.9%) 
when compared to 250 ppm (46.9%) (Fig.  20.5 ). under  fi eld conditions, 75% and 
66% reduction of caterpillar populations were achieved with 500 ppm of methanol 
and ethanol extracts, respectively (Fig.  20.6 ). According to our investigations of 
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  Fig. 20.1    Effect of different solvent extracts of  J. curcas  (oil) on third instar larva of  H. armigera  
under laboratory conditions       

  Fig. 20.2    Effect of different solvent extracts of  J. curcas  (oil) on third instar larva of  H.armigera  
under  fi eld conditions       

enzymatic activity in dead caterpillars, methanol extract was found to be the most 
effective in reducing the amylase activity, i.e., 1.08, 0.74, and 0.67 × 104 µg/mg/min 
at 125 ppm, 250 ppm and 500 ppm, respectively, compared to control (4.7 × 104 µg/
mg/min) (Fig.  20.7 ).   
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  Fig. 20.3    Effect of different solvent extracts of  J. curcas  (seed) on third instar larva of  H. armigera  
under laboratory conditions       

  Fig. 20.4    Effect of different solvent extracts of  J. curcas  (seed) on third instar larva of  H.armigera  
under  fi eld conditions       

 The dosage effect of oil extracts on protease activity of third instar larvae 
signi fi cantly depended on the solvent type used (Fig.  20.8 ). The largest reduction of 
protease activity was found for 500 ppm of methanol extract (1.57 × 104 µg/mg/
min), while ethyl acetate, benzene and aqueous extracts did not show signi fi cant 
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  Fig. 20.5    Effect of different solvent extracts of  J. curcas  (meal) on third instar larva of  H. armig-
era  under laboratory conditions       

  Fig. 20.6    Effect of different solvent extracts of  J. curcas  (meal) on third instar larva of  H.armigera  
under  fi eld conditions       

decrease in protease activity when compared to the control. When LDH activity was 
investigated in third instar larvae under laboratory conditions, methanol and ethanol 
extracts at 500 ppm were the most effective (8.42 and 8.48 × 104 µg/mg/min, respec-
tively) (Fig.  20.9 ).    

 Amylase activity of third instar larvae treated with seed extracts resulted in simi-
lar effects compared to oil extracts with methanol extract at 500 ppm being the most 
effective treatment (0.57 × 104 µg/mg/min) under lab conditions (Fig.  20.10 ). Among 

 

 



376 D.M. Rao et al.

  Fig. 20.7    Effect of different solvent extracts of  J. curcas  (oil) on amylase activity of third instar 
larva of  H. armigera  under laboratory conditions       

  Fig. 20.8    Effect of different solvent extracts of  J. curcas  (oil) on protease activity of third instar 
larva of  H.armigera  under laboratory conditions       

protease activity of seed extract, again methanol was found to be the most effective 
in decreasing the activity of protease at ~2 µg/mg/min or below (2.11, 2.06 and 
1.25 × 104 µg/mg/min) at all concentrations tested (Fig.  20.11 ). For LDH activity of 
seed extracts, methanol extract was found to be the most active at all the three con-
centrations (6.37, 6.44, and 4.10 × 104 µg/mg/min) compared to the other extracts 
except for ethanol at 500 ppm (Fig.  20.12 ).    
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  Fig. 20.9    Effect of different solvent extracts of  J. curcas  (oil) on LDH activity of third instar larva 
of  H. armigera  under laboratory conditions       

  Fig. 20.10    Effect of different solvent extracts of  J. curcas  (seed) on amylase activity of third 
instar larva of  H.armigera  under  fi eld conditions       

 When amylase activity was tested on third instar larvae under laboratory conditions 
with different cake extract, the methanol extract was found to be a more effective 
treatment, as for oil and seeds, in decreasing the amylase activity to 2.16 × 104 µg/mg/
min compared to 4.7 × 104 µg/mg/min for the control. It is also interesting to note that 
the aqueous extract was found to be better than the benzene one (Fig.  20.13 ). 
Reduction of protease activity by cake extracts revealed that those of methanol and 
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  Fig. 20.11    Effect of different solvent extracts of  J. curcas  (seed) on protease activity of third instar 
larva of  H. armigera  under laboratory conditions       

  Fig. 20.12    Effect of different solvent extracts of  J. curcas  (seed) on LDH activity of third instar 
larva of  H.armigera  under  fi eld conditions       

ethanol at 500 ppm were the most effective in decreasing the activity of this enzyme 
with 5.96 and 5.98 × 104 µg/mg/min, respectively (Fig.  20.14 ). When LDH activity 
was investigated by treating larvae with cake extracts, the methanol and ethanol ones 
at 500 ppm were found to be the most effective with 2.80 and 2.98 × 104 µg/mg/min, 
respectively (Fig.  20.15 ).     
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  Fig. 20.13    Effect of different solvent extracts of  J. curcas  (meal) on amylase activity of third 
instar larva of  H. armigera  under laboratory conditions       

  Fig. 20.14    Effect of different solvent extracts of  J. curcas  (meal) on protease activity of third 
instar larva of  H.armigera  under laboratory conditions       
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   Conclusion 

 Jatropha was shown to have insecticidal properties. Among all the extracts tested, 
methanol, ethanol and petroleum ether extracts showed potent antinutritional and 
pesticidal activities on H. armigera, which indicated that these extracts contained 
compounds suitable for insect control. These compounds match the PE fraction of 
oil. 500 ppm methanol extract was the most potent preparation while 125 and 250 
ppm showed moderate activity. The population reduction obtained with methanol 
extracts of oil, seed and cake at 500 ppm reached 85.9% on third instar larvae of 
H. armigera. PEs known to be constituent of methanolic fraction (Hirota et al. 
 1988 ), were shown to activate protein kinase C (PKC), a transmembrane protein 
(Castagna et al.  1982 ). The interaction of PE with PKC affects the activity of several 
enzymes as well as the biosynthesis of proteins, DNA, polyamines, cell differentia-
tion processes, and gene expression. This key enzyme of signaling cascades plays a 
critical role in maintaining the integrity of the insect surface. During normal signal 
transduction, the enzyme is activated by DAG (diacylglycerol), which is then rap-
idly hydrolyzed. DAG is responsible for activating PKC by increasing its af fi nity 
for phosphatidylserine (PS). Instead, when phorbol esters bind to PKC, the entire 
mechanism is altered and the downstream enzymes are not activated anymore 
(Mosior and Newton  1995 ). In addition, PE may also inhibit insect feeding. 
Once the level of enzyme activity is lowered, metabolic disturbances takes place 
thereby leading to insect death (Cox and Willason  1981 ; Mayzaud and Mayzaud 
 1985 ). Aqueous extracts of Jatropha seed and cake contain curcin, a lectin, which is 
another reason for the decrease in enzyme activities and death of H. armigera. 

  Fig. 20.15    Effect of different solvent extracts of  J. curcas  (meal) on LDH activity of third instar 
larva of  H. armigera  under laboratory conditions       
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 PEs are amphiphilic molecules soluble in a large range of solvent polarities, 
which may explain the insecticidal activity of the oil (Aravinda  2010 ). Actually, 
even if the toxic components of seeds are less soluble in aromatic solvents like ben-
zene, the extracts by this solvent were still moderately toxic. The toxicity of extracts 
from Jatropha seeds on Sitophilus zeamaise was reported by Ohazurike et al. ( 2003 ). 
Thus, solvent extracts of Jatropha are candidates as biopesticides for agricultural 
pest management.      
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         Introduction 

 Plant based feedstocks will play an important role in future bio-energy supply. 
Recently,  Jatropha curcas  L. has been hailed as a promising bio-energy crop 
(Makkar and Becker  2009  ) . It belongs to Euphorbiaceae family and its seed oil is a 
good feedstock for production of biodiesel, which meets the European and American 
Biodiesel Standards (Makkar and Becker  2009 ; Devappa et al.  2010b  ) . In addition 
to its seed oil, many co-products can be obtained during the biodiesel production. 
Some of the important co-products are protein rich seed cake and seed kernel meal, 
glycerol and biologically active phytochemicals (Makkar et al.  2009a  ) . Seed cake 
and seed kernel meal are considered to be the major co-products from  J. curcas  
based biodiesel industry having potential for use as animal feed. However, the presence 
of toxic and antinutritional factors limits their ef fi cient utilization (Makkar et al. 
 1997  ) . In this chapter, antinutritional and toxic compounds in  J. curcas  kernel, seed 
cake and seed kernel meal are discussed with the aim to understand the main toxic 
principles and to make the ef fi cient utilization of the seed cake and seed kernel meal 
as livestock and aquafeeds. In addition, potential utilization of one of the active 
phytochemicals present in  J. curcas  seeds,  phorbol esters  (PEs), in agricultural and 
pharmaceutical applications are discussed.  J. curcas  seeds also contain other bioactive 
compounds: a number of other diterpenes, proteins and peptides. For information 
on these bioactive moieties readers are referred to Devappa et al.  (  2010c,   f  ) .  
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   Toxic and Antinutritional Factors Present in Seeds of  J. curcas  

 The quality of a feed depends on the availability of nutrients to animals. Any 
de fi ciencies, excesses and imbalances of amino acid, vitamins and minerals can 
limit animal performance and lead to deleterious effects (McDaniel and Freking 
 2006  ) . The quality of protein supplement is often determined by the quality of 
amino acids and their bioavailability. Conversely, if plant proteins are to be used, 
then the role of antinutrients and toxic factors should be considered. The plants 
produce antinutrients and toxic factors as a self defence against predatory organisms 
(Ames et al.  1990  ) . The antinutrients are generally de fi ned as substances generated 
in living systems that by themselves or the intermediary of metabolic products (1) 
interfere with food or feed utilization; (2) affect the health and reproduction of ani-
mals; and (3) produce death or deleterious effects upon high intake (Makkar  1993  ) . 
Alternatively, they can also be classi fi ed as heat labile and heat stable antinutritional 
compounds. The toxic compounds may also exhibit deleterious effects in animals if 
inhaled, swallowed or absorbed through the skin. In higher dosages the toxic com-
pounds can often be lethal. The consumption of plant material containing antinutri-
tional or toxic factors by animals produces adverse effects that could vary from 
decrease in nutrient utilisation, health problems to even death of animals. The infor-
mation about the structure–activity relationships is important to understand the 
mechanisms of action of antinutritional or toxic plant compounds and their effects. 

 The antinutrients and toxic factors present in  J. curcas  seeds are listed in 
Table  21.1 .  J. curcas  has toxic and non-toxic genotypes and the differentiation is 
solely based on the presence and absence of PEs in them. The non-toxic genotypes, 
free of PEs were originally available only in Mexico (Makkar and Becker  2009  ) . 
In addition, recently another non-toxic species of the genus  Jatropha , i.e.,  J. platyphylla  
Müll. Arg has been reported from Mexico (Makkar et al.  2011  ) .  

   Tannins 

 Tannins are phenolic substances, which upon consumption produce adverse effects 
such as reduced feed consumption, growth retardation and impaired nutrient absorp-
tion (Butler et al.  1986  ) . They contain multiple phenolic hydroxyl groups, which 
complexes with proteins and to lesser extent with polysaccharides, amino acids and 
metal ions. The defatted  J. curcas  kernel meal contains very low concentration of 
total phenols (0.2–0.4%) and tannins (0.02–0.04%). In addition, condensed tannins 
were not detected in the  J. curcas  kernel meal (Makkar et al.  1998a  ) . However, 
small amount of tannins were found in bark (outer dark bark: tannins 0.7% and 
condensed tannins 0.2%; inner green bark: tannins 3.1% and condensed tannins 
1.7%; tannins as tannic acid equivalent and condensed tannins as leucocyanidin 
equivalent) (Makkar and Becker  2009  ) . Similarly, non-toxic  J. platyphylla  kernel 
meal also has low amounts of tannin (0.17%) (Makkar et al.  2011  ) . Since very low 
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levels of tannins are present in the defatted  J. curcas  kernel meal, they cannot be 
considered as the compounds responsible for causing adverse effects observed on 
consumption of the meal from toxic genotypes.  

   Cyanogenic Glycosides, Glucosinolates and Amylase Inhibitors 

 Cyanogenic glycosides are toxic nitrogenous compounds that on hydrolysis 
produce hydrogen cyanide (HCN), which is a lethal chemical responsible for halt-
ing cellular respiration in aerobic organisms. On the other hand, glucosinolates are 
sulfur-containing glucosides synthesized by members of the  Brassicaceae  family 
and generally consist of a sugar entity ( b -D-thioglucose), ester bonded to an organic 
aglycon .  These compounds often contribute a bitter or hot taste and may exhibit 
goitrogenic or antithyroid activity. The glucosinolates are hydrolyzed by enzymes, 

   Table 21.1    Levels of toxic and antinutritional factors in unheated kernel meals of  J. curcas  
(toxic and non-toxic genotypes) and  J. platyphylla    

 Component 

  J. curcas    J. platyphylla  

 Toxic  Non-toxic  Non-toxic 

 Phorbol esters (mg/g kernel) a   2.79  ND  ND 
 Total phenols (% tannic acid equivalent)  0.36  0.22  0.33 
 Tannins (% tannic acid equivalent)  0.04  0.02  0.17 
 Condensed tannins (% leucocyanidin equivalent)  ND  ND  ND 
 Phytates (% dry matter)  9.40  8.90  8.66 
 Saponins (% diosgenin equivalent)  2.60  3.40  1.94 
 Trypsin inhibitor (mg trypsin inhibited per g sample)  21.3  26.5  20.81 
 Lectin activity (1/mg of meal that produced 

haemagglutination per ml of assay medium) 
 51–102  51–102  51–102 

 Glucosinolates  ND  ND  ND 
 Cyanogens  ND  ND  ND 
 Amylase inhibitor  ND  ND  ND 
 Non-starch polysaccharides (NSP) (% in dry matter) 
 Rhamnose  0.2  0.2  0.3 
 Fucose  0.1  0.1  0.1 
 Arabinose  2.5  2.7  3.1 
 Xylose  1.2  1.4  2.0 
 Mannose  0.3  0.3  0.5 
 Galactose  1.2  1.2  1.4 
 Glucose  4.7  4.7  5.7 
 Glucuronic acid  0.9  0  0 
 Galacturonic acid  2.6  3  3.0 
 Total NSP  12.7  13.6  16.0 

  Source: Makkar and Becker  (  2009  )  and Makkar et al.  (  2011  )  
  a As phorbol-12-myristate 13-acetate equivalent.  ND  not detected  
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such as glucosinolase or thioglucosidase into glucose, HSO 
4
 - and one of the following 

aglycone derivatives: isothiocynates, thiocyanates, nitriles or related compounds, 
such as oxazolidine-2-thiones, which produce adverse effects. Amylase inhibitors 
impede the digestive action of  a -amylases and proteinases in gut, thereby reducing 
the starch digestion (Freeman and Beattie  2008  ) . However, cyanogenic glycosides, 
glucosinolates and amylase inhibitors were not detected in  J. curcas  kernel meal 
(Makkar et al.  1997,   2011 ; Makkar and Becker  2009  ) .  

   Saponins 

 Saponins are steroid or triterpene glycosides and they can form stable soapy or 
froth-like formations in aqueous solutions. In plants, saponins may serve as anti-
feedants or help in protecting the plant against microbes and fungi. Saponins, due to 
their bitter taste reduce palatability of plants when present in livestock and aqua-
feeds (Sen et al.  1998  ) . In nutritional context, saponins are considered antinutri-
tional compounds, but they are also claimed to have bene fi cial effects. In principle, 
saponins act on lipid membranes of the cell and causes haemolysis  in vitro  or when 
injected intravenously. In general, saponins, as glycosides, have low oral bioavail-
ability, but may be hydrolysed in the intestinal tract and cause systemic toxicity 
depending on the structure and absorption of the aglycone (European Food Safety 
Authority  2009  ) . Till now, no individual saponin has been puri fi ed from  J. curcas  
and tested for its toxicity. The concentration of saponins in toxic and non-toxic 
genotypes of  J. curcas  was found to be 1.8–2.6 and 3.4% (as diosgenin equivalent) 
respectively; whereas, in  J. platyphylla  saponin concentration was 1.94% (as dios-
genin equivalent). The saponins present in  J. curcas  do not have haemolytic activity 
(Devappa et al.  2010d ; Makkar et al.  1997,   1998b ; Makkar and Becker  2009  ) . Low 
levels of saponins in the toxic genotype and presence of higher level in the non-toxic 
genotype suggests that  J. curcas  saponins do not elicit any adverse effects.  

   Trypsin Inhibitors 

 Protease inhibitors are globular proteins found in many plant derived nutritional 
ingredients (Norton  1991  ) . They are known to decrease protein digestibility by 
reducing the activity of pancreatic enzymes (trypsin and chymotrypsin), which are 
involved in protein digestion (Liener and Kakade  1980 ; Hertrampf and Piedad-
Pascual  2000 ; Agbo  2008  ) . In soybean, two types of protease inhibitors have been 
reported. The Kunitz type inhibitor is heat and acid sensitive and the Bowman-Birk 
type inhibitor is more stable to heat. One molecule of the former inhibits one mol-
ecule of either trypsin or chymotrypsin, while one molecule of the latter blocks 
either two trypsin or chymotrypsin molecules or one trypsin and one chymotrypsin 
molecule at the same time (Norton  1991  ) . In  J. curcas , there are no reports on 
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puri fi cation and characterization of  trypsin inhibitors  (TI). However, TI activity in 
the kernel meal of both toxic and non-toxic genotypes of  J. curcas  was found to be 
similar, ranging from 18.4 to 27.3 TIU (mg trypsin inhibited/g) (Makkar et al.  1997  ) . 
Makkar and Becker  (  1999  )  found that carp ( Cyprinus carpio ) when fed on diets 
containing  J. curcas  kernel meal of the non-toxic genotype with 24.8 TIU (mg 
trypsin inhibited/g) and heat-treated (45 min, 121°C, 66% moisture) meal with 1.3 
TIU (mg trypsin inhibited/g) had no marked difference in growth performance, indi-
cating that carps were able to tolerate high levels of TI. However, feeding of unheated 
 J. curcas  kernel meal to monogastric animals, such as poultry, pigs, and  fi sh other 
than carp may produce adverse effects, since the levels of TI in  J. curcas  kernel 
meal are similar to that in raw soybean meal (Makkar and Becker  1999  ) . Being 
proteinaceous in nature, trypsin inhibitor is sensitive to heat and could be easily 
inactivated by heat treatment. Trypsin inhibitors in  J. curcas  kernel meal could be 
completely removed by heat treatment (121°C for 30 min) (Aderibigbe et al.  1997 ; 
Aregheore et al.  2003 ; Makkar and Becker  2009  ) . In addition, TIs (such as soybean 
TI, Kunitz type) have anticancerous properties, such as suppression of ovarian can-
cer cell invasion by blocking urokinase upregulation. However, no information is 
available on the biochemical and pharmaceutical properties of TIs from  J, curcas . 
In the nutritional context,  J. curcas  TIs could be considered as an antinutrient, which 
could be inactivated by heat treatment.  

   Lectin 

 Lectins are carbohydrate-binding proteins (glycoprotein) and are ubiquitous in 
nature. They bind reversibly and speci fi cally to carbohydrates and glyco-conjugates, 
which is responsible for their numerous physiological effects. For example, lectins 
bind avidly with intestinal glycoproteins on the epithelial surface and interfere with 
nutrient absorption. Lectins easily evade digestion and then enter in the intestine 
wherein they possibly bind to the epithelium (Vasconcelos and Oliveira  2004  ) . Some 
lectins may cause disruption of membrane integrity and initiate a cascade of immune 
and autoimmune events that ultimately lead to cell death. These lectins also (1) inter-
rupt lipid, carbohydrate and protein metabolism causing atrophy or enlargement of 
internal organs and (2) amend the biochemical, hormonal and immunological condi-
tions. High consumption of lectins distinctly threatens the growth and health of ani-
mals (Vasconcelos and Oliveira  2004  ) .  J. curcas  kernel meal contains lectins at levels 
of 102 and 51 (inverse of mg meal per ml of assay medium that produced hemag-
glutination) for toxic and non-toxic genotypes, respectively, the levels are in similar 
range as present in soybean meal (Makkar et al.  2007  ) . The range of lectin activity 
observed for both genotype (toxic and non-toxic) meals is almost similar (Table  21.1 ). 
 J. curcas  lectin is heat labile and can be inactivated by autoclaving at 121°C for 
20 min (Aderibigbe et al.  1997,   2003 ; Makkar and Becker  2009  ) .  
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   Curcin 

 Curcin is a toxalbumin, classi fi ed as ribosome inactivating proteins (RIPs). Based 
on their physical properties, RIPs are classi fi ed into three groups—Type 1 RIPs, 
Type 2 RIPs and Type 3 RIPs. Type 1 RIPs are single chained proteins (A chain, 
~30 kDa) having N-glycosidation enzymatic activity. The N-glycosidation activity 
involves the removal of speci fi c adenine corresponding to residue A 

4324
  in rat 28S 

rRNA. These proteins inhibit cell-free protein synthesis  in vitro , but they are rela-
tively non-toxic to cells and animals. Type 2 RIPs are heterodimeric proteins 
(~60 kDa) containing A chain (which has similar function as type 1 RIP) and sugar 
binding B chain, which are joined together by disul fi de linkage. The B chain can 
bind to galactosyl moieties of glycoproteins and or glycolipids present on eukary-
otic cell surface, which in turn facilitates retrograde transport of A chain into the 
cytosol. Whereas, Type 3 RIPs are present as inactive precursors, which need prote-
olytic processing to become active (Barbieri et al.  1993 ; Endo and Tsurugi  1988 ; 
Lin et al.  2003a  ) . 

 Curcin puri fi ed from the seeds of  J. curcas  is a type 1 RIP (28.2 kDa) with an 
isoelectric point of 8.54. It exhibits RNA N-glycosidase activity like other type 1 
RIPs. Jin-Ping et al.  (  2005  )  reported that there are two subfamilies in the curcin 
gene family (1) present in the endosperm of the seeds and (2) expressed by stress 
conditions and microbial infestation. In the leaves, a curcin-related RIP (curcin-L) 
is induced by infection ( Pestalotia funerea  and  Gibberella zeae ), and its expression 
could be activated by abscisic acid, salicylic acid, polyethylene glycol at tempera-
tures of 4°C and 45°C and by ultraviolet light (Qin et al.  2009  ) . Similarly, Wei et al. 
 (  2005  )  and Huang et al.  (  2008  )  have also reported that under stress, drought or fun-
gal infestation,  J. curcas  plants express another protein similar to curcin, called 
curcin 2 (32 kDa). 

 The puri fi ed curcin isolated from  J. curcas  seeds, exhibited cell-free translation 
inhibition in the reticulocyte lysate system with an IC 

50
  (95% con fi dence limits) 

ranging from 0.11 to 0.42 nmol/L (Lin et al.  2003b ;  2010  ) . This IC 
50

  is higher than 
those of other RIPs, such as saporin (0.5 nmol/L), luf fi n A (1 nmol/L) and luf fi n B 
(4 nmol/L), and lower than of trichosanthin (0.32 nmol/L) (Barbieri et al.  1993  ) . 
Recently, Lin et al.  (  2010  )  reported that curcin is a glycoprotein (4.9% sugar con-
tent) and exhibit haem-agglutinating activity when the concentration is more than 
7.8 mg/L. Curcin also exhibited toxicity in  fi sh ( Gambusia ) (94% mortality in 99 h) 
upon feeding of raw curcin  fl uid (200  m g) and in mice it exhibited LD 

100
  of 1.6 mg/

kg body weight (subcutaneous injection after 9 days) (Jiang et al.,  2007  ) . Lin et al. 
 (  2010  )  have reported that in mice puri fi ed curcin showed oral LD 

50
  (semi-lethal 

dose) of 104.7 ± 29.4 mg/kg body weight and parenteral LD 
50

  (semi-lethal dose) of 
67.2 ± 10.4 mg/kg body weight. Curcin was also found to inhibit hyphal growth and 
spore formation in  Pyricularia oryzae  Cavara , Pestalotia funerea  and  Sclerotinia 
sclerotiorum . In addition, crude curcin and puri fi ed curcin (curcin I) caused acute 
toxicity (9.11 and 6.48 mg/mouse) and delayed toxicity (5.83 and 2.21 mg/mouse) 
in mice (Stripe et al.  1976  ) . 
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 Overall from the above studies it indicates that curcin is toxic upon oral or sub-
cutaneous exposure. Thus, curcin could be considered as a toxic factor in  J. curcas  
kernel meal or whole seed cake. In our studies (unpublished), puri fi ed curcin from 
both toxic and non-toxic genotypes of  J. curcas  defatted kernel meal had a similar 
molecular weight of 28 kDa, demonstrating the presence of curcin in the non-toxic 
genotype as well. Furthermore, the electrophoresis band pattern (qualitative com-
parison) of puri fi ed curcin, crude curcin fraction prepared from unheated kernel 
meals (both from toxic and non-toxic genotypes), heat treated kernel meals (both 
from toxic and non-toxic genotypes) were not similar to each other. The band rep-
resenting curcin at a region of molecular weight of 28 kDa, was present in unheated 
crude curcin fractions; whereas, it was absent in the heat treated ones, indicating 
inactivation of curcin due to heat treatment. However, hitherto, no study has been 
conducted to compare curcin activity in kernel meals of toxic and non-toxic geno-
types of  J. curcas . 

 In addition, feeding of the heat treated kernel meals of the non-toxic genotype of  J. 
curcas  did not show any adverse effects in carp. Furthermore, in the detoxi fi cation 
process (Makkar and Becker  2010  )  after removal of PEs, the meal is heat treated 
(121°C for 15 min) to inactivate lectin, curcin and trypsin inhibitors; the feeding of 
this meal produced excellent results in  fi sh, turkey and pigs; suggesting that curcin is 
not the main toxin and its adverse effects if any could be removed by heat treatment.  

   Phorbol Esters 

 In  J. curcas , six PEs (factors C 
1
 –C 

6
 ) have been characterized (Haas et al.  2002 ; Haas 

 2003  )  and designated as factor C 
1
 , C 

2
 , C 

3
 , epimers C

4
, C

5
 and C

6
  , with the molecular 

formula C 
44

 H 
54

 O 
8
 Na (mol. wt. 733.37) (Fig.  21.1 ). These are lipophilic compounds 

present mainly in oil or kernel. When they are present in oil or kernel generally they 
are not affected by the heat treatment (Devappa et al.  2010c,   d  ) . The concentration of 
PEs varies from 1–4 mg / g dry matter in defatted kernel meal and from 2–8 mg / g in 
oil of  J. curcas  (Makkar et al.  1997 ; Makkar and Becker  2009 ; Devappa et al.  2010e  ) . 
In  J. curcas,  the PEs were present in kernels, leaves, stems,  fl owers, buds, roots, bark 
(outer brown skin), bark (inner green skin) and wood, but not in latex (Table  21.2 ) 
(Makkar and Becker  2009  ) . The PEs are distributed unevenly in the kernel. The dis-
tribution was highest (85.7%) in the storage region of endosperm, providing defen-
sive environment for developing embryo during germination. The kernel coat 
(11.3%), hypocotyl (0.5%) and cotyledon (2.5%) contribute relatively low amount to 
the total pool of PEs present in the kernel (Devappa et al.  2012c  ) . Other  Jatropha  
species such as  J. integerrima  and  J. multi fi da  contain higher amount of PEs 
(Table  21.2 ) when compared with  J. curcas . Although PEs are lipophilic, they have 
a strong af fi nity towards the matrix of kernel meal. Most of the reported studies 
showed that  Jatropha  PEs exhibit toxicity in a broad range of species, from microor-
ganisms to higher animals (Wink et al.  1997 ; Devappa et al.  2010d  ) .   
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 The  Jatropha  PEs are known to be skin irritant (Gandhi et al.  1995  ) . However, 
their presence in feed material causes severe deleterious effects in animals. In major-
ity of the animal studies (for example, sheep, goat, pig, chicken and  fi sh), the con-
sumption of PE containing feed materials caused severe effects, such as reduced 
growth, reduced feed intake, marked histological alterations and even mortality 
(Goel et al.  2007 ; Adam and Magzoub  1975 ; El-Badwi and Adam  1992 ; Devappa 
et al.  2010d  ) . For example, acetonitrile extract of  J. curcas  (seed or oil) when given 
to albino rats at an oral dose of 50 mg/kg body mass (single dose) produced mild 
toxicological, biochemical and histopathological changes. The methanol, petroleum 
ether and dichloromethane extracts of  J. curcas  fruits caused fetal resorption, indi-
cating pregnancy terminating effect in rats. Most of toxicity studies in higher ani-
mals are carried out by force-feeding raw or defatted seed meals, leaves or their 

O

O

O

O

O

O

O

O
Me

OH

OH

OH

Factor C6

Me

Me

Me

OH

OH

O
Me

Me

Me
O

OH

Me

OH

Phorbol esters from Jatropha curcas oil

O

HOH

H

OH

Me H
H

O

H
H

16
13

16
13

O

O

O

O
O Me

OH

OH

OH

Factor C3 and C4

Factor C1

Factor C2 Me

Me

H
H

16
13

O

O

O

O

Me
OH

OH

OH

Factor C5

Me

Me

H
H

16
O

O

O

  Fig. 21.1    Phorbol esters from  J. curcas  oil (Figure adapted from Devappa  (  2012  )  and Haas et al. 
 (  2002  )        

 



39121 Phytochemicals in Jatropha Seeds and Potential Agro-Pharmaceutical...

various organic solvent/aqueous extracts, since the animals do not consume them 
voluntarily (Devappa et al.  2010d  ) . The studies of Makkar and Becker  (  1999  )  
unequivocally proved that PEs are the main toxic compounds in  J. curcas  meal. This 
conclusion is based on the observations that lectin and trypsin inhibitor levels in 
both toxic and non-toxic genotypes are similar and PEs are absent in the non-toxic 
genotype. In addition, the puri fi ed PEs from  J. curcas  kernel or oil produces the 
same toxic symptoms in  fi sh as observed on feeding the kernel meal or oil. The 
tolerance limit of PEs in  fi sh (carp) is as low as 15 ppm (Becker and Makkar  1998  ) . 
However, there are no studies reporting tolerance limit in higher animals. The 
PE-containing extracts also showed toxicity against microorganisms, snails, insects, 
ruminants, mice, rat, chicken and humans (Devappa et al.  2010d  ) . The removal of 
PEs is necessary for utilization of the seed cake/kernel meal in animal diets. There 
are many detoxi fi cation methods reported which are basically using solvent, micro-
bial and chemical treatment methods. However, most of the methods reported have 
been unsuccessful in completely detoxifying the kernel meal and protein isolate. 
Recently, Makkar and Becker  (  2010  )  have reported the successful detoxi fi cation of 
 J. curcas  kernel meal and protein isolate. The feeding of detoxi fi ed  J. curcas  kernel 
meal (DJKM) and detoxi fi ed protein isolate (DPI) did not affect growth, nutrient 
utilization and health parameters of  fi sh (carp and rainbow trout— Oncorhynchus 
mykiss ). Due to their high protein content of DJKM and DPI (60 and 90%, respec-
tively) and their excellent amino acid composition, they could replace at least 50% 
of the protein contributed by the  fi sh meal (65% protein) in standard  fi sh diet. 
Similar results were achieved when these detoxi fi ed  J. curcas  products were fed to 

   Table 21.2    Phorbol esters (PEs) in different parts of toxic 
 J. curcas  plants   

 Parts  PEs (mg/g dry matter) a  

 Kernel b   2.00–6.00 
 Leaves b   1.83–2.75 
 Stems b   0.78–0.99 
 Flower b   1.39–1.83 
 Buds b   1.18–2.10 
 Roots b   0.55 
 Latex b   not detected 
 Bark (outer brown skin) b   0.39 
 Bark (inner green skin) b   3.08 
 Wood b   0.09 
  J. integerrima  kernel  7.92 
  J. multi fi da  kernel  9.09 
  J. podagrica  kernel  4.50 
  J. glandulifera  kernel  2.78 

  Sources: Makkar and Becker  (  2009  )  and Popluechai et al. 
 (  2009  )  
  a As phorbol-12-myristate 13-acetate (PMA) equivalent 
  b  J. curcas  parts  
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turkey, pigs and broilers (Makkar et al.  2009a  ) . Results so far obtained on  fi sh and 
other animal species suggest that DJKM and DPI are ideal substitutes for  fi sh meal 
or soybean meal for livestock diets (Makkar et al.  2012  ) .  

   Phytates 

 Phytic acid (known as inositol hexakisphosphate [IP 
6
 ] or phytate when in the salt 

form) is the principle storage form of phosphorus in most plant seeds. Inositol 
penta- (IP 

5
 ), tetra- (IP 

4
 ) and triphosphate (IP 

3
 ) are also termed phytates. Generally, 

phosphate present in phytate molecule is not bio-available for monogastric animals 
due to lack of digestive enzyme (phytase), while ruminants can make use of phytate-
phosphorus due to the presence of phytase in rumen microbes. On consumption, 
phytates chelate with di and/or trivalent mineral ions such as Ca 2+ , Mg 2+ , Zn 2+ , Cu 3+ , 
and Fe 3+ , resulting in these ions becoming unavailable for consumers (Duffus and 
Duffus  1991  ) . Thus, these molecules act as an antinutrient for monogastric animals 
(Liener  1989  ) . Phytates also reduce bioavailability of dietary protein by forming 
sparingly digestible phytate–protein complexes (Richardson et al.  1985  ) .  J. curcas  
kernel meals of both toxic and non-toxic genotypes contain high amount of phytate, 
ranging from 7.2–10.1% (Makkar et al.  1997,   1998a,   b  ) . The kernel meal of,  J. 
platyphylla  contains 8.6% of phytate (Makkar et al.  2011  ) . Generally, phytates are 
more soluble in aqueous phase than in organic solvent phase. However, the com-
monly used processing techniques do not utilize aqueous phase extraction or wash-
ing steps to remove phytates from the meal because aqueous treatments also reduce 
the contents of protein and other nutrients in the processed meal. In addition  Jatropha  
phytates are heat stable. Thus, supplementation of phytase becomes inevitable. 
Recently, Kumar et al.  (  2011a  )  reported that feeding of  Jatropha  phytate in the  fi sh 
( Nile tilapia ) diet at 1.3% and 5% level exhibited signi fi cant reduction in the growth 
and feed utilization. However, the same diets when supplemented with phytase 
increased the growth and feed utilization. Since the levels of phytate in the kernel 
meal are high, ef fi cient utilization of the meal as feed for monogastric animals 
would require the external supplementation of phytase in the diet. Considering high 
levels of phytate in the kernel meal and their high stability to heat,  Jatropha  phytate 
could be considered as an antinutrient.  

   Non-starch Polysachharides 

 Non-starch polysaccharides (e.g., cellulose,  b -glucans, arabinoxylans, pectins, 
gums and mucilages) are indigestible by poultry and other monogastric animals and 
can reduce availability of nutrients within the cells by their encapsulation activity 
(McDonald et al.  1995 ; Bedford  2000 ; Bedford and Schulze  1998  ) . In addition, they 
can increase digesta viscosity, which, in turn, can reduce enzyme activities in the 
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gastrointestinal track, leading to reduction in nutrient intake and digestibility 
(Bedford and Schulze  1998  ) . The levels of  non-starch polysaccharides  (NSP) in 
 J. curcas  kernel meals are almost similar (12.7% and 13.6% for toxic and non-toxic 
genotypes, respectively). By comparison, the kernel meal of  J. platyphylla , which is 
non-toxic, has a higher NSP content of 16% (Makkar et al.  2011  ) . These levels of 
NSP in  Jatropha  meals are slightly higher than in soybean meal (15.5%) and lower 
than in other conventional protein-rich feed resources, such as rapeseed meal, 
cottonseed cake, linseed meal, coconut cake, palm cake and sun fl ower cake that 
have 17.8, 16.4, 19.3, 25.0, 36.8, 39.3 and 19.3%, respectively (Makkar et al.  2011 ; 
Knudsen  1997  )  .  The NSP content in the feed material can be reduced by treating it 
with NSP-degrading enzymes, such as carbohydrases. However, not all NSPs are 
responsible for adverse effects on the digestion. Excellent growth performances 
(Makkar and Becker  2010 ; Makkar et al.  2011  )  observed with the diets containing 
 Jatropha  meal, without the addition of NSP-degrading enzymes; suggest that NSPs 
do not have any adverse digestive effects up to 50% replacement of  fi shmeal protein 
by  Jatropha  kernel meal. Higher levels of incorporation of kernel meal (>75% 
 fi shmeal protein replacement) in  fi sh diet,  adverse effects on growth, which could 
be due to the presence of NSPs or incomplete degradation of phytate by the phytase 
added into the diet (Kumar et al.  2011b  ) . Addition of higher levels of phytase and/
or NSP-degrading enzymes could improve our understanding of the role played by 
 Jatropha  NSPs when present at high concentrations in diets.   

   Potential Applications of Phorbol Esters 

 High potency and multiple biological activities of PEs have created fascination and 
much interest towards these compounds amongst scientists. PEs have long been 
studied as a tool to understand the molecular mechanisms in cells, especially in 
the  fi eld of cancer research, toxicology, immunology and nutritional sciences 
(Goel et al.  2007  ) . 

   Chemistry and Distribution 

 PEs are widely distributed in plants especially Euphorbiaceae and Thymelaceae 
families (Beutler et al.  1989 ; Goel et al.  2007 ; Haas  2003  ) . Among the 
many PEs reported,  phorbol 12-myristate-13 acetate  (PMA) (synonym: 
12- O -tertradeconoylphorbol-13-acetate—TPA) is the most studied one, due to its 
relatively high potency and commercial availability. PMA has been initially isolated 
from  Croton tiglium  L. oil. The compound phorbol is a diterpene having a tigliane 
basic skeleton (Bohm et al.  1935    ; Silinsky and Searl  2003  ) . Whereas PEs are 
diversely oxygenated and hydroxylated forms of tigliane skeleton, PEs are highly 
soluble in organic solvents (e.g., ethanol, methanol, dichloromethane, and dimethyl 
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sulfoxide, among others) and can be easily extracted by solvent extraction or partition 
techniques (Devappa et al.  2010e  ) . Further, puri fi cation is generally carried out 
using the combination of chromatography, mass spectroscopy and NMR techniques 
(Haas et al.  2002 ; Roach et al.  2012  ) . These compounds can also be produced by 
synthetic methods. More than 50 different types of PEs have been reported (both of 
natural and synthetic origin) (Haas  2003 ; Wender et al.  1999,   2008  ) , but very few 
have been extensively studied with respect to their biological activities. 

 Phorbol esters exhibit various biological activities, such as tumour promotion, 
platelet aggregation, apoptosis, cell differentiation, skin irritation and other meta-
bolic effects. Among them, tumour promotion by PEs has been the most studied 
(Goel et al.  2007 ; Kinzel et al.  1984 ; Weinstein et al.  1979  ) . The tumor promoting 
PEs do not induce tumor when applied alone, but increase the chance of tumor for-
mation on prior application of primary carcinogen (tumor initiators). Majority of 
cellular activity is mediated through the activation of  Protein kinase C  (PKC), an 
enzyme which plays an important role in signal transduction pathways and controls 
cell growth and differentiation (Clemens et al.  1992 ; Nishizuka  1992  ) . The PEs act 
as an analogue of  diacyl glycerol  (DAG), a secondary messenger involved in cellu-
lar signal transduction pathways. Generally, the biological activities of PEs are 
structure dependent (Bertolini et al.  2003  ) . For example, the placement of an OH 
group in ring C makes the phorbol an active (ß form) or inactive type ( a  form), 
which results in spatial re-arrangement of D ring and precludes the activation of 
PKC and other structurally similar PE receptors. The inactive ‘ a ’ PEs have similar 
physicochemical properties, especially lipophilicity, as the active ‘ß’ phorbols, but 
are unable to activate PKC due to conformational shifts (Silinsky and Searl  2003  ) . 

 There are other PEs that are non-tumour promoters (e.g., 12-deoxyphorbol 
13-acetate or prostratin, 12-deoxyphorbol 13-propanoate and 12-deoxy phorbol 
13-phenylacetate) (Xu et al.  2009  )  and have at least one of the biological activities 
of phorbol compounds, such as binding to phorbol receptors (such as PKC), but do 
not have tumour promoting properties. The PEs are also reported to exhibit non-
PKC mediated biological effects, such as neurotransmitter secretion. For detailed 
information on observed in vitro and in vivo biological activities, see review articles 
by Goel et al.  (  2007  )  and Silinsky and Searl  (  2003  ) . The non-PKC enzyme receptors 
include (a) chimaerins, (b) RasGRP and (c)  Caenorhabditis elegans  Unc-13 and 
mammalian Munc13s. 

 The toxicity of any chemical depends on dosage, mode and duration of its 
exposure. Generally the toxicity increases with the concentration of the toxic com-
pound administered to the test organism. However, at lower non-toxic dosages these 
chemicals can sometimes exhibit bene fi cial properties, for example cytotoxic, anti-
tumour or anti HIV properties (Goel et al.  2007  ) . Similarly, PEs also exhibit toxicity 
at higher doses and bene fi cial biological activities at very low concentrations, acting 
as a double edged sword. Also not all PEs are toxic. Their activity and potency vary 
from one type of phorbol ester to another. 

 The extracts of  J. curcas  plant parts containing PEs are effective in controlling 
microbes and pests of agricultural interest, suggesting that PEs may have applica-
tions as biological control agents (Devappa et al.  2010d  ) . The puri fi ed PEs could 
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also be converted or transformed chemically into non-toxic compound, such as 
prostratin having bene fi cial activities. Prostratin has been found to be a promising 
adjuvant in anti-HIV therapy (Wender et al.  2008,   2009  ) . Thus, the bene fi cial effects 
of PEs could be exploited depending on the applications.  

    J. curcas  Phorbol Esters and Their Utilization 

  Jatropha  contains at least 6 PEs (Haas et al.  2002  )  (Fig.  21.1 ). It should be noted 
that unless speci fi ed the concentration of  J. curcas  PEs is expressed below as equiv-
alent to PMA, a phorbol ester isolated from  Croton tiglium . During biodiesel pro-
duction from  J. curcas  oil, many co-products could be obtained. The ef fi cient use of 
these co-products (such as glycerol, fatty acid distillate and seed cake, among oth-
ers) would enhance the economic viability of the  J. curcas  biofuel industry. However, 
the possible presence of PEs in these co-products restricts their ef fi cient utilization. 
The removal of PEs from the  J. curcas  products would provide considerable oppor-
tunities for effective utilization of these products. The presence of PEs in oil also 
poses occupational health risk. The challenge is to make the co-products and  J. 
curcas  oil less toxic or toxin free. The best approach would be either to destroy the 
PEs, select zero phorbol ester genotypes or to extract them carefully as a value 
added co-product. 

 Generally, during biodiesel production,  J. curcas  oil is subjected to many treat-
ments (e.g., stripping, degumming and esteri fi cation) that cause partial or complete 
destruction of PEs depending on the treatment conditions (Makkar et al.  2009b  ) . 
The optimization of suitable methods to best extract the PEs from  J. curcas  oil 
before subjecting to biodiesel process would make the oil less toxic and more 
worker-friendly. In addition, PEs could be obtained as a value added product instead 
of simply allowing them to get destroyed during biodiesel production. 

 Majority of the PEs are localised in the endosperm portion of the kernel. When 
kernels are solvent (e.g., hexane) extracted to obtain oil, 70–75% of the total PEs 
pass into the oil and 25–30% remain in the kernel meal (Makkar et al.  2009b  ) . PEs 
could be extracted easily from the oil using organic solvents, such as methanol. 
Devappa et al.  (  2010e  )  reported that PEs can be extracted (up to 99.4%) using simple 
tools, such as magnetic stirrer and ultra turrex with multiple extraction steps (60 min, 
4 extraction steps). Extracted PEs were recovered as an enriched fraction (PEEF) 
(48.4 mg PEs/g), which is 14 fold concentrated compared to PEs in original oil. In 
addition, the obtained PEEF was highly bioactive when tested in snail bioassay 
(LC 

100
 , 1  m g of PEs/ml). A shortened version of this method is to extract approxi-

mately 80% PEs by single extraction step using a magnetic stirrer or an ultra turrex 
(5 and 2 min, respectively); this simpli fi ed method will increase economic viability 
of the process. In addition, Devappa et al.  (  2010b,   e  )  reported that the residual oil 
obtained after PEs extraction has good feedstock quality for biodiesel production. The 
biodiesel prepared from residual oil met both the European (EN 14214:2008) and 
American biodiesel standard (ASTM D6751-09) speci fi cations. Overall, the study 
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showed that PEs could be easily extracted by either of the aforesaid two methods 
with a high yield and the residual oil could be processed to produce high quality 
biodiesel. Also, the residual oil with a lower PE content is expected to be lesser toxic 
to the environment and to the workers who have to handle it. 

 The extracted  J. curcas  PEs present in PEEF could  fi nd applications in agricul-
ture and in pharmaceutical industries. 

 It should be noted that any compound aimed to be used in agricultural applica-
tions should ful fi l certain basic requirements; for example, extracted/puri fi ed com-
pound should remain stable and active during extraction procedures, compounds 
should have high biological activity and long shelf life, and they should be biode-
gradable. Devappa et al.  (  2011  )  have reported that PEEF has high biological activity 
when tested in various bioassays and microorganisms. The EC 

50
  (48 h) of the PEs 

present in PEEF was 0.33, 26.48 and 0.95 ppm for snail, brine shrimp and daphnia, 
respectively. High MIC (minimum inhibitory concentration) values ( ³ 215 ppm) and 
EC 

50
  values ( ³ 58 ppm) were obtained for both the bacterial and fungal species. The 

shelf life of PEs in PEEF was found to be shorter when stored at room temperature 
(50% degradation after 132 days) than at 4°C or −80°C (8% and 4% degradation, 
respectively). During storage, the biological activity of PEEF also decreased with 
the decrease of PEs concentration in PEEF. PEEF was inactive after 260 days of 
storage, whereas at 4°C and −80°C, only 27.5% and 32.5% activity was lost after 
870 days. The degradation of PEs was due to auto-oxidation, as re fl ected by changes 
in fatty acid composition, increase in peroxide value and decrease in free radical 
scavenging activity of PEEF (Devappa et al.  2009  ) . The supplementation of antioxi-
dants, such as  butylated hydroxyanisole  (BHA), baynox and  a -tocopherol was 
found helpful in protecting PEs against degradation. Furthermore, Devappa et al. 
 (  2010a  )  evaluated PEEF biodegradability in soil. The PEs present in PEEF (2.6 
mg/g) in mixture to soil were completely degraded with an increase in temperature 
and moisture content as well as when they were,  fi rst, bounded to silica and, then, 
mixed to soil after 19, 12, 12 days (at 13% moisture) and after 17, 9, 9 days (at 23% 
moisture) at room temperature (22–23°C), 32°C and 42°C, respectively. As expected, 
the decrease in biological activity of PE in soil followed the same pattern as their 
concentration in soil. The study demonstrated that PEs present in the PEEF are 
completely biodegradable in soil and the degraded products are innocuous. 

 The extracted PEs in the form of PEEF has high biological activity, prolonged 
shelf life at room temperature in the presence of antioxidants (butylated hydroxyl 
anisole, baynox and  a -tocopherol) and complete biodegradability in soil. Considering 
the above factors, PEEF could be a potential candidate as biocontrol agent against 
pests. Devappa et al.  (  2012b  )  have reported that PEEF exhibited insecticidal activity 
against  Spodoptera frugiperda  (J. E. Smith), which is a common pest in corn  fi elds 
and damages maize crop across the tropical/subtropical countries, such as Mexico 
and Brazil. PEEF exhibited contact toxicity (LC 

50
  of 0.83 mg/ml., w/v) against  S. 

frugiperda . At higher concentration (0.25 mg/ml, w/v), PEEF reduced food con-
sumption, relative growth rate and food conversion ef fi ciency by 33%, 42% and 
38%, respectively. This study showed that PEEF is a  promising preparation for 
controlling the pest larvae and has potential use in agricultural applications as a 
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biocontrol agent. However, further  fi eld experiments on the effects of PEEF on 
 S. frugiperda  are required. 

 Although  J. curcas  PEs are known to have a wide spectrum biological activity 
when used as crude form or as a mixture of PEs; individual potency and biological 
activity of puri fi ed  J. curcas  PEs has been little investigated. In addition, similar to 
other drug candidates if J. curcas PEs are to be used in pharma applications the 
assessment should be made using puri fi ed PEs instead of crude PE extracts to avoid 
interfering results. Roach et al.  (  2012  )  reported the puri fi cation of  J. curcas  PEs. 
The factors C 

1
  and C 

2
  are puri fi ed to homogeneity; factor C 

3
  was obtained with 

minute impurities of factors C 
1
  and C 

2
  (termed as C 

3mixture
 ) and both factors C 

4
  and 

C 
5
  were obtained as mixture together (termed as (C 

4
  + C 

5
 ). In addition, PE-rich 

 fraction containing all PEs was also obtained in the method described by Roach 
et al.  (  2012  ) . It should be noted that in the following discussion, the concentration 
of PEs are expressed equivalent to factor C 

1
 , a PE puri fi ed from  J. curcas  oil. All the 

 J. curcas  PEs were biologically active when tested in snail and brine shrimp 
( Artemia ) bioassays. In the snail bioassay, the order of potency based on EC 

50
  was: 

PE-rich fraction < factor C 
3mixture

  < factor C 
2
  < factor C 

1
  < factors (C 

4
  + C 

5
 ) mixture. In 

the  Artemia  bioassay, the order of potency based on EC 
50

  (ppm, equivalent to 
 J. curcas  factor C 

1
 ) was: factor C 

2
  < factor C 

3 mixture
  < factor C 

1
  < factors (C 

4
  + C 

5
 ) mix-

ture. In addition, all the  J. curcas  PEs produced platelet aggregation  in vitro  and the 
order of activity based on ED 

50
  was: factor C 

2
  < factor C 

3mixture
  < factor C 

1
  < factor 

(C 
4
  + C 

5
 ). The study showed that (1) the  J. curcas  PEs obtained (by the method of 

Roach et al.  2012  )  are biologically active, (2) PEs differ in their activity amongst 
themselves and (3) their order of activity depends on the target organism. 

 In another study, oral (intra gastric) administration of  J. curcas  PEs in the form 
of PEs rich extract (containing  J. curcas  factors C 

1
  to C 

6
  in mixture) was found to be 

toxic to mice with an LD 
50

  of 27.34 mg/kg body mass as PMA equivalent or 0.66 mg/
kg body mass as  J. curcas  factor C 

1
  equivalent. The prominent histopathological 

symptoms were observed in lung and kidney (Li et al.  2010 ). 
 Devappa et al.  (  2011  )  reported that  J. curcas  PEs (PEs-rich extract, factors C 

1
 , 

C 
2
 , C 

3mixture
  and C 

4
  + C 

5
 ) upon topical application on  reconstituted human epithelium  

(RHE) and  human corneal epithelium  (HCE) promoted cellular alterations or disin-
tegration of epithelium layer and also an increased in fl ammatory response (interleu-
kin-1 a  and prostaglandin E2 release). Whereas, phosphate buffered saline 
(experimental blank) did not produce any effect on both RHE and HCE. In the RHE, 
even the non-toxic oil free of PEs (used as a control; equivalent to the volume used 
for toxic oil) produced mild cellular and in fl ammatory response, which was much 
lower than the response produced by toxic oil. Also in the HCE, non-toxic oil 
(equivalent to the volume used for toxic oil) produced marked cellular alterations. 
These results suggest that some factors that cannot be considered as PEs are present 
in these oils and promote cellular toxicity. However, the presence of PEs in  J. curcas  
oil increased the toxicity, both towards the RHE and HCE and the toxicity increased 
with the PE concentration (Devappa et al. 2011). Similar to PEs from other plant 
species,  J. curcas  PEs also showed tumour promotion properties when tested  in vitro  
using Bhas 42 cells (Devappa et al.  2012a  ) . In the tumour promotion assay, the order 
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of transformed foci/well formation was: PEs-rich extract > factor (C 
4
  + C 

5
 ) > factor 

C 
3mixture

  > factor C 
1
  > factor C 

2
 . The tumour promotion activity was mediated by the 

hyperactivation of protein kinase C (PKC). The aforementioned studies demon-
strated that  J. curcas  PEs are toxic when administered orally or when applied topi-
cally to the skin or eye tissues. Thus, caution is required (e.g., wearing of hand 
gloves and eye protecting glasses) while using  Jatropha  products and particularly 
oil from toxic  J. curcas  for various applications. 

 Wender et al.  (  2008 , 2009) suggested that  J. curcas  PEs could be used as an inter-
mediate feedstock for synthesis of prostratin, a promising adjuvant in anti HIV therapy. 
Devappa et al.  (  2012d  )  in a preliminary study demonstrated that the  J. curcas  PEs in 
PEEF could be used to synthesize prostratin by converting them  fi rst to crotophorbo-
lone and then to prostratin. The methodology followed was that reported by Cairnes 
et al.  (  1981  )  and Wender et al.  (  2008 , 2009). The prostratin synthesized from  J. curcas  
PEs had mass and peak retention time similar to the reference prostratin (Sigma, St. 
Louis), further optimization studies are required to ascertain the synthesis reactions and 
yield of prostratin synthesized from  J. curcas  PEs (Devappa et al.  2012d  ) . 

 Apart from high level of biological activity, long shelf life and proper biodegrad-
ability, phytochemicals should be available in large quantity with continuous supply 
and should also be easily extractable. The presence of PEs in high concentrations in 
oil could make it a novel ‘stock’ for the agro-pharmaceutical industries. Integration 
of PEs extraction methods during biodiesel production and their utilization for agro-
pharmaceutical applications would increase economic viability and sustainability of 
the  J. curcas  biodiesel chain in addition to render it more environment and worker 
friendly.       
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         Introduction 

 Plant species that can be processed to provide a diesel fuel substitute have captured 
the interest of scientists in temperate zones. In this category, the following properties 
of the tropical physic nut ( Jatropha curcas  L., Euphorbiaceae) have won over the 
interest of various development agencies: as it adapts well to semi-arid marginal sites. 
Its oil can be processed for use as a diesel fuel substitute and it can be used for erosion 
control (Verma and Gaur  2009  ) . Although  J. curcas  is of Mexican and Central 
American origin, it is cultivated in many other Latin American, Asian and African 
countries as a hedge crop and it was an important export product from the Cape Verde 
Islands during the  fi rst half of this century (Dehgan and Webster  1978  ) . 

 The genus  Jatropha  contains approximately 170 known species distributed in the 
tropical and subtropical Africa and America (Heller  1996  ) . There are 12  Jatropha  
species in India, but the research has been con fi ned to nine species only. Among the 
 Jatropha  species, the most primitive form is  J. curcas  and has the potential to be 
cultivated for biodiesel and medicinal properties. Distinguishing morphological 
features of Jatropha species are presented in Table  22.1 .  

  J. curcas  is believed to have been spread by Portuguese seafarers from its centre 
of origin in Central America and Mexico  via  Cape Verde and Guinea Bissau to other 
countries in Africa and Asia. It is now widespread throughout the tropics and sub-
tropics. J. curcas oil was used for lighting lamps in olden days. Today, rural com-
munities continue to use it for its medicinal value and for local soap production. In 
India and in many African countries, J. curcas is used as a living hedge to keep out 
grazing livestock (Brittaine and Lutaladio  2010  ) . It is suitable for the conservation 
of poorly structured soils and dune stabilization (Katwal and Soni  2003  ) .  
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   Macroscopical Characters 

  Root  :  The younger roots of  J. curcas  are grey with longitudinal corrugations on the 
surface while the older roots are long and anastomosing. Irregularly distributed and 
well developed lenticels appear globular on the younger parts, but are elongated on 
the older regions. The adjoining lenticels unite to form a transverse ridge on the root 
surface and after a certain stage of growth, forms transverse grooves. The transver-
sal section (TS) surface shows light-cream colored wood.  J. curcas  has slightly 
bitter taste with agreeable odour (Gupta  1985  ) . 

  Stem : The young stems of  J. curcas  are glandular tomentose. Slightly mature stem 
has sparsely distributed small, oval lenticels on a smooth surface, which on drying 
shows  fi ne longitudinal striations. In the older stem, the surface has sparse to dense 
tubercles. The TS of smooth surface shows a white or creamy-white, soft, spongy 
wood feebly marked with a few growth rings occupying a major part of the stem. 
The fresh stem has a characteristic disagreeable odour and taste, but on drying 
becomes odorless and almost tasteless. In bark portion, the fracture is  fi brous, 
woody, short and splintery (Gupta  1985  ) . 

  Leaf  :   J. curcas  leaves are alternate or sub-opposite, elliptic or oblong-elliptic, obtuse or 
very often shortly cuspidate, and glabrous. Fully grown leaves are pale dull glaucous 
green with their base usually round. The leaves turn red before falling. The dried leaf is 
brittle, having astringent and bitter taste with no distinct odour. The midrib is promi-
nent and pink with 6–10 main nerves prominently raised above the surface on the 
abaxial side. Petioles are 6–13 mm long (Gupta  1985  ) .  

   Microscopic Characters 

  Young root  :  The young root of  J. curcas  consists of a single layered epiblema with 
cubical to more or less columnar cells (measure 8–16–21 × 8–12–16–21  m m); of 
which a number of cells develop into root hairs (Fig.  22.1  3, 2A, B, 3A). A 6–8 lay-
ered parenchymatous cortex with cells measuring 12–29–53–70 × 16–25–37–50  m m 
are present below the epiblema. The endodermis has cells, which are barrel-shaped 
(measuring 12–16–24–29 × 8–12–16–21  m m) with distinct casparian thickenings on 
the radial walls (Fig.  22.1  3A). A single layered pericycle below the endodermis 
encloses a di- to tetrarch stele having usual phloem and xylem elements (Fig.  22.1  2A, 
B, 3A). A cork cambium arises in the pericycle and gives rise to the usual periderm 
cells (phellem and phelloderm) (Fig.  22.1  3B). In the younger roots, the phellem cells 
are rectangular and  fl at. In lenticels (older stages), two types of cells differentiated 
from phellem cells, i.e., a  fl at and compactly arranged layer forming the closing cells 
and an array of loosely arranged complementary cell toward the outside of lenticels.  

  Mature root  :  In TS of mature roots, 11–32 layers of phellem and a wider zone of 
phelloderm are present in periderm. The phellem cells are thin-walled, subserised 
and tangentially elongated (measure 45–57–102–156 × 16–36–45–58  m m), and the 
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  Fig. 22.1    Transverse section of young root (Gupta  1985  ) . ( 2A ) Triarch condition of xylem, ( 2B ) Diarch 
condition of xylem, ( 3A)  Cellular details of a portion of Fig ( 2B ). ( 3B)  Details in TS of a slightly mature 
root showing formation of phellogen in the pericyclic region, ( 4 ) Mature root in LS through phloem ( A)  
outer phloem, ( B ) middle phloem, ( C ) inner phloem, ( 5 ) Details of mature root in LS through xylem       

phelloderm cells vary in shape and size (28–61–102–144 × 20–49–74–107  m m) 
(Fig.  22.2  6, 8A). The secondary phloem occupies a considerably wider zone and 
consists of all the usual elements. Some of the phloem elements collapse and get 
ligni fi ed to form ceratenchyma in older barks (Fig.  22.2  8B). The phloem  fi bres are 
either solitary or in small groups (Fig.  22.2  6, 8B, C), long (measure 16–20–33–41 
× 495–1,402–3,252–3,382  m m), thick-walled and ligni fi ed with tapering or trun-
cated ends (Fig.  22.3  10 fl –f3). The sieve tubes are usually isodiametric (24–33–
37  m m in TS) and have an oblique sieve plate on both, the ends and the longitudinal 
walls (Figs.  22.1  4 and  22.2  8C). The phloem rays are narrow (uni- and biseriate), 
broad (3–8 seriate or so) and heterogeneous. The cambium is 1–2 layered (Fig.  22.2  
8C). The xylem covers almost three fourth of the root diameter and consists of the 
usual elements (Figs.  22.2  7 and  22.3  9). The vessels that occur singly or in groups 
of 2–6 are diffused and porous. The vessel elements vary from cylindrical with out-
growths at the ends that vary from peg like to short wide and drum-shaped during 
macerations; they measure 56–59–165–198 × 148–338–500–742  m m (Fig.  22.3  
10al–a6). Quite distinct perforation rims and bordered type of pits are arranged 
alternately (Fig.  22.3  10a4). The diffused xylem parenchyma is apotracheal 
(Fig.  22.3  9A–C). Some of the cells remain unligni fi ed and have simple pits or 

 



  Fig. 22.3    Microscopic characters of root of  J. curcas  (Gupta  1985  ) . ( 9 ) Cellular details in TS of 
Fig.  22.2  ( 7A).  ( A ) Portion of the outer xylem, ( B ) Middle xylem, ( C ) Inner xylem, ( 10 ) Isolated 
elements of mature root: ( al–a6 ) Vessel elements, ( bl–b7 ) Xylem parenchyma, ( cl–c4 ) Tracheids, 
( dl–d2 )Tracheid  fi bres, ( el–e3 ) Libriform  fi bres, (  fl –f3 ) Phloem  fi bres       

  Fig. 22.2    Microscopic characters of  J. curcas  root (Gupta  1985  ) . ( 6 ) TS of a portion of the mature 
root-bark, ( 7A-C)  TS of a portion of root-wood, ( 8 ) Cellular details in TS of a portion of Fig.  22.3 : 
( A ) Portion of the outer bark, ( B ) Middle bark, ( C ) Inner bark       
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reticulate thickenings on their walls. The cells adjacent to the vessels are highly 
ligni fi ed and have distinct bordered pits similar to those in vessels (Fig.  22.3  10bl–
b7). The tracheids are long (20–33–41–50 × 297–417–570–760  m m) with tapering 
or branched extremities and bordered pits on the walls (Fig.  22.3  10cl–c4). In wood, 
libriform xylem  fi bres are distributed small groups and measure 16–33–41–50 × 
594–959–1,270–1,650  m m. These have tapering, truncated or bifurcated ends and 
appear like phloem  fi bres in macerations (Fig.  22.3  10el–e3) (Gupta  1985  ) .   

   Young stem  :  Young stem of  J. curcas  consists of a single layered epidermis with 
thin-walled, cubical to tangentially elongated cells (10–16–20–29 × 10–12–16  m m) 
covered externally with a thin cuticle (Fig.  22.4  11, 12A). The cortex is made up of 
6–8 layers of collenchyma (12–19–33–41 × 16–33–45–53  m m) and parenchyma 
layers. Starch-sheath is absent. Non-articulated laticifers are found all over, but 
become progressively wider towards the centre (in cortex: 12–16–29–41  m m, 
phloem: 25–41–47–57  m m and pith: 29–37–47–62  m m) (Fig  22.4  12A–C). The cork 
cambium, arises in the outermost cortical layer and gives rise to phellem outside and 
phelloderm inside (Fig.  22.4  13). In older bark, some of the phloem cells collapse to 
form the ceratenchyma, which may also become ligni fi ed.  

  Mature stem  :   J. curcas  bark portion is distinguishable into outer, middle and inner 
zones in a mature stem with the outer one composed of a few layers of thin-walled, 
suberised cork cells (12–21–29–41 × 29–41–57–74  m m) arranged in radial rows 
(Figs.  22.5  17A and  22.6  18A) and the middle bark consisting of somewhat tangen-
tially elongated phelloderm cells, which are comparatively smaller and narrower in 
the outer few layers. There is no de fi nite demarcation between the phelloderm and 
the primary cortex (Figs.  22.5  17A and  22.6  18A). However, the laticifers in the 
latter zone are more frequent (Fig.  22.6  18A). Inner bark is composed of phloem 
tissue characterized by funnel shaped multiseriate rays, which narrow towards the 
centre. The phloem, thus, appears arranged in wedge-shaped conical masses 
(Figs.  22.5  17A and  22.6  18A–C). Phloem  fi bres occur solitary or in radially 
arranged groups (Fig  22.6  18B) with tapering or truncated ends (Fig.  22.4  14gl–g4). 
The sieve tubes are crushed or collapsed at many places in the outer region (Fig.  22.6  
18B). The xylem, which occupies more than three fourth parts of the stem diameter, 
shows a few feebly marked growth rings. Vessels may be arranged radially, singly 
(solitary) or in groups of 2–12 (Figs.  22.5  17B–D and  22.6  19A–C). Tracheids mea-
sure 16–25–33 × 164–471–545–808  m m (Fig.  22.4  14bl–b4),  fi ber tracheids 16–33–
50 × 462–660–842–1,188  m m (Fig.  22.4  14c1–c3) and libriform xylem  fi bres 16–25–33 
× 990–1,320–2,962  m m (Fig.  22.4  14el–e3). The xylem rays are heterogeneous and 
uni- or bi-seriate. In tangential section these are 1–10–22–45 cells long with individual 
cells measuring 16–32–48 × 33–48–98–130  m m (Fig.  22.5  16). The pith has polyhe-
dral, oval to almost isodiametric parenchyma (Fig.  22.6  19C) (Gupta  1985  ) . Recently, 
   Idu et al. ( 2009 ), have made comparative morphological and anatomical studies in 
 J. curcas  and  J. tanjorensis  while Nayak and Patel  (  2010  )  made pharmacognostic study 
of leaf and phytochemical screening and evaluation of  J. curcas .    

  Petiole  :  J. curcas petiole TS are plano-convex to circular in outline (Fig.  22.7  22) 
and its epidermis has a moderately thick cuticle on the outside composed of narrow, 
tangentially elongated cells (Fig.  22.7  23A) with 14–17 layers of collenchyma 
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(20–23–49–70 × 37–57–78  m m) and a few layers of parenchymatous cells measur-
ing 20–37–74–111 × 24–66–115  m m. A single layered starch-sheath is present, but 
no pericycle is discernible (Fig.  22.7  23B). TS in petiole basal ends show a eustele 
of nine collateral vascular bundles (Fig.  22.7  22), which coalesce to form a large 
semicircular vascular arc and a small separate bundle on the adaxial side. The phloem 

  Fig. 22.4    Microscopic characters of the stem of  J. curcas  (Gupta  1985  )  ( 11 ) Diagrammatic TS of 
portion of the young stem. ( 12A–C)  Cellular details in TS of portions of ( 13 ), Details in TS of a 
portion of slightly mature stem showing formation of phellogen in the outer most cortical layer, 
( 14 ) Isolated elements of the stem: ( al–a5 ) Vessel elements, ( bl–b4 ) Tracheids, ( cl–c3 ) Tracheid-
 fi bres, ( dl–d5 ) Xylem parenchyma, ( el–e3 ) Libriform  fi bres, ( f ) Tracheid parenchyma, ( gl–g5 ) 
Phloem  fi bres       
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  Fig. 22.5    Microscopic characters of the stem of  J. curcas  (Gupta  1985  )  ( 15 ) Details of mature 
stem in LS through phloem: ( A ) a portion of the outer phloem, ( B ) middle phloem, ( C ) inner 
phloem, ( 16 ) Details of mature stem in LS through xylem, ( 17 ) Diagrammatic TS of a portion of 
the mature stem: ( A ) bark, ( B ) outer xylem, ( C ) middle xylem, ( D ) inner xylem and pith       

consists of phloem  fi bres (diameter 20–23–33–41  m m) and xylem rays arranged 
radially (Fig.  22.7  23B) whereas the xylem is composed of vessels, tracheids and 
xylem parenchyma.  

  Leaf  :  TS in leaf lamina show its dorsiventral structure as illustrated in Fig.  22.7  
20. The epidermal cells on both surfaces are tangentially elongated and have a fairly 
thick cuticle (Fig.  22.7  21A, B). The upper epidermal cells are larger (20–28–33–41 × 
20–33–53–82  m m) than those of the lower surface (20–25–27–33 × 18–29–32–
54  m m) and appear polyhedral with comparatively more straight walls than those 
of the lower epidermal cells (Fig.  22.7  24A, B). Both paracytic and anisocytic 
stomata (20–25–33 × 33–37–45  m m) are present on adaxial and abaxial sides, but 
are more frequent on the abaxial side (Fig.  22.7  24A, B). The mesophyll consists 
of a few layers of spongy parenchyma, a single layered palisade (Fig.  22.7  20A, B) 
and a few idioblasts containing crystals (Fig.  22.7  21A, B). The mesophyll cells are 
replaced by thick-walled collenchymatous cells at the margins (8–12–17 × 8–12–19  m m). 
The primary veins are prominently raised above the surface on the abaxial, but 
slightly on the adaxial side (Fig.  22.7  20C). Starch sheath is absent and there is 
only a single crescent-shaped median vascular patch with the xylem facing the 
upper and the phloem the lower side (Fig.  22.7  20C, 21C) (Gupta  1985  ) .  
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   Quantitative Microscopy 

 Quantitative microscopy of leaves of  J. curcas  is shown in Table  22.2 . These values 
are useful for the identi fi cation of authentic samples.   

   Physicochemical Parameters 

  Powder characteristics  :  Microscopic examination of leaf powder shows small frag-
ments of lamina with epidermis having anisocytic and paracytic stomata, mesophyll 
cells, broken parts of tracheary elements and laticifers associated with mesophyll and 
phloem tissue. The leaf powder is yellowish green, has a slightly astringent and bitter 
taste with no odour. Whereas the stem powder is grey in colour and has no perceptible 
odour and taste. On microscopic examination it shows small groups of cork cells and 
parenchyma, isolated and small groups of broken  fi bres, tracheids, vessels and broken 
parts of laticifers  fi lled with dark brown contents. The root powder is light brown, has 
a slight bitter taste and a pleasant odour. Simple starch grains, calcium-oxalate crystals 
are found in the root powder and microscopically it is similar to the stem powder. The 
behaviour of the different powders on treatment with different chemical reagents is 
shown in Table  22.3 . Fluorescence characters of different powders, extractive percentages 
and ash-values are depicted in Tables  22.4  and  22.5 .     

  Fig. 22.6    Microscopic characters of the stem of  J .  curcas  (Gupta  1985  )   (18A–C ) Cellular details 
in TS of portions of Fig.  22.5  ( 17A ). ( 19 ) Cellular details in TS of portions of Fig.  22.5  ( 17B – D )       
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  Fig. 22.7    Microscopic characters of the leaf of  J. curcas  (Gupta  1985  )  ( 20)  Diagrammatic TS of 
a portion of lamina: ( A ) marginal lamina, ( B ) middle lamina, ( C ) mid-rib. ( 21)  Cellular details of 
Fig. ( 20).  ( A)  marginal lamina, ( B ) middle lamina, ( C ) a portion of the mid-rib, ( 22)  Diagrammatic 
TS of a portion of basal end of the petiole. ( 23)  Cellular details of a portion of Fig. ( 22 ). ( 24)  
Epidermis of lamina in surface view: ( A ) upper epidermal cells and stomata, ( B ) lower epidermal 
cells and stomata, ( 25)  Palisade cells in surface view, ( 26),  Vein-islets and vein-terminations of 
lamina in surface view       

   Table 22.2    Leaf constants of  J. curcas    

 Leaf constant  Range  Average 

 Stomatal number (upper surface)  2–3  2.2 
 Stomatal number (lower surface)  19–21  20.2 
 Stomatal index (upper surface)  6.06–8.5  7.076 
 Stomatal index (lower surface)  29.4–32.3  30.959 
 Vein-islet number  2–4  3 
 Vein-termination number  12–42  18.51 
 Palisade ratio (Base: Middle: Apex)  4.07: 4.1: 4.32  4.07: 4.1: 4.32 

  Source: Shanti et al.  (  2010  )   
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   Table 22.3    Reaction of leaf, root and stem powders of  J. curcas  on treatment with different chem-
ical reagents   

 Behaviour of powder 

 Reagents  Leaf  Root  Stem 
 Sulphuric acid (80% 

soln.) 
 Olive-green  Olive-brown  Blackish brown 

 1 N NaOH (aq. soln.)  Brown  Chocolate-brown  Chocolate-brown 
 Nitric acid (Sp. gr. 1.42)  Dirty orange  Dull-brown  Reddish-brown 
 Antimony trichloride in 

HCIO 
4
  (saturated 

soln.) 

 Moderate olive-green under 
microscope some red 
stained tissues are observed 

 No change  No change 

 Picric acid (saturated 
soln.) 

 Dull-yellow  Dirty orange  Dirty yellow 

 Acetic acid  No change  Light greyish 
brown 

 Buff-brown 

 Ferric chloride (5% aq. 
soln,) 

 Dirty yellowish green  Grey  Grey 

 Iodine (aq. soln.)  Grey  Light brown  Brown 
 Lactic acid  Yellowish grey  Light greyish 

brown 
 Buff-brown 

 Hydrochloric acid (Sp. 
gr. 1.66) 

 Blackish brown  Greyish brown  Greyish brown 

  Source: Gupta  (  1985  )  and Shanti et al.  (  2010  )   

   Table 22.4    Fluorescence analysis of leaf, root and stem powders of  J. curcas    

 Fluorescence 

 Treatment  Leaf  Root  Stem 
 Drug powder treated with 1 N NaOH 

(aq. soln.) 
 Moderate 

olive-green 
 Green  Bright green 

 Drug powder treated with 1 N HCl  Yellowish green  Pale-green  Yellowish green 
 Drug powder treated with 1 N NaOH in 

methanol and mounted in nitrocel-
lulose in amylacetate 

 Dark green  Olive-green  Parrot-green 

 Drug powder mounted in nitrocellulose 
in amylacetate 

 Green  Dark green  Light green 

 Drug powder treated with 50% H 
2
 SO 

4
   Green  Dark green  Green 

 Drug powder as such  Green  White with 
greenish tinge 

 Pale-green 

 Drug powder treated with 1 N NaOH in 
methanol 

 Blackish green  Bright yellowish 
green 

 Dark green 

 Drug powder treated with 1 N NaOH 
(aq. soln.) and mounted in 
nitrocellulose in amylacetate 

 Dark olive-green  Dark green  Dirty green 

 Drug powder treated with 50% HNO 
3
   Yellowish green  Yellowish green  Yellowish green 

 Drug powder treated with 1 N HCl and 
mounted in nitrocellulose in 
amylacetate 

 Bright green  Pale-green  Light Yellowish 
green 

  Source: Gupta  (  1985  )   
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   Phytochemistry of J. curcas 

 The different extracts of  J. curcas  were screened for the presence of plant bases, 
glycosides/polysaccharides, reducing sugars, saponins,  fl avonoids, sterols and 
tannins. The different phytochemicals found in the extracts were shown in Table  22.6 .  

  Thin layer chromatography  :  The different solvent systems used for different extrac-
tions of  J. curcas  are shown in Table  22.7 . In these solvent systems, the phytochemi-
cals in different parts (leaf, stem and root) of the plant are separated clearly.   

   Phytochemical Composition of Various Parts of J. curcas   

 Depending on the variety, the decorticated seeds contain 40–60% of oil (Liberalino 
et al .   1988 ; Gandhi et al. 1995 ; Sharma et al.  1997 ; Wink et al.  1997 ; Makkar et al. 
 1997 ; Openshaw  2000  ) . This oil can be used for many purposes such as lighting, 
as a lubricant, for making soap (Rivera-Lorca and Ku-Vera  1997  )  and most 
importantly as biodiesel.  J. curcas  oil contains approximately 24.6% of crude 
protein, 47.25% of crude fat, and 5.54% of moisture content (Akintayo  2004  ) . The 
oil fraction of J. curcas contains saturated fatty acids mainly palmitic acid (16:0) 
with 14.1% and stearic acid (18:0) with 6.7%. Unsaturated fatty acids include oleic 
acid (18:1) with 47.0%, and linoleic acid (18:2) with 31.6%. The chemicals isolated 
from different parts of  J. curcas  are shown in the Table  22.8  and other chemicals 
isolated from different J. curcas species are presented in Table  22.9 .    

   Medicinal Uses of Jatropha 

 All parts of J. curcas including seeds, leaves and bark, fresh or as a decoction, are 
used in traditional and folk medicine and for veterinary purposes for a long time 
(Duke  1988  ) . One of the phytochemical (Curcacycline A) isolated from J. curcas 
showed anti tumour activity (Lin et al. 2003). Molluscicidal, insecticidal and fun-
gicidal activities of phorbol esters from this plant have been demonstrated in labo-
ratory experiments and  fi eld trials (Nwosu and Okafor  1995 ; Solsoloy and Solsoloy 
 1997  ) . The seed oil can be applied to treat eczema, skin diseases and to soothe 

   Table 22.5    Ash values and extractive percentages of root, 
stem and leaf of  J. curcas    

 Plant-part (%) 

 Values  Leaf  Root  Stem 
 Acid insoluble ash   2.091  1.5   0.51 
 Total ash  10.55  8.91   8.01 
 Alcoholic extractive  10.89  4.07   2.752 
 Water soluble extractive  18.65  9.36  12.08 

  Source: Gupta  (  1985  )   
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   Table 22.7    Solvent systems used for different extractions of  J. curcas    

 Plant extractive  Solvent system 

 Petroleum ether  Benzene-Chloroform-Acetone (35.5:7.5:5) 
 Benzene  Benzene-Chloroform-Acetone (2:7:1) 
 Chloroform  n-butanol-Acetone-Acetic acid-Water (20:25:6:4) 
 Acetone  n-propanol-Methanol-Acetic acid-Water (20:25:1:5) 
 Alcoholic  n-propanol-Methanol-water (25:20:5) 

  Source: Gupta  (  1985  )   

   Table 22.8    Phytochemicals isolated from different parts of  J. curcas    

 Plant parts  Isolated chemicals  Reference 

 Seeds  Curcin A and B, a lectin phorbol esters, esterases 
(JEA) and lipase (JEB), mono- and disaccha-
rides like saccharose, raf fi nose, stachyose, 
glucose, fructose, galactose are known, but also 
protein (mostly lectins), and an oil, largely of 
oleic- and linoleic-acids, curcasin, arachidic-, 
linoleic-, myristic-, oleic-, palmitic-, and 
stearic-acids are also reported 

 Stirpe et al.  (  1976  ) , Adolf 
et al.  (  1984  ) , Makkar 
et al.  (  1997  ) , 
Staubmann et al. 
( 1999b ), Chen et al. 
 (  2009  )  

 Triglycerides (by supercritical carbon dioxide 
extraction) 

 Aerial parts  Organic acids ( o  and  p - coumaric acid,  p -OH-
benzoic acid, protocatechuic acid, resorsilic 
acid, saponins and tannins 

 Hemalatha and 
Radhakrishnaiah 
 (  1993  )  

 Dinorditerpene  Ravindranath et al.  (  2003  )  
 Latex  Curcacycline A—a cyclic octapeptide  Van den Berg et al. ( 1995a ) 

 Curcacycline B—a nonapeptide  Auvin et al.  (  1997  )  
 Curcain (a protease)  Nath and Dutta  (  1991  )  

 Leaves  Cyclic triterpenes stigmasterol, stigmast-5-en-3  b , 
7  b  -diol, stigmast-5-en-3  b ,7  a  -diol, cholest-
5-en-3  b , 7  b  -diol,cholest-5-en-3  fl ,7  a  -diol, 
campesterol,  b  -sitosterol, 7-keto-  b  -sitosterol 
as well as the  b -D-glucoside of  b  -sitosterol 

 Mitra et al.  (  1970  ) , 
Khafagy et al.  (  1977  ) , 
Hufford and 
Oguntimein  (  1987  ) , 
Staubmann et al. 
( 1999a )  Flavonoids apigenin, vitexin, isovitexin 

 Leaves also contain the dimer of a triterpene 
alcohol (C 

63
 H 

117
 O 

9
 ) and two  fl avonoidal 

glycosides, 5-hydroxypyrrolidin-2-one and 
pyrimidine-2,4-dione 

 Stem bark   b - Amyrin,  b -sitosterol and taraxerol from 
stem- palmarumycins CP1, JC1 and JC2 

 Mitra et al.  (  1970  ) , 
Ravindranath et al. 
 (  2004  )  

 Kernel and 
press cake 

 Phytates, saponins and a trypsin inhibitor  Makkar and Becker (1997), 
Wink et al.  (  1997  )  

 Roots   b  - Sitosterol and its  b -D-glucoside, marmesin, 
propacin, the curculathyranes A and B and the 
curcusones A–D 

 Naengchomnong et al. 
 (  1986,   1994  )  

 diterpenoids jatrophol and jatropholone A and B, 
the coumarin tomentin, the coumarino-lignan 
jatrophin as well as taraxerol 

  Source: Kumar and Sharma ( 2008 )  
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rheumatic pain (Heller  1996  ) . The linoleic acid content in  J. curcas  kernel oil is used 
for skin care. Goonasekera et al.  (  1995  )  showed that various solvent extracts of J. 
curcas have an abortive effect. The oil has a strong purgative action and is also widely 
used for skin diseases and to soothe pain, such as that caused by rheumatism. The 
latex itself has been found to be a strong inhibitor of watermelon mosaic virus (Tewari 
and Shukla  1982  ) . The leaves and latex are used in healing of wounds, refractory 
ulcers, septic gums, as a styptic in cuts and bruises. A proteolytic enzyme (curcain) 
has been reported to have wound healing activity in mice (Villegas et al.  1997  ) . 
Investigation of the coagulant activity of the latex of  J. curcas  showed that whole 
latex signi fi cantly reduced the clotting time of human blood.  J. curcas  root powder 
in paste form is used for the treatment of in fl ammation (Mujumdar and Misar  2004  ) . 
Muanza  et al.   (  1995  )  reported that methanolic extract of  J. curcas  leaves protected 
the cultured human lymphoblastoid cell against the cytopathic effect of HIV. The 
methanolic extract of  J. curcas  leaves are reported to have  b -blockers, which has 
potential cardiovascular action in humans. The latex of J. curcas contains several 
alkaloids  viz ., Jatrophine, Jatropham and Curcain with anticancer properties (Thomas 
et al.  2008  ) . All parts of J. curcas show insecticidal properties against insect/pests 
like cotton bollworm, on pests of pulses, potato and corn (Kaushik and Kumar  2004  ) . 
Balaji et al .   (  2009  )  reported the hepatoprotective activity of methanolic fraction of 
leaves of  J. curcas  on a fl atoxin B1 induced hepatic carcinoma. Jatrophone, a diterpe-
noid, which was isolated from different J. curcas species has been reported to have a 
reaction with biological thiols (i.e., inhibition of tumor activity), antileukemic activ-
ity against P-388 lymphocytic leukemia cytotoxicity against KB cell culture, mol-
luscicidal activity and antinoceptive activity (Santos and Santana  1999 ; Martini et al .  
 2000 ; Taylor et al.  1983  ) . Chaturvedi  (  2008  )  investigated the antimicrobial activity of 
tetramethyl pyrazine, an amide alkaloid isolated from the leaves of  J. curcas  against 
 fi ve human pathogenic bacteria. Bahadur et al.  (  1997  )  reported that the extracts of 
 J. curcas  and  J. gossypiifolia  var.  elegans  showed antifungal activity against two 
plant pathogenic fungi ( Drechslera spicifera  and  Fusarium oxysporum ). Chopra 
et al .   (  1986  )  reported antibiotic as well as antilepromatic properties of  J. gossypii-
folia  and  J. multi fi da . Use of various parts of J. curcas in the treatment of diseases 
have been presented in Table  22.10 .   

   Table 22.10    Uses of different parts of  J. curcas  in medicines   

 Plant part used  Diseases  Reference 

 Seeds  To treat arthritis, gout and jaundice  Fojas et al.  (  1986  )  and 
Balaji et al.  (  2009  )  

 Tender twig/stem  Tooth ache, gum in fl ammation, gum 
bleeding, pyorrhoea 

 Mujumdar and Misar 
 (  2004  )  

 Plant sap  Dermatomucosal diseases  Heller  (  1996  )  
 Plant extract  Allergies, burns, cuts and wounds, 

in fl ammation, leprosy, leucoderma, 
scabies, wound healing and small pox 

 Nath and Dutta  (  1997  ) , 
Villegas et al.  (  1997  ) , 
Somashekar et al.  (  2006  )  

 Water extract of branches  HIV, tumor  Lin et al. (2003) 

  Source: Heller  (  1996  )  and Kaushik and Kumar  (  2004  )   
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   Toxicity 

 Although the seeds are considered to be the most toxic part of the plant, all parts of the 
J. curcas plant contain toxins, such as phorbol esters, curcins and trypsin inhibitors. 
Varieties commonly growing in Africa and Asia have seeds that are toxic to humans 
and animals, whereas some varieties found in Mexico and Central America are known 
to be non-toxic. Just one to three seeds can produce toxic symptoms in humans, mainly 
those associated with gastro-intestinal irritation. There is acute abdominal pain and a 
burning sensation in the throat shortly after ingestion of the seeds, followed by nausea, 
vomiting and diarrhoea (Brittaine and Lutaladio  2010  ) . Various toxins present in the 
plant are trypsin inhibitors, phytic acid, saponins, curcin, phorbol ester, tannin, 
hydrocyanic acid, alkaloids (Jatrophine),  fl avonoids, glycosyl  fl avonoids, sterols and 
sterol sapogenins. A non-toxic variety exists in Mexico which is used for human con-
sumption after roasting. It does not contain Phorbol esters (Foidl et al.  1996 ).  

   Conclusions 

 Before exploiting any plant for industrial application, it is imperative to have complete 
information about its biology, chemistry and all other applications so that the potential 
of plant could be maximized. The  J. curcas  industry is at a very early stage of develop-
ment, though there are vigorous efforts to promote it and if successful, it will alter the 
picture considerably. There are areas in the world where interest in the Jatropha plant is 
especially strong, such as Central America where it has originated, and Mali, where it is 
widely grown as a live hedge and a lot of research has been done on biodiesel derived 
from it. Knowledge of physical properties and their dependence on moisture content of  
 J. curcas  seed is essential to improve the design of equipment for harvesting, processing 
and storage of seeds. In the Indian context, development of biodiesel would not only 
serve to reduce import of fossil diesel, but also in generation of employment opportuni-
ties, accelerated rural development and meeting the environmental obligations, such as 
reduction of green house gases (India can tap the US$ 53 billion global market for car-
bon trading by promoting biofuel use and production), carbon sequestration, etc. Further, 
large wastelands could be utilized for the cultivation of J. curcas for production of biod-
iesel.  J. curcas  considered as a wild oilseed of the tropics and subtropics, is now being 
credited as one of the most promising biofuel crop, ideally suited for growing in the 
waste lands of the country. This potential biodiesel crop can bring about major economic 
activity providing income and employment opportunities to the rural communities.      
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         Introduction 

 In this age of technology development, the progress of civilization and rapid 
industrialization have brought the danger of soil pollution. Over the last three 
decades, there has been an increase in both industrial activities and urbanization. Both 
aquatic and terrestrial habitats are becoming progressively polluted due to the dis-
charge of pollutants generated from various industries, transportation and fossil fuel 
burning. Currently the soil, where we grow food, is severely polluted with hazard-
ous chemicals and pathogenic microorganisms, which enter the soil because of 
unhygienic conditions. Some anthropogenic practices are the major sources respon-
sible for adding a large variety of contaminants to the soil, causing soil pollution. 
Metals are a major category of globally distributed pollutants, are natural elements 
extracted from the earth and harnessed for industry and products. Mining can 
bring much economic prosperity, but large areas of industrial dereliction often result 
once mining has ceased. This dereliction includes a legacy of abandoned tips and tail-
ings, which contain the waste products of both mining and processing operations. 
Such materials are often a major source of heavy metal pollution in the local envi-
ronment owing to dust blow and from the leaching of the products of mineral weather-
ing into nearby water courses. This pollution may have serious detrimental effects 
upon crops and public health (Smith and Bradshaw  1972  ) . It is now a requirement 
in most countries that remediation schemes are incorporated at the planning stage of 
mining and industrial proposals. 
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 Until now, methods used for their remediation, such as excavation and land  fi ll, 
thermal treatment, acid leaching and electroreclamation are not suitable for practical 
applications because of their high cost, low ef fi ciency, large destruction of soil struc-
ture and fertility, high dependence on the contaminants of concern, soil properties, 
site conditions, and so on. Current remediation strategies of heavy metals is primarily 
based on physico-chemical technologies, which are meant primarily for intensive in 
situ or ex situ treatment of relatively highly polluted sites, and thus are not very suit-
able for the remediation of vast, diffusely polluted areas where pollutants only occur 
super fi cially and at relatively low concentrations (Garbisu and Alkorta  2001  ) . 

 A range of reclamation techniques is available for metalliferous substrates, but 
complete long term rehabilitation of wasteland (mine wastes/degraded land) can only 
be achieved through the use of vegetation. Successful revegetation can be a perma-
nent and visually attractive solution and, at the same time, be relatively inexpen-
sive. A vegetation cover can be effective in providing the necessary surface stability to 
prevent wind-blow of contaminated particulates, and in reducing water pollution by 
interception of a substantial proportion of incident precipitation. Although revegeta-
tion is desirable, metalliferous wastes are very unfavourable environments for plants 
because of the presence of many growth-limiting factors particularly—residual high 
levels of heavy metals, macronutrient de fi ciencies and poor substrate structure. Such 
features result in most metal wastes being largely devoid of any natural vegetation, even 
many years after abandonment (Juwarkar et al.  2009  ) . In this context, phytoremedia-
tion appears as a valid option since it is best suited for the remediation of these dif-
fusely polluted areas and at much lower costs than other methods (Kumar et al.  1995  ) . 
The idea of using plants to remove metals from soils came from the discovery that 
different wild plants, often endemic, naturally accumulate high concentrations of met-
als in their foliage (Raskin et al.  1994  ) .  

    Jatropha curcas  

  J. curcas  L. (hereafter referred to as Jatropha) is a bush/small tree native of tropical 
America. The genus  Jatropha  belongs to tribe Joannesieae in the Euphorbiaceae family 
and contains approximately 170 known species. Jatropha, can reach a height of 3–5 m, 
but under favorable conditions it can attain a height of 8 or 10 m. The trees are drought 
tolerant, deciduous, shedding the leaves in dry season, widely distributed in the wild or 
semi-cultivated areas in Central and South America, Africa, India and South East Asia 
(Cano-Asseleih et al.  1989  ) . The  fi rst commercial applications of  Jatropha  were 
reported from Lisbon, where the oil imported from Cape Verde was used for soap pro-
duction and lighting. During the last 10 years, Jatropha has gained considerable atten-
tion as a potential feedstock of biodiesel and many    plantations have been established 
in tropical and subtropical regions worldwide. Its peculiar features like drought toler-
ance, rapid growth, easy propagation, higher oil content than other oil crops, small 
gestation period, adaptation to a wide range of environmental conditions, and the opti-
mum plant size and architecture (that make the seed collection more convenient) make 
it as a special candidate for further consideration (Abhilash et al.  2010  ) . 
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    Jatropha  Plantations on Wastelands in India 

  Jatropha  is regarded as an oil plant with multiple attributes, uses and considerable 
potential (Openshaw  2000  ) . Importance is given on the plantation of Jatropha on 
wastelands for environment protection and for ful fi lling future energy requirements. 
 Jatropha  produces seeds for bio-diesel and it can also restore degraded land environ-
ments. Land degradation has become a major threat to world food security with 
about 2,000 million ha of soil, equivalent to 15% of the Earth’s land area. India has 
vast stretches of degraded land, mostly in areas with adverse agro-climatic condi-
tions, where species of  Jatropha  can grow easily. Nearly 40% of the land area in 
India is wasteland. Even 30 million hectares of  Jatropha  cultivation for biodiesel 
can completely replace the current usage of fuels in India. Use of 11 million hect-
ares of wasteland for  Jatropha  cultivation can lead to generation of a minimum 12 
million jobs. The Central Salt & Marine Chemical Research Institute (CSMCRI), 
Bhavnagar, India has successfully cultivated good varieties of  Jatropha  on marginal 
land to assess practically realizable seed yields. GB Pant University (India) has 
planted Jatropha on 140 ha at its farm. The University scientists have selected new 
high yielding accessions of  Jatropha, which have yield potentials  of up to 10 t/ha. 
Efforts of National Oilseed and Vegetable Oil Development Board (NOVOD) 
include development of quality planting material, improved  Jatropha  seeds having 
oil content up to 1.5 times the ordinary seeds. India has about 175 million hectares of 
wastelands, which remains unutilized. The planning commission of India (2005–
2006) has recommended launching of a National Mission on Bio-Diesel with special 
focus on plantation of  Jatropha  on wastelands to meet the country’s energy demand. 
The Government of India has identi fi ed 400,000 km 2  (98 million acres) of land 
where  Jatropha  can be grown, hoping it will replace 20% of India’s diesel consump-
tion by 2011 (Biofuel in India,   www.en.wikipedia.org    ).  

   Potential Uses of  Jatropha  

 In addition to being a source of oil,  Jatropha  also provides a meal that serves as a 
highly nutritious and economic protein supplement in animal feed, if the toxins are 
removed (Becker and Makkar  1998  ) .  Jatropha  has several advantages over other 
plant species that can thrive under adverse conditions. It is not eaten by animals and 
is a vigorous, drought and pest resistant. When planted as a fence, it repels rodents 
and has phytoprotective action against pests and pathogens providing additional 
protection to intercropped plants. Cattle have been found to graze in the space 
between  Jatropha  rows in large plantations. Various parts of the plant are of  medicinal 
value; its bark contains tannin, the  fl owers attract bees and thus the plant has a 
honey production potential. Its wood and fruit can be used for numerous purposes 
including fuel. It is easy to establish and grows relatively quickly. Nevertheless, 
Jatropha does mine soil nutrients; it needs mineral and organic fertilizer to increase 

http://www.en.wikipedia.org
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crop yields. Despite being ecologically friendly, Jatropha is expected to provide 
income as well as source of alternative energy to rural farmers. 

 The multiple attributes of  Jatropha  is presented in Fig.  23.1  and has been exten-
sively reviewed by many workers. The utilization of various parts of  Jatropha  was 
reviewed by many scientists and started about one decade ago by Gubitz et al.  (  1999  ) . 
In addition, some of the recent review articles provide status and perspectives of 
 Jatropha  biodiesel program in various countries [e.g., India (Biswas et al .   2010 ; Jain 
and Sharma  2010  ) , UK (Janaun and Ellis  2010  ) , Malaysia (Lim and Teong  2010  ) , 
China (Ye et al.  2009  ) , Thailand (Siriwardhana et al.  2009  ) ]. Zhou and Thomson 
 (  2009  ) , highlighted the current status of biofuel production including the national 
development targets, strategies, incentives, and policies in Asia’s largest producing 
countries, such as Indonesia, Malaysia, The Philippines, Thailand, China, and India.    

   Phytoremediation 

 The term phytoremediation (“phyto” meaning plant and the Latin suf fi x “remedium” 
meaning to clean or restore) actually refers to a diverse collection of plant-based 
technologies that use either naturally occurring or genetically engineered plants for 
cleaning the contaminated environments (Cunningham et al.  1997  ) . Phytoremediation 
can be de fi ned as the use of green plants to remove pollutants from the environment 
or to render them harmless (Berti and Cunningham  2000 ; Salt et al.  1995  ) . In this 
respect, plants can be compared to solar driven pumps capable of extracting and 

  Fig. 23.1    Economic signi fi cance of  J. curcas  (Kumar and Sharma ( 2008 )       

 



43123  Jatropha  and Phytoremediation of Metal Contaminated Land

concentrating certain elements from their environment (Salt et al.  1995  ) . This technology 
is being considered as a new highly promising technology for the remediation of 
polluted sites. The concept of using plants to clean up contaminated environments is 
not new. About 300 years ago, plants were proposed for use in the treatment of 
wastewater (Hartman  1975  ) . Phytoremediation technologies that are soil focused are 
suitable for large areas that have been contaminated with low to moderate levels of 
contaminants. The primary motivation behind the development of phytoremediation 
technologies is the potential for low-cost remediation (Ensley  2000  ) . It is also referred 
to as green technology and can be applied to both organic and inorganic pollutants, 
present in solid substrates (e.g., soil) and liquid substrates (e.g., water) (Gratao et al. 
 2005 ; Salt et al.  1998  ) . Phytoremediation, the use of plants and their associated 
microbes for environmental cleanup, has gained acceptance in the past 10 years as a 
cost-effective, noninvasive alternative or complementary technology for engineering 
based remediation methods. The success of the phytoremediation process depends 
on many factors (Pulford and Watson  2003  ) :

   Degree of pollutant contamination  • 
  Pollutant bioavailability  • 
  Ability to grow on nutrient-poor soil  • 
  Deep root system  • 
  Fast rate of growth  • 
  Metal-resistance trait    • 

   Strategies for Phytoremediation 

 Phytoremediation can occur through a series of complex interactions between plants, 
microbes, and soil including accumulation, hyperaccumulation, exclusion, volatiliza-
tion, and degradation. Plants also stabilize mobile contaminated sediments by forming 
dense root mats under the surface. In general, phytoextraction and phytovolatization 
are considered as the main options for the removal of heavy metals and other elemen-
tal compounds, whereas phytodegradation and phytostabilisation are applied mostly 
to organic contaminants (Meagher  2000 ; Guerinot and Salt  2001  ) . Therefore, phytore-
mediation can be accomplished by phytoextraction, phytodegradation, phytostabiliza-
tion, phytovolatization and rhizo fi ltration. Figure  23.2  revealed the different processes 
and mechanisms used for phytoremediation (The University of Georgia). 

    • Phytoextraction:  the use of plants to remove contaminants from soils. Pollutant-
accumulating plants are utilized to transport and concentrate contaminants 
(metal or organic) from the soil into harvestable parts of the roots and aerial 
parts of the plant; the term is mostly used to refer to metal removal from soils 
(Kumar et al.  1995  ) .  
   • Phytostabilization:  the use of plants to reduce the bioavailability of pollutants in 
the environment. Plants stabilize pollutants in soils by chemically immobilizing 
contaminants, thus rendering them harmless and reducing the risk of further 



432 A.A. Juwarkar et al.

environmental degradation by leaching of pollutants into the ground water or by 
airborne spread (Prasad and de Oliveira Freitas  2003  ) .  
   • Phytovolatization:  the use of plants to volatilize pollutants. Plants extract vola-
tile pollutants (e.g., selenium, mercury and arsenic) from the soil and biologi-
cally converts them to a gas, which is released via transpiration from the foliage 
(Ghosh and Singh  2005  ) .  
   • Phytodegradation:  the use of plants to degrade organic pollutants. Plant roots 
are utilized to remediate contaminated soils by the breakdown of organic 
contaminants to simpler molecules, which are stored in the plant tissue (Ghosh 
and Singh  2005  ) .  
   • Rhizo fi ltration:  the approach of using hydroponically cultivated plant roots to 
remediate contaminated water through absorption, concentration, and precipita-
tion of pollutants. This contaminated water is either collected from a waste site 
and brought to the plants, or the plants are planted in the contaminated area, 
where the roots then take up the water and the contaminants dissolved in it 
(Dushenkov et al.  1995  ) .    

 Introduction of invasive species for phytoremediation purposes may affect the 
local biodiversity. Therefore, identi fi cation and selection of locally available plant 
species for phytoremediation research and implementation is one of the chal-
lenges that needs to be met and a pre-requisite for successful phytoremediation. 
Phytoremediation of different types of contaminants requires different general plant 
characteristics for optimum effectiveness. Careful selection of plant and plant vari-
ety is critical,  fi rst, to ensure that the plant is appropriate for the climatic and soil 

  Fig. 23.2    Overview of different processes of phytoremediation       
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conditions at the site, and second, for effectiveness of the phytoremediation of the 
pollutant at hand. Plant species that are long-term competitors and survivors under 
adverse changing conditions normally have an advantage. Depending on the climatic 
and soil conditions, a plant may need resistance or tolerance to diseases, heat, cold, 
insects, drought, chemicals, and stress to maximize its survival rate. The type, 
amount and effectiveness of exudates and enzymes produced by a plant’s root will 
vary between species and even within subspecies or varieties of one species. A screening 
of phytotoxicity and effectiveness of cultivars/varieties might be required on a site-
speci fi c basis as an initial step in plant selection. Phytoremediation studies have 
examined numerous plant species. Terrestrial plant species are more likely to be 
effective for phytoremediation than aquatic plant species due to their larger root 
systems.  

    Jatropha  as a Phytoremediator 

 Scientists all over the world are searching for new plant species suitable to be used 
in phytoremediation. While selecting a species for phytoremediation several factors 
have to be taken into account. The species should be fast growing, high biomass pro-
ducing, with profuse root system, tolerant to adverse environment condition, non 
edible and economically bene fi cial (Alkorta et al.  2004  ) . Considering all the options 
available among non-edible tree,  Jatropha  is suitable for phytoremediation of con-
taminated soil/degraded land. It has been identi fi ed in India as the most suitable 
oilseed and has been recommended for plantation on wasteland as it requires mini-
mal inputs for its establishment (Singh  2007 ; Gunaseelan  2009  ) .  Jatropha  grows 
practically all over India under a variety of agro-climatic conditions. Thus, it insures 
a reasonable production of seeds with very little input. 

  Jatropha  can grow in diverse types of soil conditions (Mangkoedihardjo and 
Surahmaida  2008  ) . Regarding the potential use of  Jatropha  for the phytoremediation 
of coal  fl y ash, Jamil et al.  (  2009  )  suggested that it has the potential of establishing 
itself on  fl y ash when provided with basic plant nutrients and also to accumulate heavy 
metals many folds from  fl y ash without plant growth diminution. Furthermore, the 
study performed by Agamuthu et al .   (  2010  )  suggested that  Jatropha  is suitable to be 
used as a phytoremediator for removing hydrocarbon from contaminated soil. 

 Studies by various researchers show  Jatropha  as a potential plant for remediation 
of soils contaminated with heavy metals. Chehregani and Malayeri  (  2007  )  observed 
that Jatropha   has the capability to remove Cd and Pb from soil containing high con-
centrations of metal contaminated sludge. The roots of  Jatropha  were suitable for 
the uptake of heavy metals from soil and sludge, especially Zn. Chromium is also 
adsorbed effectively by the plant. Thus,  Jatropha  is very ef fi cient in accumulating 
heavy metals, causing no damaging effects to the root biomass. Therefore,  Jatropha  
is a suitable plant to use as a phytoremediator to clean heavy metals, in particular 
As, Cr, Cu, Cd, Hg, Pb and Zn (Chehregani and Malayeri  2007 ; Juwarkar et al. 
 2008 ; Mangkoedihardjo et al.  2008 ; Ahmadpour et al.  2010  ) . Baker  (  1981  )  reported 
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that some plants are able to hasten the transportation of heavy metals from their 
roots to shoots, which may be related to the rate of metal uptake in the case of 
Jatropha. The accumulation of heavy metals in Jatropha tends to occur mainly in 
the roots and to a lesser degree in the stems and leaves. Yadav et al .   (  2009  )  reported 
the bioaccumulation and phyto-translocation of As, Cr and Zn by Jatropha and con-
cluded that the ef fi ciency of heavy metal uptake by plant parts is as follows: shoots 
< roots. Two possible strategies have been proposed for the use of Jatropha   for 
phytoremediation.

    Jatropha  that survive in contaminated soil with minimal uptake of metals into the • 
aerial tissues would be most appropriate for use where distribution of heavy metals 
to the wider environment or transfer of metals into the food chain is to be avoided.  
   Jatropha  that accumulates relatively high amounts of metal are desirable if soil • 
remediation is to be achieved by phytoextraction and tree harvesting.    

 These  fi ndings suggest that this plant exhibits the ability for phytoremediation 
and reclaim of metal contaminated soils. However, plant growth and thus, oil yield 
can be affected negatively if no appropriate management is applied. The primary 
conservation bene fi ts to be derived from production of Jatropha   concerns soil resto-
ration and management. Establishment of vegetation on heavy metal contaminated 
lands/soils poses problems because of metal toxicity to plants. The physico-chemi-
cal and microbiological properties of heavy metals contaminated soils tend to inhibit 
plant growth (Sopper  1993  ) . Kumar et al.  (  2008a  )  have conducted experiments with 
respect to survival and growth performance of Jatropha   on metalloid and metal con-
taminated soils with and without organic matter and biofertilizer amendments. They 
have indicated that Jatropha survived in soils contaminated with very high concen-
trations of As, Cr and Zn. Organic waste materials and biofertilizer amendments 
greatly enhanced the height of the plant. Biomass of Jatropha was increased tremen-
dously with the addition of organic waste materials in As, Cr and Zn contaminated 
soil. Therefore, addition of organic matter and biofertilizer enrich the soil with 
nutrients and organic matter, which favoured the plant growth on high concentration 
of metals contaminated soils. Further, the results also showed that Zn enhanced the 
growth of Jatropha as compared to other metal contaminated soils. The heavy metal 
accumulation in a plant increased with increasing soil concentrations of heavy met-
als whereas it decreased when metal contaminated soil is amended with biosludge 
along with biofertilizers or biosludge alone. It seems that the organic matter present 
in the biosludge acted as metal chelator thereby reducing the toxicity of metals to 
plants. The main bene fi t from Jatropha growth on a metal contaminated soil was 
reported to its stabilization as metal uptake by biomass was not suf fi cient for phyto-
extraction to be signi fi cant. However, as stated by Juwarkar et al.  (  2008  ),  the growth 
of Jatropha may be stimulated upon soil depletion of the bioavailable metal. 

 Furthermore, Jatropha is to some extent salt tolerant and has therefore the potential 
to be grown on saline soil. However, the cultivation on this type of soil can lower its 
productivity. For instance, Dagar et al .   (  2006  )  evaluated Jatropha growth rate at dif-
ferent irrigation treatments with varying levels of salinity.  Jatropha  showed different 
biomass (including seeds) growth rates depending on the level of irrigation with 
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saline water. Kumar et al .   (  2008b  )  reported that NaCl inhibits the growth of calli and 
this process is proportional to NaCl levels. This shows that Jatropha   can be irri-
gated with saline water or grown on saline soil, but potentially leading to lower yields 
and oil content. Both studies show that the dilemma of growing Jatropha   on saline 
soils lies in the potential of using and improving degraded land, and the positive 
response of Jatropha to (non-saline water) irrigation. Saline stress may also increase 
on saline lands where water is scarce.  

   Mechanism of Stress Tolerance in Jatropha   

 Salt and metals stress in soil are major abiotic stresses especially in arid and semi-arid 
regions and can severely limit plant growth and yield. Abiotic stress can lead to sto-
matal closure, which reduces CO 

2
  availability in leaves and inhibits carbon  fi xation, 

exposing chloroplasts to excessive excitation energy, which in turn may increase the 
generation of  reactive oxygen species  (ROSs) and induce oxidative stress (Parida and 
Das  2005 ; Parvaiz and Satyawati  2008  ) . ROSs have the potential to interact with many 
cellular components, causing signi fi cant damage to membranes and other cellular 
structures. However, an elaborate and highly redundant plant ROS network, composed 
of antioxidant enzymes and antioxidants, is responsible for maintaining the levels 
of ROS under tight control. In plant cell, antioxidant enzymes, such as  superoxide 
dismutase  (SOD),  peroxidase  (POD),  catalase  (CAT),  ascorbate peroxidase  (APX), 
 glutathione s-transferase  (GST) and  glutathione  (GSH) have been considered as a 
defensive team, whose combined purpose is to protect cells from oxidative damage 
(Mittler  2002  ) . The activities of antioxidant enzymes in plants are in fl uenced by the 
stress conditions where they are growing. These enzymes serves as an antioxidant, 
directly detoxify metals by conjugating them, forming a non-toxic complex through 
glutathione-s-transferase catalyzed reaction. Induction of SOD, POD, CAT, APX, GST 
and GSH provide defenses against metal toxicity and keeps the metabolic activities 
functional. Yadav et al.  (  2010  )  reported that both enzymatic and non-enzymatic anti-
oxidants played signi fi cant roles in metal detoxi fi cation and accumulation in  Jatropha. 
In addition,  increased SOD, POD, CAT and PAL activities in Jatropha suggest toler-
ance capacity of plants to protect themselves from oxidative damage due to heavy 
metals and salt (Gao et al.  2008a,   b,   2010 ; Kumar et al.  2008b  ) . Jatropha   is of much 
importance in phytoremediation as it can withstand environmental stress. A novel 
 betaine aldehyde dehydrogenase  gene ( JcBD1 ) helps Jatropha to survive in environ-
mental stress induced by drought, heat, and salt (Zhang et al.  2008  ) . The expression of 
this novel gene into  E. coli , results in expression of JcBD1 enzyme that makes it resis-
tance to abiotic stress factors like salt. 

 Under semi-arid conditions,  Jatropha  has the potential for reclaiming degraded 
soils by penetrating soils with its root system, recycling nutrients from deeper soil 
layers, and providing shadow, thereby reducing risks of soil erosion and deserti fi cation 
(Jongschaap et al .   2010 ). These studies indicate that Jatropha   can successfully be 
grown in metal, salt and hydrocarbon degraded/contaminated soils and wastelands 
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with suitable amendments to meet the requirements for biodiesel production. 
Industrial wastes, mostly organic wastes, with no toxicity to plant can be used for 
cultivation of Jatropha on wasteland.  J. curcas  can also be used to reclaim eroded 
land and other problematical sites. On degraded lands, planting biofuel crops could 
help to restore soil fertility and structure if managed appropriately.   

   Conclusions 

 Wastelands and degraded lands are characterized by natural physical and biologi-
cal conditions that are per se unfavorable for land-associated human activities. 
Within this category, land without appreciable vegetative cover or agricultural 
potential is included. These areas cannot be cultivated under any conditions and, 
therefore, are not suitable for bioenergy production. Current practice for remediat-
ing heavy metal contaminated soils relies heavily on ‘dig-and-dump’ or encapsula-
tion, neither of which addresses the issue of decontamination of a soil. 
Phytoremediation, and especially the use of trees, is an emerging and developing 
technology. Jatropha   is a drought resistance species and can easily sustain in all 
kinds of wastelands. Phytoremediation of polluted soil with non-edible plant like 
 Jatropha  offers an environmental friendly and cost effective method for remediating 
polluted soils.  Jatropha produces seeds for biodiesel  and it is a multipurpose species 
with many attributes and considerable potential.  Jatropha  having a potential for phy-
toremediation of soil contaminated with heavy metals, salt, and hydrocarbon. It is 
capable of extracting heavy metals from contaminated soil. The biochemical activ-
ity of Jatropha directly indicates resistance offered by plants against stress. Jatropha 
is a large biomass producing crop with ability to accumulate heavy metals and 
hence, may be recommended for plantation on heavy metal, salt and oil contami-
nated land/wasteland when provided with essential plant nutrients. Studies have 
proven that  Jatropha  with organic amendments has a potential in reclaiming metal 
contaminated soil. There is a growing body of knowledge in support of agroforestry 
for future eco-agriculture, farm diversi fi cation and management of heavy metal 
contaminated sites. Jatropha   is suitable for integration in different agroforestry sys-
tems, in this sense; Jatropha’s domestication can provide a powerful means of eco-
friendly socioeconomic management involving income generation, climate change 
mitigation, soft farming and sustainable development of reclaimed sites.      
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         Introduction 

  Jatropha curcas  L. (Euphorbiaceae) is a shrub native to South América, which is 
widely distributed in tropical countries. The plant is stress tolerant, drought resis-
tant, grows in semi-arid and marginal lands. It can be planted in the form of hedges 
to control erosion and to protect enclosed areas from animals such as goats.  J. cur-
cas  is mainly known as a source of oil, with an oil content of the kernel ranging 
from 30% to 55% (Parthiban et al.  2009 ; Varshney and Johnson  2010 ; Eswaran 
et al .   2010 ; Kumar et al.  2011  ) . The oil is mainly used as fuel, in soap manufacturing 
and as lubricant in wood industry. Different parts of the plant have been tradition-
ally used for various purposes including therapeutic uses. Some of the ethnomedical 
uses of the extracts of  J. curcas  leaves and roots include use as a remedy for cancer, 
as an abortifacient, antiseptic, diuretic, purgative and haemostatic (Dalziel  1955  ) . 
The nut of the plant has also been used traditionally for the treatment of many ailments 
including burns, convulsions, fever and in fl ammation. In spite of the myriad of 
ethnomedical uses for which various parts of the plant are utilized, it is important to 
note that toxic properties also have been attributed to various plant parts, particu-
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larly the seeds (Fig.  24.1 ). Most plant parts of  J. curcas  are reported to be toxic 
(kernel, leaves, stem,  fl ower, buds, roots, bark, and wood). For example, the seeds 
contain toxic  phorbol esters  (PE) and antinutritional factors like curcin (a toxalbu-
min that is highly irritant and produces deleterious effects on blood), trypsin inhibi-
tors, phytates, lectins and other chemicals (Fig.  24.2 ). The latex is acrid and irritable 
to skin. Curcain, a protease has been isolated from the latex of  J. curcas.  Among the 
toxic constituents, PEs are most potent and they exhibit a wide range of biological 
activities affecting from microorganisms to higher animals. Several studies showed 
that both the oil and the meal are toxic to humans and animals due to presence of 

  Fig. 24.1    Ethnomedical and multiple uses of  Jatropha curcas        
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PEs and curcins. Despite this, the relatively high protein content of  J. curcas  meal 
can be advantageous since it constitutes rich source of protein, which does not com-
pete with proteins obtained from food crops, such as soybean and wheat. Many 
chemicals could be isolated from  J. curcas , and are listed in Table  24.1 . The wide-
spread cultivation of toxic varieties of  J. curcas  may increase the frequency of 
human or animal contact with the plant, seeds or processed products, such as oil and 
seedcake. Hence, further knowledge on risk factors involved in mechanisms underly-
ing toxicity is needed to make it popular.    

 The multiple utilities of the crop and interest in  J. curcas  seed oil especially for 
biodiesel, production has propelled large-scale plantations across Asia, Africa, and 
South American countries. Knowledge on understanding of antinutritional constituents 
and developing improved varieties devoid of toxins will enhance its economic 
bene fi ts. In this paper, we made an attempt to present an account of the toxic constitu-
ents present in  Jatropha  and the medicinal properties of  Jatropha  for the bene fi t of 
scienti fi c community.  

   Toxicity of Seeds and Potential of Seed Cake 

 In the past two decades,  J. curcas  has gained attention due to its oil, which can be 
used as a feed stock for biodiesel production. Chemical composition of  J. curcas  
seeds reveals protein (18%), fat (38%), carbohydrate (17%),  fi ber (15.5%), ash 

  Fig. 24.2    Antinutritional and major toxic components isolated from  Jatropha  species       
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(5.3%) and moisture (6.2%). Attempts were made to use the seed cake as feed for 
live stock and poultry after detoxi fi cation. Seed cake (18.3–25.1%) or meal is the 
major byproduct after oil extraction. It consists of crude protein (56.4–63.8%), lipid 
(1–1.5%), ash (9.6–9.8%), gross energy (18–18.2 MJ/kg), neutral detergent  fi ber 
(9–9.1) and good balance of essential amino acids, which are higher than in soybean 
meal. The protein quality of cake or meal is high (Devappa et al .   2010a  ) . Seeds 
contain kernels and shells with an average ratio of 62.2:37.7. The kernel has higher 
crude protein (22–28%) and oil (54–58%) contents compared to the shell (4–6% 
crude protein and 0.8–1.4% oil). The levels of essential amino acids except lysine 
were higher than those of FAO reference protein (Makkar et al.  1998a  ) . 

 The seed cake provides a rich source of proteins. The average protein content of 
the seed cake is 58.1% and has a gross energy content of 18.2 MJ/Kg. In addition to 
high quality proteins, the cake contains various toxins, co-carcinogens and antinu-
tritional factors. If detoxi fi ed, it can provide an excellent animal feed. Seed cake can 
be valuable as organic fertilizer as it contains more nutrients than both chicken and 
cattle manure (Francis et al .   2005  ) . The presence of phorbol esters makes the cake 
also suitable as a biopesticide or insecticide (Francis et al .   2005 ; Achten et al .   2008  ) . 
The seed cake can serve as feed for biogas production through anaerobic digestion. 
Using certain microbes as inoculum, Radhakrishnan  (  2007  )  achieved 0.5 m 3  biogas/
Kg of solvent extracted kernel cake and 0.6 m 3  biogas/Kg of mechanically de-oiled 
cake. In mechanical expeller, oil extraction from seeds is an inef fi cient process. 
Based on the extraction ef fi ciency, the seed cake will contain 9–12% (v/w) oil. 
Mahanta et al .   (  2008  )  demonstrated a higher value way of use of seed cake that does 
not involve detoxi fi cation, but rather solid state fermentation with  Pseudomonas 
aeruginosa  to produce enzymes, such as proteases and lipases. 

 The fact that  J. curcas  seed cake can be used for multiple purposes makes it an 
important by-product. However, long term effects of seed cake on soils have not 
been studied. 

   Table 24.1    Comparison of toxic and non-toxic varieties of  J. curcas    

 Chemical composition  Toxic variety  Non-toxic variety (Mexico) 

 Crude protein (%)  55.7–61.2  63.8 
 Lipid (%)  0.8–1.5  1.0 
 Ash (%)  9.6–10.4  9.8 
 Gross energy (MJ/kg) (%)  17.8–18.3  18.0 
 Neutral detergent  fi ber  8.1–9.0  9.1 
 Phorbol esters (mg/g)  2.17–2.30  0.11 mg/g 
 Trypsin inhibitor activity a  mg/of trypsin 

inhibited/g of dry matter 
 18.4–27.3  26.5 

 Lectin activity a  (inverse of minimum amount of 
the samples in mg/ml) 

 0.85–2.88  1.70 

 Saponins a  (as diosgenin equivalent)  1.82–2.0  3.4 
 Phytates a  (as phytic equivalent)  7.2–10.1  8.9 

  Source: Makkar et al.  (  1997,   1998a,   b  )  
  a Defatted kernels, Toxic variety (Cape verde, Nicaragua and Ife-Nigeria)  
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   Phorbol Esters 

 The diterpenes are found to be the most potent compounds synthesized by  Jatropha spp.  
Among the 20 diterpenes reported from  Jatropha spp.  a group of compounds with tigli-
ane skeleton are called  phorbol esters  (PEs) (Fig.  24.3 ). The PEs are lipophilic, present 
mainly in oil and hence, not affected by heat. A comparative analysis of edible and 
non-edible seed varieties revealed that edible seeds lacked PEs (Makkar et al.  1998a,   b  ) . 
The concentration of PEs in various parts of  J. curcas  is provided in Table  24.2 .   

 The PEs are analogues of diacylglycerol, an activator of protein kinase C (PKC). 
PKCs act as regulators of many cellular processes. As diacylglycerol has a short bio-
logical half-life in the cell, the activation of PKC is transient. Activation of PKC by 
PEs, however, is much prolonged, which eventually leads to a number of biological 
processes. Recent study indicated that PEs may contribute to the formation of various 
cancers by at least two mechanisms. PEs act as co-carcinogens or tumour promoters. 
They do not cause tumour formation alone, but can lead to the increased risk of tumour 
formation when there is co-exposure to a chemical carcinogen. The tumour promoting 
effect of  J. curcas  oil has been demonstrated in mice (Horiuchi et al .   1987  ) . PEs are 
also known to activate the lytic cycle of the latent Epstein-Barr virus (MacNeil et al. 
 2003  ) . It has been proposed that exposure to the latex of the plant  Euphorbia tirucalli , 
a PE producing plant of the Euphorbiaceae family, is a co-factor for the development 
of Burkitt’s lymphoma in EBV carriers (MacNeil et al.  2003  ) . 

  Fig. 24.3    Structure of tigliane and phorbol esters. Source: Evans  (  1986  )  and Goel et al.  (  2007  )        
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   Toxicity Studies of PEs 

 Mortality was observed after administration of chicks with a diet of 0.5% of  J. cur-
cas  seeds, calves and goats fed with 0.25 g seed/kg of body weight (El-Badwi et al .  
 1995 ; Ahmed and Adam  1979  ) . PE containing oil showed acute oral LD 

50
  of 6 ml/

kg body weight in rats. In addition, skin irritation followed by necrosis was observed 
in rabbits and rat; dermal toxicity with hemolytic activity in mice. These experi-
ments indicate that PEs could affect the workers who are involved in oil extraction 
(Carels  2009  ) . 

 The toxic effect of  J. curcas  extract to mollusks has been demonstrated on 
 Biomphalaria glabrata, Bulinus globusus  and  Oncomelania hupensis  and also 
against snails transmitting  Schistosoma mansoni, S. japonicum  and  S. haematobium  
(which cause Schistosomiasis) (Liu et al.  1997 ; Rug and Ruppel  2000  ) . Wink et al .  
 (  1997  )  studied the insecticidal activities of  J. curcas  oil on  Manduca sexta, 
Helicoverpa armigera, Aphis gossypii, Pectinophora gossypielaa, Empoasca cabig-
uttula, Callosobruchus chinensis, Sitophilus zeamays, Phthorimaea opercullela, 
Culex sp., Sesamia calamistis, Busseola fusca, Periplaneta americana, Blatella 
germanica  and  Oncopeltus fasciatus.  In addition, it also acts against mosquitoes 
(which cause dengue fever), antibirth activity against house  fl ies,  Monodelphis 
domestica, Culex quniquefasciatus  (lymphatic  fi lariasis vector).  

   Recovery and Detoxi fi cation 

 The presence of PEs in seed meal prevents its use as animal feed. Seed meal of 
 J. curcas  contains crude protein (60–63%) when compared to soybean (45%) and 
would have high market value if detoxi fi ed from PEs and curcin (Makkar et al. 
 1997,   1998a,   b  ) . 

 There are various physical and chemical methods to destroy the PEs in oil and 
seed meals. Ahmed and Salimon  (  2009  )  tried to re fi ne oil from PEs in Indian, 

   Table 24.2    Concentration of phorbol esters in various parts of  J. curcas    

 S. No  Plant part  Conc. of phorbol esters (mg/g DW) 

 1  Kernels  2.0–6.0 
 2  Leaves  1.83–2.75 
 3  Stem  0.78–0.99 
 4  Flowers  1.39–1.83 
 5  Buds  1.18–2.10 
 6  Roots  0.55 
 7  Bark (outer)  0.39 
 8  Bark (inner)  3.08 
 9  Wood  0.09 
 10  Latex  ND 

  Source: Devappa et al.  2010a  
  ND  not detected  
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Malayan and Indonesian species by subjecting to acid degumming, deodorization, 
bleaching by HCl activated bentonate, neutralization by NaOH and concluded that 
PE can be reduced signi fi cantly by (a) degumming followed by caustic neutraliza-
tion, (b) bleaching of degummed and neutralized oil and methanol extraction (Haas 
and Mittelbach  2000 ; Devappa et al .   2008  ) . 

 Devappa et al.  (  2010c  )  reported different approaches to reduce PEs using various 
solvents and found that extraction of PEs by different concentrations of methanol at 
55°C for 1 h results in reduction of PEs by 98.4%. In addition, mixing methanol: oil 
ratio of 2:1 (v/w) and stirring on a magnetic stirrer at 60°C for 5 min can effectively 
reduce PEs from seed oil by 78–80%, which can be applied on a large scale for the 
production of low PE biodiesel. Solvent extraction of PEs followed by heat treat-
ments to inactivate lectins in  J. curcas  seed meal was reported to convert the non-
toxic meal to a high-quality protein source for live stock feeding (   Makkar and 
Becker  1997 ). Detoxi fi cation of seed meal was achieved with a combination of 
organic solvents and heat/sodium bicarbonate treatments, which resulted in a 48-fold 
reduction in PE content of seed meal (Martinez-Herrera et al.  2006  ) .  

   Bene fi cial Effects of PEs 

 Some naturally occurring PEs are tumour inhibitors that inhibit human immunode fi ci-
ency virus (HIV) replication and possess antileukemic activity. Jatrophone, a 
macrocyclic diterpenoid isolated from  J. gossypiifolia  showed signi fi cant inhibitory 
activity against cancer cells under  in vitro  and  in vivo  conditions (Kupchan et al. 
 1970 ; Goel et al .   2007  ) . Jatrophone also possessed signi fi cant antileukemic activity 
at 27 and 12 mg/kg cytotoxicity against KB cell culture at 0.17  m g/ml. The extracted 
PEs could be used as biopesticide and insecticide.  

   Non-toxic Varieties 

 Although  J. curcas  has been used to extract valuable biodiesel, the toxic substances 
in seed meal limits its utilization to the fullest extent. Attempts are under way around 
the world to develop varieties and identifying the existing germplasm that lack PEs. 
Recently, a non toxic  J. platyphylla  has been reported from Mexico (Makkar et al .  
 2011  ) . This species is found in warm area (20–29°C) and available on Paci fi c coast 
from Sinaloa to Michoacan including the Nayarit and Jalisco states in Mexican 
deciduous forest.  J. platyphylla  seeds are circular (15.54 ± 1.01 mm) with high oil 
content (60%), average seed with shell and kernel mass higher than (2–3 fold) the 
toxic and non-toxic varieties of  J. curcas . Kernel meal, crude protein and ash content 
are similar to  J. curcas . 

 Makkar et al .   (  1998b  )  compared toxic and non-toxic varieties of  J. curcas . Toxic 
varieties have PEs ranging from 0.87 to 3.32 mg g −1  of kernel while the non-toxic 
variety from Papantla region, Mexico lacked phorbol esters. 
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 Lacapaxa tribes (Mexico) eat  J. platyphylla  kernel meal (JPKM) after roasting 
them and are used in preparation of traditional dishes. Makkar et al .   (  2011  )  evalu-
ated the antinutritional effect of JPKM with  fi sh (Nile tilapia) bioassay and found 
that  fi sh remained healthy.    

   Curcin 

 Curcin is a toxic glycoprotein or toxalbumin, which belongs to ribosome inactivat-
ing protein (RIP) group. RIPs are divided into three types, based on the structure. 
Type I RIP consists of a single polypeptide chain (~30 kD) and alkaline isoelectric 
points (pI) of pH 8–10 with or without carbohydrates. Type II RIPs are heterodi-
meric proteins (~60 kD) consisting of a catalytically active A chain linked to a cell-
binding B chain. Type III RIPs are of peculiar type synthesized in an inactive form 
and will be active after proteolytic processing. RIPs are considered as a defense 
chemicals. Curcin from  J. curcas  is a type I RIP present in endosperm, fruit and sap 
and not detected in leaf, root and stem (Fang et al .   2005 ; Lin et al.  2003  ) . Curcin has 
54% homology with ricin A chain (from  Ricinus communis ) and 57% with tricho-
santhin ( Trichosanthes kirilowii ). 

 Curcin exhibited hemagglutinating activity, when its concentration was higher 
than 7.8 mg L −1  (Lin et al .   2003  ) . Wei et al .   (  2005  )  reported that curcin 2, a 32 kD 
protein may play a defensive role and is expressed in leaves of seedlings growing 
under stress conditions like drought, temperature and fungal infections. RIPs are 
valued for developing antitumor drugs, which selectively target tumor cells (Lin 
et al.  2003  ) . 

 Acute toxicity of curcin in mice oral semi-lethal dose LD 
50

  was 104.737 ±
 29.447 mg kg −1 ; mice parenteral semi-lethal dose LD 

50
  was 67.20 ± 10.445 mg kg −1  

(Lin et al.  2010  ) . Huang et al.  (  2008  )  induced Curcin 2 (RIP) in transgenic tobacco 
and showed increased tolerance against toacco mosaic virus (TMV) and  Rhizoctonia 
solani  (a fungal pathogen). 

 Lin et al .   (  2003  )  investigated the effect of curcin on different cell lines and con-
cluded that it inhibits protein synthesis in reticulocyte lysate with an IC 

50
  (95% 

con fi dence limits) of 0.19 (0.11–0.27) nmol L −1 . Mouse myeloma cell line, gastric 
cancer line and human hepatoma are more sensitive to curcin while Hela cells and 
normal cells (MRC) were not affected. Further, cysteine containing RIP (curcin) can 
be used for preparing immunoconjugates, which can act as a chemo therapeutic 
agent to cure various cancer diseases. 

 Indian  J. curcas  varieties collected from Kangra and Nasik showed variations in 
crude protein (23–24.2), lipid (54.8–58.4) neutral detergent  fi ber (4.5–5.4), ash 
(3.8–4.4), gross energy (30.4–31.2), trypsin inhibitor activity (24.7–27.5), lectin 
activity (0.85–6.85), saponins (2.01–2.39) and phytates (8.2–8.6) (Makkar et al.  1997  ) . 
The toxic and non-toxic varieties of  J. curcas  have good balance of amino acid 
composition, which is higher than FAO reference protein except lysine.  
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   Other Toxic Constituents 

 Besides PEs and curcin,  J. curcas  contains several other toxic constituents, such as 
tannins, saponins, phytates, trypsin inhibitors and lectins (Makkar et al .   1998a,   b ; 
Devappa et al.  2010a,   b  ) . Chemicals isolated from different parts of  J. curcas  spe-
cies are presented in Table  24.3  and Fig.  24.2 .  

   Phytates 

 Phytate is the principal storage form of phosphorus in most plant seeds. Phytates 
chelate with Ca 2+ , Mg 2+  and Fe 3+  resulting in these ions becoming unavailable in the 
diet. Non-ruminants, cannot degrade phytate, and hence, presence of phytates in 
feed reduces the availability of phosphorus. Phytates also form sparingly digestible 
phytate-protein complexes, thus reducing the availability of dietary protein.  J. cur-
cas  kernel meal from both toxic and non-toxic genotypes contain phytates ranging 
from 7.2% to 10.1%. Since the levels of phytates in the kernel meal are high, 
ef fi cient utilization as feed for monogastric animals should require the addition of 
phytase to feed (Devappa et al.  2010b  ) .  

   Trypsin Inhibitors  

  Trypsin inhibitors  (TIs) are proteins that inhibit proteolytic enzymes (trypsin and 
chymotrypsin) during digestion. They are known to decrease protein digestibility. 
TI activity in the  J. curcas  kernel meal of toxic as well as non-toxic genotypes was 
found to be ranging from 18.4 to 27.3 mg trypsin inhibited g −1  (Makkar et al.  1997  ) . 
TIs could be inactivated by heat treatment by autoclaving the kernel meal at 121°C 
for 30 min (Devappa et al.  2010a  ) . It was found that feeding of unheated  J. curcas  
kernel meal to poultry, pigs and  fi sh may produce adverse effects.  

   Lectins 

 Lectins are carbohydrate binding glycoproteins, which agglutinate red blood cells and 
affect absorption of nutrients by binding intestinal membrane. When consumed by 
animals, plant lectins bind to membrane glycosyl groups of the cells lining gastro intes-
tinal tract. They interfere with nutrient digestion and absorption and damage the luminal 
membrane of the epithelium. When consumed at higher concentrations, lectins threaten 
the growth and health of animals. The  J. curcas  kernel meal contains lectins at 102 and 
51 (inverse of mg meal that produced hemagglutination per ml of assay medium) for 
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toxic and non-toxic genotypes, respectively (Makkar et al.  2007 ). Like TIs, lectins also 
could be completely inactivated by autoclaving the kernel meal at 121°C for 30 min.  

   Curcain 

 Curcain is a proteolytic enzyme extracted from the latex of  J. curcas  shoots. The 
curcain was found to have a wound-healing property when tested in mice (Devappa 
et al.  2010b  ) .   

   Research on Toxins 

 Solvent extracts of  J. curcas  showed abortive effect (Goonasekera et al.  1995  )  in 
 in vitro  studies conducted in rat. Ethanolic extract of aerial parts of  J. gossypiifolia  
when orally administered to rats showed hypotension or reduced the systolic blood 
pressure in conscious normotensive rats and vasorelaxant activity on rat mesenteric 
rings precontracted with norepinephrine or CaCl 

2
  (Ca 2+ ) (Abreu et al .   2003  ) . Osoniyi 

and Onajobi  (  2003  )  reported procoagulant activity with low concentration of ethyl 
acetate fraction of  J. curcas  and anticoagulant activity with butanol extract. 
Arabinogalactan, a protein isolated from endosperm of  J. curcas  by cold extraction, 
induced the production of hepatocyte growth factor (HGF) by 2.9-fold, keratinocyte 
growth factor (KGF) by 1.7 fold, which are key factors of the proliferation control in 
skin keratinocytes and  fi broblasts. In addition, TGFB1 was up regulated by 2.5 fold, 
which are essential proteins for induction of cellular differentiation in epidermal 
keratinocytes (Zippel et al.  2010  ) . 

 In the recent past, scienti fi c investigations have supported few ethnomedicinal 
treatments. Bhil tribes from Rajasthan are using  J. curcas  root paste to treat local 
in fl ammation on humans. Mujumdar and Misar  (  2004  )  validated the folkore on rats 
by using ethanol extract of roots as anti-in fl ammatory agent. In yet another study, 
Mujumdar et al .   (  2000  )  proved that the methanol extract of  J. curcas  roots has antid-
iarrhoeal activity in albino mice. 

   Detoxi fi cation 

 Several attempts were made to nullify the toxic effects of toxins and antinutri-
tional factors present in  J. curcas  seeds and leaves.  J. curcas  seeds in some regions 
of Mexico were boiled and roasted (Delgado and Parado  1989  )  and roasting alone 
(Makkar et al.  1998b  )  helped to inactivate the toxicity of trypsin inhibitors. 
Makkar et al.  (  1998b  ,  2009 )  found that after roasting seeds of Mexican variety in 
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hot plate, trypsin inhibitor activity (14.6–28.7 mg trypsin inhibited g -1 ) was 
reduced (0.7 mg trypsin inhibited/g to non detectable), and lectin activity was 
reduced slightly (25.6–52.2 to 6.4 to 12.8 units), but there was no signi fi cant 
reduction in saponins, phytates and phorbol esters. In yet another study, Aregheore 
et al .   (  1997  )  reported that lectin can be completely inactivated by moisture heat 
treatment at 121 °C for 30 min. 

 Attempts were also made to degrade the PEs by using an  in vitro  rumen bacterial 
fermentation system (Makkar and Becker  2010  )  to use as feed stock. The reports 
conclude that rumen bacteria were not affected by PEs and did not degrade them. 
Further, rumen bacteria can degrade signi fi cantly tryspin inhibitors, lectins and 
phytates, which are other antinutrients present in J. curcas. 

 Siddhuraju et al .   (  2002  )  attempted to inactivate phorbol esters, phytates, saponins 
and lectins by giving ionizing radiation treatment to inactivate or remove the afore-
mentioned toxic chemicals. 

 Martinez-Herrera et al .   (  2006  )  used different techniques to detoxify the seed 
meal from antinutrients and toxins. To inactivate trypsin inhibitors, moist heating at 
121°C for 25 min was applied. Irradiation of 10 kHy slightly reduced the phytates 
while saponins were decreased by ethanol extraction and irradiation. Lectin activity 
and phorbol ester content (upto 97.9%) were reduced after ethanol extraction fol-
lowed by 0.07% NaHCO 

3
  treatment. Young leaves of  J. curcas  are perhaps edible if 

steamed stewed (Ochse  1931 ; Kumar and Sharma  2008  ) .   

   Therapeutic Uses of  J. curcas  

 In traditional medicine, all plant parts of  J. curcas  have therapeutic uses to cure 
human and animal ailments. 

   Leaf 

 Latin Americans and Carribbeans used leaf extracts or decoction to wash wounds. 
Tanzanians used leaf extracts to treat skin rashes and oral candidiasis. In Trinidad 
and Tobago, people used leaves to treat clean sores and in Columbia as an oral 
medicine to treat venereal disease, in Cameroon for arthritis, in Bahama for heart-
burn, in Barbadia to cure Marasmus and in Panama for jaundice. Costa Ricans use 
hot dressing of leaves to cure erysipelas and to cure splenosis. In some places, leaf 
bath was used for sores, sprains and rashes. In Guatemala, hot leaves are placed on 
breasts to cure lactagogue. In addition, hot water extracts of leaves are taken orally 
to induce milk secretion in women after child birth and to treat cough and also used 
as antiseptic (FAO  2010  ) . 

 Further, leaf extracts are utilized to treat fever, mouth infection, jaundice, guinea-worms 
sore, joint rubefacient for rheumatism and paralysis, kidney diuretics, antiaborifacients 
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and pulmonary trouble, to control parasites, malaria and hypertension. Leaf sap was 
used as febrifuges and to treat hemorrhoids (FAO  2010  ) .  

   Stem 

 It was used against pain and stings of bees and wasps, to cure toothache pyorrhea, 
gum in fl ammation, to stop bleeding and itching of cuts or scratches and water extract 
of branches to cure HIV and tumors (FAO  2010  ) .  

   Root 

 Root decoction was used as a mouth wash for bleeding gums, toothache, scabies, 
eczema, ringworms and to treat dysentery and venereal disease like gonorrhea. 
In Philippines,  fi sher men use bark as a  fi sh poison. In some regions as folkeric, 
dried and pulverized root barks are made into poultices and administered orally to 
treat jaundice and expel worms. Root paste is used to treat local in fl ammation and 
antidiarrhoeal activity (FAO  2010  ) .  

   Latex 

 Latex was applied to dress sores, in fl ammed tongs, to cure toothache in Cuba. It was 
also used to treat burns, hemorrhoids, ringworms and ulcers. Diluted latex in water 
was used to treat snake poisoning. In Southern Nigeria, latex of  J. gossypiifolia  
stem has been used to stop bleeding nose, gums and injured skin (Oduola et al .  
 2007 ; FAO  2010  ) .  

   Seed and Oil 

 In Mauritius, oil is used to massage ascetic limbs. It has been used as cutaneous, 
subcutaneous parasitic infection, eczema and skin diseases and to soothe rheumatic 
pains, tumours and cancers. Further,  J. curcas  soap prepared from oil is used as 
medicine to treat skin related diseases. Emulsi fi ed oil is used to control house  fl ies, 
weevil pests. Oil extract was found to be effective against cotton bollworm and 
sorghum stem borers and can be potentially used as fungicide and nematicide. To 
treat arthritis, gout and jaundice, oil was used internally and externally to stimulate 
abortion and it is also an ingredient for hair conditioners (Odusote et al .   2002 ; FAO 
 2010  ) .   
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   Other Uses 

 In India, most of agricultural lands are protected by  J. curcas  plantations as a livestock 
fence because of toxic characters, biodiesel production, and its cost effectiveness. 

   As Green Manure 

 De-oiled seed cake, a byproduct of oil extraction has the potential as a fertilizer or 
biogas production if available in large quantities. It can also be used as a fuel for 
steam turbines to generate electricity. Being rich in nitrogen, the seed cake is an 
excellent source of plant nutrients. In a green manure trial with rice in Nepal, the 
application of 10 t of fresh J. curcas biomass resulted in increased yield of many 
crops (Kumar and Sharma  2008  ) . Another use of  J. curcas  seed cake is as a straight 
fertilizer. Seed cake can be used as a fuel for steam turbine to generate electricity. 
Seed cakes are rich in nitrogen and in proteins (50–62%) with all essential amino 
acids except lysine. Seed cake can be used for low cost enzyme production or 
simply as plant nutrients and green manure (Kumar and Sharma  2008  ) .  

   Antibacterial Activity 

 Aiyelaagbe  (  2001  )  showed that roots of  J. multi fi da  effectively inhibited the growth 
of gram positive bacteria, such as  Bacillus subtilis  and  Staphylococcus aureus . 
 J. gossypiifolia  showed antifungal and antibacterial activity for  Micrococcus luteus, 
Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Saccharomyces 
cerevisiae  and  Aspergillus niger  (Kumar et al.  2006  ) .  J. elliptica  showed resistance 
against  Staphylococcus aureus  (Marquez et al .   2005  ) . The ethanolic extract of 
 J. curcas  seed cake exhibited antifungal activities against important fungal phyto-
pathogens  viz., Fusarium oxysporum, Pythium aphanidermatum, Lasiodiplodia 
theobromae, Curvularia lunata, Fusarium semitectum, Colletotrichum capsici  and 
 Colletotrichum gloeosporioides  (Donlaporn and Suntornsuk  2010  ) .  J. curcas  
extracts were found to inhibit  Colletotrichum musae,  which causes anthracnose dis-
ease in bananas (Thangavelu et al .   2004  )  and leaf extracts have fungicidal activity, 
which control  Sclerotium  sp., the agent of Azolla disease (Garcia and Lawas  1990  ) . 

 Bahadur et al.  (  1997  )  investigated comparative antimicrobial and antifungal 
properties using crude extracts derived from mature leaves, stem, seed, root and 
fresh calli of eight  J. curcas  species,  viz., J. curcas, J. gossypiifolia, J. glandulifera, J. 
villosa, J. heynei, J. maheshwarii, J. podagrica, J. integerrima  and noted differential 
response against  Escherichia coli, Bacillus subtilis ,  B. polymixa, Proteus vul-
garis ,  Fusarium oxysporum ,  Curvularia lunata . Fresh callus extract of  J. tanjo-
rensis, J. multi fi da, J. glandulifera  showed higher antifungal activity. While leaf, 
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stem, and root extracts of  J. gossypiifolia  and  J. tanjorensis,  leaves of  J. multi fi da  
and seeds of  J. integerrima  and  J. curcas  showed antimicrobial activity to various 
microbes.  

   Waste Land Reclamation and Agricultural Uses 

 In agriculture,  J. curcas  helps to control soil erosion, improved rain water in fi ltration, 
as a livestock barrier, land demarcation as live fence and green manure. In waste 
land reclamation, application of  J. curcas  seed cake (3 t ha −1  containing 3.2% N, 1.2% 
P 

2
 O 

5
  and 1.4% K 

2
 O) increased the yield from 93–120% (Ghosh et al .   2007  ) . 

ICRISAT (India) also reported similar results with a caution note stating that over 
application may depress yields (Wani et al .   2008  ) . Agamuthu et al .   (  2010  )  showed 
the usefulness of  J. curcas  for phytoremediation to recover the soil contaminated 
with used lubricating oil from automobiles. In addition,  J. curcas  bioaccumulation 
potential has been exploited in remediation of soil from heavy metal contamination 
 viz.,  Al, Fe, Cr, Mn, Ar, Zn, Cd and Pb (Mangkoedihardjo and Surahmaida  2008 ; 
Jamil et al .   2009 ; Santosh et al .   2009  ) .  J. curcas  is prone to pathogens like 
 Cercospora, Rhizopus oryzae  and insects. Recalcitrant  J. curcas  seeds were soaked 
in 12% leaf extract of  Clerodendrum aculeatum,  which has increased the agronomic 
values (Debnath and Verma  2008  ) .   

   Conclusion 

 In future, an intensive research on detoxi fi cation of toxins, anti nutritional proper-
ties and validation of ethnomedicinal properties of  J. curcas  can enhance the 
feed stock usage, exploration of novel chemicals, medicines, and other value 
added products to mankind. Furthermore, envolving cell, tissue and molecular 
biology techniques to develop non toxic varieties with good agronomical traits 
may help to exploit the potential of the crop. Popularizing  J. curcas  cultivation 
in waste lands and semi-arid regions will boost the socio economic status of poor 
people and countries.      
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         Introduction 

 Renewable fuels are gaining more importance as a replacement to non-renewable 
petroleum based fuels. The major reasons for the development of various renewable 
resources for fuel production are to achieve the security of energy required for 
transportation, to produce environmentally benign fuels, to use in the engines 
already developed for various types of vehicles, reduce health hazards and to provide 
the user an economic advantage. Biodiesel is one of the most important renewable 
fuels that falls into this category that do not require any modi fi cation of the existing 
engines and also exhibit signi fi cant advantages over petroleum derived diesel fuel 
(Jayed et al.  2009  ) . The concept of using food as a fuel dates back to 1895 when Rudolf 
Diesel developed the  fi rst diesel engine to run on food oil. Diesel demonstrated his 
engine at the World Exhibition in Paris in 1900 using peanut oil as fuel. 

 Biodiesel is the name widely used for alkyl esters of fatty acids made from veg-
etable oil or animal fats. Biodiesel prepared from any vegetable oils exhibits similar 
kinematic viscosity, better fuel properties like higher combustion ef fi ciency and 
cetane number (Demirbas  1998  )  in addition to excellent biodegradability (Mudge 
and Pereira  1999 ; Speidel et al.  2000  )  compared to petro diesel .  As biodiesel gener-
ally does not contain any sulfur and aromatic molecules, the level of toxic emissions 
is also lower compared to that of diesel fuel (Harrington  1986 ; USEPA Report 
 2002  ) . In fact, pollutants like unburnt hydrocarbons, particulate matters and carbon 
monoxides are found to be less in the biodiesel exhaust emissions. The NO 

X
  emission 

of biodiesel is found to be little higher compared to diesel. Most of the biodiesel 
samples prepared from several vegetable oils can be used in the engine without 
addition of any lubricant (Jain and Sharma  2010a ; Canakci et al.  2006 ; Knothe et al. 
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 2006 ; Lopez et al.  2009  ) . The production of biodiesel is less complicated as it does 
not require any underground drilling and complicated plants like petroleum re fi ning 
(Juan et al.  2011  ) . As biodiesel can be produced locally, it would have more 
 fl exibility as far as fuel security is concerned and will not have complicated tax 
systems as it prevails for petroleum products (Jain and Sharma  2010a  ) . 

 However, biodiesel has certain disadvantages compared to petroleum derived 
diesel fuel. It has lower calori fi c value, low volatility and biodiesel is found to be 
slightly corrosive against copper and brass. On the other hand, biodiesel prepared 
from saturated-rich vegetable oils, exhibits higher pour and cloud points and cannot 
be used at extreme cold atmosphere. If biodiesel is produced with proper care and 
used judiciously, it can be used as the most viable alternative to non renewable fuels 
like diesel. 

 The biodiesel business worldwide is a complex phenomenon and depends on 
many issues that cannot be controlled so easily. Because of the use of food crops as 
biodiesel feedstock, the price of oils sky-rocketed to a very high level and as a 
result, the biodiesel price also goes up making this economically unviable as an 
alternative fuel. Large scale mono-crop energy plantations are required to cater to 
the feed stock for biodiesel production. The major issues today are the policies 
adopted by local governmental agencies for sustainability of both food and non-
food agricultural commodities. In the changed scenario, where people are advocat-
ing for second generation biofuels, Jatropha has once again got some impetus as it 
does not have any direct con fl ict with any food crop.  

   Common Feedstocks for Biodiesel Production 

 Biodiesel can be prepared from various types of raw materials like vegetable oils, 
animal fats,  fi sh oils, algal oils, used frying oils and even from vegetable oil pro-
cessing by-products like soap stock and fatty acid distillates. However, biodiesel is 
predominantly prepared worldwide either from re fi ned or raw vegetable oils, 
mostly employed for edible purpose (Patil and Deng  2009  ) . The type of vegetable 
oil used for biodiesel production is the parameter that has the greatest contribution 
on demographic condition, climatic consequences and  fi nally on the basis of eco-
nomic feasibility. Majority of the large scale biodiesel production units in USA 
depend on soybean, sun fl ower and corn oils as the biodiesel feedstock, whereas in 
Europe and Canada, rapeseed/canola and sun fl ower are the main feed-stocks for 
biodiesel production (Ma and Hanna  1999  ) .  Used frying oils  (UFO) are also used 
commercially as the feedstock for biodiesel production in Europe and other coun-
tries (Kulkarni and Dalai  2006 ; Gui et al.  2008 ; Leung and Guo  2006  ) . In south-
east Asia, particularly in Malaysia, Indonesia and neighboring countries, palm 
oil is used as the raw material for biodiesel preparation (Ma and Hanna  1999  ) . 
Another important raw material in some countries for biodiesel preparation is 
animal fat, predominantly the tallow fats and lard (Ma et al.  1998  ) . In some 
other Asian countries including India and also the African countries, who are net 
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importers of vegetable oils, it is very dif fi cult to use edible oils for production of 
biodiesel. However, India, due to its tropical climatic conditions and vast terrain 
region has oil from more than 100 species of oilseed trees. These oils can be tar-
geted as the raw material for biodiesel production as they are cheaper compared to 
other edible oils and there exists huge scope for rural development by utilizing 
these crops that can be grown in forests and in rain shadow areas. India, hence is 
projecting non edible oils like  Jatropha curcas  (Jatropha) and  Pongamia pinnata  
(karanja) as the main feedstock for the preparation of biodiesel (Jain and Sharma 
 2010a  ) . In India, a total of 10 lakh (in India, 1 lakh = 100,000) hectares (ha) of land 
are under Jatropha cultivation whereas Mozambique (3 lakh ha), Indonesia (2 lakh 
ha), Malawi (55,000 ha), Malaysia (22,000 ha), Brazil (20,000 ha), Cambodia 
(20,000 ha), Madagascar (17,000 ha), South Africa (15,000 ha) are also cultivating 
Jatropha in a big way  ( Comprehensive Jatropha Report  2010 , Biozio ) . Other coun-
tries like China, Tanzania, Nicaragua has also shown interest on producing biodie-
sel from Jatropha oil and planted Jatropha trees (Lu et al.  2009 ; Eijck and Romjin 
 2008 ; Foidl et al.  1996  ) . Countries like Burkina Faso, Ghana, Swaziland, Zambia 
also followed similar approach. However, the exact extent of cultivation, crop 
yield and use for production of biodiesel in these countries are yet to be published 
in the peer reviewed literature. Later,  Pongamia pinnata  (karanja) was also chosen 
as the raw material for biodiesel production in India. States like Chhattisgarh, 
Rajasthan, Jharkhand, West Bengal, Andhra Pradesh, and Karnataka have already 
initiated organized cultivation of both crops. A more practical assessment on yield, 
production cost, technology options for production of biodiesel having qualities 
that can match international speci fi cations, economies, and impact on environment 
can only be done after few years of evaluation. 

 Apart from all these important raw materials, biodiesel has been prepared from 
various other oilseed crops and animal fats. Vegetable oils like rice bran oil (Bak 
et al.  1996 ; Ju and Vali  2005  ) , castor oil (Conceicao et al.  2007  )  cottonseed oil 
(Kose et al.  2002  ) , groundnut oil (Ahmad et al.  2009  ) , linseed oil (Sendzikiene et al. 
 2005  ) , karanja oil (Karmee and Chadha  2005  )  rubber seed oil (Satyanarayana and 
Muraleedharan  2010  ) , mahua oil (Kapilan and Reddy  2008  ) , low value lipids from 
soap stock (Wang et al.  2007  ) ,  fi sh oils (Lin and Li  2009  )  were also evaluated for 
their suitability as biodiesel feedstock. However, in this chapter, Jatropha oil is com-
pared with only the major feedstocks for biodiesel production for better evaluation 
of the oil as biodiesel raw material. 

 The issue of choosing the raw material for biodiesel preparation is a little com-
plex. Apart from the economic standpoint, issues like food versus fuel, environ-
mental aspects, and regulatory restrictions may control the biodiesel market in a 
particular region and the feedstock is chosen accordingly. In this chapter, emphasis 
is given only on the technical aspects rather than other issues. The suitability of a 
particular raw material may be evaluated by comparing the physico-chemical 
properties of the particular oil with that of the commonly used cleaner raw materials 
like sun fl ower, soybean, rapeseed, etc. (Tables  25.1  and  25.2 ). The major disadvantages 
of the non edible oils are the presence of higher amount of  free fatty acids  (FFA) 
and also higher amounts of gums and other unsaponi fi able components. These 
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oils require multiple steps of reactions like degumming, esteri fi cation and 
transesteri fi cation for the production of biodiesel and hence increase the cost of 
production (Leung et al.  2010  ) . These raw materials may result in production of 
biodiesel with lower ester contents and may not be able to meet the stringent 
speci fi cation for biodiesels laid by different standard authorities unless proper 
methodologies are employed for the production of biodiesel. Animal fats and 
some other vegetable oils containing higher amounts of saturated fatty acids exist 
as solid form at room temperature and may cause problems during the production 
and usage of biodiesel (Patil and Deng  2009 ; Sahoo and Das  2009  ) . Hence, phys-
ico-chemical properties and fatty acid composition of the raw materials have to be 
analyzed initially to evaluate the suitability of the particular raw material as biod-
iesel feedstock. Table  25.1  describes detailed physico-chemical properties of 
major oils being used as raw materials for biodiesel production along with Jatropha 
oil. The data indicates that non edible oils like karanja and Jatropha contain higher 
content of FFAs and these oils require two step processes for the preparation of 
biodiesel. The fatty acid composition of major biodiesel raw materials is given in 
Table  25.2 . The fatty acid pro fi le of Jatropha oil shows that it has a very balanced 
composition for biodiesel as it is rich in unsaturation with about 20–25% of satu-
rated fatty acids.    

   Extraction Methods for Oil Production from Jatropha Seeds 

   Jatropha seeds look somewhat similar to castor seed, and are dark brown to black 
in colour. The kernel constitutes 66–68% of the total seed. The oil content in the 
kernel varies from 46 to 58% (Bringi  1987  ) . In another report, the proximate 
analysis of seeds showed that it contained around 24.6% crude protein, 47.25% 
crude oil and 5.54% of moisture (Akintayo  2004  ) . Recent reports are showing that 
the oil contents of different varieties of Jatropha seeds in India are in the range of 
30–37% by weight (Singh and Padhi  2009 ; Jain and Sharma  2010a ; Sunil et al. 
 2008  ) . 

 Ripe fruits of Jatropha can be easily collected; a modi fi ed apple picker may 
also be used to collect fruits in a cotton bag (Henning  2003  ) . Before dehulling or 
decorticating, the seeds are to be dried to get better quality of oil. The whole seeds 
also can be expelled for oil. However, the oil yield becomes lower compared to 
that of dehulled/decorticated seeds if seeds are expelled directly. The seeds should 
be stored in a well ventilated store room after drying. Manual dehulling of Jatropha 
seed is also possible, however, this is time consuming and mechanical dehuller/
decorticators are available for Jatropha seeds and no speci fi c problem were 
reported concerning the decorticating process (Bringi  1987  ) . After decortication, 
seed and hulls are separated by winnowing or sieving. Some processors add 
20–25% whole seed along with the dehulled seeds for ease of operation during 
expelling for the extraction of oil from the seeds. 
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 Generally, vegetable oils are extracted either by expelling using different 
types of screw presses or by solvent extraction using hexane. If the oil content of 
seeds or oil bearing materials is less than 30%, oil must be recover through 
solvent extraction. Jatropha oil can be expelled from seeds with the expellers 
used for other seedoils without major changes. Double crushing in expellers pro-
duces 28.5% oil and if similar procedure is followed for whole seed, the oil yield 
is around 25% (Bringi  1987  ) . In African countries, hand presses are used for 
expelling of oil and by using Bielenberg Ram type of manual expeller 60–65% 
oil present in the seeds could be extracted, whereas 75–80% oil could be extracted 
by Sundhara type mechanical expellers (Henning  2003  ) . Some researchers have 
slightly modi fi ed the existing expellers used for other oils and developed one 
mechanical expeller comprising three components: dehuller that removes the 
hard outer shell of dried seeds, the crusher that makes dehulled seeds into  fi ner 
pieces and the oil expeller that presses the oil out of the crushed seeds (Iwayan 
 2008  ) . Monforts and Reiners types of expellers are used in Nicaragua (Foidl 
et al.  1996  ) . The process is very simple to scaled up for large capacities and 
operators can be trained very easily. Well known Sayari and Komet expellers are 
also used for extraction of Jatropha oils. 

 The extraction of oil by using screw press or expellers leaves 10–15% of residual 
oil in the expelled cake. Oils are to be recovered from the expelled cake to have 
better economy of the process. The residual oil is generally extracted by using 
hexane. Since this oil would be used for non-edible purposes, one may think of 
using hexane extraction directly from the decorticated seed materials as well. In a 
recent report, various aspects of solvent extraction of Jatropha seeds were discussed 
(Sayyar et al.  2009  ) . It was observed that, the best results as far as maximum extract-
ability is concerned was obtained with hexane at around 68°C with coarse particle 
size of 0.5–0.75 mm, 8 h of extraction and 6:1 solvent : seed material ratio. After 
solvent extraction, less than 1% of residual oil is left in the deoiled cake. 

 Jatropha oil contains several antinutritional and toxic components. Proper mea-
sures are to be taken to avoid any possible contamination before using the same 
expeller or solvent extraction plant for other oilseeds particularly for edible oils. 
It is advisable to avoid such practices. 

 In recent years, researchers have tried ultrasonication, enzymatic extraction 
(Shah et al.  2005  ) , and supercritical carbon dioxide extraction (Min et al.  2010  )  to 
recover Jatropha oil from its seeds. However, these are still in research phase and 
only the conventional methods of expelling and solvent extraction are being cur-
rently used for extraction of Jatropha oil.  

   Toxicity Studies of Jatropha Oil 

 It is reported that Jatropha seed is having some compounds that contravene the 
Chemical Weapons Convention of Geneva (Parawira  2010  ) . Scienti fi c studies 
revealed that Jatropha seeds are highly toxic for human beings, common animals 
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and birds. Because of its toxicity, Jatropha is known as ‘black vomit nut’, ‘purge 
nut’, physic nut’, ‘pinoncillo’, ‘poison nut tree’, ‘graveyard tree’, ‘hell oil’, ‘oil 
infernal’ etc. (Akintayo  2004 ; Gubitz et al.  1999 ; Makkar et al.  1998 ; Staubamann 
et al.  1999  ) . Feeding studies showed that the seed and oil were toxic to mice (Adams 
 1974  )  and rats (Liberalino et al.  1988  )  and also to larger animals like goats, sheep 
and calves (Ahmed and Adam  1979a ,  b    ). In a more recent report, the poisoning of 
11 children by Jatropha has been revealed in Mauritius (Rai and Lakhanpal  2008  ) . 
In their study, Liberalino et al. ( 1988 ) reported that rats were killed within 2–3 days 
when fed with raw or cooked seeds and after 6–8 days when fed with raw or cooked 
oil or defatted seed meal. Rats could survive 14–16 days after feeding with roasted 
and cooked seeds. Histopathological examinations showed gastrointestinal 
in fl ammation, heart and kidney disorders and damages, haemorrhages and necrosis 
of livers, etc. in all the birds or animals fed with Jatropha seed or oil (Adam  1974 ; 
Adam and Magzoub  1975 ; Ahmed and Adam  1979a ; Abdu-Aguye et al.  1986 ; 
Liberalino et al.  1988  ) . It has been reported that rats had diarrhoea and in fl ammation 
in the intestine when fed with an Indian variety of Jatropha oil and LD

50
 has been 

found to be 6 ml per kg body weight (Gandhi et al.  1995  ) . In the medical literature 
severe toxicoses were reported; the symptoms being similar to that of organophos-
phate pesticide intoxication (Koltin et al.  2006  ) . 

 Treatment procedure for Jatropha poisoning are also reported in the literature. 
Generally, consumption of 3–5 seeds results in severe nausea, pain in abdomen, 
gastric irritation and vomiting and diarrhoea (Gubitz et al.  1999  ) . In some cases, 
patients were dehydrated and then given intravenous  fl uid replacement (Joubert 
et al.  1984 ; Abdu-Aguye et al.  1986 ; Mampane et al.  1987  ) . In some places, anti-
dotes of Jatropha poisoning are available. In Mexico, Jatropha   poisoning is treated 
by using annatto seeds ( Bixa orellana  L.) as an antidote (Rivera-Lorca and Ku-Vera 
 1997  ) . In South Africa, a watery extract of  Peltophorum africanum  is used as anti-
dote (Mampane et al.  1987  ) . 

 The toxicity of seeds was attributed to a hemagglutinin called curcin (Felke 
 1913  ) . This toxic protein was found to inhibit protein synthesis in in vitro studies. 
However, the toxicity was found to be much lower compared to ricin or abrin (Stripe 
et al.  1976  ) . Though, presence of some lectins were also referred for the toxicity, it 
was found that similar amounts of lectins were present in non-toxic Mexico variet-
ies of Jatropha and hence concluded that lectins are not the major toxic principle 
present in Jatropha seeds (Makkar et al.  1998  ;  Parawira  2010  ) . The toxicity is pri-
marily due to the presence of some toxalbumin, cyanic acids and toxic phorbol 
esters (Nath and Dutta  1991 ; Ito et al.  1983  ) . Some more antinutritional components 
identi fi ed were phytates, saponins and a trypsin inhibitor (Wink et al.  1997  ) . Various 
methanolic extracts of seeds had shown contraceptive and abortive action on 
rats (Mameesh et al.  1963 ; Goonasekera et al.  1995  ) . The seed kernels of Jatropha 
were found to have between 0.03% and 3.4% of phorbol esters that can be present 
in oil also (Horiuchi et al.  1987 ; Hirota et al.  1988 ; Sauerwein et al.  1993 ; Wink 
et al.  1997  ) . These compounds activate protein kinase C (PKC), which is an enzyme 
that plays an important role in signal transduction and development of most cells 
and tissues (Azzi et al.  1992  ) . Prolonged interaction between phorbol esters and 
PKC would be the cause of tumorigenesis (Rotenberg et al.  1991  ) . 
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 However, some varieties of Jatropha seeds from Mexico are reported to be used 
for feeding birds, animals and for preparing some traditional dishes without any 
antinutritional effects. White winged dove is reported to have Jatropha seeds as a 
feed (Rivera-Lorca and Ku-Vera  1997  ) . Chickens and pigs also consume Jatropha 
seeds in Mexico (Gubitz et al.  1999  ) . Some reports showed that mice had normal 
weight gain when fed with another Mexican variety of Jatropha seed  ( Panigrahi et al. 
 1984  ) . It was reported that in Mexico, boiled or roasted seeds are sometimes used for 
preparing some traditional delicacies (Schmook and Serralta-Peraza  1997  ) . 

 Extraction of oil from huge quantity of Jatropha seeds will also generate dou-
ble quantity of deoiled cake. This nitrogen rich by-product of Jatropha oil biodiesel 
industry cannot be used as animal/poultry feed if it is not detoxi fi ed properly. Efforts 
were made to detoxify oil and deoiled Jatropha cake (Haas and Mittelbach  2000  ) . 
Usual methods of oil re fi ning like degumming, bleaching, deodorization were 
employed. Other treatments like NaHCO 

3
  treatment, extraction with alcohols were 

also tried. However, even the best detoxi fi cation method reported could remove 
only half of the phorbol esters and since the initial contents were very high, the 
toxicity level could not be reduced to safe limits (Martinez et al.  2006  ) . Moreover, 
detoxi fi cation was performed only on laboratory scale and the process is highly 
complicated. This is very dif fi cult to perform at larger scale (Parawira  2010  ) . The 
economy of Jatropha biodiesel industry could have changed dramatically, if deoiled 
cake could be detoxi fi ed properly and be used as animal/poultry feed (Mahanta 
et al.  2008  ) . Therefore, detoxi fi cation of Jatropha deoiled cake seems to be dif fi cult 
and additional investigations are still need.  

   Physico-chemical Properties of Jatropha Oil 

 The physico-chemical properties like free fatty acid content, iodine value, 
unsaponi fi able matter, triglyceride content, phosphorus content, etc. are very impor-
tant for the evaluation of a given oil as biodiesel feedstock and for the de fi nition of 
pre-treatment procedures as well as the economy of the whole process. Table  25.3  
describes the physico-chemical properties of Jatropha seed oils from different coun-
tries and shows that in most case characteristics are similar except for free fatty acid 
content, which depends on the quality and handling of seeds.  

 The oils from several Jatropha sources were also characterized for their physico-
chemical properties. The oil from one Indian variety of Jatropha was found to have 
918 kg m −3  density at 15°C,  fl ash point of 176°C, pour point of −6°C, carbon residue 
of 0.3% and calori fi c value of 33 MJ kg −1   ( Singh and Padhi  2009  ) . Jatropha oil from 
Thailand was found with 0.52% FFA, a 0.52%, kinematic viscosity at 40°C of 
34.84 mm −2  S −1  and density at 15°C of 918.6 kg m −3  (Nakpong and Wootthikanokkhan 
 2010  ) . In one report, the  fl ash point of the Jatropha oil was found to be 240°C and 
the phosphorus, calcium, magnesium and iron contents were determined to be 290, 
56, 103 and 2.4 ppm, respectively (Gubitz et al.  1999  ) . The data available in the 
literature is still not suf fi cient to make a generalized comment. Perhaps, a more 
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detailed characterization of the oil will be possible with a larger number of 
analyses. 

  Fatty Acid composition of Jatropha oil : One of the most important characteristics of 
the oil, which de fi nes its suitability as biodiesel feedstock, is the fatty acid composi-
tion. If more saturated acids are present in the oil, the biodiesel prepared from it 
would have problem of pour point as at lower temperature it would cease to  fl ow. On 
the other hand, if it has more unsaturation, it may have lower oxidative stability. This 
may result in rancidity and may affect its fuel properties. The fatty acid composition 
of different sources of Jatropha oils showed that most of them have more or less simi-
lar pattern of fatty acid composition. Table  25.4  shows the fatty acid composition of 
representative oil sources from different countries.   

   Pre-treatment Methods for Biodiesel Preparation 

 Vegetable oils contain FFAs and phospholipids that may cause problems during 
biodiesel preparation. Before the transesteri fi cation reaction for the conversion of 
vegetable oils to biodiesel, necessary pre-treatment steps like degumming followed 
by neutralization or esteri fi cation have to be performed to overcome these prob-
lems. For clean oils like sun fl ower, soybean, rapeseed, etc. simple degumming pro-
cess is suf fi cient before proceeding for transesteri fi cation. On the contrary all the 
non-edible oils, animal fat and used cooking oils require very elaborate pre-treat-
ment methods like degumming and esteri fi cation before transesteri fi cation if strin-
gent international speci fi cations of biodiesel are to be met.  Jatropha  oil also has 
such impurities and thorough pre-treatment methodologies are to be developed for 
various Jatropha oil samples depending on their impurity pro fi les. The basic pre-
treatment methodologies generally followed are described here. 

 The  fi rst pre-treatment step is the degumming. Most of the vegetable oils contain 
gums and mucilages. Gums are nothing but phospholipids and they act as surface 

   Table 25.3    Physico-chemical properties of different varieties of Jatropha   oil samples   

 Property  Carboverde a   Nicaragua b   Nigeria c   India d   Myanmar e  

 Moisture (%)  0.07  —  —  —  0.2 
 Free fatty acid (%)  0.29–0.40  0.60–1.27  1.66–1.86  10.2  22.6 
 Iodine value  95.2  106.6  104.5–105.9  98  100.1 
 Saponi fi cation value  192.4  190.1  197.5–200.3  —  208.3 
 Unsaponi fi able matter (%)  1.08  0.79  0.7–0.9  0.8  — 
 Viscosity (cSt)  38.8  37.0  17.1  35.4  — 

   a Foidl et al.  (  1996  )  
  b Kywe and Oo  (  2009  )  
  c Gandhi et al .   (  1995  )  
  d Akintayo  (  2004  )  
  e Singh and Padhi  (  2009  )   
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active agents. If these gums are present in the oil in large quantities, they may create 
problems during biodiesel preparation as they form an emulsion that prevent layer 
separation of glycerol and methyl esters. This pre-treatment step allow the removal 
of phospholipids, metal ions and other impurities from oil. These contaminents 
are critical since the quality of the degummed oil is generally judged by its 
phosphorous and metal contents. If not removed effectively, these impurities may 
eventually interfere with the subsequent processing steps. Phospholipids present in 
oils are broadly classi fi ed as hydratable and non-hydratable (Hvolby  1971  ) . While 
hydratable types are removed from the oil by simple water degumming step (Carlson 
and Scott  1991 ; Zhang et al.  1994  ) , non-hydratables require acid treatment. Calcium 
and magnesium ions bind to phosphatidic acid and phosphatidyl ethanolamine very 
strongly at pH 7. It was found that the binding of bivalent ions is 1,000 times stron-
ger than the binding of monovalent ions, such as sodium and potassium ions at pH 
6 and pH 7 (Hvolby  1971  ) . For this reason, under the conditions of water degum-
ming, such compounds do not become hydratable. The addition of a suf fi ciently 
strong acid liberates free phosphatidic acid and phosphatidyl ethanolamine, and 
thus converts them to hydratable compounds. Bivalent metal ions bind with the 
added acids like citric or phosphoric acids and can be removed with water. However, 
these acids must be thoroughly mixed to achieve the desired result. Acids like 
acetic acid and acetic anhydride are also capable of dissociating phosphatidic 
acid and phosphatidyl ethanolamine from bivalent metal ions. It is of utmost impor-
tance that metal complexes formed with added acid must not be oil-soluble; 
otherwise they would remain in the oil. 

 Commonly used degumming processes are Alcon process (Kock  1978  ) , dry 
degumming, acid degumming (Hvolby  1971  ) , super degumming (Ringers and 
Segers  1976 ; Segers  1982  )  uni-degumming (Van de sande and Segers  1989  )  special 

   Table 25.4    Fatty acid composition (wt%) of different varieties of Jatropha oils   

 Fatty Acid  Carboverde a   Nicaragua b   Nigeria c   India 1 d   India 2 e   Thailand f  

 Capric   0.1   0.1  —  —  —  — 
 Myristic   0.1   0.1  —   0.1   1.4  — 
 Palmitic  15.1  13.6  19.5  15.3  15.6  13.77 
 Palmitoleic   0.9   0.8  —  —  —  — 
 Stearic   7.1   7.4   6.8   6.6   9.7   6.77 
 Oleic  44.7  34.3  41.3  40.1  41.0  41.68 
 Linoleic  31.4  43.2  31.4  35.9  32.1  35.55 
 Linolenic   0.2   0.2  —   0.2  —  — 
 Arachidic   0.2   0.3  —   0.2  —  — 
 Behenic   0.2  —  —  —  — 

   a Foidl et al.  1996  
  b Kywe and Oo  (  2009  )  
  c Gandhi et al.  (  1995  )  
  d Bringi  (  1987  )  
  e Akintayo  (  2004  )  
  f Singh and Padhi  (  2009  )   
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degumming (Carlson  1985  ) , total degumming (Dijkstra and Van Opstal  1985  )  and 
enzymatic degumming (Chakrabarti et al.  2009 ). Amongst all these degumming 
techniques, water degumming and acid degumming processes are followed by most 
of the industries. These techniques are generally modi fi ed according to particular 
constraints.  Jatropha  oil samples were found to contain up to 300 ppm of phospho-
rus. According to BIS and ASTM speci fi cations, biodiesel should have less than 
10 ppm of phosphorus. It is, therefore, left to the processor to choose a degumming 
technique for getting the  fi nal product having the required speci fi cations. 

 In neutralization method, primarily the FFAs present in the oil are neutralized 
using caustic alkali. This method is of utmost importance as apart from removal of 
FFAs, it removes almost all the impurities (except few colouring bodies and odor-
ous compounds) present in the oil. The neutralization is done by using aqueous 
caustic solution. This forms sodium salts of fatty acids called soap. In the subse-
quent steps of bleaching and deodorization for the removal of colouring bodies and 
odorous compounds, respectively, oils and fats are heated to a high temperature. In 
general, biodiesel industry does not require bleaching and deodorization unless the 
quality of the oil is very bad. Therefore, most of the impurities should be removed 
in the neutralization step in case the free fatty content is less than 2% in the oil. As 
far as biodiesel industries are concerned, a judicious decision is to be taken for 
whether to go for neutralization or not. The acid number for the biodiesel should not 
exceed beyond 0.5 as per the standard speci fi cations. For oils having FFA above 
3%, esteri fi cation has to be done for converting the FFAs to methyl esters and then 
the whole mixture is treated for transesteri fi cation reaction. When the FFA content 
is less than a speci fi ed value, biodiesel manufacturers may apply neutralization to 
reach a speci fi c quality level. Since some Jatropha oils have higher amounts of 
FFAs, it becomes the prerogative of the manufacturers to decide whether to use the 
neutralization step or not. 

 Very few studies are available for Jatropha oil in this direction .  Yong et al.  (  2009  )  
reported the degumming process for Jatropha oil by treating the oil with phosphoric 
acid (0.2% of the oil mass) along with water (3 times the phospholipids present in oil) 
at 80°C, for 30 min to obtain degummed oil before proceeding for the production of 
biodiesel. In another study, Lu et al.  (  2009  )  reported that phospholipids were elimi-
nated during pre-esteri fi cation of Jatropha oil and a separate degumming operation 
was unnecessary.  

   Preparation of Biodiesel from Jatropha Oil 

 Vegetable oils can be used as energy source in four different ways through the 
direct use of vegetable oil or as a product of micro-emulsion, thermal cracking and 
transesteri fi cation. Vegetable oils have several limitations for direct use in diesel 
engines as the high viscosity would damage the engine by causing coking and 
trumpet formation (Agarwal and Agarwal  2007  ) . The fuel obtained from micro-
emulsion and thermal cracking methods lead to incomplete combustion due to a 
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low cetane number and energy content (Leung et al.  2010  ) . The most traditional 
methodology for the preparation of biodiesel from vegetable oils is transesteri fi cation. 
Transesteri fi cation was conducted as early as 1853. One of the  fi rst uses of biodie-
sel (transesteri fi ed vegetable oil) was for powering heavy vehicles in South Africa 
before World War II. Transesteri fi cation is the reaction of oil with an alcohol to 
form biodiesel and a by-product, glycerol. It is in principle the action of one alco-
hol displacing another from an ester. As the reaction is reversible, an excess of 
alcohol is usually used to force the equilibrium to the product side. The stoichiom-
etry for the reaction is 3:1 alcohol to oil; however in practice this is usually 
increased to 6:1 to increase the product yield. A catalyst is usually used to speed up 
the reaction and may be a base, an acid or an enzyme. The alkalis that are generally 
used include sodium hydroxide, potassium hydroxide, carbonates and correspond-
ing sodium and potassium alkoxides, such as sodium methoxide, ethoxide, propox-
ide and butoxide. Sodium hydroxide is the most common alkali used due to 
economical reasons and availability. Alkali-catalyzed reactions are used more 
often commercially than acid ones because their are faster. 

 Technology for the preparation of biodiesel from low FFA and high quality oils 
is less dif fi cult since it only involves the step of transesteri fi cation (Fig.  25.1 ). In 
principle, the chemistry of transesteri fi cation is very simple and only the ef fi cient 
conversion rate of oil to fatty acid methyl esters is very important. In the current 
commercial processes based on crude feedstock, an excess alkali is added to remove 
all FFAs (in case FFA is less than 2–3%. The main challenge of the biodiesel tech-
nology is handling oils like Jatropha with high content of FFAs. For alkali-catalyzed 
transesteri fi cation, water and FFA are not favorable to the reaction; so anhydrous 
triglycerides and alcohol are necessary to minimize the production of soap. Soap 
production decreases the amount of esters and the separation of glycerol and esters 
becomes dif fi cult.  

 The typical product mixture of a transesteri fi cation reaction contains fatty acid 
esters, triglycerides, monoglycerides, diglycerides, glycerol, alcohol and catalyst in 
varying concentrations. The primary goal is the removal of the esters from the mix-
ture, maintaining low costs and ensuring a high purity of the product. Glycerol in its 
pure form is seen to be a secondary product of the reaction as it can be sold to vari-
ous industries. The removal and resale of glycerol is essential to keep the cost of 
production competitive. The remaining mixture contains by-products that should 
have minimal contaminants if the conversion rate is high and alcohol that would be 
distilled off. 

 There are some concerns over hydrolysis inhibiting the conversion in 
transesteri fi cation. Alternative separation techniques have not yet been adequately 
developed. Washing and settling are well established for commercial batch 
processes for clean oils like sun fl ower, rapeseed, etc. but may have several prob-
lems for high FFA containing oils like Jatropha oil. As commented above, the 
re fi ning of biodiesel products from oil with high FFA content can be technically 
dif fi cult and can substantially increase the production costs. Research into the 
equipment required for a low cost online method to analyze the extent of conversion 



47725 Biodiesel Production from  Jatropha curcas  Oil

as the purity of biodiesel must be invested in conformity to international 
standards. 

 In case of high FFA oils, initially the fatty acid has to be esteri fi ed using acid 
catalyst like sulphuric acid followed by neutralization of the catalyst (Fig.  25.2 ).  

 The major problem associated to acid catalysts is the formation of salts during 
neutralization and also the conversion rate that is not very high compared to that of 
transesteri fi cation. The inef fi cient conversion rates of acid catalyst may result in the 
formation of biodiesel without matching the International Standards. Problems with 
the generated water during esteri fi cation reaction have also not yet been fully 
addressed. 

 Several methodologies have been reported for the preparation of biodiesel from 
Jatropha oil in which the  fi rst step was esteri fi cation to reduce the FFA content in 
the feedstock by esteri fi cation route employing sulphuric as a catalyst in order to 
reduce the fatty acid content to less than 1% (Lu et al.  2009  ;  Syam et al.  2009  )  fol-
lowed by a transesteri fi cation step envolving potassium hydroxide (Lin and Fang 
 2008  ;  Berchmans et al.  2010a,   b ; Syam et al.  2009 ; Lu et al.  2009  ) , sodium hydrox-
ide (Berchmans and Shizuko  2008 ; Lin and Fang  2008 ; Boonmee et al.  2010 ; 
Tapnes et al.  2008 ; Chitra et al.  2005 ; Jain and Sharma  2010b,   c ; Nakpong and 
Wootthikanokkhan  2010  )  and sodium methoxide (Lin and Fang  2008 ; Yong et al. 
 2009 ; Guo et al.  2008  )  for the conversion of triglyceride (oil) into biodiesel at a 
rate higher than 97%. The data generated during these studies indicated that the 
optimized conditions vary in the following limits for esteri fi cation: molar ratio of 
oil to methanol, 6–12%; catalyst concentration, 0.5–1 wt% H 

2
 SO 

4
 ; reaction time, 

  Fig. 25.1    Transesteri fi cation of vegetable oils       

  Fig. 25.2    Esteri fi cation of fatty acids present in Jatropha oils       
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30 min; reaction temperature, 60–65°C; transesteri fi cation: molar ratio of metha-
nol to oil at 6:1; alkaline catalyst loading, 1–1.3%; reaction temperature, 60–65°C; 
and reaction time of 20–60 min. Large scale production of biodiesel from 25 kg of 
Jatropha oil has resulted in 24 kg of biodiesel as compared to laboratory scale 
(Chitra et al.  2005  ) . The literature indicates that a better conversion rate is possible 
by implementing transesteri fi cation with a lower molar ratio of methanol to oil 
(4:1) and a lower amount of potassium hydroxide (0.55% w/w) (Tiwari et al.  2007 ; 
Patil and Deng  2009  )  by using a lower molar ratio of methanol to oil (4:1) and 
lower amount of potassium hydroxide (0.55% w/w). 

 The advantages of using homogenous acid or alkaline catalysts are that they are 
cheaper with a high catalytic activity for the production of high quality biodiesel in 
a short time (Helwani et al.  2009 ; Kulkarni and Dalai  2006  ) . By contrast, their 
drawback is the generation of huge amounts of ef fl uents. 

  Response surface methodology  (RSM) based on  central composite rotatable 
design  (CCRD) was used by Kumar et al.  (  2007  )  for the optimization of biodiesel 
production from Jatropha oil. Three important reaction variables are the methanol 
quantity, catalyst concentration and reaction time for reduction of FFA content of 
the oil to around 1% from 14% as compared to methanol quantity and reaction time 
for carrying out transesteri fi cation of the pretreated oil. The study also generated 
quadratic polynomial equations for predicting acid value and transesteri fi cation 
using RSM. Boonmee et al.  (  2010  )  also reported a full quadratic model for the prep-
aration of biodiesel from Jatropha oil by the program using response surface meth-
odology (RSM) with an R2 and adjusted R2 of 97% and 94%, respectively. The 
optimum conditions for transesteri fi cation were: methanol-to-oil molar ratio of 6:1, 
1% wt/wt sodium hydroxide and 90 min reaction time to obtain a yield of biodiesel 
up to 99.9%. The resulting Jatropha biodiesel properties satis fi ed both the ASTMD 
6751 and EN 14214 biodiesel standards. 

 In another study, potassium carbonate was used as a catalyst for the transesterifi-
cation reaction of Jatropha oil (Baroi et al.  2009  ) . From this study it was observed 
that the transesteri fi cation of Jatropha oil to biodiesel appeared to be completed 
within 15 min when a 5 wt% (based on the wt. of the oil) potassium carbonate, 6:1 
methanol to oil molar ratio, 60°C or a 4 wt% potassium carbonate, 9:1 methanol to 
oil molar ratio and 60°C reaction temperature were used. 

 The main problem using homogeneous catalysts like alkali or acids is that they 
are used in large quantities, which cause various problems, such as corrosion, cata-
lyst separation, acid waste, environmental pollution. Therefore, there is a need to 
replace the homogeneous catalysts with solid catalysts, which are easy to handle 
and environmental friendly. The by-product glycerol remains diluted with water 
using homogenous catalysts and pose a problem when delivered to the environment 
where it becomes a waste product. With a solid catalyst, glycerol will be almost free 
of water and its puri fi cation is very simple. In addition, the pellet form of solid cata-
lyst can be used in  fi xed-bed reaction processes and it can be very easily recycled 
several times. 

 The esteri fi cation of carboxylic acids by solid acid catalysts is important consid-
ering that low-cost lipid feedstock contains high concentrations of FFAs. Therefore, 
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it is expected that a good solid acid catalyst must be able to carry out simultaneously 
both esteri fi cation and transesteri fi cation. Since esteri fi cation and transesteri fi cation 
share a common molecular pathway, evidence about catalyst reactivity for 
esteri fi cation also provides evidence about transesteri fi cation and vice versa .  

 Solid acid catalysts were employed by few researchers for both esteri fi cation and 
transesteri fi cation methods. SiO 

2
 -HF was reported to be excellent heterogeneous 

catalyst to reduce the FFA content of Jatropha oil from 7.9% to 0.3% in 180 min 
before transesteri fi cation employing methanolic sodium hydroxide (Corro et al. 
 2010  ) . Lu et al.  (  2009  )  reported calcining metatitanic acid as solid acid catalyst 
(4 wt% of oil) and the conversion of FFAs was higher than 97% at 90°C in 2 h at a 
20:1 molar ratio of methanol to FFAs .  Liu and Kong  (  2009  )  reported the 
transesteri fi cation of Jatropha oil with higher FFAs, using SO  

4
  2−  /TiO 

2
 -Al 

2
 O 

3
  as a 

solid acid catalyst instead of traditional liquid acid and alkali catalysts. The experi-
mental results indicated that the solid acid catalyst had a higher reactivity and stabil-
ity on the transesteri fi cation of Jatropha oil at 130°C; methanol/oil molar ratio, 15:1; 
solid acid catalyst dosage, 4%; mixing speed 480 rpm; co-solvent hexane/oil wt. 
ratio 1:4; reaction time 3 h with a purity of 97.6%. The fuel properties of Jatropha 
biodiesel met the national BD100 standard. Solid acid catalyst Na/SiO 

2
  was also 

employed for the preparation of biodiesel from Jatropha oil under ultrasonication 
conditions (Kumar et al.  2010  ) . The optimal conditions for biodiesel production are 
the molar ratio oil to methanol 1:9; catalyst concentration, 3 wt% of oil and 15 min 
reaction time under atmospheric pressure. Solid catalyst and ultrasonication reduced 
the reaction time compared to the conventional batch processes with a biodiesel 
yield of 98.5% in optimal conditions of: molar ratio of oil to methanol 1:9, catalyst 
concentration, 3 wt% of oil and 15 min reaction time. Vyas et al.  (  2009  )  reported the 
use of potassium nitrate (KNO 

3
 ) on alumina (Al 

2
 O 

3
 ) as solid base catalyst for 

transesteri fi cation of Jatropha oil to biodiesel however, the catalyst can be reused 
only for 3 times. Super solid base of calcium oxide was also used as heterogeneous 
catalyst for biodiesel production from Jatropha oil. Commercial calcium oxide was 
immersed in ammonium carbonate solution to increase the base strength and cal-
cined at 900°C for 1.5 h and the catalyst resulted in biodiesel yields of 93%. The 
catalyst could be reused at least 3 times without signi fi cant loss of catalytic activity. 
Solid acid catalyst prepared from crude glycerol obtained from biodiesel process 
was found to be one of the best esteri fi cation catalysts for the conversion of free 
fatty acid present in any vegetable oils (Prabhavathi Devi et al.  2007  ) . 

 The disadvantages caused by chemical catalysts can be overcome by using bio-
catalysts particularly lipases for the preparation of biodiesel by employing greener 
approach (Haas and Foglia  2005  ) . Biocatalysts are usually lipases, however conditions 
need to be well controlled to maintain the activity of the catalyst. They are stable, 
do not require co-enzymes and will often tolerate organic solvents. Enzyme 
catalyzed reaction is more ef fi cient, highly selective, involves less energy consump-
tion, produces less waste (Akoh et al.  2007  )  and it is recyclable as enzymes can be 
immobilized onto a support (Robles-Medina et al.  2009  ) . Glycerol recovery in enzy-
matic process is easier as it would produce high grade glycerol as compared to 
chemical processes. Recent patents and articles have shown that reaction yields and 
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times are still unfavourable compared to base-catalyzed transesteri fi cation for 
commercial application. Several lipases were employed either in free form or in 
immobilized state for this purpose. Immobilized  Candida antarctica, C. rugosa. 
Thermomyces lanuginosus, Rhizopus oryzae, Pseudomonas  fl uorescens, P. cepacia  
were some of the lipases exploited for the preparation of biodiesel from different 
vegetable oils and fatty acids. As lipases can simultaneously esterify and transes-
terify FFA and triacylglycerols, low quality oils like high FFA oils, acid oils, restau-
rant greases, oils isolated from spent bleaching earth were also attempted to convert 
oil into biodiesel in reasonably good yields. The cost of lipase production is still 
the main bottleneck to commercialize the lipase-catalyzed process for low value 
product like biodiesel. However, there is a lot of scope for biotechnological 
revolution in this area. 

 Shah et al.  (  2004  )  reported the preparation of biodiesel from Jatropha oil employ-
ing  Chromobacterium viscosum, C. rugosa,  porcine pancreas lipases with an oil to 
alcohol (methanol and ethanol) ratio of 1:4, lipase concentration of 10 wt% of oil at 
40°C for 8 h. Reaction was carried out with and without immobilization of lipase on 
celite and with and without water. The biodiesel yield varied from 62% to 92% 
depending on the reaction conditions. Three lipases from  Candida antarctica, 
Thermomyces lanuginosus  and  Rhizomucor meihei were  employed for the preparation 
of biodiesel from Jatropha oil using co-solvent (25% pentanol and 75% isooctane) to 
avoid lipase deactivation caused by methanol and glycerol. Conversions were up to 
98% at 45°C with 7.5% w/w of  C. antarctica  lipase in 24 h (Su and Wei  2008  ) . Kumari 
et al.  (  2009  )  used the  Enterobacter aurogenes  lipase immobilized on activated silica 
with ethanolamine for transesteri fi cation of Jatropha oil with only 68% yield, in spite 
of using t-butanol as a solvent to eliminate lipase deactivation. 

 The short-chain alcohols, such as methanol and ethanol are commonly used as 
acyl acceptors for the biodiesel production. However, the use of an excess alcohols 
would lead to enzyme inactivation. In addition, glycerol would block the active 
sites of the enzyme resulting in low enzyme activity. Stepwise addition of methanol 
may overcome the problem of lipase deactivation in solvent-free system in biodie-
sel production. Jatropha oil was converted to ethyl esters using  P. cepacia  lipase 
immobilized on celite via stepwise addition of ethanol to obtain more than 91% 
conversion (Shah et al.  2004  ) . In another study, Jatropha oil was transesteri fi ed 
under a solvent-free system in a stepwise addition of methanol using Novozyme 
435 and  R. oryzae lipases with R. oryzae lipase resulting  in 5% higher conversions 
of biodiesel (Tamalampudi et al.  2008  ) . Novel acyl acceptors, such as methyl ace-
tate, ethyl acetate and propan-2-ol were reported recently for the interesteri fi cation 
of various oils into biodiesel. Ethyl acetate was employed as the acyl acceptor for 
the production of the biodiesel from crude oils of Jatropha, karanja and sun fl ower 
using Novozyme 435 and the yields of ethyl esters were 91.3%, 90.0% and 92.7%, 
respectively (Modi et al.  2006  ) . With ethyl acetate, the relative lipase activity could 
be maintained over 12 cycles while it did not pass over the 6th cycle whith ethanol 
used as an acyl acceptor. Su and Wei  (  2008  )  studied  in situ  extraction and 
transesteri fi cation of Jatropha oil from kernels using methyl and ethyl acetates with 
86% and 87% yields, respectively. Modi et al.  (  2007  )  also reported propan-2-ol as 
an acyl acceptor for the Novozyme 435 catalyzed transesteri fi cation reaction for the 
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production of biodiesel from crude Jatropha, karanja and sun fl ower oils with good 
yields. Lipase reusability could be maintained over 12 cycles with propan-2-ol as 
the acyl acceptor. 

 Tang et al.  (  2007  )  reported the transesteri fi cation of the crude Jatropha oil cata-
lyzed by micro-sodium hydroxide in supercritical and subcritical methanol for 
enhancing the transesteri fi cation activity. Another study (Gan et al.  2010  )  reported 
the transesteri fi cation of Jatropha oil at subcritical methanol conditions with p–tolu-
ene sulfonic acid as a catalyst for the preparation of biodiesel and the optimum con-
ditions were found to be: reaction temperature, 170°C; molar ratio of methanol to oil 
40: 1; mass ratio of catalyst to oil 0.75% and reaction time of 30 min. The production 
of biodiesel from raw rice bran oil (RBO) in supercritical methanol was studied by 
adopting response surface method to examine the effect of molar ratio of methanol 
to oil, reaction temperature and reaction time on the conversion of biodiesel and the 
optimum reaction condition could be performed at the temperature of 295.9°C within 
40.5 min with 25.1 molar ratio of methanol to oil (Han et al.  2009  ) . Transesteri fi cation 
reaction without using any catalyst requires a high temperature above the critical 
temperature of alcohol and this is called as supercritical method. Rathore and Madras 
 (  2007  )  investigated the possibility of using the supercritical method on methanol and 
ethanol for biodiesel production from crude Jatropha oil and obtained conversion 
rates of upto 95% at 400°C under 20 MPa for both methyl and ethyl esters. In another 
study, supercritical reaction was carried out at milder conditions of 320°C under 
8.4 MPa with a molar ratio of 1:43 of Jatropha oil to methanol and the yield of 
methyl ester was 100% (Hawash et al.  2009  ) . FFA content of the Jatropha oil used by 
Rathore and Madras  (  2007  )  was about 10% whereas it was 2% in the oil used by 
Hawash et al.  (  2009  ) . The water released during supercritical reaction is proportional 
to FFA content while the biodiesel yield is inversely proportional. Supercritical 
reactive extraction was employed for the simultaneous extraction and production of 
biodiesel from Jatropha seeds by Lim et al.  (  2010  )  in a relatively short total operating 
time (45–80 min). Particle size of seeds (0.5–2.0 mm), reaction temperature (200–
300°C) and pressure were investigated; results were found to be encouraging with 
reaction conditions of 300°C, 240 MPa, a methanol to solid ratio of 10 ml g−1 and a 
hexane to seed ratio of 2.5 ml g−1 of Jatropha oil was also extracted using supercriti-
cal carbon dioxide and then subjected to subcritical hydrolysis (Chen et al.  2010  ) . 
The hydrolyzed fatty acid was further reacted with methanol under supercritical 
esteri fi cation to obtain 99% of biodiesel from Jatropha oil in 15 min under 11 MPa at 
290°C with 33% v/v of hydrolyzed oil to methanol. In another study, Ilham and Saka 
 (  2010  )  developed a two step process to produce biodiesel from Jatropha oil employ-
ing dimethyl carbonate instead of methanol to obtain 97% biodiesel in 15 min at 
300°C under 9 MPa. During this process, glyoxal as by-product is produced instead 
of glycerol and the method is not affected by FFA content. 

 Li et al.  (  2006  )  reported a method featuring the addition of 0.02–0.3% of rosemary 
antioxidant to Jatropha oil at a wt. ratio of 1: (2–3), heating to 90–130°C, maintaining 
for 20–80 min to completely dissolve rosemary antioxidant in the oil. The method 
greatly inhibited the oxidation of Jatropha oil, thus prolonged its storage period. In 
another method, propyl gallate, pyrogallol, synergistic agents like trisodium citrate, 
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dodecyl glucoside, and/or metal ion complexing agent EDTA disodium were added to 
Jatropha oil or blend diesel (obtained by mixing Jatropha oil and fossil diesel at a 
volume ratio of 5–99%), heating to 35–45°C, and maintaining for 30–90 min under 
stirring (Gao et al.  2010  ) . The synergistic agent used in this article can play the role of 
antioxidant without generating free radicals or precipitates. 

 Engine tests with Jatropha oil were carried out in Thailand and showed satisfactory 
performance. A 50 h continuous test was conducted using transesteri fi ed Jatropha 
oil, diesel fuel and their blends in two diesel engines with small pre-combustion 
chambers (Gubitz et al.  1999 ; Recep et al.  2000  ) . Biodiesel can be blended in 
various proportions with fossil diesel to create a biodiesel blend or can be used in 
its pure form. It can be used in compression ignition engines with very little or no 
engine modi fi cations because it has properties similar to petroleum diesel 
(Banapurmath et al.  2008 ; Devanesan et al.  2007  ) . Arumugham  (  2009  )  reported the 
exhaust gas emission characteristics of diesel blends prepared with Jatropha 
biodiesel (0%, 10%, 20%, 30%, 40% and 50%) employing a stationary diesel engine 
without any engine modi fi cations. A single cylinder four stroke diesel engine 
was tested at various loads with the blended fuel at the speed of 1,500 rpm. Exhaust 
gas emissions were measured using an AVL 5 gas analyzer and a smoke meter. 
The results indicated that the brake thermal ef fi ciency of diesel is higher at all loads 
followed by blends of Jatropha oil and diesel. The speci fi c fuel consumption was 
found to be even lower than the conventional diesel for blends up to B20. The brake 
thermal ef fi ciency for B10 and B20 were also closer to diesel and the CO 

2
  emissions 

were found to be lower than diesel. There was a marginal increase in the smoke 
opacity and NOx. The author claimed that the increase in opacity can be effectively 
managed by engine optimization. 

 Effective utilization of by-products like deoiled-cake, glycerol (Demirel et al. 
 2007 ; Zhou et al.  2008  ) , phytochemicals and  fi ne chemicals would certainly help 
the economics of biodiesel.  

   Physico-chemical Characterization of Jatropha Biodiesel 

 The physico-chemical properties of Jatropha biodiesel are well comparable with 
that of fossil diesel and that is the reason why Jatropha oil is being projected as an 
excellent source of biodiesel from non edible oils. Table  25.5  describes the phys-
ico-chemical properties of Jatropha biodiesel along with the biodiesel prepared 
from common feedstocks. The data revealed that Jatropha biodiesel is almost 
matching with biodiesel from other feedstocks. The properties of Jatropha biodie-
sel conforms to all the international speci fi cations of biodiesel. However, proper 
care has to be taken during the production of biodiesel for obtaining speci fi ed acid 
value, when the raw Jatropha oil contains higher amounts of FFAs. Iodine value 
and pour points of Jatropha biodiesel are very attractive for its exploitation in 
colder regions. The cetane number of Jatropha biodiesel is very high compared to 
other oilseed sources.   
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   Conclusions 

 Jatropha is one of the best renewable oilseed for biodiesel production due to its fatty 
acid composition and low content of unsaponi fi able matter. However, the major 
drawback of this oil is its higher FFA content. Hence, a lot of care has to be taken 
during the harvesting and handling of Jatropha seeds. If Jatropha oil contains less 
than 2% FFAs, alkali-catalyzed transesteri fi cation is the most suitable process for 
the preparation of biodiesel. In case, FFA content is larger than 2%, a two step pro-
cess consisting of esteri fi cation followed by transesteri fi cation is an appropriate 
choice for biodiesel production. Active research is going on to replace homogenous 
catalysts with heterogeneous catalysts (either chemical or enzymatic) for a greener 
process and a success in this direction may change the scenario of biodiesel indus-
try. The speci fi cations for biodiesel are designed to ensure that consumers will not 
experience operational problems from the fuel use. Hence, efforts should be made 
to optimize the process parameters of biodiesel to meet stringent global speci fi cations. 
Quality fuel would provide the consumer with improved air quality and enhanced 
operability. Poor quality fuel would create operability problems and increased 
maintenance activity. Hence, it is really necessary to look for newer approaches for 
the production of biodiesel particularly for feedstocks with heterogeneous quality. 
In the present scenario, biodiesel industry must give more importance to by-product 
utilization from biodiesel to make the industry sustainable.      
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         Introduction 

 Fatty acids from vegetable oils can be described as similar in molecular structure, 
chain length and carbon to hydrogen ratio (C:H)  vis-a-vis  alkanes from conven-
tional diesel (Srivastava and Prasad  2000 ; Crookes et al.  1997  ) . However, they differ 
from the later because of presence of oxygen in their molecular structure. Vegetable 
oils have higher kinematic viscosity, density, and lower cetane number, lower stoi-
chiometric mixture ratio and speci fi c enthalpy of combustion compared to mineral 
diesel (Crookes et al.  1997  ) . Vegetable oils can be used directly or blended with 
mineral diesel in order to be operated in compression ignition engines (Agarwal 
 2007  ) . Even Rudolf diesel, inventor of CI engine, emphasized the use of vegetable 
oils to run CI engine during the 1900 world exhibition in Paris and demonstrated his 
invention by using peanut oil as a fuel (Bryant  1976  ) . Various vegetable oils and 
their blends with mineral diesel have been tested worldwide, e.g., Jatropha oil 
(Agarwal and Agarwal  2007 ; Agarwal and Dhar  2009,   2010 ; Pramanik  2003 ; 
Gangwar and Agarwal  2008 ; Forson et al.  2004 ; Kumar et al.  2003  ) , Karanja oil 
(Bajpai et al.  2009 ; Mahanta et al.  2006 ; Agarwal and Rajamanoharan  2009  ) , rubber 
seed oil (Ramadhas et al.  2005  ) , palm oil (Almeida et al.  2002  )  etc. Higher concen-
trations of vegetable oils have been used by preheating the fuel before injection into 
the cylinder (Agarwal and Agarwal  2007 ; Agarwal and Dhar  2010 ; Almeida et al. 
 2002 ; Bari et al.  2002 ; Nwafor  2003,   2004  ) . Life cycle impact assessment study for 
comparing the effect of  straight vegetable oil  (SVO) and biodiesel on the environ-
ment has indicated SVO route as more environment friendly with emphasis on its 
localized production and utilization (Fore et al.  2011 ; Esteban et al.  2011  ) . With this 
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background, this chapter describes detailed performance, emission and combustion 
characteristics of preheated and unheated Jatropha oil blends in unmodi fi ed com-
pression ignition engines.  

   Utilization of Jatropha oil with Blending 

 Viscosity of straight Jatropha oil at 40°C is 34.33 cSt, which is very high in 
comparison to conventional CI engine fuels (Table  26.1 ). So, straight Jatropha oil 
needs to be modi fi ed to bring its combustion properties closer to those of mineral 
diesel. The fuel modi fi cations are mainly aimed at reducing the viscosity to elimi-
nate problems related to its  fl ow and atomization. Four techniques are proposed to 
reduce the viscosity of vegetable oils namely pre-heating/pyrolysis, dilution/blend-
ing, micro-emulsion and transesteri fi cation (Agarwal  2007  ) . Viscosity of Jatropha 
oil decreases after blending it with mineral diesel. The viscosity of 20% blend of 
Jatropha oil with mineral diesel (J20) was reported to be 4.19 cSt (Agarwal and 
Agarwal  2007 ; Agarwal and Dhar  2009  ) , which is within the prescribed ASTM 
limit for CI engine fuels (6 cSt at 40°C). This section describes the performance, 
emission and combustion characteristics of 10%, 20%, 50% and 100% Jatropha oil 
blends in a single cylinder direct injection compression ignition engine operating at 
a constant speed of 1,500 rpm without any engine hardware modi fi cation vis-à-vis 
mineral diesel.  

   Performance Characteristics 

 The performance characteristics of Jatropha oil blends compared to mineral diesel 
(Fig.  26.1 ) are evaluated using standard equipments and parameters (1) the  brake 

   Table 26.1    Physico-chemical properties of mineral diesel 
and Jatropha oil (Agarwal and Dhar  2009  ) .   

 Property  Diesel  Jatropha 

 Density (kg/m 3 )  833.7  921.8 
 Kinematic viscosity @ 40°C (cSt)  2.71  34.33 
 Calori fi c value (MJ/kg)  43.06  41.85 
 Flash point (°C)  48  180 
 Carbon residue %, (w/w)  0.08  0.74 
 Ash content %, (w/w)  0.014  0.036 
 Carbon %, (w/w)  83.12  76.56 
 Hydrogen %, (w/w)  14.72  13.19 
 Nitrogen %, (w/w)  0.45  0.34 
 Copper corrosion grade  1a  1a 
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mean effective pressure  (BMEP) is a quantity related to the operation of a piston 
engine and is a valuable measure of an engine’s capacity to do work independent of 
its size; (2) the  brake speci fi c   energy consumption  (BSEC) is the energy consumed per 
unit power produced by the engine; (3) the  brake speci fi c fuel consumption  (BSFC) is 
a measure of the mass of fuel consumption for producing unit power and (4) the  ther-
mal ef fi ciency  measures the ef fi ciency of the engine, i.e., the relation between the 
heat-content of a fuel that is consumed and the mechanical work output produced or 
in other words, the ratio of  brake power output to fuel energy input .  

 BSFC was found to increase with higher proportion of Jatropha oil in the blend 
compared to diesel in the entire load range. Calori fi c value of Jatropha oil is rela-
tively lower compared to that of diesel, therefore increasing proportion of Jatropha 
oil in blend decreases the calori fi c value of the blend, resulting in increased BSFC. 
Thermal ef fi ciency of Jatropha blends is lower than that of mineral diesel. However, 
thermal ef fi ciency of blends up to J20 is very close to mineral diesel. Oxygen pres-
ent in the fuel molecules improves the reference of combustion characteristics, but 
higher viscosity and poor volatility of vegetable oils lead to poor atomization and 
inferior combustion characteristics. Therefore, thermal ef fi ciency was found to be 
relatively lower for higher blends concentrations compared to that of mineral diesel. 
The exhaust gas temperature with blends having higher percentage of Jatropha oil 
was higher than mineral diesel. Exhaust gas temperature for lower blends was com-
parable to mineral diesel.  

  Fig. 26.1    Performance characteristics of Jatropha oil blends ( a ) BSFC, ( b ) BSEC, ( c ) exhaust gas 
temperature and ( d ) thermal ef fi ciency (Agarwal and Dhar  2009  )        
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   Emission Characteristics 

 According to the emission characteristics of Jatropha oil blends (Fig.  26.2 ), the brake 
speci fi c carbon monoxide (CO) emission  fi rst decreases then increases with increasing 
engine load for all fuels (Fig.  26.2a ). Higher the engine load, richer is the fuel-air 
mixture to be burned therefore more CO is produced due to relative lack of oxygen. 
For lower Jatropha oil blends (up to J20), CO emissions for Jatropha oil are close to 
mineral diesel, but higher blends exhibit signi fi cant increase in brake speci fi c CO 
emissions at higher BMEP (above 3 bar). Jatropha oil blends exhibit higher  hydrocar-
bon  (HC) emissions compared to diesel (Fig.  26.2b ). It can be observed that HC emis-
sions increase with increasing proportion of Jatropha oil in blends. The smoke opacity 
increases with increase in Jatropha oil concentration in blends particularly at higher 
loads (Fig.  26.2c ). Higher smoke opacity may be due to poor atomization of Jatropha 
oil. Bulky fuel molecules and higher viscosity of Jatropha oil results in poor atomiza-
tion of fuel blends. Nitrogen oxide (NO) emission was the lowest for J10 and NO 
emissions for other Jatropha oil blends were higher than mineral diesel (Fig.  26.2d ). 
High exhaust gas temperature and oxygen in the exhaust are responsible for higher 
NO formation with increase of Jatropha oil concentration in blends.   

  Fig. 26.2    Emission characteristics of Jatropha oil blends ( a ) carbon mono oxide emissions, ( b ) hydro-
carbon emissions ( c ) smoke opacity and ( d ) nitrogen oxide emissions (Agarwal and Dhar  2009  )        
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   Combustion Characteristics 

 The variations of in-cylinder pressure with crank angle for mineral diesel, 5%, 20%, 
50% blends and 100% Jatropha oil at different engine operating conditions are 
shown in Fig.  26.3 . The  crank angle  is measured in ‘degree’ and is used to report 
the piston position during the combustion process. Four strokes of engine operation 
are completed in −360° to 360° rotation of crank shaft. At −360°, piston is at its 
highest point, known as the  top dead center  (TDC) and suction stroke is completed 
from −360° to −180°. Inducted air is compressed during −180° to 0° rotation of 
crank shaft when piston moves from  bottom dead center  (BDC) to TDC. 0 to 180° 
rotation of crank shaft denotes expansion stroke, when piston moves from TDC to 
BDC. 180° to 360° rotation represents exhaust stroke when piston moves from BDC 
to TDC. At low engine loads, cylinder pressure trends are almost similar for differ-
ent Jatropha oil blends. Jatropha oil blends are showing progressively earlier pres-
sure rise with respect to mineral diesel for higher engine loads suggesting lower 
ignition delay for Jatropha oil blends. For low engine loads, vegetable oil blends 
show higher peak pressure, but at higher engine loads, diesel and low concentration 
blends give higher peak pressure compared to J100. For 80% (Fig.  26.3e ) and 100% 
(Fig.  26.3f ) load, 5% Jatropha blend shows slightly higher peak pressure compared 
to mineral diesel. At all engine loads, combustion starts earlier for Jatropha oil 
blends than mineral diesel and the rate of pressure rise is slower for vegetable oil 

  Fig. 26.3    Variation of in-cylinder pressure of Jatropha oil blends at ( a ) 0%, ( b ) 20%, ( c ) 40%, ( d ) 
60%, ( e ) 80% and ( f ) 100% rated load (Agarwal and Dhar  2009  )        
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blends because of slower burning characteristics (Figs.  26.3c–f ). When the engine 
load is increased, the combustion point shifts to start earlier for all fuels. Ignition 
delay represents the time taken in physical and chemical pre- fl ame reactions. In this 
study, ignition delay was not measured directly; however, the start of combustion 
may re fl ect the variations in ignition delay because fuel pump and injector settings 
were kept identical for all test fuels. Combustion starts earlier for Jatropha oil 
(Fig.  26.3 ) partially owing to a shorter ignition delay and partially due to advanced 
injection timing because of a higher bulk modulus, i.e., lower compressibility and 
higher density of Jatropha oil. In spite of the higher viscosity and lower volatility of 
the Jatropha oil, its ignition delay seems to be lower than that of mineral diesel. 
This may possibly be because a complex and rapid pre- fl ame chemical reactions, 
which take place at high temperatures. Because of the high in-cylinder temperature 
existing during fuel injection, Jatropha oil may undergo thermal cracking resulting 
in lighter compounds that could ignite earlier. The combustion of Jatropha blends 
however seems to be slower essentially because of bulkier and complex fuel mole-
cules of vegetable oils, which essentially take longer time for releasing the heat 
therefore leading to slower rate of heat release. This can be con fi rmed by the  rate of 
heat release  (ROHR) diagrams.  

 The maximum in-cylinder pressure varies according to load and blends 
(Fig.  26.4a ). At higher engine loads, the peak pressure for mineral diesel is compa-
rable to Jatropha oil blends except J100. In case of different Jatropha oil blends, the 
difference in peak pressure is not signi fi cant. For Jatropha oil blends, mineral die-
sel’s combustion delay and volatility of Jatropha oil causes comparable peak pres-
sures. The location of this peak pressure (Fig.  26.4b ) is also comparable for all 
Jatropha oil blends with that of mineral diesel and this is within a narrow band of 3 
crank angle degrees for all fuel blends under investigation. Maximum in-cylinder 
pressure is attained within 4–10 crank angle degrees after TDC for all fuel blends 
under different load conditions. At very low engine loads (particularly idling and 
20% rated load), combustion starts later for mineral diesel compared to Jatropha oil 
blends because of the longer ignition delay. As evident from the pressure and crank 
angle diagrams at low-load condition for mineral diesel (Figs.  26.3a, b ), combustion 
starts near TDC at 1,500 rpm. As a result, the peak cylinder pressure attains a 

  Fig. 26.4    ( a ) Maximum in-cylinder pressure ( b ) Crank angle of maximum in-cylinder pressure 
for different engine loads for Jatropha oil blends  vis-à-vis  mineral diesel (Agarwal and Dhar  2009  )        
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lower value as it is further away from the TDC in the expansion stroke at low 
engine loads (Fig.  26.4b ). Shorter ignition delay of Jatropha oil tends to advance the 
position of peak pressure while its low volatility and high viscosity retards the posi-
tion of peak pressure. Since these two effects act in opposite direction, there is no 
directional trend of position of peak pressure with the variation in concentration of 
Jatropha oil in fuel blends.  

 The heat release rate of Jatropha oil blends also varies according to engine oper-
ating conditions (Fig.  26.5 ). All Jatropha blends experience identical combustion 
stages similar to mineral diesel, such as ignition delay, premixed combustion, mix-
ing controlled combustion or diffusion combustion, and late combustion. Start of 
injection timing of engine was 26° BTDC. Because of the fuel vaporization in the 
beginning of the ignition delay, a negative heat release is observed around crank 
angle −7° and, after initiation of combustion, heat release becomes positive. After 
the ignition delay, premixed fuel-air mixture burns rapidly, followed by diffusion 
combustion with burn rate controlled by fuel-air mixing process. It can be observed 
that combustion starts earlier for Jatropha blends under all engine operating condi-
tions. The premixed combustion heat release is always higher for mineral diesel 
owing to higher volatility and better mixing of diesel with air. Another reason may 
be the longer ignition delay of mineral diesel, which leads to a larger fuel accumula-
tion in the combustion chamber at the time of the premixed combustion, leading to 
a higher rate of heat release. One can notice that at higher engine loads, the mixing 

  Fig. 26.5    Variation in heat release rate of Jatropha oil blends at ( a ) 0%, ( b ) 20%, ( c ) 40%, ( d ) 
60%, ( e ) 80% and ( f ) 100% rated load (Agarwal and Dhar  2009  )        
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controlled combustion is dominant (as observed by a second peak) for Jatropha oil 
blends (Figs.  26.5e, f ). This is possibly due to longer combustion duration of larger 
fuel molecules in vegetable oils.  

 Considering crank angle for 5% mass fraction burned (Fig.  26.6a ), one may 
observe that the  fi rst 5% fuel corresponding to Jatropha oil blends burn earlier than 
mineral diesel and it burns successively earlier for an increasing proportion of 
Jatropha oil in blends. This is due to the earlier start of combustion for Jatropha oil 
blends, as suggested above, i.e., progressively lower ignition delay for increasing 
blends of Jatropha oil compared to mineral diesel. As the engine load is increased, 
this deviation increases because, at higher loads, the start of combustion crank angle 
decreases. Fig.  26.6b  shows that the crank angle degree for 50% mass fraction 
burned at different engine load conditions remains almost same for all blends and 
diesel except for J100, where slower burning of Jatropha is observed. Slower burn-
ing of J100 may be due to higher  fl ash point and higher viscosity of Jatropha oil, 
which hinders atomization and vaporization of J100. Fig.  26.6c  shows the crank 
angle degree for 90% mass fraction burned at different engine load conditions. The 
time of 90% mass fraction burning is comparable for Jatropha blends except J100 
again because blends containing mineral diesel probably accelerate the combustion 
process. More fuel mass is required in case of Jatropha oil blends because of lower 

  Fig. 26.6    Crank angle for ( a ) 5%, ( b ) 50% and ( c ) 90% mass fraction burned for unheated Jatropha 
oil and blends  vis-à-vis  mineral diesel (Agarwal and Dhar  2009  )        
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calori fi c value of these blends vis-à-vis mineral diesel. These factors lead to longer 
combustion duration for Jatropha oil blends compared to mineral diesel.  

 The variation in combustion duration for different blends at different engine 
loads is shown in Fig.  26.7 .  The Crank angle degree  (CAD) from 5% mass burn to 
90% mass burn has been taken as the reference of combustion duration for compar-
ing different fuels. Combustion duration increases with increase in engine load 
owing to increase in the quantity of fuel injected. Combustion duration was observed 
to be longer for Jatropha oil blends than mineral diesel. The increase in combustion 
duration correlates well with increase in proportion of Jatropha oil in blends, which 
con fi rms slower combustion characteristics of Jatropha oil.    

   Utilization of Jatropha oil with Preheating 

 For investigating the performance, emission and combustion characteristics of pre-
heated Jatropha oil, a shell and tube type heat exchanger was used to preheat the oil 
with waste heat of exhaust gases. Heat exchanger consists of an inner pipe and an 
outer shell. Fins were brazed to the inner pipe to increase the heat transfer area 
between vegetable oil and exhaust gases. One supply pipe connection is provided on 
each side of the heat exchanger for inlet and outlet of the vegetable oil. A thermo-
couple was provided in the heat exchanger to measure the temperature of the 
heated vegetable oil, close to the exit point. The temperature of Jatropha oil was 

  Fig. 26.7    Combustion duration for unheated Jatropha oil and blends  vis-à-vis  mineral diesel 
(Agarwal and Dhar  2009  )        
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maintained at 100°C at the exit of the heat exchanger. The  fl ow of exhaust gas toward 
the heat exchanger was regulated by a bypass valve, which in turn regulated the 
temperature of oil at heat exchanger exit. All the performance, combustion and 
emission tests were carried out at optimum fuel injection pressure (200 bars) for 
minimum BSFC, highest thermal ef fi ciency and lowest smoke opacity for this 
engine. 

   Performance Characteristics 

 In this section, we compare the performance characteristics of preheated Jatropha 
oil with unheated Jatropha oil and mineral diesel (Fig.  26.8 ). BSFC of preheated 
Jatropha oil was found to decrease with preheating in the entire load range com-
pared to unheated Jatropha oil (Fig.  26.8a ). But, BSFC (Fig.  26.8a ) and BSEC 
(Fig.  26.8b ) of preheated Jatropha oil is higher than mineral diesel. Lower calori fi c 
value of Jatropha oil and poor atomization due to high viscosity are responsible for 
higher BSFC of Jatropha oil. The exhaust gas temperature increases with preheating 

  Fig. 26.8    Performance characteristics of preheated (J100H) and unheated Jatropha (J100) oil 
blends ( a ) BSFC, ( b ) BSEC, ( c ) exhaust gas temperature and ( d ) thermal ef fi ciency (Agarwal and 
Dhar  2010  )        
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of Jatropha oil (Fig.  26.8c ). After preheating the vegetable oil, viscosity reduces 
hence superior and atomization into smaller droplets results in better air-fuel mix-
ing as well as improved thermal ef fi ciency (Fig.  26.8d ).   

   Emission Characteristics 

 Carbon monoxide (CO) emissions were observed to increase with increasing engine 
load (Fig.  26.9a ). At higher loads, richer fuel to air mixture is burned thus more CO 
is produced due to relative lack of oxygen. CO emissions for both heated and 
unheated Jatropha oil were higher than mineral diesel. Heating the oil results in 
reduction of CO emissions (Fig.  26.9a ). Both heated and unheated Jatropha oils 
show higher HC emissions compared to mineral diesel. Preheating Jatropha oil 
results in reduction of HC emissions (Fig.  26.9b ). Higher exhaust gas temp-
erature and oxygen concentration results in an increased NO emission for preheated 
Jatropha oil (Fig.  26.9c ). The smoke opacity for unheated as well as preheated 

  Fig. 26.9    Emission characteristics of preheated and unheated Jatropha oil blends ( a ) carbon mono 
oxide, ( b ) hydrocarbons, ( c ) nitrogen oxide and ( d ) smoke emissions (Agarwal and Dhar  2010  )        
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Jatropha oils was higher than that of mineral diesel, but was lower for preheated 
Jatropha oil compared to  unheated oil (Fig.  26.9d ).   

   Combustion Characteristics 

 The variations of in-cylinder pressure with crank angle for heated and unheated 
Jatropha oil at different engine operating conditions are shown at Figs.  26.10a–f . 
From this  fi gure, it can be noticed that at low engine loads, pressure trends are 
almost overlapping for the three fuels. Heated and unheated Jatropha oil show ear-
lier pressure rise  vis-à-vis  mineral diesel. Jatropha oil shows higher peak pressure 
at lower engine load (Figs.  26.10a , b) and relatively lower peak in-cylinder pressure 
for higher engine load in comparison to mineral diesel (Figs.  26.10c–f ). Peak pressure 
of heated Jatropha oil is always higher than unheated Jatropha oil at all engine load 
conditions suggesting that the heat release is actually affected in a positive manner 
by preheating Jatropha oil because preheating reduces viscosity, which resulting in 
better air-fuel mixing. At all engine loads, combustion starts earlier for Jatropha oil 
(heated and unheated)  vis-à-vis  mineral diesel. Ignition delay for all fuels decreases 

  Fig. 26.10    Variation of in-cylinder pressure of preheated Jatropha oil at ( a ) 0%, ( b ) 20%, ( c ) 40%, 
( d ) 60%, ( e ) 80% and ( f ) 100% rated load (Agarwal and Dhar  2010  )        
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as the engine load increases because the temperature inside the cylinder increases 
due to heat transfer in different modes at high engine loads, which reduces the 
physical delay part of the ignition delay. The start of combustion re fl ects variation 
in ignition delay because fuel pump and injector settings were not changed for any 
fuel. Combustion starts earlier for heated Jatropha oil (Fig.  26.10a–f ) due to reduction 
in fuel viscosity. In spite of slightly higher viscosity and lower volatility of the 
unheated Jatropha oil, its ignition delay seems to be lower than that of mineral 
diesel perhaps because complex and rapid pre- fl ame chemical reactions taking 
place at higher temperatures. As a result of the high in-cylinder temperature exist-
ing during fuel injection, Jatropha oil may undergo thermal cracking; as a result, 
lighter fractions are produced, which ignite earlier, resulting in a shorter ignition 
delay. Comparison with unheated oil shows that preheating of Jatropha oil enhances 
this effect further.  

 The peak pressure for mineral diesel is similar to that of heated and unheated 
Jatropha oils (Fig.  26.11a ) for all loads. The crank angle, at which the peak cylinder 
pressure is attained for all fuels at different engine operating conditions, indicates 
that as load increases, peak in-pressure shifts away from TDC (Fig.  26.11b ). 
Preheating of Jatropha oil leads to delay in achieving peak pressure and also peak 
pressure is attained later in the expansion stroke.  

 The heat release rate for heated and unheated Jatropha oil was compared to 
mineral diesel at different engine operating conditions (Fig.  26.12 ). Because of the 
vaporization of the fuel accumulated at the beginning of ignition delay, a negative 
heat release is observed; afterwards combustion is initiated and heat release becomes 
positive. Jatropha oils exhibit identical combustion stages as mineral diesel. After 
the ignition delay, premixed fuel-air mixture burns rapidly, followed by combustion 
diffusion, where the burn rate is controlled by fuel-air mixing. It can be observed 
that combustion starts earlier for unheated and heated Jatropha oil under all engine 
operating conditions  vis-à-vis  mineral diesel. The premixed combustion heat 
release is higher for mineral diesel in spite of a later start of combustion, owing to 
higher volatility and better mixing of mineral diesel with air. Another reason for 
larger premixed combustion heat release may be longer ignition delay of mineral 

  Fig. 26.11    Variation of ( a ) maximum in-cylinder pressure and ( b ) crank angle position of 
maximum in-cylinder pressure with engine load (Agarwal and Dhar  2010  )        
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diesel, which leads to a larger amount of fuel accumulation in the combustion 
chamber at the time of premixed combustion stage, leading to a higher rate of heat 
release. One can clearly observe that preheating of Jatropha oil actually increases 
the rate of heat release, which is quite a desirable effect expected from preheating of 
vegetable oils.  

 The analysis of crank angle of 5% mass fraction burned shows a faster combustion 
for heated Jatropha oil (Fig.  26.13a ). Even unheated Jatropha oil takes lesser time 
than mineral diesel for 5% mass burning. This is due to an earlier start of combus-
tion for Jatropha oil, as suggested above, because of volatile compounds present in 
Jatropha due to preheating of fuel. In relation to the crank angle degree for 50% 
mass fraction burned at different engine operating conditions, both unheated and 
heated Jatropha oils take more time for 50% burning than mineral diesel (Fig.  26.13b ). 
The crank angle degree for 90% mass fraction burned at different engine load con-
ditions (Fig.  26.13c ) show similar trend as that of 50% mass fraction burn. More 
fuel mass is required in case of Jatropha oil because of its low calori fi c value com-
pared to mineral diesel and this may possibly be one of the major factor contributing 
to longer combustion duration observed for Jatropha oil. The variation in combus-
tion duration of heated and unheated Jatropha oil  vis-à-vis  mineral diesel at different 
engine loads can be expressed as the crank angle duration from 5% to 90% mass 

  Fig. 26.12    Variation of heat release in preheated Jatropha oil combustion at ( a ) 0%, ( b ) 20%, 
( c ) 40%, ( d ) 60%, ( e ) 80% and ( f ) 100% rated load (Agarwal and Dhar  2010  )        
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  Fig. 26.13    Crank angle for ( a ) 5%, ( b ) 50% and ( c ) 90% mass fraction burned for preheated and 
unheated Jatropha oil  vis-à-vis  mineral diesel (Agarwal and Dhar  2010  )        

  Fig. 26.14    Combustion 
duration for preheated and 
unheated Jatropha oil  vis-à-vis  
mineral diesel (Agarwal and 
Dhar  2010  )        
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fraction burned (Fig.  26.14 ). Combustion duration increases with increase in engine 
load owing to increase in fuel quantity injected. Combustion duration was observed 
to be higher for heated and unheated Jatropha oil  vis-a-vis  mineral diesel. It can be 
clearly seen that though preheating of Jatropha oil results in an earlier start of com-
bustion, it also causes longer combustion duration than unheated Jatropha oil.     

   Conclusions 

 Jatropha blends of 20% (v/v) or less and pre-heated Jatropha oil are found to be 
promising alternative fuels for compression ignition engines. These blends can be 
directly used as partial replacement of mineral diesel and do not require any major 
modi fi cation in the engine hardware. Important observations regarding perfor-
mance, emission and combustion characteristics of Jatropha oil blends and pre-
heated Jatropha oil are summarized below:

   BSFC for Jatropha oil blends was found to be higher compared to mineral diesel.  • 
  Thermal ef fi ciency was slightly lower for Jatropha oil blends compared to min-• 
eral diesel.  
  CO, HC emissions and smoke opacity were only marginally higher for lower • 
Jatropha oil blends (up to J20) compared to mineral diesel. Emission parameters 
such as smoke opacity, CO and HC emissions were found to increase with 
increasing proportion of Jatropha oil in blends compared to mineral diesel.  
  NO emission was lowest for 10% Jatropha blend and it was even lower than • 
mineral diesel. Other blends exhibit relatively higher NO emission in comparison 
to mineral diesel.  
  Combustion phases are very similar for Jatropha oil blends (lower) and mineral • 
diesel.  
  Combustion duration for Jatropha oil blends is longer than mineral diesel and it • 
increases as engine load increases.  
  In-cylinder pressure was observed to be higher for mineral diesel under all load • 
conditions, but J5 shows slightly higher peak pressure than mineral diesel 
whereas other Jatropha blends were on lower side.  
  Detailed combustion analyses suggests that J5 to J20 gave exactly identical com-• 
bustion as that of mineral diesel in the unmodi fi ed engine and that these blends 
may replace mineral diesel without engine hardware modi fi cation.  
  BSFC for heated Jatropha oil was found to be higher compared to mineral diesel.  • 
  Thermal ef fi ciency of unheated and preheated Jatropha oil was lower compared • 
to mineral diesel, however preheating improves the thermal ef fi ciency in com-
parison to unheated oil.  
  Preheating of Jatropha oil results in reduction of CO and HC emissions, but CO • 
and HC emissions were higher even for preheated Jatropha oil compared to hat 
of mineral diesel.  
  NO emission increased with Jatropha oil preheating.  • 
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  Heated Jatropha oil shows shorter combustion delay however slower heat release • 
rate than unheated Jatropha oil.  
  Combustion duration for both heated and unheated Jatropha oils is higher than • 
that of mineral diesel, but pre heating was found to increase the combustion 
duration of Jatropha oil.  
  Maximum in-cylinder pressure was obtained for mineral diesel at higher load, but at • 
lower load, higher peak in-cylinder pressure was obtained with heated Jatropha oil.  
  Detailed combustion analyses suggests that heated Jatropha oil gives identical • 
combustion to mineral diesel. Hence, waste heat of exhaust gas can be effectively 
utilized to preheat the Jatropha oil for improving its combustion performance in 
a diesel engine.         
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   Biodiesel 

 The  fi rst energy source used by humanity was biomass, which has been in use for 
thousands of years. Biomass energy has been gradually substituted after the discovery 
of huge quantities of cheap fossil fuels, which proved to be more convenient for 
daily use and transport purposes (Thornley  2006  ) . The use of biomass energy on a 
large scale has been considered a promising option, which could contribute to sus-
tainable development in the environmental, social and economic sectors (Trevisani 
et al.  2007 ; Serrano-Ruiz et al.  2010  ) . 

 In terms of environmental characteristics, biomass energy does not contribute 
signi fi cantly to global warming because of its almost completely closed carbon cycle. 
In other words, the greater part of  carbon dioxide  (CO 

2
 ) released by biomass com-

bustion is reabsorbed on agricultural areas where it is incorporated into new biomass. 
In social matters, the demand of workforce by cultivation of biomass for energy 
purposes could be an excellent opportunity for work diversi fi cation and income cre-
ation in rural areas and become an ef fi cient instrument to avoid rural depopulation. 
From an economic point of view, the biomass use for energy production means 
reduction of the dependency on importation of crude oil. The price of crude oil has 
been rising continuously forcing the society as well as industry and trade sectors to 
seek for the diversi fi cation of energy sources (Serrano-Ruiz et al.  2010  ) . 

 Biodiesel is an example of exploration of biomass energy and appeared as a sub-
stitute for mineral diesel at a moment of large oscillations of crude oil price on the 
world market. The search for a substitute of fossil diesel is valid because of its stra-
tegic importance for the world economy. The fact that large part of the world diesel 
production is used for transportation and agricultural sectors has motivated many 
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countries to search for alternative solutions to achieve auto-suf fi ciency in matter 
of energy. 

 Biodiesel is compatible with conventional diesel fuel and both fuels can be 
blended in different proportions. Biodiesel brings some bene fi ts compared to con-
ventional diesel fuel mainly because it is renewable (Atadashi et al.  2010  ) . Emission 
of  carbon monoxide  (CO),  sulfur oxides  (SO 

x
 ) and  particulate matters  (PM) can be 

lower when biodiesel is blended to diesel. The  polycyclic aromatic hydrocarbons  
(PAH) rate of diesel is around 35% while biodiesel does not emit PAHs. Therefore, 
PAH emissions are reduced by 2.7%, 6.3% and 17.2% for B2 (blend of 2% of 
biodiesel and 98% diesel), B5 (blend of 5% biodiesel and 95% conventional diesel 
fuel) and B20 (blend of 20% biodiesel and 80% conventional diesel fuel), respec-
tively, compared to pure diesel (Corrêa and Arbilla  2006  ) . The reduction of PAH 
emissions by diesel-biodiesel blends is important since PAHs are carcinogenic to 
humans.  

    Jatropha curcas  as a Feedstock for Biodiesel Production 

 Various oilseed species have been selected worldwide as feedstock for biodiesel 
production. Soybean, canola, corn, sun fl ower and palm oil are the most used 
oilseeds for biodiesel production. Other oilseeds, such as coconut and  J. curcas 
(hereafter referred to as Jatropha)  have been studied as potential feedstock for biod-
iesel production. The choice for a speci fi c oilseed is based on considerations related 
to climate and soil conditions, productivity and oil quality. Another important aspect 
to be considered is the non-competition with food production of the non-edible oils, 
such as Jatropha  , used frying oils, and animal tallow, in biodiesel production. Since 
plant oils account for about 70% to 95% of total biodiesel production costs, the use 
of non-edible oils and fats, such as Jatropha and waste cooking oils can signi fi cantly 
reduce production costs (Kiros et al.  2011 ; Aroua et al.  2011  ) . 

 Considering the oil productivity, Jatropha is one of the most ef fi cient oil seeds, 
only surpassed by microlagae, coconut, and oil palm (Hoekman et al.  2012  ) . Jatropha 
oil is rich in mono-unsaturated fatty acids, which lead to very good biodiesel quali-
ties (Vaknin et al.  2011 ; Wang et al.  2011  ) . Neither Jatropha oil nor the press cake 
of its seeds are  fi t for human or animal consumption because of the presence of toxic 
components. In addition, Jatropha may be grown on marginal land not suitable for 
food crops and therefore does not compete with food production (Rodríguez et al. 
 2011  ) . The press cake resulting from oil extraction has a high protein content and 
therefore can be used as organic fertilizer or as an ingredient of animal feeds after 
elimination of toxic compounds (Vaknin et al.  2011  ) . There is a need for further 
investigations on selective breeding, agroclimatic zoning, farming and harvesting 
technologies that could promote the expansion of Jatropha as an economically via-
ble and ef fi cient feedstock for biodiesel production without prejudice to food 
security. 



51127 Jatropha Oil Transesteri fi cation and Byproducts

 Biodiesel production is conventionally obtained by triglycerides transesteri fi cation 
in presence of a short chained alcohol and an alkaline or acid catalyst.  Jatropha  oil 
is prone to deterioration caused by improper handling and storage. Improper han-
dling and exposure of the oil to atmospheric air and sunlight promotes the increase 
of  free fatty acids  (FFA) concentrations, which in turn make the transesteri fi cation 
through alkaline reaction impossible. Actually, FFAs deactivate the catalyst and 
lead to saponi fi cation, i.e., the production of larger quantities of soap, which hamper 
the separation of the glycerin and reduce the yield of methyl esters. 

 Many oil pretreatments have been proposed to reduce the adverse effects of FFAs 
on biodiesel production, including steam distillation, extraction by alcohol and 
esteri fi cation by acid catalysts. However, the esteri fi cation of FFAs with methanol 
in the presence of acidic catalysts is the most commonly applied method because of 
the simplicity of the process. In the  fi rst step, oil FFAs are converted into esters 
(esteri fi cation, Fig.  27.1 ) in the presence of an acid catalyst. In a second step, the 
remaining triacylglycerides are transesteri fi ed via conventional alkaline catalysis 
(Berchmans and Hirata  2008 ; Koh and Ghazi  2011  ) .  

 Another important requirement of the oil is a low water content because the pres-
ence of water can induce hydrolysis of monoesters as well as of alkoxides (catalyst) 
and reduce reaction yield (Schuchardt et al.  1998  ) . Other factors of the neat Jatropha 
oil, such as higher acidity, higher humidity and gums (phospholipids) may affect the 
biodiesel quality by deactivating the alkaline catalyst with consequent reduction of 
ester yields and biodiesel quality. Degumming with phosphoric acid minimizes the 
problems related to saponi fi cation and humidity and reduces signi fi cantly the amount 
of phospholipids in the oil (Syam et al.  2009 ; Berchmans and Hirata  2008  ) . 

   Composition of Alkyl Esters and Biodiesel Quality 

 Biodiesel quality is strictly related to the ef fi ciency of the production process, the 
ef fi ciency of storage and also to feedstock quality. Therefore, standards have been 
established (Table  27.1 ) to ensure the (1) quality of the emissions caused by com-
bustion, (2) performance and integrity of motors and (3) security during transport 
and handling of biodiesel. These standards also allow the monitoring of possible 
product degradation during storage.  

  Fig. 27.1    Esteri fi cation reaction: The carbon chain of the fatty acid is represented by R       
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 The quality parameters are used as a system to score possible feedstock contami-
nants, such as phosphorus, sulfur, calcium and magnesium, besides the ef fi ciency of 
the production process through the monitoring of viscosity, free glycerol content, 
FFA, soap, residual alcohol, catalyst residues, and water. During storage, biodiesel 
humidity may be absorbed and oxidizing processes may occur, which result in alter-
ations of water content, viscosity, acidity as well as peroxide accumulation. The 
con fi dence interval of all these modi fi cations is also patronized by quality stan-
dards. At the moment, the American quality standards of the  American Society of 
Testing and Materials  (ASTM D6751) and the standards of the  European Committee 
of Normalization  (Comité Européen de Normalisation—CEN), (EN 14214) appear 
to be the best known and are used as references for other standards. Among the 

   Table 27.1    Quality Standards for biodiesel   

 Feature  Unit  EN 14214  ASTM D6751 

 Speci fi c mass a   kg/m3  860–900 at 15°C  — 
 Kinematic Viscosity at 40°C a   mm 2 /s  3.5–5.0  1.9–6.0 
 Water and sediments, max. a   % volume  —  0.05 
 Flash point, min. a   °C  120  130 
 Distillation; 90% vol. recuperated, max. a   °C  —  360 
 Carbon residue, max. a   %m  In 10% of distillation 

residues 0.3 
 In 100% of the 

sample 0.05 
 Sulfated ash, max. a   %m  0.02  — 
 Total sulfur, max. a   mg kg −1   10  15 
 Copper strip corrosion 3 h a 50°C, max. a   —  1  3 
 Cetane number a   —  51 (min.)  47 (min.) 
 Cold  fi lter plugging point, max. a   °C  by region  — 
 Pour point - PP a   °C  by region  — 
 Cloud point - CP a   °C  —  Register 
 Sodium and potassium, max.  mg kg −1   5  — 
 Calcium and magnesium, max.  mg kg −1   5  — 
 Phosphorus, max.  mg kg −1   10  10 
 Total contamination, max.  mg kg −1   24  — 
 Ester content, min.  %m  96.5  — 
 Acid Number, max.  KOH mg g −1   0.5  0.5 
 Free glycerol, max.  % m  0.02  0.02 
 Total glycerol, max.  %m  0.25  0.24 
 Monoglycerides  %m  0.8 (max)  — 
 Diglycerides  %m  0.2 (max)  — 
 Triglycerides  %m  0.2 (max)  — 
 Methanol or Ethanol, max.  %m  0.2  — 
 Iodine index  g I 

2
  per 100 g  120 (max)  — 

 Oxidation Stability at 110°C, min  H  6  — 
 Water, max.  mg kg −1   500  500 
 Linoleic acid  %m  12 max  — 
 Methyl esters with more than 4 

unsaturations 
 %m  1 max  — 

   a Typical parameters for mineral diesel standards  
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parameters speci fi ed in those standards appear the ones derived from the standard-
ization of mineral diesel and those originating from the analyses of plant oils that 
are commonly applied in the oleo-chemical industry. These parameters intend to 
evaluate biodiesel quality in terms of (1) possible feedstock contamination, (2) the 
process ef fi ciency, (3) molecular structure of alkylic esters and (4) evolution of 
biodiesel quality during storage. 

 The characterization of feedstock in relation to fatty acid content is very impor-
tant because of its in fl uence on some biodiesel properties, such as kinematic viscos-
ity, speci fi c mass, cold  fi lter plugging point, oxidation stability and combustion 
ef fi ciency (Lôbo et al.  2009  ) . Fatty acids are present in oils and fats in form of acyl-
glycerols (Fig.  27.2 ), which are esters of fatty acids with glycerin. The triacylglyc-
erols (Fig.  27.2a ) make up 98% (w/w) of fats and oils (Ong et al.  2011  ) . Fatty acids 
can be encountered in very small proportions in form of FFA as mono- (Fig.  27.2c ) 
and diacylglycerols (Fig.  27.2b ).  

 In Fig.  27.2 , the parameters R 
1
 , R 

2
 , and R 

3
  represent the carbon chains of fatty 

acids. The most common fatty acids have between 12 and 22 carbon atoms, counted 
from the carboxyl carbon (Table  27.2 ).  

 After the transesteri fi cation reaction, biodiesel contains different quantities of 
alkyl esters, whose proportions should correspond to the ones present in their 
respective precursors, i.e., the feedstock fatty acids. The molecular structures of 
esters in biodiesel can vary according to the size of carbon chains as well as the 
quantity and position of unsaturations. Table  27.3  shows the composition of different 
plant oils, in relation to fatty acid content. Fatty acid chains with 18 carbons are the 
most frequent, whereas C16:0 is predominant in palm oil and beef tallow. Other plant 
oils may present a totally different composition, such as babassu oil, where short 
chained fatty acids are predominant, and olive oil, which mainly consists of C18:1.  

 The percentage of unsaturated fatty acids is an important parameter for the 
identi fi cation of different feedstocks. Olive oil, Jatropha oil, and rapeseed oil differ 
from other unsaturated oils by their high content of mono-unsaturated fatty acids. 
However, olive oil is edible and therefore cannot be considered as a feedstock for 

  Fig. 27.2    Molecular structures of acylglycerols: ( a ) triacylglycerol, ( b ) diacylglycerol, ( c ) mono 
acylglycerol       
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biodiesel. This oil has been included in Table  27.3  only for the purpose of comparison. 
Polyunsaturated fatty acids contribute to the formation of carbon deposits in the 
burning chamber of motors because of their tendency to polymerize and hence, 
mono-unsaturated fatty acids are preferable. It is important to note here that the 
proportions of fatty acids in oil can vary according to different climatic and soil 
conditions where the same oilseed species is grown (Nzikou et al.  2009 ; Rodríguez 
et al.  2011  ) . Biodiesel with different physical and chemical properties are produced 
from different oilseeds according to the fatty acid composition of their oil 
(Table  27.4 ).  

   Kinematic Viscosity and Speci fi c Mass 

 The formation of carbon deposits in the combustion chamber is also associated to 
the kinematic viscosity of biodiesel. High fuel viscosity causes combustion hetero-
geneity due to lower atomization ef fi ciency, which leads to such residue deposition. 
Biodiesel has a signi fi cant higher viscosity compared to fossil diesel. The kinematic 
viscosity is a property brought about by the molecular structure of the alkyl esters 
that compose a biodiesel; it has the tendency to increase with the length of carbon 
chains and to decrease with the rate of unsaturation. The addition of a second double 
bound reduces signi fi cantly the viscosity of a fatty acid, whereas the position of the 
unsaturations has little effect (Knothe and Steidley  2005  ) . Some other factors can 
also contribute to the change of biodiesel viscosity. The presence of soap residues 
as well as native glycerides (mono-, di-, and triglycerides) that did not react during 
the (trans) esteri fi cation process cause an increase in viscosity. Products resulting 
from oxidative degradation also contribute to viscosity increase. Therefore, triglyc-
eride content and viscosity are important parameters for the monitoring of produc-
tion process and storage of biodiesel. The viscosity of Jatropha biodiesel is similar 
to that of biodiesels from other predominately unsaturated oils (Table  27.4 ) and is 
within the recommendations of North American and European standards. In contrast, 

   Table 27.2    Most frequent fatty acids in oils and fats   

 Fatty acid  Structure  Formal name 

 Saturated acids  Lauric  12:0  Dodecanoic 
 Myristic  14:0  Tetradecanoic 
 Palmitic  16:0  Hexadecanoic 
 Stearic  18:0  Octadecanoic 
 Arachidic  20:0  Eicosenoic 
 Behenic  22:0  Docosanoic 
 Lignoceric  24:0  Tetracosanoic 

 Unsaturated acids  Oleic  C18:1   Cis -9-Octadecenoic 
 Linoleic  C18:2   Cis -9- cis -12-Octadecadienoic 
 Linolenic  C18:3   Cis -9- cis -12- cis -15-Octadecatrienoic 
 Gadoleic  C20:1  11-Eicosenoic 
 Erucic  C22:1   Cis -13-Docosenoic 
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the viscosity of palm oil and tallow biodiesels is higher than the limits recommended 
by these standards. Babassu biodiesel, which is characterized by a high degree of 
saturation, has a low viscosity because of its high content of short chained esters. 
The speci fi c mass of biodiesel is also directly connected to the structure of its mol-
ecules. The longer the carbon chains of alkyl-esters, the larger the speci fi c mass. On 
the other hand, speci fi c mass decreases as the rate of unsaturation in molecules 
increases. The presence of impurities, such as alcohol or triglycerides in biodiesel, 
can also affect speci fi c mass. 

 The biodiesel speci fi c mass also affects its volumetric energy content. 
Compared to mineral diesel, biodiesel contains 11% oxygen in esters of fatty 
acids, which brings a decrease of about 10% calori fi c energy, but on the other 
hand, this difference is reduced to about 5% due to the higher density of biodie-
sel (Hoekman et al.  2012  ) .  

   Ignition Quality 

 The ignition quality of biodiesel is mainly determined by the cetane number of alkyl 
esters. Similar to the octane number, the cetane number indicates the ignition delay 
of a fuel in a motor engine. The higher the cetane number, the shorter is the ignition 
time. The cetane number increases with the length and saturation of unbranched 
carbon chains (Vaknin et al.  2011  ) . Therefore, a tendency towards higher cetane 
numbers is observed in palm oil biodiesel, whereas in babassu biodiesel, this value 
is relatively high due to its saturated character. The cetane number in Jatropha bio-
diesel does not differ signi fi cantly from other biodiesel fuels. In the scale of cetanes, 
hexadecane (cetane) is de fi ned as standard with a value of 100, whereas for 
2,2,4,4,6,8,8,—heptamethylnonane, this value is de fi ned as 15. Cetane tests are 
conducted in four-stroke cycle engines with single cylinder and ignition by com-
pression that is designed to test fuel samples for diesel motors. Compared to mineral 
diesel, biodiesel has larger cetane numbers.  

   Crystallization Behavior 

 Fatty acid composition of oils and fats is of great importance for use of biodiesel in 
regions with cold climates. Actually, biodiesel can become solid at low temperatures, 
cause interruptions of fuel  fl ow, clogging of fuel  fi lters and hamper engine starting. The 
tendency of a biodiesel to solidify increases with the size of its fatty acid chains and 
their level of saturation. This tendency can be measured by three laboratory tests:

    • Cloud point  (CP) that determines the fuel temperature at which  fi rst crystals start 
to form (ASTM D2500);  
   • Cold- fi lter plugging point  (CFPP) that determines the fuel temperature at which 
a fuel looses its ability to be  fi ltered. The testing methods are EM 116, which are 
similar to the American low temperature  fl ow test (LTFT, ASTM D 4539);  
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   • Pour point  (PP) that determines the temperature where a fuel looses its  fl uidity 
(EM 3016).    

 Considering a fuel sample, CP is always associated to a higher temperature 
than CFPP and PP, which makes it a more restrictive parameter. The tendency of 
a fuel to solidify at low temperatures decreases with increasing Polyunsaturation, 
as shown in Table  27.3 . Jatropha biodiesel has a CP of 6°C. In B20, the CP is 
signi fi cantly reduced (Singh and Singh  2010  ) . Even though the polyunsaturated 
character favors the reduction of CP and CFPP, unsaturation also turns biodiesel 
more susceptible to degradation by oxidization. Jatropha and rapeseed biodiesels 
are more stable compared to other biodiesel fuels with higher levels of 
polyunsaturation.  

   Oxidation Stability 

 The oxidation stability is directly related to the degree of unsaturation of alkyl esters 
and also to double bond position in a carbon chain. The molecule susceptibility to 
oxidative degradation increases with the number of unsaturations. Therefore, alkyl 
oleate is more stable than alkyl linoleate, which in turn is more stable than linoleate. 
High temperatures and exposition to air have a high in fl uence on biodiesel stability. 
Exposition to light and traces of metals also promote faster oxidative degradation 
(Santos et al.  2011  ) . The initial phase of this process is known as peroxidation and 
consists of three steps:

    • Initiation —formation of free radicals by removing one hydrogen from a carbon-
hydrogen-bond in a carbon chain;  
   • Propagation— formation of peroxide radicals by reaction of free radicals with 
oxygen. The free peroxide radicals attack the carbon chains of esters and form 
hydroperoxides as well as new free radicals, which give continuity to the 
propagation;  
   • Termination— combinations of radicals that form undissolvable compounds with 
higher molar masses .     

 The undissolvable compounds that result from oxidative degradation cause for-
mation of deposits in fuel injection system of engines. Natural antioxidants in plant 
oils promote a higher stability to oxidation (e.g., tocopherols), however, antioxi-
dants can be lost during oil re fi ning by thermal degradation or during the biodiesel 
production process. Usually, arti fi cial antioxidants, such as pyrogallol (PY), tert-
butylhydroquinone (TBHQ), butylated hydroxyanisole (BHA) and propyl gallate 
(PrG) are added to increase the oxidative stability of biodiesel (Santos et al.  2011 ; 
Maia et al.  2011  ) . 

 Viscosity, peroxide index and, above all, the Rancimat induction period are 
parameters that can be used to monitor the oxidative degradation of biodiesel during 
storage. The Rancimat method is a test in agreement with standard EM 14112 for 
the determination of biodiesel oxidative stability with a minimal induction period of 
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6 h. During the test, a stream of air is passed through a sample of alkyl ester (biod-
iesel), which is maintained in a reaction vessel at 110°C. During the process, vola-
tile organic compounds are formed, such as organic acids with low molecular mass. 
These compounds are transported by the air stream to another vessel containing 
distilled water where the organic acids are detected by increasing the conductivity 
of the system. The time span until the detection of the  fi rst volatiles organic acids is 
referred to as induction period.    

   Transesteri fi cation of Oils and Fats for Biodiesel Production 

 The use of plant oils as fuel in cars dates from the development of the diesel engine 
by Rudolf Diesel in 1898, which was initially designed to run on peanut oil. For 
economic as well as for technical reasons, plant oils have been substituted by petrol 
diesel (Demirbas  2003  ) . Suggestion: During more than half of the last century, low 
prices and abundant offer of crude oil derivatives had a decisive in fl uence on the 
choice of fossil diesel as automotive fuel. 

 After prolonged use of plant oil as fuel in diesel engines, carbon and gum depo-
sits start to form in the combustion chamber, caused by oxidation and polymeriza-
tion reactions. These problems are associated to higher viscosity, low volatility, and 
polyunsaturation of plant oils (Leung et al.  2006  ) . 

 Different strategies have been investigated to solve these problems, such as 
blending of plant oil with diesel, micro-emulsions of oil with alcohols, cracking, 
and transesteri fi cation. The transesteri fi cation of oils and fats showed the most 
promising results and is at the moment considered the technological state of the art 
for industrial biodiesel production (Helwani et al.  2009  ) . 

 The reaction between an ester and an alcohol, in which the alkoxide group of the 
ester is exchanged with the one from the alcohol, is known as transesteri fi cation. 
The esters used in biodiesel production are  triacylglycerols  (TAG) (the major com-
ponents of animal or plant oils and fats) induced to react with a short chained alco-
hol. This kind of reaction happens by nucleophilic substitution, which is typical for 
carboxylic derivatives and can be catalyzed by acids as well as by bases. The 
transesteri fi cation of TAGs results in a mixture of alkyl esters with linear chains 
called biodiesel (Fig.  27.3 ) with glycerin as co-product.  

 Because biodiesel (alkyl esters) has simpler molecular structures than its precur-
sors, the TAGs, its viscosity is lower. Thus, their atomization a combustion chamber is 
more ef fi cient and the combustion is signi fi cantly more homogeneous and complete, 
causing less residue deposits in the motor than it is with the combustion of TAGs. 

 Short chain alcohols, such as methanol and ethanol are usually used for the 
transesteri fi cation of oils and fats. On the commercial scale, methanol is preferred 
because it is more reactive, which results in lower reaction temperatures, shorter 
reaction time and requires lower alcohol quantities (Jain and Sharma  2010  ) . Ethanol, 
on the other hand, is considerably less toxic, cheaper, renewable and produces biod-
iesel fuels with higher cetane numbers and better lubricity. The great drawback of 
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ethanol lies in its lower reactivity, which leads to higher reaction costs (e.g., higher 
reaction temperature, larger alcohol to oil ratio and longer reaction time). Another 
drawback of ethanol lies in the fact that this alcohol causes a higher dispersion of 
glycerin in biodiesel, which hampers its separation by decantation. 

 The molar stoichiometric alcohol to oil ratio for the transesteri fi cation is three moles 
of alcohol per one mole of triglyceride. This reaction is reversible, therefore it is rec-
ommended to work with an excess of alcohol and/or continuous removal of glycerin in 
order to dislocate the equilibrium of the reaction and to obtain major yields. For metha-
nol, the molar ratio commonly used is 6:1 while for ethanol ratios of 9:1 up to 12:1 are 
necessary (Bondioli and Bella  2005 ; Sharma et al.  2008 ; Leung et al.  2010  ) . 

 Simply speaking, the production of biodiesel can be described as a process in 
three steps: (1) the production step, where the mixture of the components and 
transesteri fi cation takes place; (2) the separation step, where the alcohol and glycerin 
co-product is separated from the produced biodiesel; and (3) the puri fi cation step, 
where impurities, such as residual glycerin, soaps, catalyst and residual alcohol are 
removed from biodiesel. 

 After the separation step, the biodiesel fuel can be submitted to a second 
transesteri fi cation step with the objective to obtain higher yields. The alcohol excess 
can be recovered in the separation step and can be reused for subsequent 
transesteri fi cations. The crude glycerin can be used for biologic processes (Robra 
et al.  2010 ; Khanal and Nitayavardhana  2011  )  and, depending on its quality, can 
also be puri fi ed and be used for the production of high value products, such as 
cosmetics, explosives, plasti fi cants, polymers, etc. (Rivaldi et al.  2007 ; Mota et al. 
 2009  )  as described at the end of this chapter. 

  Fig. 27.3    Transesteri fi cation reaction of trialkyl glycerids       
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 The transesteri fi cation reaction of oils or fats is realized in the presence of acid, 
alkaline or enzymatic catalysts, which can be in homogeneous or heterogeneous 
form in relation to the reaction environment. 

 Among the homogeneous alkaline catalysts, the most frequently used in indus-
trial scale are the sodium or potassium alkoxides. This kind of catalyst is very reac-
tive and results in yields higher than 98% in the transesteri fi cation reaction, however, 
this catalyst is sensitive to the water present in oils and fats. The alkoxides can be 
produced by the reaction of sodium or potassium hydroxides with the alcohol used 
for transesteri fi cation (Bronsted-Lowry acid). This strategy brings about lower costs 
and satisfactory yields. However, the quantity of hydroxide has to be monitored 
closely because the water resulting from the neutralization reaction between the 
alcohol and the hydroxide promotes saponi fi cation (Leung et al.  2010  ) . 

 The homogeneous catalysts have two drawbacks: they cannot be reused and they 
impose an additional washing step in order to remove the catalyst from biodiesel 
together with the residual glycerin. The necessary washing steps and treatment of 
their ef fl uents bring about additional costs to the process. Much research has been 
realized on the development of reusable heterogeneous catalysts suitable for the 
transesteri fi cation of oils and fats. Besides the simpli fi cation of the puri fi cation steps 
of biodiesel and glycerin as well as the reduction of ef fl uents, the major bene fi t of 
this technology is that it allows the process of transesteri fi cation to be continuous. 

 The following sections will discuss some processes for biodiesel production 
focusing on Jatropha oil as a feedstock.  

   Processes for Biodiesel Production 

 Among the different processes for biodiesel production in industrial, pilot or labora-
tory scale, we will discuss separately the processes under (1) conventional homoge-
neous catalysts, (2) heterogeneous catalysts, (3) in situ transesteri fi cation, (4) super 
or subcritical conditions, and (5) boosted by microwaves or ultrasound. 

   Homogeneous Catalysts 

 As already indicated, the transesteri fi cation by alkaline homogeneous catalysis has 
become the most commonly applied process for industrial biodiesel production 
because of its high yields. The principal catalysts used for the conversion of Jatropha 
oils and fats are sodium or potassium hydroxides and alkoxides. 

 Different authors have evaluated the use of homogeneous basic catalysts for 
biodiesel production from Jatropha oil (Jain and Sharma  2010 ; Berchmans et al. 
 2010 ; Sahoo and Das  2009  ) . With sodium alkoxide or even with KOH, yields higher 
than 97% can be obtained, with reaction times close to 30 min (Syam et al.  2009  ) . 
Yields of over 98% esters were achieved in the transesteri fi cation of pre-esteri fi ed 
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Jatropha oil using KOH 1.3% (w/w) as catalyst and a molar ratio of methanol:oil of 
6:1, during 20 min at 64°C (Lu et al.  2009  ) . 

 The acid homogeneous catalysis (Bronsted—Lowry acids) is little applied com-
pared to the alkaline homogeneous process because it demands longer reaction 
times and temperatures close to the boiling point of acids due to slower alcoholysis 
kinetics, which makes the whole process more costly. However, unlike the alkaline 
catalysis, the acid catalysis can be advantageous in the transesteri fi cation of oils and 
fats with a high FFA content, transforming them into alkyl esters by esteri fi cation in 
a preliminary step (Fig.  27.1 ). 

 As a matter of fact, the acid catalysis is amply applied in biodiesel production 
where low-cost feedstocks with higher acidity are generally used. These feedstocks 
can be waste cooking oils, animal fats and some other oils with higher acidity like, 
for example, Jatropha oil. Among the mostly used catalysts are the Bronsted acids 
HCl, H 

2
 SO 

4
  and H 

3
 PO 

4
 . 

 The mechanism of action of the Bronsted catalysts (which contain ionisable hydro-
gene) in transesteri fi cation consists in the protonation of the carbonyl group of the 
esters in the triglycerides forming a more reactive carbocation susceptible to the 
neutrophilic attack of the alcohol. The acid catalysis has to be conducted in an anhy-
drous medium because the acids catalyze the hydrolysis reaction in which fatty acids 
are formed (see Fig.  27.1 ). As a consequence, the presence of water can provoke the 
hydrolysis of triglycerides resulting in the competitive formation of fatty acids and 
reduced ester yield. 

 Technological alternatives that involve an acid catalyst, such as the 
hydroesteri fi cation with hydrolysis of TAG followed by the esteri fi cation of 
FFA and simultaneous conduction of transesteri fi cation and esteri fi cation, are 
currently being evaluated (Shuit et al.  2010a  ) . These processes allow the use of 
any fatty raw material independently of its acidity and water content (Freire 
et al.  2010  ) .  

   Heterogeneous Catalysts 

 A technological alternative for transesteri fi cation and esteri fi cation reactions in 
biodiesel production is the use of heterogeneous acid or alkaline catalysts. Among 
the main bene fi ts of these solids are the possibility of recovery and reuse of the cata-
lyst and a signi fi cant reduction in steps of product puri fi cation. The technical and 
environmental bene fi ts compared to homogeneously catalyzed processes led to 
intense research activities for stable solids able to ef fi ciently promote esteri fi cation 
and transesteri fi cation reactions, which at the moment pose one of the principal tech-
nological challenges of biodiesel industry. The literature offers different reviews 
about this topic including different classes of solids like oxides and inorganic salts, 
organic acids and bases, layered double hydroxides, ion exchange resins, zeolites, 
heteropolyacids, ionic liquids and biocatalysts, among others (Ng et al.  2010 ; Ramos 
et al.  2011 ; Sharma et al.  2011 ; Singh Chouhan and Sarma  2011 ; Kiros et al.  2011  ) . 
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 Species like zeolites (Na
21.9

 K 
7.5

 Ti 
16.5

 Si 
77.5

 O 
208

), hydrotalcites (Mg 
6
 Al 

2
 (OH 

16
 )

CO 
3.
 4H 

2
 O) and metallic oxides (CaO, MgO, SrO) were extensively applied in 

biodiesel synthesis reactions (Lam et al.  2010  ) . Among the quoted classes, calcium 
and magnesium oxides most attracted the attention of researchers due to their pro-
nounced alkaline force, low solubility in methanol and simple synthesis. In scienti fi c 
literature, countless papers can be found about the use of these oxides in various 
proportions and conditions like, for example, the very interesting work of Huaping 
et al.  (  2006  ) , where calcium oxide (CaO) was used as a catalyst in the transesteri fi cation 
of Jatropha oil. The reaction was conducted at 70°C for 2.5 h with a catalyst concen-
tration of 1.5% (w/w) and a molar ratio for alcohol:oil of 9:1. Besides these condi-
tions, the authors boosted the alkaline force of the catalyst by a treatment with 
ammonia carbonate (NH 

4
 ) 

2
 CO 

3
  followed by calcination at 900°C. According to the 

authors, an increase of 26.5% of the alkaline force of CaO was observed, resulting 
in a oil to biodiesel conversion of approximately 93%. The catalyst was reused in 
another three cycles, maintaining a conversion rate of 92%. 

 Another interesting work was developed by Vyas et al.  (  2009  )  where a potassium 
nitrate supported by aluminum (KNO 

3
 /Al 

2
 O 

3
 ) was synthesized for the methanolic 

transesteri fi cation of Jatropha oil. The reaction was conducted with an alcohol:oil ratio 
of 12:1 and a concentration of catalyst of 6% (w/w) for 6 h at 70°C. According to the 
authors, the conversion in the  fi rst cycle reached 87%. Reuse of the catalyst for two 
more cycles was possible after calcination at 500°C for 4 h, but a reduction of the activ-
ity of 9% and 72%, respectively, was observed in relation to the initial value. 

 Though the alkaline homogeneous and heterogeneous catalysts have shown a higher 
ef fi ciency, research is being focused on the development of acidic solids capable of 
simultaneous catalysis of esteri fi cation and transesteri fi cation reactions. This way, feed-
stocks with high FFA contents like Jatropha and castor oils could be processed without 
neutralizing steps, with the consequence of eliminating problems, such as reactor corro-
sion and dif fi cult regeneration of the catalyst. Among the principal classes of acid solids 
used in the simultaneous transesteri fi cation and esteri fi cation, the emphasis is on metal-
lic oxides (ZrO 

2
 , TiO 

2
 , SnO 

2
  and ZnO), zeolites with acid sites (Na 

2
 Al 

2
 Si 

3
 O 

10
 .2H 

2
 O), ion 

exchange resins (polystyrene sulfonic acid), sulfated or sulfonated inert solids (SO 
4
 , 

SO 
3
 H) and heteropoliacids (H 

3
 PW 

12
 O 

40
 .6H 

2
 O) (Lam et al.  2010  ) . 

 Endalew et al.  (  2011  )  proposed the development of acid and basic heterogeneous 
catalysts for the production of biodiesel samples from Jatropha oil with a high index 
of FFA (9% w/w). The study was divided in two parts. In the  fi rst, pure calcium 
oxide with high acidity and doped with lithium was used for oils with strong acidity. 
In the second part of the work, scientists investigated the possibility of simultaneous 
oil esteri fi cation and transesteri fi cation. For this end, the catalysts were mixed with 
ferrous sulfate—Fe 

2
 (SO 

4
 ) 

3
 . The conditions for the oil methanolysis were: alcohol:oil 

ratio of 6:1, catalyst concentration of 5% (w/w), reaction temperature of 60°C, reac-
tion time of 3 h and constant agitation of 300 rpm. According to the authors, the 
alkaline catalyst was inef fi cient since the conversion of oil to biodiesel was 
insigni fi cant and a large amount of soap was formed. On the other hand, simultane-
ous reactions with a mixture of acid and alkaline solids were ef fi cient with conver-
sion rates of 93.4% for CaO:Fe 

2
 (SO 

4
 ) 

3
  and 96% for Li-CaO:Fe 

2
 (SO 

4
 ) 

3
 .  
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   In Situ Transesteri fi cation 

 In general, the conventional methods for the production of biodiesel from plant oils 
start with oil extraction. The extraction can be done by mechanical (seeds pressing) 
or chemical extraction, usually by hexane or chloroform, followed by a puri fi cation 
step (deparaf fi nization, degumming, dehydration, deacidi fi cation, dephosphoriza-
tion, etc.). Further on, the oil is submitted to an esteri fi cation or transesteri fi cation 
process depending principally on the FFA content of the oil. The pretreatment steps 
of oil are responsible for over 70% of the total production costs when re fi ned oils 
are used as feedstock (Helwani et al.  2009  ) . 

 The in situ transesteri fi cation, also known as  reactive extraction , is attractive 
because the preliminary steps of the oil puri fi cation are not necessary. In this reac-
tion, extraction and esteri fi cation/transesteri fi cation steps occur simultaneously in 
only one process. In this process, the alcohol acts as an extraction solvent and 
transesteri fi cation agent. In some cases, the solvent or a mixture of solvents is added 
to the reaction in small quantities, acting as co-solvents, with the objective to 
improve reaction yield. The in situ reaction reduces the expenses of the extracting 
solvent and eliminates the costs of oil pretreatment, therefore the process becomes 
very simple, faster and less expensive. Several examples in the literature report 
reactive extraction of oil from soybean, algae, castor bean, sun fl ower, etc. 

 For the reactive extraction, the feedstock, usually an oilseed, has to be treated 
before it can be submitted to the reaction process. The seeds are ground and sieved 
in order to obtain particles of uniform size generally in the range of millimeters. The 
principal objective of the procedure is to increase the contact surface between feed-
stock and alcohol in order to improve extraction ef fi ciency. An evaluation of the 
in fl uence of particle size of grounded Jatropha seeds was conducted with particle 
sizes varying from 0.355 to 1 mm. According to these studies, particle sizes between 
0.355 and 1 mm showed little variation of extraction ef fi ciency (reaching 60%). The 
particles smaller than 0.355 mm showed better extraction ef fi ciencies with yields up 
to 90% of oil effectively extracted (Shuit et al.  2010b  ) . Following grinding, the 
seeds are dried at 70°C to avoid interference with humidity. 

 In reactive extraction, homogeneous alkaline catalysts are usually used because of 
their larger bene fi t compared to acid catalysts. However, when a large amount of 
FFAs are present in the sample, the use of an alkaline catalyst results in soap forma-
tion and hampers phase separation. For this reason, the acid catalysis is a better alter-
native for reactive extraction of oils with high FFA index, such as that of Jatropha. 
Table  27.5  reports some works on in situ transesteri fi cation of Jatropha oil.   

   Transesteri fi cation with Supercritical and Subcritical Alcohols 

 The transesteri fi cation reaction of oils and fats can be done with higher alkyl ester 
yields and in a shorter reaction time in absence of catalysts, but using supercritical 
alcohols. In this process, the reaction medium is kept under high temperatures and 
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high pressures favoring the solubilization of reagents. Although reaction speed 
increases with temperature, the upper temperature limit is 350°C to avoid alkyl 
esters and glycerol decomposition. High medium pressure also increases yield since 
higher molar density facilitates the contact among molecules. 

 Besides the fact that the reaction can be conducted without catalysts, the 
transesteri fi cation in supercritical conditions has other advantages compared to con-
ventional transesteri fi cation, such as short reaction times, simpli fi ed separation and 
puri fi cation steps, signi fi cant reduction of process ef fl uents, no water interference 
with reaction yield and FFA conversion into alkyl esters. The last two bene fi ts allow 
the recommendation of supercritical transesteri fi cation for the production of biodie-
sel from cheap residual oils and fats. 

 Maintaining the reaction conditions with high temperatures and pressures 
requires a higher energy demand and special equipment, which make the process 
expensive (Patil et al.  2009  ) . Another drawback of transesteri fi cation in supercriti-
cal conditions is the necessity of a high molar ratio of alcohol to oil (>40:1) to 
obtain satisfactory yields (Pinnarati and Savage  2008  ) . 

 In this context, research on co-solvents focuses on the increase of alcohol solu-
bilization in the reaction medium together with reaction conditions at lower tem-
perature and pressure (Sawangkeaw et al.  2007  ) . The co-solvents used for this 
purpose are hexane, tetrahydrofurane, propane and carbon dioxide, the latter being 
preferred because of its low cost and extremely low toxicity. 

 Different research works on transesteri fi cation of Jatropha oil in supercritical 
conditions have been realized. The great majority of these investigations conducted 
reactions with methanol as the transesteri fi cation agent. An evolution of this strat-
egy is the application of supercritical  fl uid to reactive extraction of oil from Jatropha 
seeds, with simultaneous transesteri fi cation (Lim et al.  2010 ; Lim and Lee  2011 ; 
Niza et al.  2011  ) . 

 The transesteri fi cation reaction in subcritical conditions follows the same prin-
ciples as the supercritical reaction except that temperatures and pressures are always 
kept below the critical point (Chen et al.  2010  ) . Keeping the system in subcritical 
conditions brings about technical, economical and environmental bene fi ts. 
Unfortunately, subcritical  fl uids are of little ef fi ciency to promote transesteri fi cation 
reactions, compared to reactions conducted in supercritical conditions (Chen et al. 
 2010 ; Ilham and Saka  2010  ) .  

   Table 27.5    Results of some works concerning the transesteri fi cation  in situ  of Jatropha oil seeds.   

 Alcohol 

 Quantity of 
alcohol (ml) per 
gram of seed 

 Temperature 
(°C) 

 Catalyst/Quantity 
(%w/w) 

 Yield/Time 
(%/min)  Reference 

 Methanol  10.5  60  H 
2
 SO 

4
 /21.80  98.10/600  Shuit et al.  (  2010b  )  

 Ethanol   8.5  65  H 
2
 SO 

4
 /23.75  80.93/1080  Shuit et al.  (  2010c  )  

 Ethanol   7  30  CH 
3
 ONa/2  99.98/120  Ginting et al.  (  2012  )  

 Methanol  10  65  NaOH/0.1 mol L −1   98.00/60  Kaul et al.  (  2010  )  
 Methanol   7.5  60º  H 

2
 SO 

4
 /15  99.80/1440 

(24 h) 
 Shuit et al.  (  2010a  )  
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   Transesteri fi cation Boosted by Microwave Radiation 

 The use of microwave radiation is very common in chemistry laboratories in order 
to promote and accelerate digestion of samples, synthesis of organic compounds, 
desorption and extraction of substances. Microwave radiation provokes constant 
changes of orientation of polar molecules and oscillation of electric  fi elds as well as 
a higher probability of shocks between molecules due to increased Brownian 
motion, which both are possible causes for the increase of the medium temperature 
and subsequent reaction speed up. Another explanation could be that under these 
conditions the formation of loaded species in transition state is favored (Souza and 
Miranda  2011  ) . 

 When applied in biodiesel production, the microwave radiation promotes higher 
transesteri fi cation yields in a shorter time. However, the application of microwave 
radiation does not turn the use of catalysts obsolete. Catalysts under microwaves 
may be acidic, alkaline, or enzymatic, in homogeneous or heterogeneous media 
(Yuan et al.  2009 ; Barnard et al.  2007 ; Da Ros et al.  2011 ; Liao and Chung  2011  ) . 
Besides a considerable reduction in reaction time, the use of microwaves brings 
about bene fi ts, such as reduced energy consumption and simpler process of 
bio diesel puri fi cation. Microwaves can also be applied to promote the esteri fi cation 
of FFA, which enables the use of residual oils for biodiesel production without previ-
ous treatment (Kim et al.  2011  ) . 

 Microwaves allow alkyl ester yields larger than 97% from Jatropha oil with as 
much as 3.1% FFAs, without previous treatment and in a few minutes of 
transesteri fi cation. Following the conventional process, 90 min esteri fi cation of 
FFAs and 60 min alkaline transesteri fi cation were necessary to reach the same biod-
iesel yield. Both results were obtained with potassium hydroxide as a catalyst in the 
proportion of 1% in relation to the mass of the oil and a molar alcohol:oil ratio of 
7.5:1 (El Sherbiny et al.  2010  ) . However, attention to the reaction kinetics has to be 
given when using microwaves, because after the time still necessary to obtain the 
maximum biodiesel yield, a reduction of the yield can be observed. This phenome-
non seems to be due to equilibrium dislocation of the transesteri fi cation reaction or 
to possible alkyl ester degradation (El Sherbiny et al.  2010  ) . Even though results are 
in favor of transesteri fi cation boosted by microwaves, additional investigations are 
still necessary for its application at industrial scale.  

   Transesteri fi cation Boosted by Ultrasound 

 Ultrasound is usually applied by sonochemistry in various processes like food 
processing, stabilization of emulsions, homogenization, atomization, etc. The appli-
cation of ultrasound in the transesteri fi cation reaction intends to promote the mass 
transfer between alcoholic and oily phases by increasing the contact between 
these reagents and the catalyst in order to obtain an increased reaction yield. The 
dispersion of the alcohol in the oil occurs due to the formation and collapse of 
microbubbles within the liquid (Mahamuni and Adewuyi  2009  ) . This phenomenon 
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is called  cavitation  and can be induced by sound waves, which cause zones with 
high pressure and temperatures where the necessary energy for the transesteri fi cation 
is provided. Regarding the process, ultrasound transesteri fi cation occurs with higher 
ef fi ciency, in shorter time and with lower energy consumption than conventional 
transesteri fi cation (Mahamuni and Adewuyi  2009  ) . 

 The application of ultrasound in the transesteri fi cation of Jatropha oil has been 
reported by different authors. Table  27.6  summarizes the principal information 
(reaction conditions, reagents, catalysts, etc.) and results available on ultrasound 
transesteri fi cation.    

   Glycerin: A Useful Co-product from Biodiesel Production 

 Glycerin can be obtained from microbial fermentation, petrochemical feedstocks, 
saponi fi cation in soap production and transesteri fi cation for biodiesel production, 
where it is the major co-product. Theoretically, every 100 L of biodiesel yields 10 L 
of glycerin (0.3 kg glycerin for each 1 gal biodiesel), a colorless, odorless, viscous 
and sweet tasting hygroscopic nontoxic liquid (Singhabhandhu and Tezuka  2010  ) . 

 The separation of biodiesel and glycerin is carried out after transesteri fi cation. 
The difference in density between biodiesel (light) and glycerol (heavy) is suf fi cient 
for the application of techniques, such as gravitational settling or centrifugation. 
The upper ester phase contains the main product—methyl esters (biodiesel). After 
the glycerin has been removed, this phase still can show traces of alcohol, catalyst, 
glycerin and water. Beside these products, traces of unreacted glycerides (mono-, 
di- and tri-acylglycerides) can also be found. With the objective to attend the inter-
national speci fi cation for commercialization, the use of a puri fi cation step is manda-
tory. Several different separation and puri fi cation techniques of biodiesel have been 
investigated (Sdrula  2010 ; Aroua et al.  2011 ; Caramão et al.  2012  ) . 

 The lower glycerin phase typically consists of glycerol (C 
3
 H 

5
 OH, propane-1,2,3-

triol) and varying proportions of impurities. These impurities include methyl esters, 
water, soapstock, alcohol, inorganic salts (catalyst residue), unreacted mono-, di-, 
triglycerides and a variety of other  matter organic non-glycerol  (MONG) in varying 
quantities, which depend on the feedstock and chemical process used (Robra et al. 
 2010 ; Hájek and Skopal  2010 ; Astals et al.  2011  ) . The methanol typically is removed 
from the glycerol-rich phase and reused, leaving what is known as a crude glycerin. 
The biodiesel industry generates millions of tons of residual crude glycerin each year 
and the amount is increasing rapidly along with the growth of biodiesel production. 

 In order to obtain a commercially valued product, the crude glycerin has to 
undergo an expensive re fi ning process to comply with the technical standards 
required by the consumer industry. As a consequence, biodiesel producers re fi ne the 
crude glycerin through  fi ltration and/or centrifugation, chemical additions and frac-
tional vacuum distillation, to produce various commercial grades (Pagliaro and 
Rossi  2008  ) . It is important to note that if glycerin is destined to food, cosmetic or 
drug industry, further treatments, such as bleaching, deodorizing and ion exchange 
are needed to remove all contaminants (FFA and their salts) to meet the requirements 
of the  United States Pharmacopeia  (USP) and the  Food Chemicals Codex  (FCC). 
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 There are different separation technologies that can be used for the ultra-
puri fi cation of glycerin, such as vacuum distillation, supercritical  fl uid extraction 
followed by appropriate fractionation steps and  membrane separation technology  
(MST). Sdrula  (  2010  )  conducted the ultra-puri fi cation of biodiesel glycerin by 
applying MST (a combination of nano fi ltration, micro fi ltration and electrodialysis), 
which resulted in a purity >99.5%, thus proving the ef fi ciency of this method. 

 Hájek and Skopal  (  2010  )  carried out treatments of the glycerol phase to obtain 
glycerol with a purity of 86% (w/w) (without distillation) also containing a mixture 
of fatty acids and alkyl esters in a ratio of 1:1 or only a mixture of fatty acids. 
According to the treatment, the successive removal of alkaline substances and 
esters, production of fatty acids by saponi fi cation of the remaining esters and subse-
quent neutralization of alkaline substances results in fatty acids. The authors claim 
that the treatment is simple and environmentally friendly because no special chemi-
cals or equipment are required and all products can be recycled. 

 With the growth of biodiesel production, the increasing quantities of crude glycerin 
have become an abundant and cheap resource with a remarkable impact on glycerin 
market. Since glycerin is an attractive carbon source for the production of fuels and 
chemicals, its recovery and further processing has attracted the attention of scienti fi c 
community in recent years. Many researchers are seeking to develop new technologies 
and/or optimize technologies already established in order to create bene fi ts from this 
glycerin surplus (Galan et al.  2009 ; Mota et al.  2009 ; Behr et al.  2008 ; Pagliaro et al. 
 2007  ) . Moreover, its utilization can contribute to the economic viability of biodiesel 
production (Romero et al.  2010 ; Singhabhandhu and Tezuka  2010  ) . 

 Theodoropoulos et al.  (  2011  )  studied the concept of integrated biore fi neries and 
examined alternative schemes for the co-production of biodiesel and succinic acid, 
which can be used as a building block for a number of commodities and specialty chem-
icals. Considering the different uses of crude glycerin from biodiesel, four different 
biore fi nery schemes can be distinguished: (1) the disposal of crude glycerin as a waste, 
(2) the puri fi cation (by distillation) of crude glycerin to at least 80%, (3) the puri fi cation 
of glycerin to at least 95% and (4) the production of succinic acid from glycerine through 
fermentation. Theodoropoulos et al.  (  2011  )  concluded that the co-production of succinic 
acid can increase the overall pro fi t of a biore fi nery by 60% for a 20 years plant lifetime. 
These results indicate the importance of glycerol when it is utilized as a key renewable 
building block for the production of commodity chemicals. 

 Numerous processes have been reported for the conversion of glycerol to higher 
value added chemicals and fuels. For more details, few excellent reviews (Behr 
et al.  2008 ; Pagliaro et al.  2007 ; Corma et al.  2007 ; Jérôme and Barrault  2011  )  and 
books (Krause et al.  2007 ; Jacobs et al.  2007 ; Pagliaro and Rossi  2008  )  are found in 
the literature. Figure  27.4  summarizes some of the routes for the transformation of 
glycerin and its main products and applications.  

 Besides noble applications that require different degrees of puri fi cation 
(Fig.  27.4 ), crude glycerin can be applied as feedstock in biological processes where 
a wide variety of high-value products, such as enzymes (phytase), propylene glycols 
(1,3-propanediol) (1,3-PD), organic acids (propionic and succinic acids) and 
biodegradable thermoplastic polyesters (poly(3-hydroxybutyrate)–P-3HB) can 
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  Fig. 27.4    Routes for the transformation of glycerin as well as its main products and applications 
(Ciriminna et al.  2006 ; Suppes et al.  2006 ; Jacobs et al.  2007 ; Pagliaro et al.  2007 ; Krause et al. 
 2007 ; Corma et al.  2007 ; Behr at al.  2008 ; Fajula et al.  2008 ; Mota et al.  2009 ; Galan et al.  2009 ; 
Lee et al.  2010 ; Özgür and Uysal  2011  )        
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be obtained. Fungal fermentation offers an alternative option for crude glycerol 
utilization and can be easily integrated into biodiesel plants due to its minimal 
requirement of additional operations/processes in existing plants. The integration of 
fungal technology into biodiesel production could provide an opportunity to pro-
duce an inexpensive food-grade fungal protein for animal feed and offers an alterna-
tive option for glycerol utilization (Khanal and Nitayavardhana  2011  ) . 

 Crude glycerin also appears to be a suitable carbon source for anaerobic micro-
biological processes. One alternative solution for the valorization of crude glycerin 
from biodiesel production is the anaerobic treatment of crude glycerin in biodigest-
ers for biogas production, a renewable and versatile energy (Robra et al.  2010 ; 
Castrillón et al.  2011  ) .      
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         Introduction 

  Jatropha  is a genus of the family of euphorbiaceae and consists of over 170 of 
 different plants, shrubs and trees species. Most of them are succulent plants with 
water-retaining features that make them highly adaptable to semi-dry climates or 
soil conditions. 

 Recently,  Jatropha curcas  L (JCL) has successfully attracted considerable inter-
est from the mass media and scienti fi c community due to its suitability and advan-
tages as an alternative feedstock for biodiesel production. A research report carried 
out by Goldman Sachs Global Investment Research quoted JCL as one of the most 
promising candidates for biodiesel production (Currie  2007  ) . Firstly originated 
from Central America, JCL was introduced into India by Portuguese traders during 
1600 for its medicinal application. Nowadays, JCL is mainly cultivated in tropical 
and subtropical regions, such as Mexico, India and Africa. JCL trees are used tra-
ditionally for live fencing, erosion control and soil improvement. The oil is 
extracted from seeds for manufacture of soaps, candles, lubricants and dyes. The 
leaves are known to contain several medicinal nutrients. JCL was still a relatively 
wild and unexplored species until the publication of its promising potential as 
biodiesel feedstock. In 2010, a team of researchers from Kazusa DNA Research 
Institute (Japan) successfully sequenced the whole genome of JCL, which in turn 
spurred more fundamental research to improve its properties and applications 
(   Sato et al. 2010). Table  28.1  lists the distribution of  Jatropha  plantations and 
development around the world.  

    K.  T.   Lee   (*) •     S.   Lim  
     School of Chemical Engineering ,  Universiti Sains Malaysia, Engineering Campus ,
  Seri Ampangan ,  14300 ,  Nibong Tebal ,  Pulau Pinang ,  Malaysia      
e-mail:  chktlee@eng.usm.my   
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 When reaching maturity, the colour of JCL fruits successively changes from 
green to yellow and,  fi nally, brown. JCL seeds are separated from the fruit peri-
carp (shell) and undergo either mechanical pressing (small scale) or solvent 
extraction (large scale) to obtain lipids. Brownish seed are husk plus kernel and 
peeling off the husk gives the whitish seed kernel. Seed kernel contains primarily 
oil and protein while protected by a white thin layer of seed coat made up of 
 fi bers. Most of the oil is stored in the seed kernel and by separating the seed husk 
from the seeds, higher oil extraction yield in the range of 45–60% can be obtained 
especially through solvent extraction. If seeds are not dehusked, the average rate 
of oil extraction reported from literature normally ranges between 30% and 40% 
(Pramanik  2002  ) . 

 Characteristics of extracted JCL oil can differ greatly according to different envi-
ronments, cultivation conditions and genetics. Table  28.2  shows the comparison of 
the main characteristics between fossil diesel, JCL oil and biodiesel (Achten et al. 
 2008  ) . Investigations have also shown that the processing and storage of JCL oil can 
affect its quality. In order to produce high quality fuel in the form of biodiesel, cer-
tain criteria must be ful fi lled. In general, high quality biodiesel fuel from JCL must 
possess characteristics as below: 

   Low content of phosphorus, sulfur, ash and moisture  • 
  Low content of contaminants from fuel processing such as methanol and • 
glycerin  
  High oxidative stability to prevent fuel degradation  • 
  Low acidity value  • 
  Low viscosity  • 
  High heating value  • 
  Low pour point (lowest temperature at which the fuel stops to  fl ow)  • 
  Low cloud point (lowest temperature at which dissolved solids are precipitated • 
as second phase)  
  Low  fl ash point (lowest temperature for the fuel to ignite and sustain combustion)  • 
  High cetane number (shorter ignition delay during the combustion)    • 

   Table 28.2    Comparison of properties between  J. curcas  biofuels and mineral diesel.   

 Parameters  Mineral diesel   Jatropha  oil   Jatropha  biodiesel 

 Density kg/l (15/40°C)  0.84–0.85  0.86–0.93  0.86–0.88 
 Cloud point (°C)  −14.0  2.0  4.0 
 Flash point (°C)  80  110–240  170–192 
 Pour point (°C)  3  −3  4.2 
 Cetane number  47.8  51.0  57–62 
 Sulphur content (%)  1.0–1.2  0–0.13  negligible 
 Kinematic viscosity 

(cSt at 40°C) 
 4–8  36.9  4.84–5.65 

 Net calori fi c value (MJ/l)  42–46  38.2  38.45–41.0 
 FFA content (%)  —  5.0–8.5  < 1.0 
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 Crude JCL oil is relatively viscous and slow-drying. It is odourless and colour-
less when fresh, but becomes yellowish after standing.  Free fatty acid  (FFA) content 
of crude JCL oil can vary from as low as 2–3% to 10–14% (w/w), depending on the 
extraction conditions. FFA content must be as low as possible to avoid acidic 
transesteri fi cation and improve biodiesel storage stability. There are four main types 
of fatty acids in JCL oil, i.e., palmitic, stearic, oleic and linoleic acids. Oleic and 
linoleic acids are unsaturated fatty acids with double bonds and usually constitute 
over 50% of the composition of JCL oil. Although fatty acid unsaturation improves 
the fuel’s  fl ow properties at cold temperature, it favors its oxidation during long 
term storage; a factor which must be taken into consideration as well. Combustion 
of JCL biodiesel in internal combustion engine has been proven to lead to reduction 
in several critical atmospheric pollutants, such as  hydrocarbons  (HC),  carbon diox-
ide  (CO 

2
 ),  carbon monoxide  (CO), sulphates,  polycyclic aromatic hydrocarbons  

(PAH) and  particulate matter  (PM) (Pandey et al.  2011  ) . Gas emission of CO 
2
  

equivalent from usage of JCL biodiesel is found to be about 78% lower than the 
usage of corresponding fossil diesel and thus may contribute signi fi cantly towards 
carbon reduction. However, its higher oxygenated content will also give rise to the 
increase emission of  nitrogen oxides  (NO 

x
 ) compared to fossil diesel. By-products 

from JCL after biodiesel production are seed cake, fruit shell and seed husk. Its seed 
cake is known to be rich in protein content (58.1% compared to soybean 48.0%) and 
may be useful for livestock feed or fertilizers after detoxi fi cation (Aregheore et al. 
 1998  ) . Meanwhile, fruit shell and seed husk can be used for direct combustion to 
provide energy as had been demonstrated by trials in a gasi fi cation plant (Achten 
et al.  2008  ) . Further advantages of using JCL as feedstock for biodiesel production 
compared to other conventional  fi rst generation biofuel crops (such as soybean, 
rapeseed and sun fl ower) are listed in Table  28.3 .  

   Table 28.3    Comparison between J. curcas and  fi rst generation biofuel crops for biofuels production   

 Advantages  J. curcas  First generation biofuel crops 

 Land requirement  Can grow in degraded and wasted 
land 

 Require huge amount of arable land 

 Cultivation  Less fertilizers requirement 
 Less rainfall 

 Require a lot of fertilizers and water 
to grow 

 Pests and disease  Higher resistance 
 Not eaten by animals due to toxicity 

 Susceptible to attacks by pests and 
plant diseases 

 Food  No con fl ict with food source  Competing with food sources 
 By-product value  High by-product usage and value  Moderate by-product usage and 

value 
 Other usage  Soil protection barrier to protect 

against soil erosion 
 Biomass for combustion 

 Oil content  High oil content and easy for 
extraction 

 Moderate oil content 

 Future development 
(R&D) 

 Has great potential for improvement 
and optimization 

 Most crops has been optimized and 
room for improvement is limited 
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 There are several pathways available to convert JCL into biofuels as depicted 
in Fig.  28.1 . Several of these processes have been commercially established while 
a few others are still in intensive research phase. Conventionally, JCL seeds will 
 fi rst undergo a process of oil extraction to obtain the oil and other lipids. There are 
many oil extraction processes available, which can be grouped as either mechani-
cal or chemical. Mechanical methods, such as pressing and expulsion, are simple 
and easy to be carried out individually (Karaj and Muller  2011  ),  but are only suit-
able for small scale process due to lower yield. Advanced chemical extraction 
processes, such as aqueous oil extraction (Shah et al.  2005  ) , enzyme-assisted 
three phase partitioning (Shah et al.  2004  )  and supercritical CO 

2
  extraction (Min 

et al.  2010  )  can provide higher yield, but are more suitable for large industrial 
scale. Afterwards, it can be subjected to direct combustion for energy or blending 
with fossil fuels. Kumar et al.  (  2003  )  found that direct JCL oil injection in diesel 
engines lead to lower brake thermal ef fi ciency, higher energy consumption and 
higher exhaust gas temperature than fossil diesel. Meanwhile, blending of  JCL  oil 
with methanol was also found to be unfavourable due to increase in ignition delay 
and higher emissions of HC and CO (Kumar et al.  2003  ) . Consequently, 
transesteri fi cation of  JCL  oil into biodiesel with the aid of short-chain alcohol is 
highly preferred from a technical point of view. Apart from the more popular and 
established catalytic transesteri fi cation, more advanced transesteri fi cation techniques 
are being investigated including supercritical non-catalytic transesteri fi cation and also 
enzymatic transesteri fi cation. Recently, the search for a low cost process of 
biodiesel production has promoted the study of in situ transesteri fi cation, which 
combines the extraction and transesteri fi cation process in a single step.   

  Fig. 28.1    Reaction pathway for the conversion of J. curcas seeds into biodiesel       
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   In Situ Biodiesel Production 

 In situ biodiesel production is generally referred to the simultaneous process where 
extraction and transesteri fi cation proceed together in a single unit operation. In situ 
or reactive extraction for biodiesel production has garnered a lot of attention due to 
its higher potential in saving energy and operational costs compared to other meth-
ods. In general, there are two major in situ extraction processes divided according 
to different phases, which are liquid-liquid and solid–liquid. 

 Liquid-liquid in situ extraction process requires the addition of a second solvent 
to the liquid phase reaction to extract the intermediates or products of the reaction 
as soon as they are produced. Therefore, the solvent will need to have high selec-
tivity and miscibility with the desired reactants, but not involved in unwanted side 
reactions. 

 Solid–liquid in situ extraction requires the extraction of reactants from inside of 
the solid phase to the other liquid phase reactant to produce the desired products. 
Solid crops biomass, such as oil seeds, trunks and leaves contain a lot of desirable 
extracts including lipids, HC, fatty acids and specialty chemicals. After being 
extracted, they can then be further processed and re fi ned into higher value products. 
In the context of biodiesel production, solid–liquid in situ transesteri fi cation enabled 
the direct contact between the oil-bearing solid materials (seeds) with the 
transesteri fi cation reagent (usually a short-chain alcohol). The alcohols will also act 
simultaneously as a oil extraction agent. This will eliminate the step of oil extraction 
process, which usually consumes a lot of energy and time. Furthermore, potential 
loss of oil yield can be minimized by reducing the number of industrial operations. 
The main drawback for in situ transesteri fi cation is normally due to the chemical 
properties of the transesteri fi cation reagent. Conventionally in biodiesel production, 
short-chain alcohols, such as methanol and ethanol are highly preferred as 
transesteri fi cation reagents due to their low cost and high reactivity. Unfortunately, 
they have low miscibility with triglycerides or fatty acids, which resulted in low 
extraction ef fi ciency. However, this can be circumvented with the help of appropri-
ate catalysts (acid or base), co-solvents or supercritical conditions to increase the 
kinetic of the extraction process substantially. Most of the in situ transesteri fi cation 
processes for biodiesel production are summarized in Table  28.4 .  

 The  fi rst trials of in situ transesteri fi cation go back to 1963 when it was employed 
in analytical studies to detect fatty acid compositions of materials from different 
organisms (Abel et al.  1963  ) . When analytical conditions, such as water content, 
catalyst, heating and non-polar solvents are appropriate, in situ transesteri fi cation 
can provide the same qualitative and quantitative results compared to conventional 
methods with less experimental variations. Later on, Carrapiso et al.  (  2000  )  in their 
analytical study of fatty acids pro fi le in Iberian pig subcutaneous adipose tissue 
discovered that in situ transesteri fi cation gave higher fatty acid concentration for all 
types of fatty acids compared to the conventional method of lipid extraction  followed 
by a transesteri fi cation step. The study showed that higher amount of lipids could be 
obtained by in situ transesteri fi cation and that oxidation of reactive unsaturated fatty 
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acids after extraction was also lower. Considering the application of in situ 
transesteri fi cation to biodiesel production, Harrington and D’Arcy-Evans  (  1985  )  
were among the  fi rst to successfully produce biodiesel from homogenized sun fl ower 
seeds by in situ acid-catalyzed transesteri fi cation. According to their method, 20 g 
of sun fl ower seeds were macerated in 150 ml of methanol with 6 ml of concentrated 
sulphuric acid (H 

2
 SO 

4
 ) and heated under re fl ux condition in a reaction  fl ask. In situ 

transesteri fi cation process was investigated in order to decrease the lipid losses due 
to imperfect separation of hull-kernel and reduce the usage of highly in fl ammable 
solvent (hexane). Yield improvement of over 20% with similar product properties 
was being reported compared to conventional synthesizing method (pre-extraction 
before transesteri fi cation) due to improved interaction between solvent (methanol) 
and lipids with the aid of acidic catalyst. Acid labile lipids with lower hexane mis-
cibility were found to react in situ and contributed to higher biodiesel yield. 
Following Harrington’s study, Siler-Marinkovic and Tomasevic  (  1998  )  investigated 
further the properties of operating parameters corresponding to the model of in situ 
transesteri fi cation of sun fl ower seeds. Employing similar setup as in Harrington’s 
experiment, Siler-Marinkovic and Tomasevic analyzed the effect of methanol to oil 
molar ratio, amount of catalyst, reaction temperature and time of transesteri fi cation 
process. The results of their investigations showed that the molar ratio of alcohol to 
oil was the dominant factor. Molar ratios greater than 200:1 should generally be 
applied to achieve a good conversion. Room temperature (30°C) was found to be 
adequate for the process although higher reaction temperature (up to 65°C) could 
decrease the reaction time from 4 h to slightly more than 1 h. In optimum conditions 
with the weight of H 

2
 SO 

4
  equal to the weight of oil in the seeds, a 98% (w/w) 

transesteri fi cation rate could be achieved. The properties of the esters produced by 
in situ transesteri fi cation were found to be essentially the same as those obtained by 
the conventional process although the cloud point was slightly lower. In another 
experiment, Zeng et al.  (  2009  )  pre-treated sun fl ower seeds with sodium hydroxide 
(NaOH), methanol and diethoxymethane (DEM), a co-solvent. They found that the 
three molar ratios (methanol/oil, DEM/oil and catalyst/oil) were the primary factors 
affecting biodiesel yield. The molar ratio of methanol required for optimum biodie-
sel yield was successfully reduced from above 200:1 to 101:1 upon DEM addition. 
A 97.7% biodiesel yield containing 0.74% FFA was obtained in 13 min with a 
DEM/oil molar ratio of 57.85:1 under room temperature and agitation speed of 
150 rpm. The study concluded that DEM-assisted in situ transesteri fi cation of 
sun fl ower seeds could promote faster reaction with lower amount of catalyst (NaOH) 
and methanol. Thus, DEM would play the roles of both extraction solvent and 
catalyst. 

 Rice bran is readily available and cheaper than many re fi ned vegetable oils, 
which makes it attractive for biodiesel production. Thus, Ozgul-Yucel and Turkay 
 (  1993  )  investigated the in situ transesteri fi cation of rice bran with sulphuric acid as 
a catalyst with respect to the comparative effect of methanol and ethanol. About 
50 g of rice bran was mixed with 200 ml methanol or ethanol and re fl uxed with 5 ml 
concentrated H 

2
 SO 

4
  under magnetic stirring for 1–4 h. They concluded that the rela-

tive composition and amount of esters were dependant on the choice of the solvent. 
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On one hand, the amount of methyl esters obtained by in situ transesteri fi cation with 
methanol was directly proportional to the amount of fatty acid content in rice bran. 
On the other hand, in situ transesteri fi cation with ethanol gave less pure ethyl esters 
due to higher miscibility of oil components contained in rice bran. Further investi-
gations were also carried out by the same authors on rice bran with different mono-
hydroxy alcohols (ethanol, n-propanol, iso-propanol and n-butanol) in order to 
study the effects of FFA, moisture and alcohol chain size on in situ transesteri fi cation 
(Ozgul-Yucel and Turkay  2003  ) . With the same experimental setup as that of the 
previous work, these authors found that more FFA and less neutral oil (total oil 
content without FFA, which includes partial glycerides and unsaponi fi able matter) 
will dissolve in the alcohol phase by in situ transesteri fi cation than by conventional 
solvent extraction with ethanol. This might be due to the dependency on solubility 
of each component of oil in the alcohol for in situ esteri fi cation and alcoholysis. For 
feedstock with high FFA content such as rice bran (up to 80% and above), total ester 
(biodiesel) yield depended strongly on solubility and conversion of FFAs in the 
alcohol phase. Increasing solubility of other oil components (neutral oil) in the alco-
hol phase is correlated with decreasing of FFA solubility and lower biodiesel yield. 
The experimental work showed that the solubility of neutral oil in alcohol increased 
with increasing molecular weight of alcohol, i.e., a decreasing solubility of FFAs in 
alcohols of increasing chain length. Consequently, the authors concluded that meth-
anol was the optimal solvent for in situ transesteri fi cation of rice bran for biodiesel 
production. In contrast, in situ transesteri fi cation with soybean led to different 
results than rice bran (Kildiran et al.  1996  ) . In this system, methanol alcoholysis 
gave the lowest esters yield (22%) compared to higher chain alcohols, such as etha-
nol and propanol using H 

2
 SO 

4
  as catalyst. This showed that methanol was a poor 

extraction solvent for soybean and since the reaction rate depends heavily on the 
extraction phase, the biodiesel quality and quantity will be affected. Soybean oil 
typically has low FFA content and therefore is largely unaffected by the decreasing 
FFA solubility in the alcohol phase as for rice bran. Due to the low transesteri fi cation 
yield with acidic catalyst, Haas et al.  (  2004  )  tested in situ transesteri fi cation on soy-
bean using alkaline catalyst, NaOH at normal room temperature with a 226:1 molar 
ratio of methanol to oil and a 1.6:1 molar ratio of catalyst to oil. On one hand, they 
found a 95% of lipids extraction in soybean after 8 h of maceration and as a conse-
quence, 5% of lipids remained in the soybean residue after completion of the reac-
tion. On the other hand, the methyl ester conversion rate of extracted lipids was 84% 
and this brings the total biodiesel conversion rate from soybean seed homogenate to 
be at 80% (w/w). This conversion rate was almost four times that of acid-catalyzed 
in situ transesteri fi cation. One of the reasons proposed for such a difference of lipid 
extraction rate was that alkaline alcohols could destroy intracellular compartmen-
talization in soybean and thus promote faster solubilisation and transesteri fi cation. 
However, both studies still required a large amount of solvent for the process. Thus, 
Haas and Scott  (  2007  )  tested the dehydration effect of soybean seed homogenate 
before in situ transesteri fi cation. Soybean  fl akes were mixed with NaOH dissolved 
in methanol in screw-capped bottles at room temperature. The bottles were shook 
continuously by orbital shaking to keep the  fl akes well suspended. A 100% 
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transesteri fi cation was achieved within 10 h with 12 ml of 0.1 N NaOH in methanol. 
On the other hand, the soybean preparation with native moisture required 30 ml of 
0.09 N NaOH in methanol to yield 97% biodiesel. The authors believed that most 
phospholipids in soybean  fl akes were converted to esters, which in turn led to a 
slight increase of maximum biodiesel yield. 

 In another study, Wyatt and Haas  (  2009  )  investigated CO 
2
  to reduce the amount 

of solvents required for in situ transesteri fi cation of soybean. Supercritical CO 
2
  had 

been actively explored in the past to replace hexane as the extraction solvent. 
However, direct use of supercritical CO 

2
  for in situ transesteri fi cation was deemed 

impractical due to its apolar nature, which decreases the solubility of many polar 
reagents and catalysts. Furthermore, its supercritical conditions of operation require 
large pressure (>100 bar) and reactor volume. In order to negate these effects, CO 

2
  

was dissolved in traditional liquid solvent to form a gas–liquid mixture capable of 
both increasing the solubility of other reagents and promote faster reaction. The 
experiment was carried out in a stainless steel reactor of 300 ml. CO 

2
  was intro-

duced into the reactor either through manual bleeding through gas valve or with a 
syringe pump. In alkaline-catalyzed reaction, the introduction of CO 

2
  into the sys-

tem actually decreased the biodiesel yield from 91.0% to 62.2% with a majority of 
un-reacted lipids remaining in soybean  fl akes. The reason for lower biodiesel yield 
in CO 

2
 -solvent mix was the formation of carbonic acid derivative between CO 

2
  and 

sodium methoxide (MeONa), which increased acidity of the system and neutralized 
the alkaline catalyst. By contrast, acidic-catalyzed in situ transesteri fi cation was 
able to take advantage of the CO 

2
  added to the system by maintaining biodiesel 

yield at 88% even though the amount of MeONa was lowered from 54 ml to 36 ml. 
Increase in reaction speed by as much as 2.5 fold was also observed upon CO 

2
  addi-

tion. The authors also suggested that CO 
2
  increment results in larger liquid phase by 

increasing solubility of non-polar lipids, which in turn resulted in higher 
transesteri fi cation rate. Moreover, because of its inherent acidity when dissolved in 
liquid phase, CO 

2
  acts as an acidic catalyst. Haas et al.  (  2007  )  tested alkaline cata-

lyzed transesteri fi cation on two other potential biodiesel feedstocks:  distillers dried 
grains with soluble  (DDGS, distillers grains are co-products produced from the 
fermentation of grains for alcohol) and  meat and bone meal  (MBM, a product of the 
rendering industry). They concluded that certain solid pre-treatment, such as ground-
ing and drying was essential to improve in situ transesteri fi cation from lipid-bearing 
materials. By using  central composite response surface  (CCRS) to optimize the 
process, DDGS at 6.9% moisture content required 24 ml of methanol for complete 
lipid transesteri fi cation (99% yield). Removal of 70% of the moisture successfully 
reduced the methanol volume to 14 ml. In addition, preliminary neutralization of 
feedstocks acidity also prevented saponi fi cation upon alkaline catalyze (NaOH) 
and, thus, allowed the use of lower NaOH amount for effective transesteri fi cation. 
In situ transesteri fi cation using homogenous alkaline catalyst was also performed 
on cottonseed by Qian et al.  (  2008  ) . In this study, cottonseed homogenate was incu-
bated with methanol and petroleum ether as co-solvent. Under optimum conditions, 
approximately 98% conversion of oil to biodiesel could be obtained with 0.1 mol/l 
NaOH and 135:1 methanol to oil molar ratio within 3 h. Recycling of methanol was 
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also investigated by mixing recovered methanol with fresh methanol in the subse-
quent experimental run. The optimum recycling ratio was found to be 0.2. Beyond 
this value, the biodiesel yield was discovered to drop substantially due to impuri-
ties. In situ transesteri fi cation also helped to reduce the amount of free and total 
gossypol levels in cottonseed meal far below the level recommended by  Food and 
Agricultural Organization  (FAO) standard. The seed homogenate resulting from in 
situ transesteri fi cation was, thus, suitable as animal protein feed source, i.e., a co-
product with signi fi cant economical potential. Li et al.  (  2011  )  tried heterogeneous 
solid alkaline catalyst for in situ transesteri fi cation of microalgae. Solid catalyst can 
be separated easily from the residue and thus contributes to process simplicity and 
waste streams reduction. Mg-Zr is a solid alkaline catalyst that can be prepared in 
the laboratory and mixed with dried microalgae powder ( Nannochloropsis  sp.) in an 
amended Soxhlet extractor with re fl ux and magnetic stirrer. The reactor was heated 
to 65°C with an oil bath and took 4 h for complete reaction. A mixture of methanol 
and methylene dichloride in a volume ratio of 2:1 was used as the extraction and 
transesteri fi cation solvent. At optimum biodiesel conversion, the transesteri fi cation 
yield was only 28% (w/w) of the total lipid content. This value (28%) seems to be 
low for an optimum yield, but total lipids of microalgae contain signi fi cant amount 
of non-fatty acid lipids, which are not convertible to methyl esters. The 
transesteri fi cation conditions were 45 ml of solvent and 10% (w/w) catalyst while 
for the conventional two-step extraction-transesteri fi cation process, only 22.2% 
(w/w) maximum biodiesel yield could be obtained.  

   Process Applicability to  Jatropha  

 Even though in situ transesteri fi cation is very promising, not all oilseed feedstocks 
are suitable for this process. Since extraction and transesteri fi cation processes pro-
ceed simultaneously, the solid oil-bearing material must have adequate surface area 
for the oil to be extracted easily by the reactants. This can be manually achieved by 
certain solid pre-treatment, such as grounding and sieving (Lim and Lee  2011  ) . 
Although solid pre-treatments will incur additional cost, adequate application can 
almost double the extraction yield and biodiesel content, which in turn can compen-
sate for the initial investment depending on the scale and duration. In this context, 
JCL seeds can undergo solid pre-treatment processes relatively easily due to its 
moderate sturdiness and good porosity. Furthermore, it also has relatively high oil 
content and uniform oil distribution, which make it suitable for simultaneous extraction 
and transesteri fi cation process. Composition of JCL oil is also favorable for in situ 
transesteri fi cation since it does not contain too many impurities for side-reactions. 
On the other hand, JCL seedcake can be easily separated by simple  fi ltration, which 
simpli fi es downstream separation process. However, JCL oil contains high rate of 
FFA (>1.0 wt%) and moisture, which is detrimental to biodiesel yield by conven-
tional NaOH transesteri fi cation due to soap formation. Hence, in situ biodiesel pro-
duction is expected to improve the cost-effectiveness of JCL biodiesel. Currently, 
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two reaction pathways have been investigated for in situ transesteri fi cation pro-
cesses, which are catalytic and non-catalytic. Catalytic in situ transesteri fi cation 
normally involves homogenous alkaline or acidic catalyst, such as NaOH and 
H 

2
 SO 

4
 , respectively. Enzymatic in situ transesteri fi cation is not normally carried out 

due to enzyme deactivation by alcohol and glycerol. However, it is becoming feasible 
through substitution of short-chain alcohols by short-chain alkyl acetates as alterna-
tive acyl acceptors in the transesteri fi cation process (Su et al.  2007  ) . The in situ 
transesteri fi cation of JCL seeds is summarized in Table  28.5 .  

   Alkaline Catalytic Reaction 

 The most common alkaline catalyst used in transesteri fi cation is NaOH. For alka-
line catalytic in situ transesteri fi cation, Kaul et al.  (  2010  )  successfully produced up 
to 98% biodiesel yield with NaOH as catalyst and methanol as reagent. Hailegiorgis 
et al.  (  2011  )  investigated the effect of adding  Cetyltrimethylammonium bromide  
(CTMAB), a  phase transfer catalyst  (PTC) for in situ transesteri fi cation of JCL 
seeds with ethanol and NaOH. CTMAB was mixed with ethanol and added to the 
JCL seed homogenate in the reactor. Almost 99.5% of biodiesel yield was obtained 
compared to 89.2% without the use of PTC. Ginting et al.  (  2012  )  studied up to three 
different alkaline catalysts (NaOH, potassium hydroxide and  sodium methoxide —
MeONa) for the same in situ ethanolysis transesteri fi cation process and reported 
99.98% of biodiesel yield with MeONa as the best catalyst. 

 Kaul et al.  (  2010  )  also studied the effect of particle size of seed homogenates in 
the ranges <0.85 mm, 0.85–2.46 mm and >2.46 mm. They found that JCL seed 
homogenate in the range of >2.46 mm gave the most consistent results compared 
to the other two. This was not in agreement with the other two studies as both of 
them sieved their seeds homogenate to particle size between 0.3 and 0.5 mm. The 
differences may be due to the effect of moisture content in the seeds since Kaul 
et al.  (  2010  )  did not dry their homogenate before transesteri fi cation. In addition, 
the seed shell has also been included to the homogenate, which was not the case in 
the other two studies. Kaul et al.  (  2010  )  also concluded that 9.85 ml/g (methanol/
seed) was the best ratio compared to 3.28 ml/g and 6.57 ml/g that were also inves-
tigated. By contrast, Hailegiorgis et al.  (  2011  )  obtained 9 ml/g (ethanol to seed) as 
the optimum ratio and 7.5 ml/g when PTC was being added; Ginting et al.  (  2012  )  
 fi xed the ratio of ethanol to seeds at 7 ml/g according to their particular conditions. 
Hailegiorgis et al.  (  2011  )  proposed that PTC could form soluble complexes, which 
would increase the reaction rate between ethanol and triglycerides in different 
immiscible phases. 

 From the three catalyst concentrations studied, Kaul et al.  (  2010  )  observed that 
the highest biodiesel yield was obtained at 3.94% (w/w). Lower concentration of 
catalyst was found to be insuf fi cient to catalyze the reaction due to high FFA con-
tent. On the other hand, Hailegiorgis et al.  (  2011  )  successfully reduced the amount 
of NaOH required for optimal reaction by introducing PTC. With 1 molar ratio of 
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PCT to NaOH being added, CTMAB managed to reduce NaOH usage by 33.3%, 
i.e., from 1.013% (w/w) to 0.675% (w/w). Ethanolysis usually required higher 
amount of catalyst compared to methanol due to lower miscibility of lipids in etha-
nol. Ginting et al.  (  2012  )  noted that MeONa at 2.0% (w/w) provided the highest 
biodiesel yield compared to NaOH and KOH. The absence of hydroxide group in 
MeONa apparently reduces the rate of saponi fi cation, which would otherwise 
reduce the total biodiesel yield. Ginting et al.  (  2012  )  found that biodiesel yield 
remains almost constant in the temperature range studied (30–70°C). Thus, they 
concluded that the temperature factor was not important. In contrast, Hailegiorgis 
et al.  (  2011  )  found that 50°C reaction temperature was the optimum for biodiesel 
production. However, the optimum temperature dropped to 30°C with the addition 
of CTMAB. Both studies of in situ ethanolysis transesteri fi cation stated around 2 h 
for complete reaction. By contrast, in situ methanolysis transesteri fi cation is faster 
with 30 min for complete reaction (Kaul et al.  2010  ) . These results prove that 
shorter chain alcohol is more reactive than longer chain for in situ 
transesteri fi cation.  

   Acid Catalytic Reaction 

 In an experiment of in situ transesteri fi cation of JCL seed homogenate catalyzed 
with H 

2
 SO 

4
 , Shuit et al.  (  2010a  )  investigated the role of (1) n-hexane used as co-

solvent to enhance methanolysis, (2) homogenate particle size and (3) reaction time 
on biodiesel yield. They found that particle size smaller than 0.355 mm were more 
favorable both in terms of extraction ef fi ciency and biodiesel yield. The higher 
biodiesel yield at small particle size was attributed to the fact that smaller particles 
had less mass transfer resistance and larger surface area for reaction. The drawback 
of this method was the long reaction time (24 h) required to reach 99.8% biodiesel 
yield. In order to reduce the reaction time, the authors conducted an optimization 
study using CCRS based on the same experimental setup, i.e., reaction temperature 
(30–60°C), reaction time (1–24 h), methanol to seed ratio (5–20) and catalyst load-
ing (5–30% w/w), but without n-hexane. According to this optimization, catalyst 
loading was found to have the most signi fi cant effect on biodiesel yield while meth-
anol to seed ratio affected the least. The low interaction of methanol amount with 
biodiesel yield was attributed to the fact that a large volume of methanol was already 
used with the consequence that the range of variation explored would not affect 
much the biodiesel yield. Interaction effect was also detected from the catalyst load-
ing and the reaction temperature. When the catalyst loading was low (<11.35% 
w/w), increase in temperature did not have any signi fi cant effect on the biodiesel 
yield. However, at higher catalyst loading (23.75% w/w), an increase of reaction 
temperature from 38°C to 53°C can increase the biodiesel yield by almost 50%. 
This proved that the in situ transesteri fi cation of JCL seed homogenate was a cata-
lyst-dependent reaction and that the reaction time could be reduced to 10 h with a 
rate of biodiesel as high as 98.1%.  
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   Enzymatic Reaction 

 The enzymatic in situ transesteri fi cation of JCL seed homogenate has been carried 
out with Novozym435 (a lipase from  Candida antarctica ) (Su et al.  2007  ) . In order 
to avoid enzyme deactivation, methyl and ethyl acetate were used as the in situ sol-
vents. In this system, glycerol is no longer produced, but replaced by triacetylglyc-
erol or triacetin. Triacetin could potentially improve biodiesel properties, such as 
cloud point and pour point. In comparison with the alcohol based conventional two-
step transesteri fi cation, the in situ transesteri fi cation of JCL showed improvement 
by as much as 39% biodiesel yield for methyl acetate and 9% for ethyl acetate. The 
authors pointed out that the improvements might be due to the poisoning effect of 
short-chain alcohol on the enzyme activity. Moreover, n-hexane extracts higher 
amount of impurities (phospholipids) from the seed homogenate compared to alkyl 
acetate and these impurities may also affect the enzyme activity. Additional investi-
gation of enzymatic kinetic of in situ transesteri fi cation showed that biodiesel yield 
increased exponentially during the  fi rst 12–16 h. After that period, the rate of reac-
tion decreased slowly until reaching almost zero after 36 h. This decreasing rate 
ef fi ciency may be due to the depletion of fatty acids and the increase of triacetylg-
lycerol. An optimum point for the effect of solvent to seed ratio was found at 7.5. 
Below that value, the solvent was found to be insuf fi cient to perform the reaction 
effectively. Meanwhile, exceeding that value would cause oil dilution and thus result 
in lower biodiesel yield. The water content in the seed homogenate was another 
important parameter since enzymes requires water for their biological activity. 
However, too much water would result in hydrolytic reactions, which would com-
pete with the transesteri fi cation reaction. The optimum water content for JCL seed 
homogenate was found to be 4.62%. The highest biodiesel yield was found to be 
86.1% and 87.2% for methyl and ethyl acetate, respectively. In this case, the differ-
ence between methyl acetate and ethyl acetate was almost negligible at the same 
optimum conditions. 

 One of the main drawbacks to use enzymes as catalysts is their prohibitive cost 
that makes them economically unattractive. In order to overcome the cost factor, Gu 
et al.  (  2011  )  took advantage of the plant lipase found in germinating JCL seeds to 
carry out the in situ transesteri fi cation with methanol and n-hexane. Plant lipase had 
the advantage of being low cost and easy to purify. In this context, lipase derived 
from germinating JCL seeds could replace the role of catalyst and thus reduce the 
cost in chemicals and separation process. Gu et al.  (  2011  )  showed that the lipase 
activity was found to be at its highest level 4 days after germination and that the oil 
content still remained at similar level. N-hexane was chosen as the co-solvent on the 
basis that it is an effective solvent for lipid extraction and also promoted the activity 
of lipase. The optimal ratio of n-hexane to germinating seeds was found to be 
2.5 ml/g; higher ratio value would dilute the oil and methanol interface. Since exces-
sive methanol levels could inhibit the lipase activity, the proportion of methanol to 
germinated seeds was carefully adjusted at the optimum value of 1.5:1. The reaction 
temperature was kept at 35°C in order to prevent enzyme denaturation. The optimal 
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water content of seeds was 2.9% allowing a rate of 87.2% biodiesel to be reached. 
While this technology is promising, more studies are required concerning seed ger-
mination and cleaning for commercial production.  

   Supercritical Reaction 

 Supercritical transesteri fi cation for biodiesel production has been thoroughly inves-
tigated for some time. Fluid in a supercritical phase can be considered as an inter-
mediate state between liquid and gas. Several distinctive characteristics, such as 
low viscosity, high diffusion coef fi cients, variation of density and dielectric con-
stant as a function of pressure were attributed to this special state. Consequently, 
supercritical  fl uids (SCF) are an excellent extraction solvents as well as chemical 
reaction reagents. In supercritical condition, lipids are completely miscible with 
reagents, such as methanol and ethanol, which enable the reaction to proceed at a 
high rate without the need for a catalyst. Moreover, non-catalytic supercritical  fl uids 
had also been proven to be superior for biodiesel production in terms of reaction 
time, product separation,  fatty acid methyl esters  (FAME) yield and process sim-
plicity compared to conventional biodiesel processing. In addition, supercritical 
transesteri fi cation is normally insensitive to the water and FFA content. However, 
this process requires high temperature and pressure, which make the process risky 
and costly. A higher alcohol to oil ratio is also needed compared to conventional 
catalytic transesteri fi cation in order to obtain high FAME yield. 

 Lim et al.  (  2010  )  chose supercritical methanol for in situ transesteri fi cation of 
JCL seed homogenate. Supercritical methanol has milder supercritical condition 
(240°C, 8.1 MPa) and low boiling point (65°C) that allows easier products separa-
tion. N-hexane was also used as co-solvent to facilitate lipid extraction from seed 
homogenate. The effects of homogenate particle size, reaction temperature and 
pressure were investigated. Homogenate particle size <1.0 mm was found to pro-
vide the largest biodiesel yield. Although extraction ef fi ciency was found to be high 
(65%) even at low temperature and pressure, biodiesel yield was low and only 
increased exponentially once supercritical condition of methanol was attained. 
Despite n-hexane to be an ef fi cient extraction solvent at low temperature, it is only 
when supercritical methanol is formed that it can react with the extracted lipids to 
form biodiesel. The highest biodiesel yield was recorded at 103.5%, which exceeded 
the maximum theoretical yield from n-hexane extraction. This proved that super-
critical condition had the potential to extract even more lipids from the JCL seeds 
when compared to conventional n-hexane solvent extraction (de fi ned as 100%). 
The larger extraction rate by supercritical methanol was attributed to the high pres-
sure exerted during supercritical condition, which expelled lipids trapped deep 
inside the core of the homogenized seeds. Lim and Lee  (  2011  )  found that seed 
homogenate pre-treatment, such as drying temperature, drying time, sieving and 
deshelling were important factors to ensure optimum biodiesel yield. However, 
since most of these pre-treatments are energy-intensive, their implementation is a 
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compromise between cost and return. The authors suggested that decorticated seeds 
without sieving and drying at 75°C were suf fi cient to obtain a FAME yield as high 
as 128.8% using the same reference value as the study outlined above. From most 
of the comparison with conventional two-step biodiesel production method, super-
critical in situ transesteri fi cation clearly exhibited higher biodiesel yield ef fi ciency.   

   Conclusion 

 In situ transesteri fi cation process has shown promising future as a viable method to 
produce biodiesel. By eliminating the energy-intensive phase of solvent or mechan-
ical extraction and their respective preparation stages, it might even be feasible for 
the people in rural area or under-developed countries to produce biodiesel on their 
own. However, there are still several hurdles that biofuel research needs to over-
come in order to make it attractive for large-scale commercial biodiesel production. 
First of all, chemical reagent input still need to be reduced as currently the process 
requires a large amount of solvents, such as methanol or ethanol. Secondly, in situ 
transesteri fi cation mechanism is still not being fully understood and well estab-
lished. Therefore, more research is needed to explore this mechanism, improve the 
reaction ef fi ciency and  fi nd solvents that best  fi t the reaction. Last but not the least, 
by-products of the process should also be developed in order to improve the eco-
nomic viability. If not toxic, the leftover from the homogenate of in situ 
transesteri fi cation could be utilised as either animal feed or subjected to further 
biomass processing and produce additional energy.      
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         Introduction 

 Vegetable oils are a very promising alternative to diesel oil since they are renewable 
and have similar properties. Many investigators have studied the use of vegetable 
oils in diesel engines. Vegetable oils offer almost the same power output with 
slightly lower thermal ef fi ciency when used in diesel engine (Srivastava and Prasad 
 2000 ; Vellguth  1983 ; Demirbas  2005 ; Jajoo and Keoti  1997 ; Recep et al.  2000 ; 
Pramanik  2003 ; Nabi et al.  2006  ) . Reduction of engine emissions is a major research 
aspect in engine development with the increasing concern on environmental protec-
tion and the stringent exhaust gas regulation. Vegetable oils are a mixture of straight 
chain organic compounds that are mainly triglycerides with a number of branched 
chains of different lengths. Research towards the use of vegetable oils as fuels for 
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 compression ignition  (CI) engine has yielded encouraging results (Agarwal and 
Agarwal  2007 ; Zhang and Wang  2007 ; Radhwan et al.  2007 ; Scholl and Sorenson; 
 1993 ; Demirbas  2005 ; Carmen et al.  2007 ; Nwafor  2000  ) . The oil from  Jatropha 
curcas  L. (Ratanjyot, hereafter referred to as Jatropha) is extracted from its seeds. 
The use of neat vegetable oils causes some problems to CI engines when used for 
long time. These problems are due to high viscosity, low volatility and polyunsatu-
rated character of neat vegetable oils (Srivastava and Prasad  2000 ; Vellguth  1983  ) . 
Some of the common problems of vegetable oils in diesel engines in the long run are 
coking, trumpet formation on the injectors, carbon deposits, oil ring sticking, thick-
ening and gelling of lubricating oil as a result of contamination by the vegetable oils 
(Vellguth  1983  ) . Different methods, such as pre-heating, blending, ultrasonically 
assisted methanol transesteri fi cation and supercritical methanol transesteri fi cation 
(Demirbas  2005 ; Carmen et al.  2007 ; Nwafor  2000 ; Barsic and Humke  1981  )  are 
being used to reduce the viscosity and make vegetable oil suitable for engine appli-
cations. In the present investigation, biodiesel of Jatropha, i.e.,  methyl esters of 
Jatropha’s oil  is referred to JOME. Biodiesel properties were determined and their 
combustion and emission characteristics were studied on a four-stroke single-cylin-
der direct-injection CI engine to check their feasibility as CI engine fuels.  

   Characterization of Jatropha Oil and JOME 

 Jatropha is a large shrub and belongs to the family Euphorbiaceae occurring almost 
throughout India and tropics. It has a long productive period of around 50 years and 
could yield economic returns annually. 

   Properties of Jatropha Oil, JOME and Blends with Ethanol 
or Diesel 

 The properties of diesel, neat Jatropha oil, JOME, a blend of 80% diesel with 20% 
JOME (B20) and a blend of 80% JOME with 20% ethanol (BE20) have been 
determined and summarized in Table  29.1 . To prepare BE20, a stirrer was mounted 
inside the fuel tank in order to prevent separation of ethanol and JOME. The fuel 
blend was prepared just before starting the experiment to ensure that fuel mixture 
remains homogeneous during the experiment (Banapurmath and Tewari  2010  ) . 
This procedure was suf fi cient since JOME does not contain aromatics, the ambi-
ent temperature was higher than 30°C and the ethanol used in this experiment was 
dry. In real life applications, an additive should be added to the mixture to stabi-
lize ethanol and JOME phases. Akzo Nobel Surface Chemistry and Lubrizol 
Corporation developed and produced a low cost additive, which makes it possible 
to blend ethanol with diesel (the so called Dieshol) to get a stable and clear fuel 
(see Lü et al.  2004  ) .   
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   Availability and Economic Value of Oil 

 India has rich and abundant resources of both edible and non-edible oilseeds. The 
production of methyl/ethyl esters from edible oils is much more expensive than that 
of diesel fuels. This is due to the relatively high costs of vegetable oils (about 4 
times the cost of diesel in India). Therefore, there is a need to search and explore 
alternative feedstocks for the production of biodiesels. Non-edible oil from source 
of Jatropha is easily available in many parts of India and is cheap compared to edi-
ble oils. Jatropha is a drought-tolerant, perennial plant with capability to grow on 
marginal soils requiring very little irrigation and grows in all types of soils. At pres-
ent, the production of Jatropha seeds is about 0.8 kg m −2  per year. The oil content of 
Jatropha seed ranges from 30% to 40% (w/w) and from 45% to 60% when consider-
ing it on kernel basis. Fresh Jatropha oil is slow drying, odorless and colorless; it 
turns yellow with aging. The tree is occasionally seen on roadsides in India; Jatropha 
tree stands tall with some trees being over 5–10 ft high. Jatropha can grow on almost 
all soil types ranging from stony to sandy or to clayey, but prefers good aeration 
(Achten et al.  2008 ; Meher et al.  2004 ; Vivek Gupta  2004 ; Ghadge and Hifjur  2005  ) . 
The price of crude petroleum and the cost of transporting diesel through long dis-
tances to remote markets play a key role in evaluating the economical feasibility of 
biodiesels. The cost of producing methyl/ethyl esters from edible oils is at present 
much more expensive than fossil diesel fuel. The cost of biodiesel can be reduced if 
non-edible oils are used instead of edible oils (Agarwal  2006  ) . Barnwal and Sharma 
 (  2005  )  have presented the economic feasibility of different vegetable oils including 
edible and non-edible oils.  

   Experimental Heat-Release Rate Estimation 

 The heat-release rate of the fuel causes a variation of gas pressure and temperature 
within the engine cylinder. It strongly affects the fuel economy, power output and 
engine emissions (David et al.  1975 ; Brunt and Platts  1999 ; Hayes et al.  1986 ; Aman 
 1985 ; Rocco  1993 ; Homsy and Arvind  1997 ; Heywood  1988 ; Banapurmath et al. 

   Table 29.1    Properties of diesel, Jatropha oil, JOME, B20 and BE20   

 Property  Diesel  Jatropha oil  JOME  B20  BE20 

 Density, kg m −3   840  917  870  855  862 
 Speci fi c gravity  0.840  0.917  0.870  0.872  0.862 
 Kinematic viscosity 

at 40°C, centistokes 
 3.5  44.5  5.65  3.99  4.4 

 Flash point, °C  56  280  170  75  140 
 Calori fi c value, Kj kg −1   43,000  35,600  38,450  39,800  35,834 
 Cetane number  40–48  40  44  —  — 
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 2005  ) . In-cylinder pressure and  top dead center  (TDC) signals were acquired through 
a high-speed digital data acquisition system connected to a computer. The data from 
100 consecutive cycles were recorded and processed with homemade software to 
obtain combustion parameters. The heat release rate was calculated by  fi rst law anal-
ysis of the pressure crank angle data. A program was developed to obtain the ensem-
ble averaged pressure crank angle data of 100 cycles. Heat release analysis is done 
within the framework of the  fi rst law of thermodynamics. For a single-zone model, 
cylinder contents were assumed to be homogeneous. The net heat-release rate using 
single-zone heat-release model is given below (Heywood  1988  ) :
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 Where,

    g - is speci fi c heat ratio,  
  p- is the pressure at a given crank angle,  
   n  is the volume of the cylinder at a given crank angle,  
   ¶ Q

n
/¶ q  is the net heat release rate,  

   ¶ Q 
w
 /¶ q  is the heat transfer rate to the cylinder wall,  

   ¶ Q 
g
 /¶ q  is the gross heat release rate.      

   Experimental Test Rig 

 Experiments were conducted on a four-stroke single cylinder direct-injection water-
cooled CI engine as shown in Fig.  29.1  and whose speci fi cations are given in 
Table  29.2 . The engine was always operated at a rated speed of 1,500 rpm. It was 
operated on Jatropha oil and JOME at optimum injection timings (19° BTDC) and 
injection pressures (220 bars). For determining the optimum conditions, tests were 
conducted initially at three injection timings of 19°, 23°, 27° BTDC and injection 
pressures were varied from 200 to 300 bar. The fuel  fl ow rate was measured on a 
volumetric basis using a burette and stopwatch. The engine and dynamometer were 
coupled. The  Engine Soft  software was used to get the outputs. Engine Soft serves 
most of the engine testing application needs including monitoring, reporting, data 
entry and data logging. The software evaluates power, ef fi ciencies, fuel consump-
tion, heat release and allows the plotting of pressure vs. crank angle diagrams. It is 
con fi gurable as per engine setup. This Engine Soft helps to get various graphs at 
different operating conditions. The emission characteristics were measured by using 
Hartridge Smokemeter (London, UK) and equipment from AVL (New Delhi, India) 
during the steady state operation. The tests were conducted with neat Jatropha oil, 
JOME, B20 (diesel 80% + JOME 20%) and BE20 (JOME 80% + Ethanol 20%).    



56129 Combustion of Jatropha curcas Oil, Methyl Esters and Blends with Diesel…

   Performance Characteristics 

 The effect of brake power on  brake thermal ef fi ciency  (the dimensionless perfor-
mance measure of a device that uses thermal energy) for diesel, Jatropha oil, JOME, 
B20 and BE 20 is shown in Fig.  29.2 . There is a steady increase in ef fi ciency as the 
engine load increases. The brake thermal ef fi ciency is always lowest with the neat 
Jatropha oil compared to JOME. This is due to poor mixture formation obtained 
with Jatropha oil as a result of its lower volatility, higher viscosity and density 

   Table 29.2    Speci fi cation of CI engine   

 Particulars  Speci fi cation 

 Make and type  Kirloskar, TV1, Single cylinder, four stroke CI engine. 
 Software used  Engine Soft 
 Brake power  5.2 kW 
 Bore (D) and Stroke (L)  87.5 and 110 mm 
 Compression ratio  17.5:1 
 Dynamometer  Eddy current, 7.5 kW at 1,500–3,000 rpm Model AG-10 

  Fig. 29.1    Experimental set up of CI engine. ( 1 ) Control Panel, ( 2 ) Computer system, ( 3 ) Diesel 
 fl ow line, ( 4 ) Air  fl ow line, ( 5 ) Calorimeter, ( 6 ) Exhaust gas analyzer, ( 7 ) Smoke meter, ( 8 ) Rota 
meter, ( 9 ,  10 ) Calorimeter inlet water temperature, ( 11 ) Inlet water temperature, ( 12 ) Calorimeter 
outlet water temperature, ( 13 ) Dynamometer, ( 14 ) CI engine, ( 15 ) Speed measurement, ( 16 ) 
Burette for fuel measurement, ( 17 ) Exhaust gas outlet, ( 18 ) Outlet water temperature, ( T1 ) Inlet 
water temperature, ( T2 ) Outlet water temperature, ( T3 ) Exhaust gas temperature       
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 compared to JOME. Blending diesel with JOME (B20) also resulted in improved 
overall properties of JOME and B20 resulted in performance closer to diesel engine 
operation with higher BTE compared to JOME. This might be attributed to improved 
spray pattern and reduced viscosity of B20 blend compared to pure JOME. Similarly, 
blending JOME with ethanol (BE20) results in higher BTE compared to JOME. 
This could be also due to reduced viscosity and better spray pattern of BE20 blend. 
The brake thermal ef fi ciency obtained with Jatropha oil, JOME, BE20 and B20 
were found to be 23.5%, 27.5%, 29.2% and 30.01% compared to 31.25% for diesel 
at 80% engine load, respectively.   

   Emission Characteristics 

 The values of smoke opacity recorded for Jatropha oil, JOME, BE20 and B20 were 
found to be 76, 67, 65 and 62 HSU, respectively, compared to 56  Hartridge smoke 
unit  (HSU) for diesel in the engine operated at 80% load (Fig.  29.3 ). The smoke 
opacity for Jatropha oil was higher in comparison to JOME. The heavier molecular 
structure and higher viscosity of Jatropha oil results in poor atomization leading to 
higher smoke emission. Smoke opacity was observed to be higher for Jatropha oil 
and JOME compared to diesel. JOME performance is only improved further by 
blending with diesel (B20) or ethanol (BE20). However the calori fi c value of these 
blends still remains lower than that of fossil diesel. This could be attributed to the 
improved combustion of B20 probably because of its better mixing with oxygen as 
well as its better atomization and spray pattern due to its reduced viscosity. Similarly, 
BE20 also shows lower smoke opacity compared to JOME supposedly for the same 
reasons just outlined for B20. Another reason might be that signi fi cant portion of the 
injected fuel BE20 burns in the premixed mode, which results in lower smoke.  

  Fig. 29.2    Variation of brake thermal ef fi ciency with brake power       
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 The effects of brake power on  hydrocarbon  (HC) and  carbon monoxide  (CO) 
emissions for diesel, Jatropha oil, JOME, B20 and BE20 are shown in Figs.  29.4  
and 29.5. HC emissions with neat Jatropha oil and JOME were found to be higher 
compared to the standard diesel oil, followed by BE20 and B20 fuel blends. Again, 
it is the relatively poor atomization and lower volatility of neat Jatropha, JOME and 
blends compared to diesel that is responsible for this trend. The HC emission levels 
were found to be 75, 95, 42 and 38 PPM for Jatropha oil, JOME, BE20 and B20, 
respectively, compared to 28 PPM for diesel in the engine operating at 80% load. 
However, B20 and BE20 resulted in nearly same HC emissions as of diesel at lower 
engine load operation, most probably because of the improved combustion associ-
ated with the better spray pattern and reduced viscosity of these blends. However, 
the HC emission levels increased at higher load because of free fatty acids (FFA) 
that can be still in signi fi cant proportion in JOME compared to biodiesel from other 
plant sources (Banapurmath et al.  2005  ) .   

  Fig. 29.3    Variation of smoke opacity with brake power       

Diesel JOME Jatropha oil BE20 B20

140

160

120

100

80

60

40

20

0
0 0.72 1.44 2.16

Brake Power (kW)

H
yd

ro
ca

rb
on

 (
P
P
M

)

2.88 3.6 4.32

  Fig. 29.4    Variation of hydrocarbon with brake power       
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 As expected, CO emission (Fig.  29.5 ) also showed a trend similar to that observed 
for HC. Carbon monoxide values were 0.645%, 0.37%, 0.265% and 0.16% for 
Jatropha oil, JOME, B20 and BE20, respectively, compared to 0.12% with diesel in 
operation at 80% engine load. 

 The effect of brake power on  nitrogen oxides  (NOx) emissions is shown in 
Fig.  29.6 . NOx also contribute to greenhouse effect and should be avoided as much 
as possible. It has been observed that NOx emissions were higher for diesel fol-
lowed by B20 and BE20 compared to neat Jatropha oil and JOME. Heat release 
rates of Jatropha oil and JOME and their blends were lower during premixed com-
bustion phase, which will lead to lower peak temperatures. Nitrogen oxides forma-
tion strongly depends on peak temperature and oxygen availability, which explains 
the observed phenomenon. The NOx emissions obtained in the engine at 80% load 
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  Fig. 29.6    Variation of nitric oxide with brake power       
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with Jatropha oil, JOME, B20 and BE20 were 412, 535, 650 and 610 PPM, respec-
tively, compared to 720 PPM for diesel. The NOx emissions for BE20 were observed 
to be lower than for diesel and B20 because of higher latent heat vaporization of 
ethanol slightly lowering the combustion temperature.   

   Combustion Characteristics 

 The effect of brake power on ignition delay is shown in Fig.  29.7 . The ignition 
delay is calculated in relation to the injection timing. Values of the ignition delay 
were 12.4°, 11°, 10.6° and 10.4° of  crank angle  (deg. CA) for Jatropha oil, JOME, 
BE20 and B20, respectively, compared to 9.4 deg. CA with diesel in the engine at 
80% load. Jatropha oil and JOME showed longer ignition delays compared to die-
sel. As expected, B20, BE20 blends showed shorter ignition delay than JOME and 
Jatropha oil, with B20 the closest to diesel. B20 and BE20 has shorter ignition 
delay compared to Jatropha oil and JOME because of their reduced viscosity, den-
sity and increased volatility that facilitate a better mixing of air and fuel inside the 
engine cylinder.  

 The combustion duration shown in Fig.  29.8  was calculated based on the dura-
tion between the start of combustion and 90% cumulative heat release. The combus-
tion duration increased with an increase in the power output for all fuels because of 
the corresponding increase in the quantity of fuel injected. The combustion duration 
for the engine operating at 80% load was 42, 37.8, 35 and 33.6 deg. CA, for Jatropha 
oil, JOME, BE20 and B20 blends, respectively, compared to 32.4 deg. CA for die-
sel. The highest combustion duration was observed with Jatropha oil followed by 
JOME due to longer diffusion combustion phase. However, Fig.  29.8  shows that the 

  Fig. 29.7    Variation of ignition delay with brake power       

 



566 N.R. Banapurmath et al.

combustion duration was reduced with B20 and BE20 blends compared to Jatropha 
oil and JOME because of a better mixing of air and fuel with the consequence of 
higher rate of heat release.  

 All fuels experience a rapid premixed burning (main peak) followed by a diffu-
sion (shoulder) of combustion that is typical for naturally aspirated engines 
(Fig.  29.9 ). After the ignition delay period, the premixed fuel air mixture burns 

  Fig. 29.9    Heat release rate for the tested fuels       

  Fig. 29.8    Variation of combustion duration with brake power       
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rapidly releasing heat at a very fast rate, followed by a diffusion of combustion 
where the burning rate is controlled by the availability of fuel–air mixture. The 
phase corresponding to premix burning is associated with a high rate of heat release 
that occurs quickly after the largest piston course when diesel is used as a fuel. 
Thus, under diesel operation, the peak combustion associated to higher peak pres-
sure is transformed in mechanical work to push the piston from  top dead center  
(TDC) back to  bottom dead center  (BDC). With neat oil and JOME, a larger part of 
the energy released by premixed burning is released before TDC and, thus, not 
ef fi ciently transformed into work. This could be the reason for the higher thermal 
ef fi ciency with diesel. However, JOME shows improvement in rate of heat release 
compared to neat Jatropha oil. The rate of heat release for Jatropha oil and JOME is 
found to be higher during the phase of combustion diffusion compared to diesel. 
The higher combustion rates during the diffusion stage of Jatropha oil lead to higher 
exhaust temperatures and lower thermal ef fi ciency.  

 The variation of peak pressure with crank angle (p –  q  diagram) is shown in 
Fig.  29.10 . The observed values of peak pressure for Jatropha, JOME and diesel 
were 68.2, 58.5 and 50 bars, respectively, at full engine load. In a compression igni-
tion engine, peak pressure depends on the combustion rate in initial stages, which in 
turn is in fl uenced by the amount of fuel taking part in the uncontrolled combustion 
phase. The premixed or uncontrolled combustion phase is governed by the ignition 
delay period and by the mixture preparation during the delay period. Higher viscos-
ity and lower volatility of the Jatropha oil and JOME that leads to poor atomization 
and mixture preparation with air during the ignition delay period are the reasons for 
this observed trend.   

  Fig. 29.10    Variation of peak pressure with crank angle       
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   Conclusion 

 Compared to diesel, methyl esters of Jatropha oil result in slightly reduced perfor-
mances associated with higher emissions. The brake thermal ef fi ciency with Jatropha 
oil and JOME were found to be 27.5% and 26%, respectively, at 80% engine load 
when it was 31.25% with diesel. The addition of 20% ethanol to JOME (BE20) 
brings the performances of JOME very close to those of diesel with even lower NOx 
emission. HC and CO emissions with Jatropha oil and JOME were found to be 
slightly higher than those under diesel operation; again the emissions of B20 and 
especially BE20 are signi fi cantly different from those of diesel. Jatropha oil and 
JOME showed increased ignition delay and combustion duration as compared to 
diesel. JOME resulted in an improved heat-release rate compared to Jatropha oil, 
which results in a better brake thermal ef fi ciency. However, B20 and BE20 blends 
showed comparatively lower delay period and higher heat release rates very much 
comparable to diesel, especially when BE20 is considered. On the whole it is seen 
that operation of the engine was smooth on JOME and blends. The neat Jatropha oil 
and JOME tested results in a slightly reduced thermal ef fi ciency and increased 
smoke, HC and CO levels. Thus, the existing CI engine can be operated on JOME 
and blends without any major engine modi fi cation.      
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         Introduction 

 Biofuels have gained recognition worldwide as major substitutes to fossil fuels 
particularly in the transport sector. As a result of energy security issues, oil price 
volatility and environmental concerns, many nations have investigated and set poli-
cies promoting the domestic production and conversion of biomass feedstock into 
biofuels. It is anticipated that by 2050, biofuels could provide 27% of total trans-
portation fuel and contribute notably to the replacement of diesel, kerosene and jet 
fuel (IEA  2011  ) . 

 Because of national initiatives for biofuel promotion, bioethanol and biodiesel 
have seen their production increase by 23% and 43% over the period 2001–2007. At 
present, biofuels (100 billion liters) provide 3% of road transport fuel (on an energy 
basis) worldwide. In Brazil, a pioneer in the development of biofuel industry, biofu-
els meet 21% of the road transport demand while they meet just about 4% in the US 
and 3% in EU countries with however a target of 10% to be achieved by 2020. In 
India, an emerging giant along with China in the world economy, a 20% share of 
biofuel in the transport sector is targeted by 2017 (Silalertruksa  2011 ; IEA  2011  ) . 

 The development of biofuels is supposed to provide new economic opportunities 
and drive countries towards improved living and environmental standards. The use 
of biofuels from locally produced feedstocks is expected to reduce nations’ depen-
dency on imported fossil energy and contribute to climate change mitigation via 
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reduced global warming. In developing countries largely depending on agriculture, 
biofuels are expected to contribute to the revitalization of the agricultural sector and 
to boost rural economy. This is notably the case for several important biofuel pro-
ducers in Asia including, China, India, Indonesia, Malaysia, the Philippines and 
Thailand. 

 However, it is also important to recognize that the increased use and trade of 
biofuels need to be sustainably framed to avoid other potential impacts including (1) 
issues of land use and land use change, (2) food versus fuel competition, (3) increase 
of other environmental problems, such as water stress, (4) marginalization of small 
farm holders and (5) cost issues affecting their competitiveness with fossil fuel.  

   Feedstocks for Biodiesel Production 

 Biodiesel is one of the renewable fuels that can be used in the transport sector as an 
alternative to fossil diesel. Biodiesel can be produced from vegetable oils extracted 
from oilseed crops the most promising of which are oil palm, rapeseed, sun fl ower 
and  Jatropha curcas  L. (referred to as Jatropha, hereafter). It can also be produced 
from animal fats and waste oils (Sukkasi et al.  2010 ; IEA  2011  ) . These oils and fats 
can be converted to biodiesel via different methods, the most common being the 
chemical process referred to as transesteri fi cation requiring vegetable oil (or fat), 
ethanol (or methanol) and a catalyst (usually sodium or potassium hydroxide or 
methoxide). Biodiesel can be used in regular diesel engines without any modi fi cation 
for its most common use in the form of B1 (1% biodiesel with 99% diesel), B2 or 
B20. Biodiesel contains about 90% of the energy content of conventional diesel, but 
has a higher cetane number and provides better lubrication, which tends to increase 
the overall fuel economy (USAID  2009 ; Uriarte  2010  ) . 

 There are regional differences in the types of feedstocks grown worldwide for oil 
production based on suitability of local conditions including weather and soil char-
acteristics among others. For instance, soybean is the largest feedstock grown in the 
US for oil production, while rapeseed is largely grown in Europe, Germany being 
the largest producer and oil palm is a major feedstock in tropical countries, Malaysia 
and Indonesia being the top producers. Fruit and oil yield of feedstocks are impor-
tant parameters for successful commercialization of biodiesel. Table  30.1  gives 

   Table 30.1    Yields of some important oilseed feedstocks   

 Feedstock  Yield of oil (kg/ha)  Yield of oil (liters/ha) 

 Soybean  375  446 
 Rapeseed  1,000  1,190 
 Palm oil  5,000  5,950 
 Jatropha  1,590  1,892 

  Based on Uriarte  (  2010  )   
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average values of these parameters for important biodiesel feedstocks that may 
however vary according to climatic conditions, soil type and agricultural inputs, 
such as water and fertilizers. It is oil palm that provides the largest fruit and oil 
yield, which is the reason for its extensive cultivation in Malaysia and Indonesia as 
well as in Thailand even if at a much lower scale. Jatropha also proves to be a poten-
tial energy crop given its fruit and oil yield are larger than rapeseed or soybean.   

   Jatropha, an Alternative Feedstock for Biodiesel Production 

   Characteristics of Jatropha 

 Jatropha belongs to the Euphorbiaceae family. It is a woody drought resistant bush 
or small tree (3–10 m high), which can grow on marginal land requiring only small 
amount of water, fertilizer and pesticides to grow. Jatropha originates from South 
America and is now widely found in tropical and sub-tropical regions in Africa and 
Asia. Areas for Jatropha cultivation are located in a belt ranging from 35° S to 30° 
N. However, this belt represents only an approximation of areas of potential Jatropha 
cultivation (Li et al.  2010  ) . Thus, although Jatropha can grow in a wide range of 
conditions, a better crop performance is observed for cultivation under semi-arid 
conditions with average temperatures in the range of 20°C to 28°C and rainfall 
between 250 and 3,000 mm. Well drained sandy soil and gravely soils are also best 
suited for Jatropha cultivation (Openshaw  2000 ; Achten et al.  2008  ) . 

 As an undomesticated plant, Jatropha seed yields are reported to be in the range of 
0.4–12 t ha−1year−1   (Openshaw  2000 ; Achten et al.  2008 ; Li et al.  2010  ) . However, such 
 fi gures are still much debated as it depends on the extrapolation that has been made from 
annual yields of individual trees. Jatropha yields are affected by a wide range of param-
eters including site characteristics (rainfall, soil type and fertility), genetics, plant age, 
cultivation practices (propagation method), spacing between trees, pruning, fertilization, 
irrigation, etc. Seed yields are reported to range between 0.2 kg and 2 kg per tree. In 
semi-arid areas, dry seed production is in the range of 2–3 t ha−1year−1  . However, for sites 
with good soil and water supply (average annual rainfall of 900–1,200 mm) or with 
optimal management practices, dry seed yields of 5 t ha−1year−1   can be achieved (Achten 
et al.  2008  ) . These estimations are somewhat consistent with other studies which esti-
mate a dry seed yield in the range of 0 (desert) to 7.62 t ha−1year−1   (tropical rainforest) or 
1.5–7.8 t ha−1year−1   (Jongschaap et al.  2007 ; Li et al.  2010  ) . 

 Although Jatropha could grow in variable conditions including on poor soil and 
with limited water resources (only rainfall), it is quite clear that Jatropha yields are 
also much in fl uenced by the conditions under which the trees are cultivated. But, 
before promoting Jatropha for biodiesel production as for any other energy crop, it 
is imperative that a full chain analysis be considered as a preliminary step to address 
the energy gain or loss of renewable energy production. This is exempli fi ed in the 
next section using Thailand as a case study.  
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   Energy Potential of Jatropha 

   Biodiesel in Thailand 

 Thailand is an agricultural country that heavily relies on fossil energy importation. 
Hence, the country has been intensively promoting the use of renewable energy 
including from biomass over the decade of 2000–2010. The introduction of liquid 
biofuels in the transportation sector is one of the options pursued by the Thai gov-
ernment. Thailand is in fact the only Asian economy to date to embrace biofuels in 
the main consumer markets (Sukkasi et al.  2010  ) , with clear policy targets. With 
regards to biodiesel, according to the 15 years renewable energy development plan 
(2008–2022), national targets of production by years 2011, 2016 and 2022 have 
been set to 3, 3.64 and 4.5 million liters/day, respectively (DEDE  2008  ) . B2 is avail-
able nationwide and B5 has already been launched in the market as a voluntary 
program with more than 3,400 service stations offering this blend (Sukkasi et al. 
 2010  ) . According to policy targets for biodiesel, B10 is expected to be available for 
nationwide use from 2012 (EPPO  2009  ) . 

 Although biodiesel is mainly produced from palm oil, Jatropha is also being 
considered by the Thai government which has encouraged research and develop-
ment before setting commercial planting. Already several private initiatives for 
Jatropha cultivation have been implemented and several small scale production 
units were launched at community level for local production and use of crude 
Jatropha oil. The oil price of Jatropha is 3–10 times larger than that of diesel at a 
commercial scale jeopardizing its competitiveness in Thailand. However, although 
Jatropha is generally considered as a perennial plantation (economic life up to 
35 years, Uriarte  2010  ) , annual plantation is also an option that may offer bene fi ts 
since it is a fast growing tree that could yield fruit from the  fi rst year (Foidl et al. 
 1996  ) . Aside from the oil, co-products including wood from the tree and peel from 
the seed could be used for energy while seed cake, a co-product from the seed oil 
extraction process, could be used either as an energy source or as organic fertilizer. 
This option may help to improve the energy balance of Jatropha and therefore lead 
to economic and environmental (notably GHG) bene fi ts. Such bene fi ts can be 
assessed at an initial stage via evaluation of the energy balance since fossil energy 
contribute to a large extent to the costs and GHG emissions associated to biomass 
systems (Nguyen et al.  2007  ) .  

   Net Energy Balance and Net Energy Ratio 

 The  Net Energy Balance  (NEB) is a method that can be used to evaluate the energy 
performance of a particular system. NEB is simply the difference between energy 
output and input. For fossil energy, the NEB is negative as expressed by the second 
law of thermodynamics, which dictates that when converting one form of energy to 
another more useful form some energy will be lost. However, for biofuels it may 
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become positive since the solar energy consumed by green biomass during photosyn-
thesis to build its organic matter is considered energetically free (Shapouri et al. 
 2006  ) . NEB is therefore a useful indicator to evaluate the energy ef fi ciency of biofu-
els. Another related indicator is the  net energy ratio  (NER), which is simply the ratio 
of energy output to energy input and which if above 1 indicates a net energy gain.  

   Jatropha Biodiesel Production Systems 

 As stated earlier, two plantation systems for Jatropha can be considered, which 
include the perennial plantation system for which Jatropha is cultivated over a 
20 years period and the annual plantation where the tree is harvested every or few 
year(s). For energy assessment, Jatropha plantation, oil extraction process and biod-
iesel production unit as well as transportation at all stages need to be considered. 
The overall system of Jatropha biodiesel production is depicted in Fig.  30.1 .  

 In terms of energy inputs, one includes: (1) fertilizer production and  fi eld applica-
tion, (2) Jatropha cultivation and fruit harvest and (3) biodiesel production. In terms 
of energy outputs, one includes: (1) biodiesel from Jatropha oil and (2) all co-prod-
ucts including wood, peel, seed cake and glycerin. The factors used for the energy 
assessment are reported in Table  30.2 . Although data are relevant for Thailand, they 
are also consistent with information available from the international literature. More 
details about the inventory for Jatropha plantations as well as information related to 
transportation can be found in Prueksakorn and Gheewala  (  2008  ) .   

   Perennial Plantation 

 For perennial plantations, as depicted in Fig.  30.1 , land preparation includes 
ploughing, harrowing and furrowing and is done only in the  fi rst year of plantation. 
The crop density is an important parameter since along with rainfall and soil nutrient 

  Fig. 30.1    Jatropha biodiesel production system       
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level it affects fruit yield. For the case of Thailand, the crop density is in the range 
of 1,100–3,300 trees per ha depending on the site. Since water supply is important 
for good fruit yield, irrigation is generally applied, except in areas where rainfall 
exceeds 2,500 mm per year. Fertilizers are applied in the  fi eld to ensure good 
nutrient supply, i.e., 625 kg of NPK (15:15:15) per year, on average. Herbicides 
are also used along with manual removal and animal grazing. On average, 3 L 
glyphosphate (48% w/v) per ha per year are used during the rainy season and 2 L 
paraquat (27.6% w/v) per ha are used during the dry season. Insecticides are usu-
ally not used.  

   Ratoon Plantation 

 The study of the potential bene fi ts of a ratoon plantation (planting each  fi ve years) 
of Jatropha is rather new and therefore only one pilot study is available in Thailand 
at Kasetsart University. The crop density for such a plantation is 10,000 trees per ha. 
Land preparation is performed once every 5 years. Water is supplied via irrigation 
every 15 days. N, P, K fertilizers, are applied at an annual rate of 277, 223 and 
405 kg per ha, respectively. As for perennial plantation, glyphosate (48% w/v) is 
also applied for ratoon plantation of Jatropha, but at a rate of 25 L per ha per year. 
The trees are cut every year and regeneration starts from the tap root.  

   Jatropha Oil Extraction and Biodiesel Production 

 Jatropha seeds are dried and seeds separated from the peels using a cracking machine 
working at a rate of 100–120 seeds per hour. The oil is extracted from the seeds 

   Table 30.2    Energy factors for Jatropha biodiesel production   

 Product  Unit (MJ/kg)  Product  Unit (MJ/kg) 

 Fertilizer production:  Diesel use: 
 Nitrogen (N)  –  87.9  Fuel energy per kg of  –

diesel 
 43.1 (36.4 MJ/L) 

 Phosphorus (P)  –  26.4  Energy for producing  –
diesel 

 9.6 (8.1 MJ/L) 

 Potassium (K)  –  10.5  Electricity use: 
 For present electricity  –
mix in Thailand 

 36 MJ electricity from 
100 MJ primary 
energy 

 Herbicides production:  JCL biodiesel  37.3–39.65 
 Glyphosate  –  452.5  Crude glycerin  25.6 
 Paraquat  –  458.4  Wood (air dry)  16.54–15.5 

 Methanol (MeOH)  38.08  Peel (air dry)  11.1–13.07 
 Seed cake (as fertilizer)  6.22  Seed cake (as fuel stock)  18.81–25.1 

  Note: (a) speci fi c gravity of diesel = 0.845 kg/L, (b) speci fi c gravity of JME = 0.88 kg/L 
 Based on Prueksakorn et al.  (  2010  )   
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using a  fi ve hp screw press (12.2–20 L oil per h) and processed with a two hp 
 fi ltrating machine (150–170 L oil per h). An 80 L batch reactor (4 kWh energy 
requirement per batch) is used for the transesteri fi cation of Jatropha oil using meth-
anol as the reactant and sodium hydroxide as the catalyst.  

   Product Outputs 

 For perennial plantation in Thailand, the yield of dry fruit is increasing during the 
 fi rst 6 years to reach 12–13 t per ha on an annual basis. It then remains stable for the 
remaining 14 years. The seed yield is 70% that of dry fruit and the oil is 23% that of 
seeds. The amount of dry wood collected during the  fi rst year is 9 t per ha, on aver-
age (from reducing tree density in some plantations from 1 × 1 m to 2 × 2 m) while 
for the last year it amounts to 4 t per ha. For ratoon plantations, a constant yield of 
7 t of fruit per ha and 24.5 t of wood per ha are obtained each year. Independently 
of the plantation system, the conversion ef fi ciency for biodiesel is 95% and the ratio 
of biodiesel to glycerin is 3.5:1.  

   Energy Assessment Results of Jatropha Biodiesel 

 Considering the system of perennial plantation for biodiesel production, investiga-
tions from Thailand show that with reasonable supply of water (irrigation) and 
nutrients (fertilizers), the NER is about 1.4. From an energy prospective, this indi-
cates that Jatropha cultivation solely for the purpose of biodiesel production is an 
option of moderate interest. 

 When looking at the potential of including co-products in the assessment of 
energy balance, assuming that a market exists for such products, the NER of peren-
nial plantation rises to 6 with a NEB of 4,720 GJ per ha of plantation over 20 years. 
For ratoon-annual plantation on the other hand a NER of 7.5 is achieved with a NEB 
of 9,860 GJ per ha over 20 years. Thus, although both plantation systems show a 
very positive net energy balance, the value for ratoon-annual plantations is twice 
that of perennial plantations. This is indicative of the potential bene fi ts that ratoon 
plantations of Jatropha may provide when co-products are being valorized for 
energy purposes. 

 Looking further into the details of the energy assessment when co-products are 
valorized, it is observed, as shown in Fig.  30.2 , that the highest contributor to energy 
cost for perennial plantations is from the agricultural management (38%) and biod-
iesel production (30%). Fertilizers and methanol production are contributing the 
largest life cycle energy consumption with 30% and 36%, respectively. For ratoon 
plantation, the agricultural management is by far the largest contributor to energy 
cost with 68%, fertilizer production dominating the life cycle energy cost with 53%. 
An important strategy to enhance the energy performance of both plantation sys-
tems would therefore be to optimize fertilizer application via good agricultural 
practices, which would also lead to potential economic and environmental bene fi ts. 
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This is particularly true for ratoon plantations since energy consumption for fertilizer 
production is three times that for perennial plantations, i.e., 700 GJ versus 180 GJ 
(per ha over 20 years).  

 With regard to total energy output, Fig.  30.3  shows that for perennial plantation 
it is estimated to be about 6,000 GJ per ha over 20 years, half of which is from the 
seed cake. Jatropha biodiesel comes next contributing only half the energy output of 
seed cake or 1,500 GJ (per ha over 20 years). Other co-products including, peel, 
crude glycerin and wood contribute altogether another 1,500 GJ (per ha over 
20 years). In this energy assessment, although seed cake is considered as a fuel 
source, it is important to recognize that it could also be used as organic fertilizer. It 
would then enable to substitute chemical fertilizers, which are rather energy inten-
sive to produce as observed from the energy cost assessment detailed above. 
However, IFEU  (  2009  )  reported that estimates based on the use of seed cake as 
fertilizer showed reduced energy bene fi ts compared to its use as an energy source. 
This is still to be balanced with potential environmental bene fi ts that may arise from 
the use of seed cake as fertilizer as well as economic advantages of using seed cake 
as either fuel or fertilizer.  

 As stated earlier, a major interest in promoting ratoon plantation of Jatropha lies 
in the enhanced energy bene fi ts that may arise from the use of wood each year (from 
cutting the trees) as a source of energy and the economic bene fi ts it may provide to 
compensate for the relatively low economic bene fi ts from biodiesel. The energy 

  Fig. 30.2    Breakdown of energy inputs for ratoon-annual and perennial plantation systems       
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assessment reveals that the total energy output from such a plantation system is 
about 11,500 GJ per ha over 20 years. This is twice the output achieved from a 
perennial plantation with wood contributing about 70% of the life cycle energy 
output. So although ratoon plantations are characterized by lower fruit yields and 
therefore lower biodiesel, glycerin, peel and seed cake than perennial plantations, 
wood enables by far to outweigh such reduced energy bene fi ts. However, it is impor-
tant to note that such assessment is based on a pilot study from Thailand. Hence its 
applicability under real conditions remains to be con fi rmed. 

 The energy assessment of Jatropha plantation illustrated for the case of Thailand 
demonstrates that Jatropha holds potential as an energy crop for as long as the focus 
is not only on large scale production of biodiesel. Rather, optimization of the use of 
all co-products generated along the life cycle of Jatropha production for oil and 
biodiesel should be considered. This is also con fi rmed by other studies highlighting 
that Jatropha biodiesel is unlikely the most pro fi table option for Jatropha planta-
tions, but rather a sub-optimal option (Openshaw  2000 ; Achten et al.  2008  ) .  

   Comparison with Other Energy Crops 

 For comparative purposes, focusing on NER and NEB, two other feedstocks with 
potential for biodiesel production are considered here, i.e., oil palm (main feedstock 
for commercial production of biodiesel in Thailand) and coconut. For both 
 feedstocks, the phases considered in the energy assessment include, farming, oil 

  Fig. 30.3    Energy outputs for ratoon-annual and perennial plantation systems       
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extraction, re fi ning, transesteri fi cation and intermediate transport. NER and NEB 
assessment for all three feedstocks on an annual basis (Table  30.3 ) indicate that the 
NER of oil palm and coconut is about two to three time larger than that of Jatropha. 
However, when considering co-products, based on the assumptions that adequate 
infrastructure for transport and utilization of all the biomass are available, Jatropha 
shows larger potential energy bene fi ts than the other two feedstocks. This con fi rms 
the potential assets of Jatropha as an energy crop provided co-product utilization is 
promoted.    

   Key Considerations for Jatropha Promotion as an Energy Crop 

 In many developing countries worldwide, Jatropha has attracted attention over the 
past decade as a potential crop for large scale production of biodiesel. This expecta-
tion is partly due to the reported ability of the crop to thrive in poor conditions 
including marginal land. Such characteristics were anticipated to provide attractive 
energy, economic and environmental bene fi ts. However, this vision failed to recog-
nize the implication such conditions may have on the feedstock productivity and 
therefore on seed and oil yields. 

 To maximize the bene fi ts of Jatropha for biodiesel production, it is essential to 
optimize the yield of the crop. In addition, other applications including the utiliza-
tion (1) of seedcake for animal feed, fertilizer or fuel production and (2) of peel and 
wood as a source of energy are also essential. This can be achieved via proper agri-
cultural practices including cultivation on adequate land with appropriate inputs of 
water and nutrients among others. However, this is to be done ensuring that no addi-
tional environmental risks are generated including (1) loss of biodiversity, (2) com-
petition for water resources and fertilizers and (3) degradation of soil of surrounding 
ecosystems. In this regard, Jatropha cultivation should not result in deforestation for 
instance as it may negate the bene fi ts due to the damage thereof. Also it should not 
be encroaching on private properties, protected areas or even marginal land, which 
some communities may rely on as it may disrupt their livelihoods. 

 Jatropha is a potential energy crop showing positive NER and NEB results and 
therefore possible environmental and economic gains. This is partly why several 

   Table 30.3    NER and NEB of potential energy feedstocks for biodiesel production   

 Feedstock  NER  NEB a  (GJ/ha) 

 Coconut Methyl Ester  4.16 b ; 4.36 c   67 
 Palm Methyl Ester  2.42 b ; 3.58 c   101 
 Jatropha Methyl Ester (perennial)  1.42 b ; 6.03 c   236 

  Based on Pleanjai and Gheewala  (  2009  )  
  a NEB values with co-products included in the energy assessment 
  b NER values when co-products are not included in the energy assessment 
  c NER values when co-products are included in the energy assessment  
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developing countries are assessing large scale cultivation of the crop for biodiesel 
production. In China, the Yunnan province is witnessing the construction of 
re fi neries with annual capacity of 100,000 t biodiesel for which commercial Jatropha 
plantations are also expected to be developed. In Lao PDR, there is also a plan to 
plant 2 million ha of biofuels crops by 2020, Jatropha being one of the feedstock 
considered with already 50,000 ha planted in 2007. India and Vietnam are conduct-
ing small-scale experiments to optimize the yields of crop and oil. However, large 
scale development plans require appropriate policies, infrastructure and manage-
ment plans, which are still lacking in developing countries (Sukkasi et al.  2010  ) . 

 It appears therefore that Jatropha is of particular relevance for community based 
cultivation and use. At such scale, with minimum requirements for infrastructure, 
the crop may contribute to provide farmers with additional sources of energy;  fi rst 
from the oil because of its properties similar to that of diesel that make it directly 
usable in agricultural machineries, such as the commonly found one piston engines 
that are easy to maintain and repair, but also from the co-products of oil processing 
including peel, wood and seedcake. This can contribute to diversify the sources of 
energy that are available to small communities and render them accessible and 
affordable. In Lao PDR for instance, a small holder Jatropha program was reported 
to enhance the welfare of farmers by raising their net income by 75% (Sukkasi 
et al.  2010  ) . In Thailand, in 2004, the department of agricultural extension consid-
ered to promote small scale cultivation of Jatropha in unused areas including fences 
around farms, temples, road-side, canals and swamps. The purpose of this plan was 
to promote the production and self use of Jatropha oil as fuel for agricultural 
engines based on the suf fi ciency economy’s concept initiated by His Majesty the 
King of Thailand. From an initial 17 sites, the scheme expanded within 2 years to 
257 sites with 12,850 families involved and bene fi ting from the initiative (Ladawan 
Na Ayudhaya  2009  ) . 

 In light of the discussion above, promotion of energy crops should not focus only 
on the end-product (biofuel), but also on how to maximize the overall bene fi ts that can 
be obtained from the crop so as to contribute to sustainable development (Gheewala 
 2011  ) . The crops should be promoted so as to contribute to economic progress, social 
development and environmental protection with particular emphasis on (1) human 
welfare, (2) poverty reduction, (3) access to affordable and diversi fi ed energy sources, 
(4) environmental protection with particular focus on reduction of GHG emissions, 
(5) climate change mitigation and adaptation and (6) biodiversity preservation. Small-
scale cultivation of energy crops particularly for countries that are in the process of 
development and rich in biomass resources, e.g., China, India, Lao PDR or Thailand, 
may contribute to bringing socio-economic bene fi ts to the communities concerned by 
providing them with the basic needs for energy and contribute with good planning to 
sustainable development (Sukkasi et al.  2010  ) . The development of cooperatives is 
one possible option for small scale production of Jatropha. Such type of organization 
would enable to provide farmers with safer welfare and strengthen their negotiation 
power. Under this system, farmers could grow their area of crop energy and own a part 
of the capital of the cooperative that would process biodiesel and eventually own agri-
culture equipment that would remain for the bene fi t of all cooperators.       
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