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Foreword

Agri-food systems in the tropics will have to evolve rapidly over this century to keep 
pace with expanding and more diverse food demands from a rapidly growing more 
urban population (especially in sub-Saharan Africa), putting pressure on the natural 
resource base, against the backdrop of climate change and increased biotic and abi-
otic stresses. Sustained or increased genetic gain will be essential to meet these 
challenges. It is fortunate as we look to these challenges that we are at a time of 
unprecedented expansion of genomic resources, biotech methods, bioinformatics, 
and statistical approaches which can support genetic improvement. Hence, the book 
opens with important contributions on genomic selection and a statistics update 
including new approaches for handling messy field research data through linear 
mixed models. The central part of the book clearly lays out the status of genetic 
improvement among some of the most important tropical crops and key elements 
needed for future development. This book will appeal to a wide range of audiences 
as a synthesis of our state of knowledge in this area of such critical importance.

The crop chapters are interesting both for some of the underlying shared con-
straints and messages and also for the diversity of the contexts and the variable 
progress made across the crops. A majority of the chapters focus on what are usually 
considered staple food crops (bananas, cassava, maize, rice, and sweetpotato), 
where international agricultural research, much of it at the CGIAR, has played a key 
role, reflected in the authorships of these chapters. For these crops, sustained public 
investment is likely to be a perquisite for broad-based agricultural investment with 
an array of public-private partnerships needed for fast dissemination of new variet-
ies. Two chapters cover industrial crops (sugarcane and oil palm) where crop 
improvement is predominantly a private sector endeavor. The editors of the book are 
to be commended for bringing all this diversity together in a single volume.

Although ample treatment is given of genomic selection and of opportunities for 
genetic modification, most of the chapters make the argument that conventional 
plant breeding schemes will continue to be the main driver of genetic gain, although 
guided by increasingly better genomic information and statistical analyses. However, 
the different crops are at quite different points along a spectrum of understanding 
and managing genetic variability which lies at the heart of crop improvement. 
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Tropical maize which has been produced on the progress made with hybrids in tem-
perate maize and rice lie on one side of the spectrum, whereas cassava and sweetpo-
tato on the other. So maize breeding at CIMMYT has mostly shifted to developing 
inbred lines, with open-pollinated varieties only provided for less productive envi-
ronments. Interestingly, although private companies in the tropics mostly generate 
revenue from selling hybrids, they are prepared also to provide open-pollinated 
varieties. Rice has benefited from sustained crop improvement and better genomic 
information to get ahead of the curve such that SNP markers are available for the 
major yield enhancing functional genes associated with a significant part of the 
yield increase achieved thus far. Significant investment into cassava and sweetpo-
tato breeding has been more recent, and heterozygosity makes breeding intrinsically 
more challenging for these crops. Cassava breeders from CIAT argue that until 
inbred lines of cassava are available for hybrid breeding, then cassava will not be 
able to achieve further significant yield gain, while sweetpotato breeders at CIP are 
pursuing a novel approach of developing split breeding populations for crossing to 
exploit hybrid vigor. Sugarcane, bananas, and oil palms as long-cycle crops face 
additional challenges for breeding, but banana because of the need to get back to a 
seedless and sterile variety perhaps faces some of the toughest challenges for breed-
ing of all the crops in this fascinating book.

The updated breeding results presented here clearly attest to the value of invest-
ment in public plant breeding efforts to accelerate genetic gain through improved 
varieties as central to the rural transformation needed to improve the quality of life 
of rapidly growing populations in the tropics.

With the exception of maize, rice, and oil palms, these are clonally propagated 
crops which pose particular problems for seed systems to handle bulky and perish-
able planting materials. So not surprisingly, these chapters pay especial attention to 
developing seed systems with some important lessons learned across this crop group.

So, I sincerely hope the readers will enjoy reading this book as much as I have 
and that it contributes to and stimulates learning among all those involved in one 
way and another in supporting crop improvement of this absolutely vital set of trop-
ical crops which will be one of the most pressing endeavors of humanity over the 
rest of this century.

Graham Thiele
CGIAR Research Program on Roots  

Tubers and Bananas led by the International Potato Center
Lima, Peru

Foreword
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Preface

The human population is growing at a significant rate and is destined, although 
predictions vary, to reach 9.5 billion by 2050. However, such a global figure disguises 
more dramatic growth population current facts and trends affecting the tropics:

•	 By 2050, about 50% of the world’s population will call the tropics “home”, and 
the third largest country in terms of population, after India and China, will not be 
the United States any longer. Instead, it will be a tropical country, Nigeria.

•	 Seven out of nine countries where over 50% of the population growth is expected 
between now and 2050 (India, Nigeria, Democratic Republic of the Congo, Ethiopia, 
United Republic of Tanzania, Indonesia, and Uganda) are tropical countries.

•	 More than two-thirds of the world’s population living in extreme poverty live in 
the tropics.

•	 By 2050, the tropics will host most of the world’s people and two-thirds of its 
children.

Furthermore, the tropics are facing urbanization rates rising faster than that being 
experienced globally. Therefore, there is an increasing need to provide to its inhabit-
ants not only food security but also nutrient security. At the same time, they are 
facing accelerated environmental degradation, and the predicted impacts of global 
climate change will affect. These countries more severely harder than most others in 
terms of their ability to provide their own food while also striving to increase their 
food exports and income. It is very clear that the challenge, of just sustaining, not to 
mention to significantly increasing the production of affordable, nutrient-rich staple 
crops in tropical countries, is daunting.

Unfortunately, for historic, agronomic, and political reasons, most of the atten-
tion, especially for research and development into agriculture and food production, 
and particularly crop genetic improvement, has been on a few major crop species. 
These are ones that have been cultivated on a historical basis in temperate regions 
of the world, mainly Europe, North America, and Central Asia. Notwithstanding 
that continuing effort, there is a concerning plateau in several major temperate crop 
species in terms of their response to artificial selection. Moreover, yield stagnation 
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has been reported in some of the world’s most intensive cropping systems such as 
rice in East Asia, maize in South Europe, and wheat in Northwest Europe.

What can be done, in the face of the trends, facts, and predictions described 
above, to increase the food and nutrient security of the growing mass of people call-
ing the tropics home? It should be remembered that this also has a major impact on 
the economic prospects of many tropical countries where agriculture remains as a 
major economic and social force in terms of income and employment generation.

One of the more effective ways to increase food production in the tropics is not 
only to secure the availability of locally produced, affordable, quality food and con-
tribute to food security at the household level but also to increase food production 
in a sustainable manner to generate family income and, at a more aggregate level, 
build export revenues. A major component of in this will be through the develop-
ment and adoption of new improved varieties through genetic enhancement. In gen-
eral terms, such varieties will provide farmers with higher yielding ability and with 
higher efficiencies in exploiting lower chemical inputs alongside enhanced toler-
ance to abiotic stresses, such as drought and heat, and biotic ones, such as pest and 
diseases. Increasingly, concurrently with the above, crop genetic improvement of 
tropical crops is being used to increase the content of compounds associated with 
the well-being and health status of people, particularly expectant mothers and chil-
dren under 5 years old.

This book is our humble effort, aided by our talented colleagues as authors, to fill 
in the dearth of information and insight about the genetic improvement of crops 
adapted to tropical conditions, thus providing a fresh, updated yet rigorous perspec-
tive of the status and prospects for the genetic improvement of a diverse array of 
tropical crops. In order to enrich and expand their knowledge, while conveying 
more value to its readers, by design, the book provides breadth through:

•	 Addressing crops propagated through seed and crops propagated by diverse veg-
etative means. A conspicuous difference between temperate and tropical agricul-
ture is the disproportionately high number of tropical staple crops which are 
propagated through diverse plant organs other than via botanical seeds.

•	 The selected group of authors assembled reflects the increasing share of global 
plant breeding endeavors carried out by industry and includes the perspective of 
private experts in plant genetic improvement.

•	 Crops mainly used for household or traditional food production, but also others 
which are grown to be processed by agroindustry, such as oil palm and sugar-
cane, are discussed.

The book is organized into two main parts. Its first part, enabling technologies, 
covers two aspects which are relevant across crops, namely, how to maximize the 
use of genetic information through current molecular approaches and how to use 
statistics as a tool to sustain increased genetic gains and breeding efficiency. Also 
covered are the possibilities of a molecular breeding approach of recent application 
in crop plants, genomic selection, which effectively removes many of the constraints 
hampering a meaningful impact in terms of genetic gains and selection efficiency 
that former molecular breeding tools encountered.

Preface



ix

The second part of the book provides an updated view of seed-propagated crops, 
such as rice and maize, as well as crops propagated through vegetative means such 
as sweetpotato, cassava, banana, and sugarcane. Each chapter addresses the main 
breeding objectives, markets served, current breeding approaches, biotechnology, 
genetic progress observed, and in addition a glimpse into the future for each of these 
selected and important tropical crops.

While thinking about, planning, and compiling this book, we were also acutely 
aware of the diminishing numbers of professionals, academics, and students who 
are following or developing careers in agriculturally related subjects worldwide. 
This is in fact nowhere more obvious than in genetic improvement and plant breed-
ing. If one considers the information above and the rising population, then put it 
together with an ever-decreasing number of students registering for relevant courses, 
the prospect is frightening and more so in the tropics because of the relatively lower 
number of universities, research organizations, and funding opportunities to develop 
the next wave of passionate experts in the genetic improvement of crops.

This book will not rescue the precarious state of plant breeding, but we trust it 
will at least form a basis for continued effort to improve tropical crops. We hope it 
may just stimulate a few more researchers to consider allying themselves with those 
breeders who are making valiant efforts to improve the various crops discussed, 
more students to pursue graduate studies in tropical crops, and funding organiza-
tions to consider increasing their support for the genetic improvement and other 
aspects of tropical crops. If such accomplishments take place, our work and that of 
the chapter contributors would be more than fully justified.

Lima, Peru� Hugo Campos
Talca, Chile� Peter D.S. Caligari

Preface
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Chapter 1
Statistical Approaches in Plant Breeding: 
Maximising the Use of the Genetic 
Information

Joanne K. Stringer, Felicity C. Atkin, and Salvador A. Gezan

1.1  �Introduction

Breeding programmes deal with large number of activities, including evaluation of 
hundreds or thousands of genotypes and selection of the best individuals to com-
prise the next generation of individuals or to be released as new cultivars. Genetic 
testing is an expensive task that constitutes the largest activity performed in any 
breeding programme. Phenotyping of genotypes is particularly demanding on small 
breeding programmes, such is the case of most tropical crops, and for this reason, 
all activities that aim to maximise (or optimise) the use and quality of the information 
generated from genetic tests are critical. The basis for this evaluation and selection 
originates from data and information generated from field and greenhouse experi-
ments, so these need to be carefully planned and analysed.

Genetic tests can be optimised through three different ways: (1) design of experi-
ments, (2) implementation and measurement of trials and (3) statistical analysis. 
Appropriate selection of the experimental design, their implementation and then 
their statistical analyses can yield considerable benefits resulting in greater preci-
sion of estimates of genetic parameters leading to increased genetic gains from 
successful selections, and better operational decisions that depend on information 
obtained from genetic tests, such as heritability, genotype-by-environment interac-
tions, trait-to-trait correlations, etc. Such optimisation can be classified into ‘a priori’ 
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and ‘a posteriori’: the former related to actions that are implemented before the 
experiment is established (i.e. at the design stage), while ‘a posteriori’ are those 
actions that are critical to implement once the experiment is established and often 
relate to tools to be used in for statistical analysis.

There is a plethora of classical and modern literature on the ideal characteristics 
of a wide array of experimental designs. However, no single design will suit all 
experimental objectives and environmental conditions found in field tests around 
the world. Hence, the choice of the ‘best’ design must be made carefully. Statistical 
and computational tools can be used to generate experimental layouts with great 
efficiency, where, as always, the principles of replication, randomisation and block-
ing are critical (for more details about these principles, see Welham et al. (2014)).

Randomised complete block (RCB) designs are the most frequently used in plant 
breeding. Blocking is important to minimise variability, and this design is effective 
when within-replicate (or block) variability is relatively small. Where there is large 
site heterogeneity, or when there are many genotypes to be evaluated, other experi-
mental designs can be more efficient. For example, incomplete block (IB) designs 
allow for a better control of site heterogeneity by specifying smaller compartments 
that include a (planned) subset of the genotypes to be tested. IB designs are often 
generated by implementing an alpha design, a particular class of IB design where 
the number of genotypes (or entries) is a multiple of block size (John and Williams 
1995). Another efficient alternative is the use of row-column (RC) designs that con-
sider both row and columns within a replicate as complete or incomplete blocks. 
Both of these designs provide greater control of site heterogeneity and can be gener-
ated using an array of public and commercial software. For more details about the 
use and analysis of these designs in the context of plant breeding, we recommend 
Williams et al. (2002). Other efficient design options include the use of restricted 
randomisation such as latinisation, nested structures and spatial designs (Whitaker 
et al. 2002), which can increase the efficiency of the experiments.

For early generation variety trials where large numbers of genotypes are often 
tested, there may be insufficient planting material to replicate all genotypes. One of 
the most widely used designs is the use of grid plots where checks (or control geno-
types) are repeated several times arranged in a block or incomplete block, depend-
ing on the experimental design implemented. Test genotypes are unreplicated and 
allocated at random to the remaining plots. Examples of this are the various aug-
mented block designs developed by Federer (1956) and Federer and Raghavarao 
(1975). In an alternative approach, Cullis et al. (2006) proposed the use of partially 
replicated (p-rep) designs in which a subset of the test genotypes are replicated two 
or more times, and these are arranged in a resolvable spatial design. Then, the 
unreplicated test genotypes are randomly allocated to the remaining plots. For a 
fixed amount of resources, Cullis et al. (2006) found that p-rep designs result in a 
greater genetic gain than augmented designs.

The second optimisation of genetic testing focuses on the implementation of and 
measurement within a field design. Here, it is important to observe carefully all 
operational aspects of field testing, including documentation, labelling, site prepara-
tion and crop maintenance. One aspect that is critical here refers to preparing the 

J.K. Stringer et al.
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site in such a way that environmental heterogeneity is minimised. This applies to all 
soil selection and preparation before planting and its management while the trial is 
active. In addition, to ensure the best quality of the phenotypic data originating from 
these trials, adequate definitions of response variables and clarity and consistency 
on measurement protocols are critical. Any actions that decrease experimental noise 
will increase the precision of the estimation of genetic parameters and, therefore, 
increase heritability estimates.

It is also important to collect the most accurate and reliable data that will be used 
to make decisions on which genotypes are rejected, advanced or ultimately com-
mercially released. For example, Australian sugarcane breeders evaluate genotypes 
on the basis of their relative economic genetic value for traits of commercial impor-
tance – how much value would a genotype add to industry profitability if grown 
commercially (Wei et al. 2006).

Having collected the data, the genetic tests can be optimised through statistical 
analysis. This has been an area that has had several important advances over the last 
few decades. Of special interest for plant breeding is the use of linear mixed models 
(LMM) that combine estimation procedures such as residual maximum likelihood 
(REML) to estimate variance components and to predict random effects (or best 
linear unbiased predictions, BLUP). LMMs are an extension to the traditional linear 
models (LM) that allow for more flexible assumptions such as correlations among 
experimental units (e.g. temporal correlation) and among effects (e.g. by consider-
ing the numerator relationship matrix of genetic effects or BLUP) and heterogeneity 
of variances (e.g. different error variances for each block or site).

Modern analysis of complex and unbalanced data to obtain parameters, such as 
site-to-site and trait-to-trait genetic correlations, is possible by fitting LMMs that 
estimate variance components. Spatial analysis (Gilmour et al. 1997) of field experi-
ments is a useful tool that incorporates the co-ordinates of the experimental units 
(plots or plants) into the LMM to account for physical proximity by modelling the 
error structure (i.e. correlations among observations), something that can be 
extended easily to also model competition among neighbouring plants. This is also 
particularly important with augmented and p-rep designs where spatial analysis 
allows for extracting better genetic information from the unreplicated test 
genotypes.

The greatest benefit of LMMs is that it is possible to combine data from many 
sources, with different levels of unbalance, into a complex model that will maximise 
the use of this information to estimate genetic parameters. For example, multi-
environment trials (MET) use information from several trials, where not all geno-
types are present in all sites, and for each site, there might be different numbers of 
replicates and precision and therefore heritabilities. These trials are evaluated 
together into a single LMM to estimate overall breeding values and genetic correla-
tions among sites.

Many statistical tools can be implemented ‘a posteriori’ given a field dataset. 
One of these is post hoc blocking, where, for a given experimental layout (say a 
RCB design), a new blocking structure is superimposed on top of the original, and 
a new linear model is fitted as if the superimposed blocking structure belonged to 
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the original design (Gezan et al. 2006). This tool increases the precision of estimates 
of heritability and of the predicted genetic values at little extra cost by only margin-
ally increasing the complexity of the analysis.

In the next sections, some of these modern statistical approaches, such as inter-
plot competition and spatial analysis, will be first defined and then illustrated in 
more detail.

1.2  �Accounting for Interplot Competition

In early-stage selection trials, most plant improvement programmes face the 
challenge of finding a few incrementally superior individuals from among a large 
number of lines produced by cross-pollination (Stringer et al. 2011). Due to limita-
tions on planting material and space for field testing, genotypes are often planted in 
trials in small, partly replicated, single-row plots. Such trials are subject to variation 
arising from spatial variability and interplot competition, which makes the identifi-
cation of elite genotypes problematic. Unless accounted for, spatial variability and 
interplot competition may seriously affect the estimates of genetic merit and, hence, 
reduce genetic progress.

Interplot competition (also known as interference) arises when a treatment or 
response on one experimental or measurement unit may affect the response on 
neighbouring units (Martin and Eccleston 2004) and is caused by both genetic and 
environmental sources (Magnussen 1989). It is difficult to quantify and there is no 
universal method to account for the competitive interactions among genotypes. As 
resource limitations generally preclude the use of multi-row plots to account for 
interplot competition, statistical approaches have been developed to adjust for com-
petition in the design and analysis of field trials.

One alternative is to use appropriate experimental layouts, such as the neighbour-
balanced (NB) designs suggested by Williams (1952), Street and Street (1987) and 
Azaïs et al. (1993). However, these designs are not practical where large numbers of 
genotypes are to be screened, due to the number of replicates required to achieve 
balance between neighbouring genotypes (Kempton 1982).

In regard to statistical analyses, Besag and Kempton (1986) presented two 
approaches to estimate interplot competition. Building on earlier work by Kempton 
(1982), they developed the phenotypic interference model, which is a simultaneous 
autoregressive approach where competition is assumed to be directly related to 
yields of neighbouring plots. This has been applied successfully to a wide range of 
crops including sugar beet (Kempton 1982; Durban et al. 2001), potatoes (Connolley 
et al. 1993), swedes (Bradshaw 1989) and trees (Resende et al. 2005).

The second model developed by Besag and Kempton (1986) is the treatment or 
genotypic interference model and was originally proposed by Pearce (1957). In this 
model, competition effects are associated with genotype differences in characteris-
tics such as plant height, tillering ability, date to maturity and canopy size (Kempton 
and Lockwood 1984; Talbot et al. 1995). Here, competition effects are associated 
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with the average genotypic value of the nearest neighbouring genotypes rather than 
the phenotypic response (Stringer et al. 2011). In addition, each treatment is assumed 
to have a direct effect and a neighbour effect on adjacent plots.

1.3  �Incorporating Spatial Variation

In early-stage field trials, which are typically large, growing conditions may be 
quite variable across the trial area, leading to the phenomenon known as spatial vari-
ability. One of the oldest techniques available to minimise the effect of this vari-
ability is the method of check (or control) plots (Wiancko 1914) in which replicated 
plots are distributed over the trial site as checks and are used as a benchmark to 
assess the yields of test plots. It is assumed that the checks and test varieties show 
the same general pattern of response to soil fertility over a trial as the test varieties. 
If this is not true, then the method of check plots will actually increase the error of 
assessment (Kempton 1984a; Besag and Kempton 1986). An alternative approach, 
which may be more useful for dealing with small-scale variation, is spatial or near-
est neighbour (NN) analysis where a plot parameter is adjusted by using informa-
tion from immediate neighbours. Although Papadakis (1937) proposed the earliest 
NN method, it lacked efficiency.

Spatial methods were largely neglected by statisticians until Wilkinson et  al. 
(1983) developed the smooth trend plus independent error model on which most 
spatial models have since been based (Stringer et al. 2012). Since then, there have 
been many alternative approaches, including the one-dimensional models of 
Gleeson and Cullis (1987) and the two-dimensional approaches of Cullis and 
Gleeson (1991). Spatial analysis has been successfully applied to early generation 
trials by Cullis et al. (1992), who found that the response to selection for the spatial 
method was greater than for check plot method proposed by Wiancko (1914). In all 
of these models, the covariance structure of the plot errors was modelled as a single 
component. These techniques were later extended by Gilmour et al. (1997), who 
demonstrated that modelling plot errors alone as a single process may not be appro-
priate in most cases, requiring the spatial variation to be partitioned into three com-
ponents. This approach is currently used to analyse over 1000 cereal variety trials in 
Australia annually (Stringer et al. 2012) and has resulted in increased accuracy and 
precision in the estimates of genotype effects in a wide range of crops (Apiolaza 
et al. 2000; Dutkowski et al. 2002; Gilmour et al. 1997; Grondona et al. 1996; Qiao 
et al. 2000; Sarker et al. 2001; Silva et al. 2001; Singh et al. 2003).

The methods developed by Gilmour et al. (1997), and later refined by Stefanova 
et al. (2009), partition spatial variation into three additive components. Atkin (2012) 
defines these as:

•	 Local trend, reflecting small smooth changes due to parameters such as fertility, 
soil moisture and light

•	 Nonstationary global trend which is usually aligned with the columns and rows 
of a field trial and associated with large-scale changes across the trial, for exam-
ple, large-scale moisture or fertility gradients
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•	 Extraneous variation, which usually arises from management practices or 
experimental procedures that have recurrent patterns, such as spraying opera-
tions or serpentine harvesting (harvesting columns of rows in alternating 
directions) 

Previous approaches at removing global trend involved first or second differenc-
ing of the data (Gleeson and Cullis 1987), but this often overcomplicated the model. 
Gilmour et  al. (1997) recommend directly fitting nonstationary global trends 
through the use of polynomial or spline functions (Verbyla et al. 1999) to the row 
and column co-ordinates. The modelling approach developed by Gilmour et  al. 
(1997) is a sequential approach and commences by including design factors such as 
replicates that reflect the trial design. Next, modelling local trend is undertaken 
using a first-order separable autoregressive process in the row and column direc-
tions. During the modelling procedure, diagnostic tools, such as the sample vario-
gram and trellis plots, play a large role in determining what effects should be 
included in a model. This is always followed by formal assessment by using the 
Wald test for fixed effects and REML likelihood ratio test for random effects.

1.4  �Modelling Competition and Spatial Variation

As indicated earlier, interplot competition arises when a treatment or response on 
one unit affects the response on neighbouring units (Martin and Eccleston 2004). 
For example, in sugarcane, estimates of cane yield are affected more by interplot 
competition than are estimates of sugar content when genotypes are evaluated in 
single-row plots (Fig. 1.1), because plants in adjoining plots compete for resources 
such as water, fertiliser and sunlight (Jackson and McRae 2001; McRae and Jackson 
1998; Skinner 1961; Stringer and Cullis 2002). This often results in a negative cor-
relation between neighbouring plots, biasing estimates of cane yield.

Although there are many approaches in the literature that individually model 
spatial variability or interplot competition, there are only a few studies that jointly 
account for both sources of bias. Durbán Reguera (1998) and Durban et al. (2001) 
presented one such approach. They used cubic smoothing splines to model spatial 
global trend together with the phenotypic interference model for competition 
(Stringer et al. 2011). Genotype effects were considered fixed and adjusted profile 
likelihood was used for parameter estimation (McCullagh and Tibshirani 1990). 
This model was limited by not considering genotypes to be random nor incorporat-
ing a spatial process to model local trend. In a small simulation study based on the 
Rothamsted downy mildew data, Durbán Reguera (1998) found that the profile like-
lihood gave biased estimates of the variance components and in some cases the 
competition parameter was also biased. However, when using McCullagh and 
Tibshirini’s adjustment to the profile likelihood, bias in the parameters of interest 
was small. Matassa (2003) developed a method combining both models from Besag 
and Kempton (1986) for interplot competition together with the methods of Gilmour 
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et  al. (1997) for spatial variability. Matassa’s approach was similar to Durbán 
Reguera (1998) and Durban et  al. (2001) in that genotype effects were fixed. 
However, Matassa (2003) used marginal likelihood and profile likelihood for param-
eter estimation. On comparing the estimation procedures in a simulation study, 
Matassa (2003) found that the preferred method depended on what terms were 
included in the design matrix and also on the sign of the trend parameter.

Stringer et al. (2011) developed an alternative approach to jointly model spatial 
variability and interplot competition. They partitioned spatial variability into global 
trend and extraneous variation (Gilmour et al. 1997) and allowed for both genotypic 
(Besag and Kempton 1986) and residual level competition. Genotype effects were 
considered to be random, as recommended by Smith et al. (2001), and REML was 
used for parameter estimation. Stringer et al. (2011) presented two simultaneous 
autoregressive processes to model competition at the residual level. They recom-
mended an equal-roots second-order autoregressive model for trials where competi-
tion is dominant and an equal-roots third-order autoregressive model where both 
competition and spatial variability exist.

In sorghum breeding trials in Australia, parental lines are evaluated in single-
row plots where both interplot competition and spatial variability are present 
(Hunt et  al. 2013). Hunt et  al. (2013) extended the methods of Stringer et  al. 
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Fig. 1.1  A typical sugarcane family trial layout in a rectangular array of plots
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(2011) used for sugarcane clonal trials, by incorporating pedigree information 
into a LMM. This allowed Hunt et al. (2013) to partition total genetic effects into 
additive and nonadditive components for parent evaluation in the presence of both 
competition and spatial effects. The methods developed by Stringer et al. (2011) 
and Hunt et al. (2013) are routinely applied to sugarcane clonal and full-sib family 
(produced from biparental cross-pollination) trials from Queensland, Australia. In 
such trials, clones and families are evaluated in single-row plots and large spatial 
trends and interplot competition are regularly present. The presence of spatial 
variation and interplot competition effects in sugarcane family trials will probably 
have a similar effect on estimating additive genetic effects of sugarcane parents as 
with estimating total genetic or clonal effects and lead to biased estimates of 
breeding values (BV) for cane yield (in the presence of both spatial variation and 
interplot competition) and sugar content (in the presence of spatial variation 
only). In turn, this will bias the ranking of parents and so impact the outcomes of 
parental selection.

The two statistical models explained below (a basic RCB design model with and 
without modelling spatial variation) can be used to estimate additive genetic effects 
of sugarcane parents from family trials for parent selection (Atkin 2012) by apply-
ing some of the techniques used by Stringer et al. (2011) and Hunt et al. (2013).

1.4.1  �Base Model: RCB Without Modelling Spatial Variation

Consider an experiment consisting of p trials that contains a total of m genotypes 
(families). Each trial is laid out in a rectangular array of r rows and c columns (n = r 
× c) (Fig. 1.1). Where the data are ordered as rows within columns, the mixed linear 
model for y(n×1) combined across trials is

	
y Xb Z g Z u e= + + +g u 	

where b(b×1) is a vector of fixed effects with the associated design matrix X(n×b); g(mp×1) 
contains the random genotype and genotype by environment effects of m entities in 
each of p trials with indicator matrix Zg

(n×mp); u(d×1) contains the random replicate 
effects with associated design matrix Zu

(n×d); and e(n×1) is a vector of plot error effects 
combined across trials. Vector b contains only an overall mean effect for each trial 
or more complex design structures.

Here, vector g is the random genotypic effect of unique parents (for each trial), 
where a sugarcane parent can be used as either a male or a female, or both. Using a 
biparental model (or a reduced animal model) (Mrode 2005; Quaas and Pollak 
1980), vector g is then further partitioned into additive and nonadditive genetic 
effects as per Costa e Silva et al. (2004). The prediction of BVs described here is 
also applicable to the next model described below: the spatial model.
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1.4.2  �Spatial Model: RCB Plus Modelling Spatial Variation

The above model can be extended to include the partitioning of spatial variability, 
where vector b contains an overall mean for each trial, as well as trial-specific mod-
elling due to global trend (Stefanova et al. 2009). Global trend is accommodated in 
the model by using design factors such as linear row and/or linear column effects or 
by fitting spline functions to the row and column co-ordinates (Verbyla et al. 1999). 
Vector u includes effects associated with the modelling of extraneous variation 
due to experimental procedures and blocking design factors specific to each trial or 
sub-trial (in cases where a trial comprised of two or more sub-trials). For each trial, 
vector e is further partitioned into a vector that represents a spatially dependent 
process and a vector of residual errors (Gilmour et al. 1997).

Local spatial trend is modelled using a first-order separable autoregressive (AR) 
process in the row (AR(1)) and column directions (AR(1)), as recommended by 
Cullis et al.(1998), Gilmour et al. (1997) and Grondona et al. (1996). After fitting 
the local trend, diagnostic tools such as the sample variogram and trellis plots 
(Gilmour et al. 1997) can be used to determine if global spatial trend and/or extrane-
ous variation needed to be included in the model. An example of a theoretical 
variogram for an AR(1) × AR(1) process is given in Fig. 1.2. This variogram has a 
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Fig. 1.2  Example of a theoretical variogram for an AR(1) × AR(1) process in the absence of both 
global and extraneous trend (From Stringer and Cullis (2002) – used with permission)
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smooth appearance and an exponential increase in the row and column directions 
reaching a plateau giving it a ‘tabletop’ appearance. Departure from this smooth 
appearance indicates the presence of extraneous variation; similarly, if the sample 
variogram fails to reach a plateau in the row and/or column direction, this indicates 
the presence of a global trend that needs to be incorporated into the LMM (Stringer 
and Cullis 2002). An example of the presence of a global trend is given in Fig. 1.3 
for which a linear row and column effect would then be fitted. The inclusion of 
these fixed effects is based on visual inspection of the sample variogram followed 
by a formal assessment using the Wald test (Agresti 1990). An example of extra-
neous variation is given in Fig. 1.4 for which a random row effect would be fitted. 
The inclusion of random effects is also based on visual inspection for the sample 
variogram, followed by the use of the likelihood ratio test to ascertain if the change 
in REML log-likelihood for random effects is significant.

These types of analyses are routinely performed in the Australian sugarcane 
breeding programme using the statistical package ASReml (Gilmour et al. 2006) 
and could be extended to other tropical crops where competition and spatial effects 
are often experienced in field trials.

Fig. 1.3  Example of a sample variogram for an AR(1) × AR(1) process indicating the presence of 
a global trend in the row and column direction (From Stringer and Cullis (2002)  – used with 
permission)
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1.5  �Further Approaches That Incorporate Genotype-by-
Environment Interactions

Mixed model analyses of data from multi-environment trials (METs) can be used to 
partition the total variation into sources such as trial, genotype and genotype-by-
environment (G×E) interactions. Although this provides an estimate of the magni-
tude of G×E, it does not provide any insight into the nature of G×E effects (Kempton 
1984b). Multiplicative methods are particularly useful at describing G×E interac-
tions and have been widely used in a fixed-effects setting. The earliest of these was 
the regression on mean model, where either the phenotypic values or interaction is 
regressed on environmental indices. This was first suggested by Yates and Cochran 
(1938) and enhanced by Finlay and Wilkinson (1963); however, this approach 
assumes genotypes respond linearly to environmental change (Flores et al. 1998). 
Freeman (1973) suggested the use of multiplicative methods in genetic analyses, 
and of these, the additive main effects and multiplicative interaction (AMMI) has 
been used very widely (Gauch and Zobel 1988). AMMI combines the additive 
analysis of variance for main effects with the multiplicative principal component 
analysis for the interaction. However, AMMI requires data to be balanced and, 
hence, it can be too restrictive for the analysis of MET data for most crops (Smith 
et al. 2001).
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Fig. 1.4  Example of a sample variogram for an AR(1) × AR(1) process indicating the presence of 
extraneous variation (From Stringer and Cullis (2002) – used with permission)
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A key issue often neglected in G×E studies is the need to model plot-level residuals 
(Smith et  al. 2001). Individual trials routinely exhibit spatial variability (Atkin 
2012) as a correlation in residuals among neighbouring plots, and it is common for 
residual variances to differ among trials. Estimates of genotype main effects and 
G×E interactions may be biased if this is not accounted for (Cullis et al. 1998). An 
approach which overcomes these limitations was developed by Smith et al. (2001), 
in which spatial variability within a trial is partitioned into local and global trends 
and extraneous variation using the methods of Gilmour et al. (1997) (described pre-
viously), and the heterogeneity of residual variance among trials is accounted for. 
This is called the factor analytic model (FA) and implies that genetic effects are 
correlated between trials; hence, it allows the genetic variation at each environment 
to differ and allows for different covariances between pairs of environments (Smith 
et al. 2001). This flexibility requires a large number of variance components to be 
estimated. However, the particular FA model proposed by Smith et al. (2001) uses 
the algorithms of Thompson et al. (2003) by providing a parsimonious fit for param-
eter estimation. Therefore, the multiplicative mixed model with random genotype 
effects, i.e. the FA model (as used by Chapman et al. 2004), is currently considered 
the most appropriate approach for the analysis of G×E interactions in breeding pro-
grammes for many crops including sugarcane.

1.6  �Final Remarks

The array of statistical tools available in quantitative genetics for the analysis of 
messy and complex data that originates from breeding trials is diverse, noisy and 
continuously evolving. The emergence of powerful statistical software that can deal 
with this data has allowed breeders to extract more information from each experi-
ment, including aspects such as competition and spatial correlations. In addition, 
the availability of large quantities of molecular data to be incorporated into the lin-
ear mixed models, for example, by calculating observed relationships among geno-
types based on molecular markers (VanRaden 2008), has widened the options to 
improve and optimise the design and analysis of genetic experiments. Here we have 
presented some tools, but these modern tools will constitute, in the near future, a 
daily part of all statistical analysis performed by many breeding programmes across 
the world.
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Chapter 2
Genomic Selection: State of the Art

Luís Felipe Ventorim Ferrão, Rodomiro Ortiz,  
and Antonio Augusto Franco Garcia

2.1  �Introduction

Plant breeding underpins successful crop production and involves the modification 
of genotypes to improve yield, field performance, host plant resistance to pests, 
and end use quality. Traditionally, genetic progress has been achieved by pheno-
typic evaluations in field trials. It is undeniable that important advances were 
obtained in the last decades. It is important, however, to take into account the 
time required to achieve these gains. In practice, approaches based in phenotypic 
metrics are coupled with long testing phases resulting in slow genetic gain per 
unit of time.

Since the 1980s, with the advent of molecular markers and the perception of its 
advantages, new opportunities were opened for its use in breeding programs. The 
central purpose is to assist (or support) the selection using DNA information. Named 
as marker-assisted selection (MAS), the application was motivated by the opportu-
nity to reduce cost and time and, consequently, increase the expected genetic gain 
(Lande and Thompson 1990). Additionally, the use of markers was seen as an 
important alternative to increase the understanding of the genetic architecture of a 
quantitative trait, which has always been unclear and intriguing.

Among the MAS methods, the first to be widely accepted in the animal and plant 
breeding was termed quantitative trait loci (QTL) mapping. Quantitative traits 
refer to phenotypes that are controlled by two or more genes (i.e., multigenes) 
and affected by environmental factors, thus resulting in continuous variation in a 

L.F.V. Ferrão • A.A.F. Garcia (*) 
Escola Superior de Agricultura Luiz de Queiroz (ESALQ),  
Universidade de São Paulo (USP), Piracicaba, SP, Brazil
e-mail: lfelipe.ferrao@gmail.com; augusto.garcia@usp.br 

R. Ortiz 
Swedish University of Agricultural Sciences, Uppsala, Sweden
e-mail: rodomiro.ortiz@slu.edu

mailto:lfelipe.ferrao@gmail.com
mailto:augusto.garcia@usp.br
mailto:rodomiro.ortiz@slu.edu


20

population (Mackay et al. 2009). QTL are regions in the genome that harbor genes 
that govern a quantitative trait of interest (Doerge 2002). The concept that underlies 
QTL analysis is to split the mapping task into two components: (1) identifying QTL 
and (2) estimating their effect (Jannink et al. 2010).

Despite the importance of elucidating the genetic bases of quantitative loci, the 
QTL mapping approach has drawbacks that prevent its routine application in breed-
ing programs (Bernardo 2008). The linkage disequilibrium induced in experimental 
populations, for instance, restricts the relevance of results to the families (or popula-
tion) under study (Heffner et  al. 2009). Additionally, QTL mapping has a better 
performance for traits controlled by major genes, which is an unusual scenario for 
traits with agronomic importance (Goddard and Hayes 2007). Supported by these 
inconveniences, Meuwissen et  al. (2001) proposed a promised methodology that 
was popularized later as genomic selection (GS). It is opportune a brief description 
about the facts that drive the development of the GS methodology.

As previously mentioned, QTL mapping failed in its practical application 
(Dekkers 2004; Bernardo and Yu 2007; Xu 2008). In addition, high-throughput 
genotyping was boosted by next-generation sequencing techniques (NGS) that sig-
nificantly reduced the cost per marker (Poland and Rife 2012). The availability of 
cheap and abundant molecular markers changed, in different aspects, the form in 
which DNA information could be inserted in genetic studies. Firstly, genotyping 
was automated and, in some cases, outsourced, permitting a routine and feasible 
application. Secondly, a vast number of genome-wide single nucleotide polymor-
phism (SNP) markers were discovered in many species (He et  al. 2014). Lastly, 
computational and statistical methods converged to handle the effective analysis of 
the vast amount of molecular data. All of these contributed to the development of a 
new method of marker-assisted selection, with greater success.

Hence, if, on the one hand, traditional QTL analysis is based on the detection, 
mapping, and use of QTL with large effect on a trait selection, on the other hand, 
GS works by simultaneously selecting hundreds or thousands of markers cover-
ing the genome so that the majority of quantitative trait loci are in linkage dis-
equilibrium (LD) with such markers (Meuwissen et al. 2001). Formally, the core 
of GS is the absence of any statistical test to declare if a marker has a statistically 
significant effect. Even effects that might be too small will be used to compute 
the genomic estimated breeding value. In addition, when markers covering the 
whole genome are used, LD is assumed between QTL and markers across all 
families resulting in wider applications, even for traits with low heritability 
(Goddard and Hayes 2007).

It has been predicted for over two decades that molecular information have the 
potential to redirecting resources and activities in breeding programs (Meuwissen 
et  al. 2001; Goddard and Hayes 2007; Crossa et  al. 2010; Jannink et  al. 2010; 
Nakaya and Isobe 2012). GS has emerged as the method closest to achieving this 
goal. In this chapter, theory and practice will be discussed to detail how the method-
ology may reshape breeding programs and facilitate selection gains.
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2.2  �Practical and Theoretical Requirements  
for Genomic Selection Implementation

The previously mentioned features make GS a product of this millennium with real 
prospects for success. To this end, some practical and theoretical requirements are 
necessary for an effective implementation. In practical terms, genotyping and the 
definition of training and testing data sets constitute important aspects. In theoreti-
cal terms, biological and genetic concepts will be reflected by the final GS perfor-
mance. This following section intends to present some details about the practical 
and theoretical factors which underlie GS implementation.

2.2.1  �Practical Implementation

For a consolidated breeding program, with breeding schemes well defined that are 
consistently supported by good germplasm and experimentation, practical usage of 
genomic prediction can be considered straightforward. In general, it depends on 
critical decisions about which materials should be predicted and, in particular, 
financial and physical resources to be available for genotyping and phenotyping. 
These requirements are formally summarized by the subdivision of the program in 
three data sets, generically named “populations.” The population term, in GS con-
text, should be interpreted as a set of genotypes, where the predictive models will be 
trained, validated, and applied. These concepts have a close relationship with terms 
commonly used in the statistical learning area, especially topics on resampling and 
cross-validation (James et al. 2013).

The first data set is the training population (TRN). This set is also known as the 
reference population or discovery data set (Goddard and Hayes 2007; Nakaya and 
Isobe 2012; Desta and Ortiz 2014). In this step, a predictive model is defined, and 
the allelic effects are estimated. The individuals belonging to TRN (accesses, lines, 
clones, double haploid, families, etc.) must be genotyped and phenotyped for the 
traits of interest. A common challenge is the definition of which individuals should 
compose this reference population. There is not a standard way to answer this ques-
tion. In theory, this population is composed by promising materials, on which the 
breeder has particular interest to apply selection methods and, hence, obtain new 
cultivars. As will be described in the next topic, this specification will have impor-
tant consequences on the predictive ability of GS.

Next, a second data set called the validation or testing population (TST) should be 
defined (Goddard and Hayes 2007; Nakaya and Isobe 2012; Desta and Ortiz 2014). 
In general, this population is slightly smaller than the TRN and also includes indi-
viduals that must be genotyped and phenotyped. The role of the TST, simply stated, 
is to check the efficiency predictive equation defined in the previous step. The 
genome-estimated breeding values (GEBVs) are obtained using the marker effect 
estimated in the TNR and correlated with the true phenotypic values (Desta and 
Ortiz 2014). This result is called predictive accuracy (Ould Estaghvirou et al. 2013) 
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and has been commonly reported as the standard metric to evaluate GS efficiency. 
Its magnitude will provide an important measure of GS ability to predict pheno-
types, based solely on genotypic data.

The last data set is commonly called the breeding population (Goddard and 
Hayes 2007; Nakaya and Isobe 2012; Desta and Ortiz 2014). This is the population 
where GS will be directly applied, so it is the major focus of the breeding programs. 
Given the satisfactory accuracy value obtained in the last step, the molecular 
markers become the unit of evaluation in the breeding program. The effects 
estimated in the TST and validated in the TRN will be used, therefore, to predict 
new phenotypes. At this moment, selection will be guided solely by marker infor-
mation (Lorenz et al. 2011). For this reason, selection can be performed at early 
stages (e.g., seedlings inside greenhouses), thus resulting saving of time and field 
evaluations (assuming that costs of genotyping are smaller).

Figure 2.1 shows the importance of these populations. As illustrated, all of them 
are connected, and the effects estimated in the first step will be used in all subse-
quent steps. In this sense, the use of an appropriate genomic model is a critical step 
(an in-depth discussion is provided in the Statistical Method section). Although 
populations are presented as physically separated, a single population may serve all 
the three functions.

Genotyping and phenotyping are important aspects to consider for practical 
implementation. The final state of a trait will be the cumulative result of a number 
of causal interactions between the genetic makeup of the genotype and the environ-
ment in which the plant developed (Malosetti et al. 2013). Therefore, it is common 
that genetic and nongenetic sources are decomposed and studied, making the exper-
imental design and agricultural practices two fundamental aspects to be considered 
during the data set definition. Certainly, GS success is closely dependent of the 
environment in which the phenotypes are measured and on the presence of genotype-
by-environment (GxE) interaction.

Fig. 2.1  Genomic selection (GS) implementation. Allele effects (β) estimated in the training data 
set (TRN) are used in all subsequent steps. In the testing data set (TST), these effects are used to 
predict the genomic estimated breeding values (GEBV), which are correlated with the true pheno-
typic values. This correlation value is termed as predictive accuracy (r), and it is an important 
indicator of efficiency. Breeding data set is the GS target. Prediction based on molecular informa-
tion is performed, and genotypes are selected in early stages (seedlings), using the alleles effects 
as selection criteria
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Regarding the genotyping, as already mentioned, procedures have been advanced 
by the rapid progress of NGS methodologies. Genotyping by sequencing (GBS) is 
a product of this rapid advance and combined the possibility to simultaneously per-
form marker discovery (SNPs) and genotyping across the population of interest 
(Elshire et al. 2011). Unlike the traditional genotyping methods where these two 
steps are performed separately, GBS is a one-step approach which makes the tech-
nique truly rapid, flexible, and perfectly suited for GS studies (Poland and Rife 
2012). Although markers based on solid arrays (chips) or PCR may be used in GS 
studies, the number of reports using GBS and its variants is significantly higher. 
However, the number of genotyping methods techniques is under constant develop-
ment, and we will certainly see more progress in this area in the next years.

2.2.2  �Theoretical Aspects Related to Predictive Capacity

The predictive ability will be dependent on the genetic and nongenetic factors under 
analysis. Having a reasonable understanding of theoretical aspects that underlie 
these factors helps to guide GS implementation and, hence, improve the predictions. 
A central concept, closely linked with the theoretical definition of GS, is the linkage 
disequilibrium (LD). Also known as allelic association, LD is the “nonrandom asso-
ciation of alleles at different loci” (Flint-Garcia et al. 2003). The correlation between 
polymorphisms is caused by their shared history of mutation and recombination. 
The terms linkage and LD are often confused. Although LD and linkage are related 
concepts, they are intrinsically different. Linkage refers to the correlated inheritance 
of loci through the physical connection on a chromosome, whereas LD refers to the 
correlation between alleles in a population (Ott et al. 2011). Generally, all of the 
sources that affect Hardy Weinberg (HW) equilibrium could potentially have an 
influence on LD patterns (Flint-Garcia et al. 2003). In the GS context, LD concept 
plays a key role, as the distance along which LD persists will determine the number 
and density of markers and experimental design needed to perform an association 
analysis (Flint-Garcia et al. 2003; Mackay and Powell 2007).

Several studies have been proposed to elucidate other factors which affect pre-
dictive ability. If a large number of QTL contribute to trait variation, the following 
equation described by Daetwyler et al. (2013) is appropriate to predict the expected 

accuracy: N h N h Mp p e
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, where Np is the number of individuals in the 

TRN,h2 is the heritability of the trait, and Me is the number of independent chromo-
some segments.

A critical parameter is Me, since it is inversely proportional to the accuracy. The 
success of GS is directly associated with the genetic distance between the reference 
population (TRN), where the model is trained, and the breeding population, where 
the estimated marker effects are used as unit of selection. This equation formalizes 
the idea, considering that one always expects a reduction in the predictive ability 
when the genetic distance increases. As a practical consequence, it is expected to 
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have lower predictive accuracy when generations are far apart, for instance. Thus, 
understanding the genetic background where the model will be trained for the selec-
tion target (the breeding population) is essential to success.

The population size is another factor in the formula. Its importance is clear for 
two reasons, as pointed out by de Los Campos et al. (2013). First, the accuracy of 
estimated marker effects increases with sample size, because bias and variance of 
estimates of marker effects decrease with increasing sample size. Second, an 
increase in sample size may also increase the extent of the genetic relationship 
between TRN and TST data sets, which was previously described as an important 
factor. Population size has been highly variable in GS studies. In a revision on the 
subject, Nakaya and Isobe (2012) showed that, for cereals such as maize, barley, and 
wheat, an average size of 258 individuals has been used in the TRN data set. On the 
other hand, this value is larger in forest studies, where, on average, 673 individuals 
constitute the TRN. Studies in plants have been shown that smaller TRN sizes are 
required, relative to studies in animal. The authors point out two factors for this: (1) 
the narrow genetic diversity in plant populations, which is mainly caused by self-
crossing reproduction, and (2) the quality of phenotypic evaluations, as good exper-
imental design is more common in plant than in animal breeding.

Heritability is the biological factor highlighted in the formula. Heritability is 
defined as the proportion of phenotypic variance among individuals in a population 
that is due to heritable genetic effects. It is, therefore, expected to increase accuracy 
for traits governed by genetic factors and with less environmental effects. The direct 
relationship between accuracy and heritability is supported by simulation (Daetwyler 
et al. 2013).

2.3  �Statistical Methods Applied to Genomic Predictions

GS studies involve the prediction of breeding values using DNA information 
(Fig. 2.1). For this, the inference of marker effects and their connection to pheno-
types is considered the final stage. Given its importance, this section was designated 
to describe the use of linear models to predict breeding values, highlighting differ-
ences between philosophies of analysis in statistical learning. As a final topic, we 
discuss GS models that have been commonly used in plant breeding.

2.3.1  �Linear Models and a Gentle Introduction  
to Statistical Learning

Prediction begins with the specification of a model involving effects and other 
parameters that try to describe an observed phenomenon. In GS context, a statistical 
model is proposed to associate phenotypic observations with variations at the 
DNA level. A large number of models may be defined to link these variables. 
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A particularly useful class are linear models, where various effects are added and 
assumed to cause the observed values (Garrick et al. 2014). A linear relationship is 
considered the simplest attempt to describe the dependency between variables. 
For this reason, it is often the starting point to model some phenomena. Supported 
by a consolidated theory, this class of models has a statistical value and genetic 
interpretation that are useful for biometric research.

The attempt to develop an accurate model, which can be used to predict some 
important metric, is called statistical learning (James et al. 2013). In many GS imple-
mentations, linear regression models are used to this end to describe the genetic 
values. Linear regression, simply stated, is a method that summarizes how the 
average values of an outcome variable vary over subpopulations defined by linear 
functions of predictor variables (Gelman and Hill 2007). In the context of genomic 
prediction context, phenotypes are the response (or dependent) variable, and they are 
regressed on the markers (predictors or independent variable) using a regression 
function. As pointed out by de Los Campos et al. (2013), this regression function 
should be viewed as an approximation to the true unknown genetic values, which can 
be interpreted as a complex function involving the genotype of the ith individual at a 
large number of genes, as well as its interactions with environmental conditions.

In statistical notation, a regression model may be represented by:
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This means that the phenotypic observation of the individual i is made up of the 
sum of the following components: β0 is an intercept, xij is the genotype of the ith 
individual (i = 1,...,n) at the jth marker (j = 1, …, p), and βj is the regression coeffi-
cient, corresponding to marker effects. The ϵi term represents random variables cap-
turing nongenetic effects, which can emerge due to imperfect linkage disequilibrium 
between markers and QTL or model misspecification.

As noted, the phenotypic response is influenced by more than one predictor vari-
able, as expected for quantitative traits. The postulated model may be an idealized 
oversimplification of the complex real-word situation, but in such cases, empirical 
models provide useful approximations of the relationship among variables (Rencher 
and Schaalje 2008). Intuitively, the regression model boils down to a mathematical 
construct used to represent what we believe may represent the mechanism that 
generates the observations at hand.

In matrix notation, the same model may be represented as y = XB + e, where y is 
a n × 1 phenotypic vector, X is a n × p marker genotype matrix, B is a p × 1 vector 
of marker effects, and e is a n × 1 vector of residual effects. Again, the response 
vector is made up of the value of the linear predictor plus the vector of residuals. 
The linear predictor consists of the product of the marker genotype (matrix X) and 

the estimated marker effects ( )B
Ù

. Thus, the linear predictor ( )XB
Ù

 is another vector 
containing the expected value of the response, given the covariates, for each indi-
vidual i.

In essence, statistical learning refers to a set of approaches for estimating the 
regression coefficients (James et al. 2013). There are two main reasons one may 

2  Genomic Selection: State of the Art



26

wish to estimate these coefficients: prediction and inference. GS studies, in general, 
are focused in predictions. A set of inputs X (molecular markers) are readily 
available, and the output y (phenotypic values) should be predicted. In this setting, 
the way in which the coefficients are estimated is often treated as a black box, in the 
sense that one is not typically concerned with the exact form of B but whether it 
yields accurate predictions for the phenotypic values. Strictly speaking, this is the 
main difference between prediction and inference. In inference studies, we wish to 
estimate these coefficients and know their exact form, in order to understand which 
predictors are associated with the response.

In regression analysis, inference on the regression coefficient (marker effects) 
can be performed using different approaches. For example, one approach might be 
to derive a function for the marker effects that maximizes the correlation between 
predicted values and their unobserved true values. Alternatively, another approach 
might be to minimize the prediction error variance, which is the expected value of 
the squared difference between predicted values and their unobserved true values 
(Garrick et  al. 2014). This last criterion is referred to as ordinary least squares 
(Rencher and Schaalje 2008) and is widely used in regression analysis. Intuitively, 
the idea is sensible: given that we are trying to predict an outcome using other vari-
ables, we want to do so in such a way as to minimize the error of our prediction 
(Gelman and Hill 2007).

A direct relation between regression and quantitative genetic concepts can be 
formulated. Considering regression models with one predictor, under an additive 
model and two alleles at a locus, the estimated regression coefficient may be inter-
preted in terms of the average effect of an allelic substitution, which quantifies the 
variation of the phenotypic values when an allele is replaced by its alternative 
(Falconer and Mackay 1996). As a biological consequence, two copies of the sec-
ond allele have twice as much effect as one copy, and no copies have zero effect. 
The underlying assumption here is that the marker will only affect the trait if it is in 
linkage disequilibrium with an unobserved QTL.

Some points deserve attention during regression analysis with multiple predic-
tors. First is the interpretation of the regression coefficients. The interpretation for 
any given coefficient is, in part, contingent on the other variables in the model 
(Rencher and Schaalje 2008). Typical advice is to interpret each coefficient “with all 
the other predictors held constant.” Secondly, the dimensionality problems occur 
when the number predictor vastly exceeds the number of records. In this case, the 
use of usual theory to infer marker effects is not adequate. In traditional QTL stud-
ies, this inconvenience was avoided because predictors were added on regression 
models if they significantly improved the fit of existing models. As a statistical 
consequence, the data dimensionality was maintained, and least square estimators 
could be used without further problems. However, GS models suggest using all 
available molecular markers as covariates in a unique linear model. This leads to a 
situation where some kind of penalization is required in order to maintain the data 
dimensionality.

Dimensionality is a topic commonly discussed in statistical learning and deserves 
some comments. Predictive accuracy was previously mentioned as the gold 
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standard metric in GS studies. Although the mathematical proof is beyond the scope 
of this chapter, it is possible to show that two statistical components are directly 
associated with this task. In order to minimize the error, it is necessary to select a 
statistical learning method that simultaneously achieves low variance and low bias. 
High variance refers to more flexible models, meaning that any small change in the 
original data set causes considerable change in regression coefficient estimative. 
In GS context, it means that marker effects have more variation between training 
sets. On the other hand, bias refers to the difference between an estimator’s expecta-
tion and the true value of the parameter being estimated. In another words, it is the 
error introduced by approximating a real-life problem considering simpler models. 
As a general rule, more flexible models result in higher variance and lower bias. 
The balance between both metrics determines the predictive ability, and, for this, 
the term bias-variance trade-off is commonly used (James et al. 2013).

Next, we discuss how data dimensionality and bias-variance trade-off are consid-
ered under the frequentist and Bayesian framework. Genetic assumptions used in 
each approach are also discussed.

2.3.2  �Modeling Philosophy: Frequentist × Bayesian Approach

Two philosophies to estimate genomic breeding values have been widely discussed 
in the literature. See, for example, Heslot et al. (2012); Kärkkäinen and Sillanpää 
(2012); Gianola (2013); de Los Campos et al. (2013).

The frequentist approach, in general, uses markers for estimating the realized 
relationships, directly computing the breeding value in a mixed model context. On 
the other hand, a Bayesian framework focuses on the inference of marker effects, 
and the genetic value of an individual is obtained by the sum of these estimated 
effects. Regardless of the modeling philosophy, the central problem for both 
approaches is how to deal with the number of markers (p) which vastly exceeds the 
number of individuals (n) or, in a statistical learning context, how to deal with the 
bias-variance trade-off.

In traditional analysis (in matrix notation), the least square estimator of B (regression 
coefficients) treats X as a fixed matrix and satisfies the system of equations: 
X′XB = X′y, where B may not be a unique solution. If n << p, X′X is singular hav-
ing a zero determinant, the B estimator is not unique, and the variance is infinite. 
Thus, an infinite number of solutions can be obtained, and these estimators cannot 
be used either as an inferential or as a predictive machine (Gianola 2013). One way 
of tackling the data dimensionality issue is by considering the introduction of con-
straining (or shrinking) on the size of the estimated coefficients. This approach, 
referred as regularization (James et  al. 2013), can often substantially reduce the 
variance at the cost of increasing the bias.

Frequentist and Bayesian approaches have different perspectives on how this 
penalty should be considered. Frequentists derive an estimator by adding a penalty 
to the loss function (e.g., penalized maximum likelihood) (Kärkkäinen and Sillanpää 
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2012; James et al. 2013). In the Bayesian context, regularization is inserted directly 
into the model formulation by specifying an appropriate prior density for the regres-
sion coefficients (Gianola 2013; de Los Campos et al. 2013). As a consequence, 
Bayesians consider the assumptions of model sparseness as a part of the model 
formulation (prior density), while in the frequentist view it is assumed part of the 
estimator (Kärkkäinen and Sillanpää 2012).

In what follows, the most useful GS models and their genetic assumptions will 
be presented. Frequentist and Bayesian methods are divided and discussed for 
clarity purposes. Here, the idea is not to advocate for one over the other, rather to 
discuss some relevant points that differentiate them.

2.3.2.1  �Frequentist Approaches

Oversaturated models are addressed in a frequentist framework by adding a penalty 
during the parameter estimation, which significantly reduces their variance. See, for 
example, Whittaker et al. (2000); James et al. (2013); de Los Campos et al. (2013). 
In the machine-learning literature, this is attained via ad hoc penalty functions that 
produce regularization (Gianola 2013). In penalized regressions or shrinkage meth-
ods, estimators are derived as solutions to an optimization problem that balances 
model goodness of fit to the training data and model complexity. Several penalized 
estimation procedures have been proposed, and they differ on the choice of penalty 
function (de Los Campos et al. 2013).

One of the first methods proposed for genomic prediction was Ridge Regression 
(RR) (Whittaker et al. 2000), which is equivalent to best linear unbiased prediction 
(BLUP) in the context of mixed models (Habier et al. 2007). Another special penal-
ized regression method is known as least absolute angle and selection operator 
(LASSO) (Tibshirani 1996). There is an assumed penalty function which underlies 
the difference between these methods: LASSO makes the regression coefficients 
shrink more strongly than RR. Additionally, the penalty induced by LASSO may 
involve zeroing out some coefficients and shrinkage estimates of the remaining 
effects; therefore, LASSO combines shrinkage and an indirect variable selection 
(hence the “selection operator” in its name). Regardless of the penalty function 
used, penalized regressions will result in biased estimators of the marker effects. 
However, the small bias induced is paid off with reduced variance for the parameters 
(de Los Campos et al. 2013).

As pointed out in the last topic, the least squares approach estimates the regres-
sion coefficients using the value that minimizes the residual sum of squares (RSS). 
Following the previous statistical notation:
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Ridge Regression is similar to least squares, except that the coefficients are 
estimated by minimizing the RSS plus by a penalty function
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The second term in the Ridge Regression formula is called shrinkage penalty and 
is responsible for the regularization (Whittaker et al. 2000; James et al. 2013). The 
central question is deciding how stringent the regularization process should be. As the 
penalty grows, the degree of shrinkage becomes stronger, and eventually all of the 
marker effects are shrunk to zero. A model with all regression coefficients close to null 
values is not desirable, as it does have any power to prediction. However, when this is 
close to the null value, the penalty term has no effect, and RR will produce the least 
square estimates. Hence, an ideal scheme is one that can selectively shrink the regres-
sion coefficients; i.e., markers with small or no effects should be severely penalized, 
whereas those with larger effects should not be shrunk at all (Xu and Hu 2010).

The penalty assumed in the RR will shrink all of the coefficients toward zero, but 
none of them will be set equal to zero. As pointed out by James et al. (2013), this 
may not be a problem for prediction studies, but it can create some challenges dur-
ing the interpretation, given the number of predictors is quite larger. In this sense, 
the LASSO approach is an alternative to ridge regression, and the coefficients are 
estimated with the following equation (Tibshirani 1996):
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LASSO and RR present a similar formulation. However, the LASSO penalty has 
the effect of forcing some of the coefficients to be exactly zero. For this reason, 
LASSO is known to perform not only regularization but also variable selection. 
Models with this feature are referred in the literature as sparse models, given the 
ability to subset variables (James et al. 2013). Additional details about regulariza-
tion are presented by James et al. (2013) and Habier et al. (2009).

In the context of GS, an important relation is commonly addressed. There is a close 
connection between Ridge Regression and kinship-BLUP, a methodology where the 
breeding values are predicted based on their kinship. Best linear unbiased prediction 
(BLUP) was developed by Henderson (1949, 1950) in seminal articles applied to 
genetic and breeding. The main purpose was to estimate fixed effects and breeding 
values simultaneously. Important properties of BLUP were incorporated in its name: 
Best means it maximizes the correlation between true and predicted breeding values or 
minimizes prediction error variance; Linear because predictors are linear functions of 
observations; Unbiased is a desired statistical propriety related to the estimation of real-
ized values for a random variable; and Prediction involves predicting the true breeding 
value. BLUP has found widespread usage in the genetic evaluation of domestic animals 
because of its desirable statistical properties (Mrode and Thompson 2005).

The traditional BLUP approach relies on pedigree information to define the 
covariance between relatives. Formally, the vector of random effects (e.g., breeding 
values) is assumed to be multivariate normal, where the variance parameter is 
indexed by the numerator relationship matrix (called A matrix). The connection 
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between traditional BLUP and GS studies is the computation of this covariance 
using DNA information: genomic relationship matrix (called G matrix) (VanRaden 
2008). The replacement of the A matrix by the G matrix constitute the theoretical 
bases of the GBLUP approach, the standard method used in GS studies.

Though conceptually similar, GBLUP and BLUP have distinct performance. The 
main difference is the possibility to compute a realized kinship matrix using molec-
ular information, instead of using only expected values based on pedigree record. 
As pointed out by Mrode and Thompson (2005), “in pedigree populations, G dis-
criminates among sibs, and other relatives, allowing us to say whether these sibs are 
more or less alike than expected, so we can capture information on Mendelian sam-
pling.” Heffner et al. (2009) point out four mechanisms responsible for the diver-
gence between realized relationships from their expectations: random Mendelian 
segregation, segregation distortion, selection, and pedigree recording errors.

GBLUP has some other important features that make it widely used in GS 
(Mrode and Thompson 2005; VanRaden 2008; Crossa et al. 2014): (1) the accuracy 
of an individual’s genomic estimated breeding value (GEBV) can be calculated in 
the same way as in pedigree-based BLUP, using software and concepts well known 
in breeding routines; (2) GBLUP information can be incorporated with pedigree 
information in a single-step method; and (3) in contrast with the penalized regres-
sion (RR and LASSO), the dimensions of the genetic effects are reduced from p × p 
(where p is the number of markers) to n × n (where n is the number of individuals), 
which is more efficient for computing purposes. An important assumption assumed 
in these methods is that markers are random effects with a common variance. Under 
a genetic perspective, this assumption may be unrealistic because markers may con-
tribute differently to genetic variance. This is addressed by Bayesian models, dis-
cussed in the following topic.

2.3.2.2  �Bayesian Approach

Before describing the most useful Bayesian models applied in GS studies, a brief 
description of central concepts in Bayesian inference is presented.

Simply stated, Bayesian inference determines what can be inferred about 
unknown parameters, given the observed data (Kruschke et al. 2012). From another 
perspective, Gelman et  al. (2014) point out that: “by Bayesian data analysis, we 
mean practical methods for making inferences from data using probability models 
for quantities we observe and for quantities about which we wish to learn. The 
essential characteristic of Bayesian methods is their explicit use of probability for 
quantifying uncertainty in inferences based on statistical data analysis.”

Formally, Bayesian analysis begins with the definition of a descriptive model, 
just as in classical statistics. Likewise, inference and prediction continue to be few 
of the major objectives. The great convenience, as described by Gelman et  al. 
(2014), is the possibility to yield a complete distribution over the joint parameter 
space. So, the inference of a parameter is made in terms of probability statements, 
which has a commonsense interpretation (Kruschke et al. 2012).
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All Bayesian inference is derived from a simple mathematical relation about 
conditional probabilities. When the rule is applied to parameters and data, Bayes’ 
theorem can be conventionally written as:

	

p y
p y p

p y
q

q q( ) = ( )´ ( )
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Termed as Bayes’ rule, y is the observed data, and θ is a vector of parameters in 
the descriptive model. The posterior distribution, p(θ|y), specifies the relative cred-
ibility of every combination of parameters given the data. This is a probability 
distribution and, hence, provides the most complete inference that is mathemati-
cally possible about the parameters values. The term p(y|θ) is the likelihood and 
represents the probability that the data is generated by the model with parameter. 
The term p(θ) is called the prior distribution and represents the strength of our 
belief in θ without any observation. Finally, p(y) is called the “evidence,” or mar-
ginal likelihood, and is the probability of the data according to the model deter-
mined by summing across all possible parameters values weighted by the strength 
of belief in those parameters values. For details, see Kruschke (2011) and Gelman 
et al. (2014).

GS models are simple expansion of Bayes’ rule assuming a hierarchical multiple 
linear regression as the explicit model (Meuwissen et al. 2001; Gianola et al. 2009). 
The term hierarchical (also named multilevel) is used when information is available 
on several different levels of observational units. Figure 2.2 is an adaptation from 
Kruschke et al. (2012) and is used for an intuitive explanation of the multiple layers 
(levels) assumed during a regression analysis.

The fact that GS models are just an expansion of these ideas is important. As 
pointed out by Kärkkäinen and Sillanpää (2012), it is a common challenge to under-
stand the “widespread fashion of mixing the model and the parameter estimation in 
a way that it is hard to follow what is the model, the likelihood, and the priors and 
what is the estimator.” Much of this critical view is directed to the collection of the 
Bayesian methods used for genomic predictions. The term “Bayesian alphabet” was 
coined by Gianola et al. (2009) to refer to the number of letters of the alphabet used 
to denote various Bayesian linear regression used in GS studies. These models are 
specified as Bayesian hierarchical regression and, in general, differ in the priors 
adopted for the regression coefficients, while sharing the same sampling model: a 
Gaussian distribution with a mean vector represented by a regression on the markers 
(SNP) and a residual variance. For a formal mathematical description, a notation 
similar to that presented by de Los Campos et al. (2013) is used here:
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where p(μ, β, σ2|y, ω) is the posteriori density of model to unknowns μ, β, σ2 given 
the data (y) and hyperparameters (ω); p (y|μ, β, σ2) is the likelihood of the data given 
the unknowns, which for continuous traits are commonly independent normal den-
sities, with mean Xβ and variance σ2; and p(μ, β, σ2|y, ω), factorized in the equation, 
is the join prior density of model unknowns, including the intercept (μ) that is com-
monly assigned a flat prior; the regression coefficients (β), for which are commonly 
assigned IID informative priors; and the residual variance (σ2), for which is com-
monly assigned a scaled inverse chi-square prior with degree of freedom d.f and 
scale parameter S (Gianola 2013; Pérez and de los Campos 2014).

The basic idea behind the model description was shown in Fig. 2.2. Some prior 
distributions may be changed, but the concept is the same; GS models should be inter-
preted as a variant of multiple regression models, described hierarchically. For exam-
ple, the BayesA method, initially proposed by Meuwissen et  al. (2001), may be 
formally described in layers, where at the first stage a normal multiple regression is 
assumed; at the second a normal conditional prior is assigned to each marker effect, all 

Fig. 2.2  Hierarchical Bayesian multiple linear regression. At the bottom of the diagram, the data 
Yi depends of the regression model and illustrates the likelihood function. The arrow has a “~” 
symbol to indicate that the data are normally distributed with a mean and a standard deviation. The 
ellipsis next to arrows denotes the repeated dependency across the observations. Moving up the 
diagram, the “=” signs indicate a deterministic dependency. The regression coefficients and the 
standard deviation are the parameters of the regression model. One layer above is represented the 
beliefs (prior) on these parameters. The prior distribution is a joint distribution across the five-
dimensional parameter space, defined as the product of five independent distributions. The last 
layer is the hyperparameters and expresses our belief about the distribution of the regression coef-
ficients and the standard deviation (Adapted from Kruschke et al. (2012))
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possessing a null mean but with a variance that is specific to each marker; and, lastly, it 
assigns the same scaled inverse chi-squared distribution for the hyperparameters.

As previously mentioned, the central point is how to deal with oversaturated 
models. In a Bayesian context the sparseness is included in the model by specifying 
an appropriate prior density for the regression coefficients. Supported by the infini-
tesimal model, which states that a quantitative trait is controlled by an infinite num-
ber of unlinked loci and each locus has an infinitely small effect (Fisher 1919), it is 
reasonable a priori belief that most of the predictors have only a negligible effect, 
while there are a few predictors with possibly large effect sizes. A prior density 
which represents these beliefs has a probability mass-centered near zero and distrib-
uted over nonzero values, with a reasonably high probability for large values 
(Kärkkäinen and Sillanpää 2012).

In-depth discussions about prior densities assigned to marker effects, as well as the 
hyperparameter definition, are presented by Kärkkäinen and Sillanpää (2012), Gianola 
(2013), and de Los Campos et al. (2013). Based on how much mass these densities 
have in the neighborhood of zero and how thick or flat the tails are, a general classifi-
cation into three big categories was presented by de Los Campos et al. (2013).

Starting with the Gaussian prior, methods that assign this prior to the marker 
effects are referred to as Bayesian Ridge Regression (BRR) (Pérez et al. 2010). This 
mimics the RR approach (or the BLUP) when a specific penalty is assumed. 
RR-BLUP and BRR both perform shrinkage step that is homogeneous across mark-
ers. The second class of densities is called “thick-tailed priors.” Two widely accepted 
methods which represent this class are BayesA (Meuwissen et al. 2001) and Bayesian 
LASSO (Park and Casella 2008). Relative to the Gaussian prior, these densities have 
higher and thicker tails. This induces shrinkage of marker effect estimates toward 
zero for smaller effects and less shrinkage for markers with larger effect estimates.

There is a third group of models (“point of mass at zero and slab priors”), which 
include BayesB (Meuwissen et al. 2001) and BayesC (Habier et al. 2011). For this 
class, the prior assumption is that marker effects have identical and independent 
mixture distributions, where each has a point mass at zero with probability Ï€ and a 
univariate-t distribution (BayesB) or a univariate-normal distribution (BayesC) with 
probability 1 − π. When π=0, BayesB can be seen as a special case of BayesA; and 
the BayesC is identical to RR-BLUP. Alternative Bayesian models are discussed by 
Gianola (2013), which largely are expansions of the mentioned theory.

An important point under investigation, when different prior densities are tested, 
is the search for a better description of the genetic architecture (Gianola 2013; de 
Los Campos et  al. 2013). For example, the BRR approach considers the marker 
effects as sampled from a normal distribution with fixed variance; hence, as a practi-
cal consequence, the effects are shrinking to the same degree assuming our beliefs 
that the trait is controlled by many loci with small effects. In contrast, the BayesB 
makes the assumption that most loci have no effect on the trait and thus more mark-
ers are left out of the prediction model; so, our preliminary hypothesis is that the 
trait is controlled by relatively few loci, whose effect vary in size.

The central question which underlies the choice for a Bayesian model is “What 
distribution should be used?” As previously noted, the answer is closely associated 
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with the genetic architecture of a trait, which is commonly seldom known. Motivated 
by this, it has been a common practice in GS research to start by testing different 
models which represent the biological phenomenon.

2.3.2.3  �Practical Lessons About Statistical Methods Used for Genomic 
Selection

Recently, a significant number of simulated and empirical studies were published 
comparing genomic prediction models (Heslot et al. 2012; Resende et al. 2012b; 
Crossa et al. 2013; Daetwyler et al. 2013). Among the additive models, Bayesian 
regressions and the GBLUP method have mainly been used in animal and plant 
breeding. GBLUP is attractive due to its straightforward implementation using 
existing mixed model software, relative simplicity, and limited computing time. 
Bayesian methods were not widely used until around 20 years ago, given the release 
of several packages that allowed Bayesian analysis to be performed easily and 
quickly on a standard desktop computer (Stephens and Balding 2009).

A summary of some models commonly used in GS studies is given in Table 2.1. 
Alternative methodologies are discussed by Heslot et al. (2012), de Los Campos 
et al. (2013), Zhou et al. (2013), Desta and Ortiz (2014), and Gianola (2013). The 
methods described were classified according to the approach used for the analysis, 
maintaining the same structure used in the last section. Table 2.1 highlights some 
attributes, such as genetic architecture, regularization, and variable selection. 
Genetic architecture is cited as a generic way to determine which models are able to 
weight markers of small and large effects. The regularization is a common feature 
for all GS methods; however some models are able to combine regularization and 
variable selection. A software commonly used and a classification of complexity are 
also presented. Here, complexity was defined as the number of parameters esti-
mated during the inference. Bayesian models with variable selection and a mixture 
of distributions were classified as having high complexity (given the higher number 
of parameters to be estimated).

Currently, a great number of software/packages are freely available. As a general 
rule, “push a button” interfaces are not provided, and, hence, a minimal background 
in statistics and computation is required. Sampling methods (Monte Carlo Markov 
Chain), commonly used in Bayesian approaches, require more computational 
demand and, consequently, more time for performing the analysis.

Regarding the performance of these models in practice, simulation studies using 
frequentist and Bayesian methods have shown similar results for traits governed by 
many loci, which closely resemble the infinitesimal genetic model (de Los Campos 
et al. 2013; Daetwyler et al. 2013; Wang et al. 2015). A slight advantage of variable 
selection methods was observed for simulated traits where fewer loci contributed to 
genetic variation (Coster et al. 2010; Daetwyler et al. 2013). Empirical studies have 
been conducted to confirm the results of simulation studies (Moser et al. 2009; Heslot 
et al. 2012; Resende et al. 2012b; Ferrão et al. 2016a). When models are compared, in 
a large majority of the cases, small differences in predictive ability are observed. 

L.F.V. Ferrão et al.



35

Some hypotheses have been proposed to explain these differences. One is related to 
intrinsic features of the data (e.g., the ration between number of markers and records, 
span of LD, genetic architecture, etc.) that hinder model regularization and, conse-
quently, result in similar results. Another possible argument is discussed by Tempelman 
(2015) and involves statistical and computational challenges associated with the 
Bayesian inference. The author pointed out some general issues concerning the hyper-
parameter specification, MCMC diagnostics and the problem of data dimensionality.

The final message about practical lessons of the statistical methods is that no 
single method has emerged as a benchmark model for genomic predictions. Hence, 
evaluation and reflection about advantages and drawbacks of each one model should 
be considered as an imperative step during the GS implementation. However, given 
that so much effort would be taken for data recording, it seems reasonable to test a 
number of models before applying them in real-word situations.

Table 2.1  Genomic selection methods and their particularity commonly applied to plant breeding

Method Philosophy Attributes Software Complexity

GBLUPa Frequentist Regularization and 
homogeneous genetic 
architecture

rrBLUPf (R 
package), AsREMLg, 
GenStath, Wombati

Low

RR-BLUPb Frequentist Regularization and 
homogeneous genetic 
architecture

rrBLUPf(R package) Low

LASSOc Frequentist Regularization, flexible 
genetic architecture, and 
selection of covariates

glmnetj(R package) Low

BayesAd Bayesian Regularization and flexible 
genetic architecture

BGLRk (R package), 
GenSell

Moderate

BayesBd Bayesian Regularization, flexible 
genetic architecture, and 
selection of covariates

BGLR (R package)k, 
GenSell

High

BayesCe Bayesian Regularization, flexible 
genetic architecture, and 
selection of covariates

BGLR (R package)k, 
GenSell

High

aVanRaden (2008)
bWhittaker et al. (2000)
cTibshirani (1996)
dMeuwissen et al. (2001)
eHabier et al. (2011)
fEndelman (2011)
gButler et al. (2009)
hPayne et al. (2011)
iMeyer (2007)
jSimon et al. (2011)
kPérez and de los Campos (2014)
lFernando and Garrick (2009)
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2.4  �Genomic Selection and Plant Breeding

The biometric models accounting for genomic prediction became mature after 
building on Henderson’s mixed linear model equations for BLUP of breeding val-
ues using pedigree and phenotype data. Their accuracy remains an active area of 
research, but genomic selection has already led to increased rates of genetic gain, 
particularly for traits with low heritability. For example, dairy cattle has improved 
as a result of decreasing generation intervals and increasing significantly selection 
intensity. Simulations and empirical studies have demonstrated that GS has poten-
tial to accelerate the breeding cycle, maintain genetic diversity, and increase the 
genetic gain per unit of time in plant breeding (Bernardo and Yu 2007; Heffner et al. 
2009; Heffner et al. 2010; Resende et al. 2012b). All of these factors have created a 
lot of excitement and high expectations in the plant breeding communities. 
Furthermore, Rajsic et al. (2016) provide a general average cost framework to quan-
tify prediction accuracy of effects and varying cost ratios of phenotyping to geno-
typing for comparing the economic performance of GS vis-à-vis phenotypic 
selection. They found that GS appears promising for traits with heritability below 
0.25 unless the phenotyping costs is higher than genotyping and the effective chro-
mosome segment number 100 or more. The following section describes how 
genomic predictions can be integrated into breeding efforts and result in higher 
genetic gains.

2.4.1  �Expected Genetic Gain: The Breeder’s Equation

The expected genetic gain is an important metric to quantify the progress of a breeding 
program. For this reason, it is known as the breeder’s equation. One version of this 
equation weights the expected genetic gain by the cycle size, as follows (Desta and 

Ortiz 2014): GP a a= ir L
s 2

, where i is the selection intensity, ra is the selection accu-
racy, s a

2  is the square root of additive genetic variance, and L is the cycle length.
Using this equation, GS has potential to capitalize on all four of the components 

(Desta and Ortiz 2014). First is operating under the selective accuracy. The use of 
molecular markers can be leveraged to estimate a relationship matrix or applied 
directly into regression models and increase the selection gain. It is well established 
in the literature that conclusions based on molecular information tends to be more 
reliable. In a mixed model context, the kinship computed via DNA information is 
able to consider the realized relationship among individuals, instead of an expected 
value supported by pedigree records.

The second term is the cycle length. This term has a special importance in peren-
nial crops, where the breeding cycle is longer. In order to advance generations and 
accelerate the gain per unit of time, genomic predictions can be performed during 
seedling phase. In addition to saving time, this reduces cost by avoiding the neces-
sity to maintain populations for several years in the field. A good perspective on the 
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relationship between cost and gain is presented by Heffner et al. (2010). The authors 
reported that, for many crops, the time for a breeding cycle using GS might repre-
sent one-third or less than that used by phenotypic selection.

The use of many cycles per year directly affects the selection intensity and genetic 
variance, the two remaining components in the equation. In general, the selection 
intensity is raised by the ability to evaluate a large breeding population and consider 
a big screening nursery. Consequently, new genes and combination of them, not pres-
ent in the breeding program, may be incorporated in the evaluation process.

At this point it would be helpful to contextualize the relationship between 
expected genetic gains and a cost-benefit approach. Although GS has been 
announced as a potential tool to assist selection in breeding programs, there are a 
number of practical problems in conventional breeding programs that GS cannot 
eliminate or suppress. A reflection about them should be considered before deploy-
ing GS as a breeding tool. Heslot et al. (2015) point out some challenges: (1) the 
choice of germplasm on which to apply MAS, once the germplasm should represent 
the final objectives expected in GS applications; (2) trade-offs between family size 
and number of families created for MAS; (3) integration of information for multiple 
traits, balanced between phenotypic selection and MAS at a constant budget; (4) 
disconnection between the population used to train the models and the elite breed-
ing germplasm (breeding population); and (5) logistical issues involved with the 
integration of molecular information in breeding programs.

Most of these points are related to resource allocation toward phenotyping, geno-
typing, the genetic architecture of traits under analysis, and population size, as 
described by Heslot et al. (2015). According to the authors, the use of markers to 
achieve breeding gains requires consideration of the genetic gain achieved by the 
breeding program with and without GS. Looking only at the expected genetic gain 
formula, it seems clear that GS in contrast to traditional breeding schemes will 
increase genetic gain. However a cost-benefit analysis will take into account that 
genotyping all candidates might require reducing the size of the breeding popula-
tion and result in a negative impact on breeding gains. A practical example: on the 
base of a breeding program flow, as general rule, the number of candidates to be 
evaluated is higher, and they are not fully inbred, making the logistics of genotyping 
and prediction more complicated and expensive. For this reason, Heslot et al. (2015) 
point out “This trade-off is even stronger in a phenotypic breeding program, because 
large populations early in the cycle are combined with high selection intensity on 
highly heritable traits (high plot-basis heritability), which can be extremely efficient 
and relatively Inexpensive. It is probably beneficial to use markers to select on a low 
heritability trait, such as yield, early in the cycle; in most crops, yield cannot be 
measured accurately on segregating populations, single plants, or small plots. At the 
same time, most of the individuals in early generations can be discarded efficiently 
using inexpensive phenotyping.”

Important insights about the cut-benefit trade-off have been reported in empirical 
studies. Meuwissen (2009), in animal breeding, computed the expected accuracy for 
reference populations considering different sizes and different heritabilities. In traits 
with low heritability, an accuracy of 0.20 can be obtained with a large reference 
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population (2000–5000 animals). In contrast, Akanno et al. (2014) simulated a case 
of limited resources considering a small training population in animal breeding 
(1000 individuals). In this case, the population size was considered appropriate; 
however, it required multigeneration training populations and the reestimation of 
marker effects after two generations of selection. Although these simulations were 
proposed in an animal scenario, the results reinforce the ability of genomic predic-
tion to improve the genetic gain. The level of this improvement is strongly associ-
ated with resource allocation.

2.4.2  �Genomic Selection and Plant Breeding Schemes

The previous section describes how GS has the potential to raise expected 
genetic gain. In this regard, some empirical studies have supported GS superi-
ority compared with traditional phenotypic methods. In tree breeding, for 
example, the selection efficiency per unit of time was estimated to be 53–112% 
higher than phenotypic selection, thus resulting in a time reduction of 50% in 
the breeding cycle (Resende et al. 2012a). Higher genetic gain, compared with 
phenotypic selection and other conventional MAS, was also reported in bipa-
rental wheat populations (Heffner et  al. 2011). Likewise, GS appears to be 
more effective than pedigree-based phenotypic selection for improving genetic 
gains in grain yield under drought in tropical maize (Beyene et  al. 2016). 
These are some examples of success that have encouraged GS application in 
practical breeding programs. However, open questions remain about how to 
implement these ideas in well-established plant breeding programs (Jonas and 
de Koning 2013). This is a reality for many crops, especially in non-private 
institutions.

Innovative studies have been performed by the International Maize and Wheat 
Improvement Center (CIMMYT), and a good perspective about the subject was 
presented by Crossa et al. (2014). As a general rule, genomic information has been 
useful for the investigation of unknown population structure, predicting on unre-
corded pedigree structure, correcting incorrect pedigrees, and predicting the genetic 
value of Mendelian sampling terms (random sampling of the genome of each par-
ent, which should be interpreted as a deviation of the average effects of additive 
genes an individual receives from both parents from the average effects of genes 
from the parents common to all offspring). In terms of the algorithms/models used 
for predictions, in CIMMYT trials, no prediction model fits all situations (Crossa 
et al. 2013; Perez-Rodriguez et al. 2013; Crossa et al. 2014). Further, it is notewor-
thy to consider the context where these studies were performed. In particular, the 
investigation of GxE interaction (Burgueño et al. 2012; Lopez-Cruz et al. 2015), 
predictions in structured populations, and the response of the GS across years and 
breeding cycle (Arief et al. 2015; Jarquín et al. 2016) have revealed new perspec-
tives on the use of molecular information in plant breeding. In this sense, the studies 
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applied to maize and wheat, developed at CIMMYT, have been used as benchmark 
for others crops with similar objectives.

An interesting viewpoint of practical recommendations was described by Bassi 
et al. (2015). In wheat, a comparative analysis showed equivalence in costs between 
phenotypic evaluations and GS. Authors reported how GS methods may reshape 
traditional breeding schemes, in order to increase the genetic gain. In short, GS and 
on-field evaluations are interleaved, and there are no significant changes in tradi-
tional schemes. Selection based on molecular markers can be performed using 
plants in a seedling phase (inside greenhouse), avoiding additional costs with 
experimental area and phenotyping and, consequently, shorting the length of each 
cycle. It is worth mentioning that GS and on-field evaluations are proposed as 
complementary methods, such that neither completely replaces the other. GS has 
several advantages, but it should be stressed that phenotypic evaluations will 
always be necessary.

In order to summarize how the aforementioned ideas could be incorporated in 
classical breeding schemes, an intuitive representation is shown in Fig. 2.3, where a 
schematic of breeding inbred lines is presented using doubled haploids (originally 
discussed by Heslot et al. (2015)). As pointed out, GS can be use at each stage of 
cultivar development. At the bottom of Fig. 2.3, we present our personal perspective 
on GS implication in intrapopulational recurrent selection schemes applied to coffee 
(Coffea canephora). A remarkable feature of the coffee breeding program is the long 
testing phase, since it is a perennial species with a long juvenile period. Historically, 
coffee experiments have been performed in multiple locations and harvests (years of 
production), which results in high cost and a long time to achieve the final product. 
Figure 2.3 highlights the ability to advance generations by implementing GS during 
the seedling phase, inside greenhouse. As an immediate consequence, the breeding 
cycle will be reduced and the selection intensity increased. In contrast to conven-
tional methods of recurrent selection in C. canephora, this technique is to reduce the 
total time required to advance a generation by two-thirds (5–6 years).

The C. canephora scheme may be expanded for other tropical species. As a gen-
eral rule, any breeding scheme is based on three steps: crossing, evaluation, and 
selection. Directional selection occurs when a breeder induces the phenotypic mean 
of a trait to move in the desired direction over one or more generations. To achieve 
this, breeders impose a selection threshold, such that an evaluation guarantees that 
individuals above this threshold are selected as the progenitor of the next genera-
tion. As a consequence, these individuals will intercross and compose a new breed-
ing cycle (crossing step). The assumption behind each of these concepts is that the 
selected individuals provide genetic progress, which involves allelic transmission 
and increases the frequency of selected alleles in the breeding population.

Different metrics can be used to drive the selection step. GS accuracies support 
the use of GEBV, rather than phenotypic metrics, to guide selection in plant breed-
ing. In this scenario, phenotyping plays a crucial role in the process of estimating 
and/or reestimating marker effects. New germplasm that may eventually feed breed-
ing programs and improve the base population, under the GS regime, will be useful 
for composing a training population, which will increase the sample size and allows 
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new alleles be sampled. Field experimentation emerges as a crucial step at the end 
of the process when candidates that were selected by their GEBV should be tested 
in multiple environments.

It is noteworthy that marker effects may change as result of allele frequency 
changes or of epistatic interactions. Hence, model updating within breeding cycle 
should mitigate reduced gains caused by these mechanisms. In this context, there is 
an important routine of genotyping in the breeding program. For this end, maintain-
ing a physical structure to genotyping may be expensive, and one solution is to 
outsource these services.
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Fig. 2.3  Simple scheme of a breeding cycle with genomic selection (GS). For each stage, the 
figure presents side-by-side characteristics of classic breeding (in black) and potential applications 
of GS (in gray). The schematic of breeding inbred line, on the top, was originally described by 
Heslot et al. (2015), while the schematic of intrapopulational recurrent selection, on the bottom, is 
based on a Coffea canephora breeding program
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2.5  �Challenges, Perspectives, and Trends

Previously, practical and theoretical aspects were discussed in order to elucidate GS 
application. It is clear that this new scenario not only reshapes the expectations of 
plant breeding but also brings a new context to investigate questions that raised 
researchers. This topic addresses challenges, perspectives, and trends that have been 
investigated in the plant breeding literature. The last subject in this section is a per-
spective on future directions in GS investigations.

2.5.1  �A Multidisciplinary Solution to the Challenge 
of Big Data

GS is a multidisciplinary approach that involves interconnected areas, e.g., plant 
breeding, genetics, molecular biology, statistical genetics, and bioinformatics. The 
primary challenge during GS application is to connect all of these areas in an effi-
cient framework. In practical terms this means collaborative work, where shared 
decisions among researchers, with different expertise, should guide the breeding 
program.

A challenge in this context is the “Big Data question” (James et  al. 2013; 
Adams 2015). The term “Big Data” was designated for data sets that are so large 
or complex that traditional data processing applications are inadequate or ineffi-
cient. In GS studies, data sets with this magnitude are coming from new pheno-
typing technology, which are able to generate millions of measurements every 
day, and from “omics” projects that have been feeding huge public and private 
database with biological and molecular information. The necessity to store, pro-
cess, and draw conclusion from such information is a challenge and necessity for 
modern breeders.

Although advances have been reported, it is noteworthy that the potential of GS 
does not invalidate or reduce the importance of two other areas in breeding pro-
grams: field evaluations and the continuity of traditional MAS research. In terms of 
field evaluation, the composition of good populations, the use of appropriated 
experimental designs, and the choice of promising parents continue to be important 
steps. These assignments are commonly activities of the so-called conventional 
breeder and, even in the presence of GS, remain as key point for success of plant 
breeding. In terms of traditional MAS approaches, we are reinforcing the impor-
tance to continue genetic mapping and QTL mapping researches. Genetic mapping 
studies have been important in modern genomic studies, especially during the 
genome assembly, which is useful for SNP prospection and subsequent genetic 
analysis. On the other hand, QTL mapping remains as the most appropriate approach 
for genetic architecture studies.
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2.5.2  �Genotype-by-Environment (GxE) Interaction

Recently, a large number of studies have been performed to address GxE interac-
tion, and, therefore, different statistical models are reported in the literature. See, for 
example, Smith et al. (2005); Crossa (2012); Malosetti et al. (2013). GxE interac-
tion occurs because different genotypes do not necessary response in the same way 
to equal conditions. An important point is the attempt to predict genotype perfor-
mance over an environmental space.

In a mixed model context, genotypic performances across the environments have 
been modeled as correlated traits considering structured and unstructured covari-
ance functions. A natural advantage is the flexible way in which these functions may 
be tested to describe the interactions and residual variance (Smith et  al. 2005). 
Furthermore, when genetic effects are assumed as random, pedigree information 
can be incorporated, and more accurate breeding values may be computed via best 
linear unbiased prediction (BLUP). In coffee, for example, it was reported differ-
ences in the predictive accuracy of 10–17%, when comparing models that consid-
ered and ignored interaction effect (Ferrão et al. 2016b). Increases in the predictive 
ability by GxE modeling were reported by Burgueño et  al. (2012), Lado et  al. 
(2016), and Malosetti et al. (2016).

More recently, studies have advanced in order to incorporate modern informa-
tion about environmental covariates (Jarquín et al. 2013; Heslot et al. 2014) and 
the explicit modeling of interaction between markers and environment (MxE) 
(Schulz-Streeck et  al. 2013; Crossa et  al. 2015; Lopez-Cruz et  al. 2015). An 
important point in these studies is the possibility to decompose the effects into 
components that are constant across groups (environments or populations) and 
deviations that are group specific. From a quantitative genetics perspective, it is 
reasonable to expect that SNP effects may differ across populations and environ-
ments. In a breeding program, this may aid in the selection of generalist geno-
types (good performance in all conditions, i.e., broad adaptation) or specialist 
genotypes (performance directed for a specific condition, i.e., narrow adapta-
tion). In general terms, these insights are related with the classical breeding con-
cepts about adaptability and stability.

2.5.3  �GS in the Presence of Population Structure

Commonly, GS methods assume homogeneity of allele effects across individuals. 
However, this assumption ignores the fact that systematic differences in allele fre-
quency and in patterns of linkage disequilibrium can induce group-specific marker 
effects (de Los Campos and Sorensen 2014). Although rarely discussed in GS con-
text, population structure is a real prospect in plant breeding. These substructures 
are commonly caused by natural activities inside a breeding program, e.g., artificial 
selection, drift, and exchange of materials.
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In genome-wide association (GWAS), it is known that population structure is an 
important source of spurious association between genetic variants and phenotypes. 
Principal components (PCs) methods are frequently used to account the population 
structure and “correct” for population stratification. Although important, such meth-
ods as the PCs induce a mean correction that does not account for heterogeneity of 
marker effects (de Los Campos et al. 2015b). Moreover, there are good reasons that 
support the hypothesis that, in heterogeneous populations, markers effects should 
be allowed to vary between groups. It is reasonable to capture this variation instead 
of treating it as potential confounder or ignoring it.

2.5.4  �Epistasis and Dominance

GS models have been limited mostly to fit marker (or haplotypic) additive effects, 
either explicitly estimating the marker effects or implicitly through the so-called 
“genomic” relationship matrix (GBLUP method) (Vitezica et al. 2013). As previ-
ously cited, there is a natural trend to consider additive models as a starting point in 
GS investigations. Besides to capture a large portion of the genetic variation, addi-
tivity might be straightforward implemented. However, if most of the studies have 
addressed prediction taking into account only genes with additive effects, there is 
still a lack of reports dealing with the total genetic value, which include additive and 
nonadditive effects (Denis and Bouvet 2011).

Nonadditive variations result from interactions between alleles at the same locus 
(intra-locus) or interactions from different locus (inter-locus). Formally, intra-locus 
interactions are called dominance effects and can be defined as the difference between 
the genotypic value and the breeding value of a particular genotype (Falconer and 
Mackay 1996; Lynch and Walsh 1998). From the statistical point of view, dominance 
effects are interaction effects or within-locus interaction. On the other hand, interac-
tion deviations or epistatic deviations refer to additional deviations when more than 
one locus are analyzed (Falconer and Mackay 1996; Lynch and Walsh 1998). Hence, 
the additivity assumed in GS studies may be derived from two sources: under a narrow 
view, refers to genes at one locus and means the absence of dominance, and in a broad 
view, refers to genes at different loci and means the absence of epistasis. In both cases, 
nonadditivity constitutes a major challenge for plant breeder (Holland 2001).

Considering dominance effects, recent studies have been shown superiority of 
models that took into account this source of variation. Dominance has theoretical 
and practical interest, because it is frequently used in crosses of animal breeds and 
plant lines. In tree breeding, for example, higher predictive accuracies were observed 
when dominance-additive variance ratio increases (Denis and Bouvet 2011). These 
results have been particularly interesting for tree improvement, where clonal culti-
vars can be produced. Considering animal and simulated data, Vitezica et al. (2013) 
point out advantages in recovering information when the dominance is modeled. In 
a similar direction, advantages to consider dominance effects are reported by Nishio 
and Satoh (2014) and Lopes et al. (2015).
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There are well-defined cases of interactions at molecular level between gene 
products, but the real relationship between molecular interactions and complex phe-
notypes is often unclear. Considering classical quantitative genetics methods, the 
genetic component of variance are often poorly estimated providing the false 
impression that this source of variation is not important, as pointed out by Holland 
(2001). Lorenzana and Bernardo (2009) reported that including epistatic effects in 
prediction models will only improve accuracy if two conditions were considered: 
(1) if epistasis is present and (2) if it is accurately modeled. Currently, contrasting 
results have been reported adding some controversy about their importance in quan-
titative genetic analysis. Increased in predictive ability by the epistasis modeling is 
discussed by Hu et al. (2011), whereas Lorenzana and Bernardo (2009) have indi-
cated that predictions were adversely affected. These results point out that impor-
tance of epistasis modeling can vary between species, type of crossing, and trait 
under analysis. It seems clear that, given the complexity of the subject, further 
research should be performed.

A critical viewpoint is presented by Lorenz et  al. (2011): “if the predictive 
accuracy is lower when the epistasis is included, clearly epistasis was poorly 
modeled with the population sizes in this study.” Another result that reinforce the 
epistasis importance is presented by Dudley and Johnson (2009), who concluded 
that epistatic effects are more important than additive effects in determination of 
oil, protein, and starch contents of maize. These results, and other reported in the 
literature, not only are remarkable for the importance of epistatic effects but also 
deserve attention for the necessity to better the description of nonadditive model-
ing in GS studies.

2.5.5  �Polyploid Species

The GS application changes when polyploid species are considered. Challenges in 
this sense are not exclusive to GS but also include QTL, genetic mapping, and 
GWAS research. Important polyploid crops include sugarcane, wheat, potato, cof-
fee, cotton, and some fruit species (e.g., apple and strawberry). Commonly, analyti-
cal frameworks assume a specific mode of inheritance and relation between alleles, 
based in diploid species, which does not fit in polyploid context (Dufresne et al. 
2014). This difficulty is due to several complications evidenced in the polyploidy 
analysis, as follows: (1) larger number of genotypic classes, (2) poorly understood 
behavior of the chromosomes, (3) lack of molecular and statistical methods to pre-
cisely and efficiently estimate the genotypic classes, (4) ploidy level of the species, 
and (5) complexity of the interactions between alleles (Mollinari and Serang 2015).

Despite the significant number of polyploid tropical species and the increases 
of availability genomic data, there remain important gaps in the knowledge about 
polyploid genetics (Dufresne et al. 2014). A common practice adopted in poly-
ploid analysis has been the interchange of knowledge and methods applied to 
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diploid level. Although it is an approximation, it is a naive way of handling the 
problem, given the unrealistic and simplified assumptions that are assumed 
(Garcia et al. 2013).

Appropriate methods applied to genomic prediction in polyploid analysis are 
still in their infancy. The challenge begins before the modeling steps of genotype-
phenotype relationship. Genotypic classification and SNP calling are not trivial 
tasks. A good perspective about the subject is presented by Garcia et al. (2013) and 
Mollinari and Serang (2015).

In polyploids, a locus may carry multiple doses of a particular nucleotide. 
Traditional molecular markers (e.g., AFLP and SSR) do not allow a straightforward 
estimation of this dosage at a given polymorphic locus. The development of modern 
genotyping technologies opened an important opportunity to evaluating the relative 
abundance of each allele (Mollinari and Serang 2015). Although progress were 
observed in tetrasomic polyploid species (e.g., potato species), more complex poly-
ploid species, such as sugarcane and some forage crops, have not yet fully benefited 
from molecular marker information (Garcia et al. 2013). To circumvent these prob-
lems, the vast majority of genetic research in complex polyploids utilize only single-
dose markers during the genetic analysis. So, all the modeling is performed 
considering the presence of polymorphisms in just one homologous chromosome 
per homology group. Among the limitations of this approach, it is noteworthy the 
impossibility to study the effects of allelic dosage, i.e., the effects of the number of 
copies of each allele at a particular locus in a polyploid genotype. Some studies 
have been shown that allelic dosage may be extremely important in gene expression 
in several polyploid species (Garcia et al. 2013; Mollinari and Serang 2015).

In order to advance in polyploid analysis, the measurement of relative abun-
dances (dosage) of alleles is an important step. These estimated dosages may be 
modeled in association studies. The packages SuperMASSA (Serang et al. 2012) 
and fitTetra (Voorrips et al. 2011) are theoretical implementations of these ideas, 
however considering different approaches. It seems clear that subsequent steps 
involve the accommodation of these estimated allelic dosages into the predictive 
models. In addition, important gaps remain in our knowledge about the importance 
of additive and nonadditive effects during the genetic modeling, a critic subject in 
polyploids given their complex nature (e.g., multiple alleles and loci, mixed inheri-
tance patterns, association between ploidy and mating system variation) (Dufresne 
et al. 2014). Nevertheless, studies in this direction are still modest and constitute a 
current challenge in future GS studies.

2.5.6  �Genomic Selection 2.0: The Future Is Coming

Recently, GS studies have been not focusing only on predictive abilities but also in 
two other important features: identifying SNPs associated with the trait and under-
standing its genetic architecture (MacLeod et  al. 2016). For this end, previous 
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biological information and emphasis on estimated marker effects have been consid-
ered. Likewise, it has been a challenge in the incorporation of previous genetic 
evidence in new statistic methods. Some authors have named this current period as 
“Genomic Selection 2.0” (Hickey 2013; Boichard et al. 2016), representing the new 
era where information from sequencing data can be generated on millions of indi-
viduals and prior biologic results, such as causal mutation, may be considered in 
predictive models. The challenge in this scenario is determining which of these mil-
lions of variants are causal mutations, since the size of effects of such causal muta-
tion is likely to be small.

Good perspectives are presented by Hickey (2013), who coined the term 
“Genomic Selection 2.0” (GS 2.0). According to the author, until the present, three 
types of GS investigations have been applied in breeding programs. The so-called 
GS 0.0 was the first method applied to genomic prediction and “assumed linkage 
disequilibrium between markers and causative mutations would drive prediction.” 
One step forward, the GS 1.0 “primarily utilize linkage information via realized 
relationships with close relatives because training populations, although large by 
historical standards, are far from sufficiently large for linkage disequilibrium infor-
mation to be very useful for making predictions about quantitative traits.” The GS 
2.0 is a label given to the current status, which involves large population sizes, mil-
lions of molecular data and automated phenotyping.

Considering animal breeding as our benchmark, the 1000 bull genomes project 
includes whole-genome sequences from 1682 cattle of 55 breeds, from which 67.3 
million of genetic variants were identified – including 64.8 million SNP and 2.5 
million of indels. The challenge is determining which genetic variants are causal 
mutations that underlying variations in complex traits. Mapped the causal muta-
tions, these information may be included in genomic prediction investigations.

Broadly speaking, the problem of identifying relevant SNPs in high-dimensional 
data sets approximates GS methods with contemporaneous genome-wide association 
algorithm (GWAS). The primary rationale of GWAS investigations is to investigate 
the underlying biological phenomenon mapping variant genetics associated with 
important traits. Thus, it is reasonable to hypothesize that modern GS analysis may 
borrow particularity from GWAS method, i.e., identify important covariates and 
learn about underlying biological process and use them for prediction tasks.

In a statistical context, the scientific question behind these algorithms is naturally 
framed as a variable selection problem. Simply stated, “which variable (SNPs) 
under investigation are useful for prediction the outcome (phenotype)?” Mostly 
existing GWAS analysis is based on “single-SNP” approach (simply test each SNP, 
one at time, for association with the phenotype). An alternative is to consider the 
Bayesian variable selection regression (BVSR) approach, which resembles GS 
models except because the primary goal is to map SNPs with a biological signal, 
instead of to predict the genetic merit. In analytical terms, it stands out that Bayesian 
approach could access the predictive value of the SNP effects simply by computing 
the posterior probability (i.e., the posterior probability that its coefficient is not 
zero). Other natural advantages include the possibility to estimate heritability of 
complex traits, allowing for both polygenic and sparse models, and incorporating 
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external genomic data into the priors, which can increase power and yield new bio-
logical insights (Guan and Stephens 2011).

There are many possible approaches to BVRS; see for a review O’Hara and 
Sillanpää (2009). Models based on a sparse (“spike and slab”) prior for the coeffi-
cients of linear regression are few of the most widely used for GS purposes – previ-
ously discussed on the Statistical Methods topic. Regardless of the BVRS method, 
current studies have been focused in some important points: (1) traditional algo-
rithms are based on computationally intensive MCMC methods; hence, advances 
have been driven to be able to perform analysis in a practical time frame considering 
large-scale problems; (2) typical genomic prediction studies do not produce easily 
interpretable measures of confidence that individual covariates have nonzero regres-
sion coefficients. A modern tendency may consider methods that are able to extract 
more information from signals (biological evidence) that exist in the data, instead of 
to be purely a predictive approach; (3) Bayesian framework has been continuously 
investigated for inferential and predictive purposes. In BVRS scenario, the hyperpa-
rameter definition has a crucial importance, given they are responsible for reflecting 
the sparsity of model and the typical size of nonzero regression coefficients. Both 
features are important on the inference about the genetic architecture and model 
complexity. Several rules to define hyperparameter have been suggested in the lit-
erature with a lack of consensus among different authors. In this sense, aggregate 
information from previous QTL mapping and GWAS studies have potential to drive 
these definitions. For instance, it is possible to consider assumptions that functional 
SNPs may tend to cluster near one another in the genome or make some SNPs that 
are better candidates for affecting the trait than other (O’Hara and Sillanpää 2009; 
Guan and Stephens 2011; Carbonetto and Stephens 2012).

From this perspective, MacLeod et al. (2016) reported the use of GS combined 
with mapping of causal variants. The BayesRC method incorporates prior biologi-
cal evidence considering classes of variants to be enriched for causal mutation. In 
short, previous important evidence originated by variant annotation analysis or from 
a list of candidate genes may be used to enrich the data analysis. In a similar direc-
tion, but considering mapped QTLs as a priori known, Bernardo (2014) points out 
higher predictive ability when these information are considered as fixed effects in 
GS models. In wheat, Crossa et al. (2015) showed results considering the impor-
tance to identify markers with stable or specific effects across environments. 
Indirectly, this matter was addressed in the GxE Interaction section. However, it is 
noteworthy the focus study on the markers effects, rather than solely on predictive 
capacity. In rice, GS analysis has been proposed in conjunction with GWAS, in 
order to perform prediction and help on the genetic architecture comprehension 
(Spindel et al. 2015).

In terms of genotyping and bioinformatic steps, the example of the 1000 bull 
genomes project reflects the tendency to consider whole-genome sequences in thou-
sands of individuals. Use of whole-genome sequences is supported by simulation 
studies, which show that SNP densities identified by this approach may provide 40% 
more accurate predictions than SNP identified by the available genotyping platforms 
(Meuwissen and Goddard 2010). In this scenario, costs per individual sequenced 
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should be low, and, hence, an alternative may be to sequence all individuals at low 
coverage. By sequencing coverage, we mean the number of reads sequenced for a 
determinate site in the genome. In low-coverage data sets, among the drawbacks, a 
potential challenge in diploid species is the high probability that only one of the two 
chromosomes has been sampled at a site during the sequencing. As consequence, the 
genotype definition may be hampered (Nielsen et al. 2011). For this end, the develop-
ment of computational and imputation methods that are able to deal with this sce-
nario to, firstly, build consensus haplotypes and, then, impute full sequence 
information on the basis of these consensus haplotypes is important.

An area impacted by GS 2.0 is the phenotyping of quantitative traits that was rela-
tively ignored until recently. In GS context, the perception that phenotype-marker 
association studies may only be useful considering reliable phenotyping have boosted 
the so-called high-throughput phenotyping platforms (HTPP). This new branch 
includes large set of available instruments (robotic and computing) to obtaining 
detailed measurements of plant characteristics (Cabrera-Bosquet et al. 2012). In gen-
eral lines, HTPP allows to scan thousands of plants a day in an approach to science 
akin to high-throughput DNA sequencing (Finkel 2009). On one hand, accurate met-
rics for physiological process can be observed; but, in the other, the huge capacity of 
data acquisition required statistical and computational approaches able to summarize 
the information. Another perspective is the greater of flexibility to choose the traits to 
be considered in breeding programs. Many initiatives are under way to generate ref-
erence populations for traits that were long believed to be impossible to select.

At this point, it is helpful to review what we are attempting to achieve in this topic. 
Factually, GS research – like in all “omic” – have dynamic advances. As pointed out 
by Hickey (2013), GS 2.0 can be considered the state of the art. Our personal view is 
in accordance with the author, however, with additional remarks: (1) the importance 
to include biological information from multiple areas (e.g., chromatin structure anal-
ysis, candidate genes, causal mutation, and epigenetics); (2) continuous advances on 
the development of algorithms applied to imputation and haplotype construction, in 
special, for low-coverage sequencing; and (3) improvement of high-throughput phe-
notyping platforms, in order to achieve better phenotypic metrics and consider traits 
that are hard to be investigated by conventional methods.

2.6  �Conclusions

Genomic prediction for selection is one of the most remarkable breeding proposals 
in recent years (Habier 2010; Hickey 2013). It may also address important connec-
tions between classical quantitative genetics and molecular biology, considering GS 
context (Gianola et al. 2009; de Los Campos et al. 2015a). Much of these optimistic 
discourses came from the success of GS in predictions of breeding values, when 
compared with the traditional MAS results. In fact, it is an undeniable huge poten-
tial. In animal breeding, in special, GS overlap the barrier of a simple promise and, 
currently, constitute in a reality (Hickey 2013). In plant breeding, the examples of 
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success are still restricted for the so-called main crops, such as maize, rice, soybean, 
and wheat (Poland et al. 2012; Crossa et al. 2013; Jarquín et al. 2014; Crossa et al. 
2014; Bassi et al. 2015; Spindel et al. 2015).

One point to be considered in tropical crops is that some species are not proper 
model systems. The term model systems is used in order to highlight some points 
that hinder or difficult GS application. Beyond the financial questions, some crops 
present long life cycles and traits are expressed in later stages of their cycle, some 
have high genetic load and inbreeding depression, for others large experimental 
areas are necessary, and for many there is the absence of a suitable genotyping plat-
form. These are only some factors that can be pointed out. In these scenarios, we 
recommend that GS should be initially treated as an alternative branch in the con-
ventional breeding programs, but it is necessary to include GS in breeding scenar-
ios. This means considering small projects in the beginning, in order to understand 
the scenario that the crop is inserted.

In conclusion, we are highlighting the GS as a promising and innovative tool to 
be applied in plant breeding programs. However, to achieve this objective, a critical 
reflection about the problem of resource allocation is needed. The ideas regarded in 
this chapter addressed some practical and theoretical issues useful in this process of 
reshaping breeding.
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3.1  �Introduction

3.1.1  �History and Origin

Maize is the main tropical crop that has been domesticated in the American conti-
nent. Its origin has been the subject of much debate. Theories linking teosinte, 
Tripsacum, an unspecified common wild relative, and teosinte × Tripsacum crosses 
(tripartite hypothesis), have been proposed for the route taken by maize from wild 
plants to the domesticated crop that now depends on human intervention for sur-
vival (Wilkes 2004). In the last decade, molecular markers and 14C analysis of maize 
cobs recovered from excavations in Mexico and Guatemala clarified the origin of 
maize (Matsuoka et al. 2002; van Heerwaarden et al. 2011). These indicated that 
maize was already cultivated as early as 8700 BP and perhaps originated from a 
single domestication event of the annual Balsas teosinte (Zea mays subspecies par-
viglumis) in mid-altitude areas of South-Central Mexico. From here maize diversi-
fied into the Mexican highlands by crossing with a highland-adapted teosinte, Zea 
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mays subspecies mexicana (Warburton et  al. 2011; Mir et  al. 2013). Maize was 
therefore entirely tropical in origin. Its spread was via two major paths. The first was 
through northern Mexico to the southern USA and northward into the long photo-
periods and short seasons of northern USA and Canada. The second path was 
through the lowlands of Mexico to Central America, the Caribbean, and thence to 
the Andes (Matsuoka et al. 2002). Peru has very similar geography/environments 
and diversity of maize races as highland Mexico and is often considered a subcenter 
of origin (Wilkes 2004).

The amazing diversity of maize in the Americas made its adaptation to other 
continents relatively rapid. The first introduction of Caribbean maize into Europe 
was in 1493, where it was used initially as a garden curiosity. It was joined there by 
northern US flints (Mir et al. 2013). McCann (2005) cites evidence that maize was 
present in Egypt in 1517, just 25 years after Columbus. The Portuguese were active 
in introducing maize to Africa through their colonies and trading posts in the Azores, 
Angola, Mozambique, Mombasa, and Zanzibar. Slavers and missionaries intro-
duced maize to West Africa in the seventeenth century (McCann 2005). From these 
points of introduction, maize spread all over Africa and became a main staple.

The Turks and the Portuguese disseminated maize in the Asian continent. The 
crop was probably introduced to southern China in the late seventeenth century and 
spread to northern China in the late eighteenth century. Now in China, maize has 
overtaken rice in terms of cropped area, making it the second largest maize producer 
in the world after the USA.

The outcome of this global migration has been an extraordinary diversity of land-
races with different ear shapes, ear sizes, grain colors, and textures and with a diver-
sity of food, feed, and industrial uses. Maize is now found adapted to diverse 
environments from sea level to 4000 masl, from latitudes 0 to 57°, on soils with pH 
from 4 to 8, and in areas with annual rainfalls of 400–2500 mm.

3.1.2  �Importance of Maize in the Tropics

Major maize production zones where tropically adapted germplasm is used (coun-
tries producing >100,000  tons of maize annually at latitudes <35°) are shown in 
Table 3.1. Around 30% of global maize production is from tropical areas and from 
tropically adapted germplasm, but occupying 49% of the global area planted to 
maize. Yields in temperate environments, led mainly by the USA, Europe, and 
China, averaged 7.2 t/ha vs. 3.3 t/ha for tropical regions. Nonetheless, yields have 
been increasing at about the same rate (74–75 kg/ha/year) in both ecologies, which 
translates to an annual increase of 1% in temperate and 2.3% in tropical regions 
(Fig. 3.1). Averages hide large variations in yield gain by regions, with the South 
American Cone and SE Asia leading the way (128–142 kg/ha/year) and the smallest 
increases in yield (27–40 kg/ha/year) being reported from the three African subre-
gions and the Central American and Caribbean regions. Low yields in South Asia 
and sub-Saharan Africa (SSA) reflect lack of use of improved varieties, inadequate 
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nutrients (poor soil fertility), and frequent occurrence of drought (Fischer et  al. 
2014), since more than 80% of maize in these areas is rainfed. Nonetheless, the 
contribution of yield increases in tropical areas to the 1 billion tons of maize grain 
produced annually has been significant. This is despite lower average yields, and the 

Table 3.1  Maize production, area and yield, and time trends (2000–2014) in area and yield, for 
major production areas in tropical maize-producing regions, compared with the temperate world

Region

Average 2012–2014 Annual rate of increase
Production 
(Mt)

Area 
(Mha) Yield (t/ha)

Area 
(%)

Yield (kg/ha/year) 
[%]

World 973.2 182.0 5.34 1.97 80 [1.49]
 � Temperatea 675.6 93.6 7.21 2.09 74 [1.02]
 � Tropical 294.5 89.1 3.30 1.89 75 [2.26]
Andean 8.1 2.2 3.72 0.70 76 [2.05]
Cent. America and 
Caribbean

27.1 9.4 2.87 −0.13 40 [1.40]

South. Cone 111.4 20.7 5.37 2.08 142 [2.65]
South Asia 33.5 11.7 2.86 2.10 86 [3.01]
Southeast Asia 38.6 9.2 4.18 1.37 128 [3.05]
N. Africa to W. Asia 10.2 1.7 5.88 1.15 38 [0.65]
W. and C. Africa 22.3 13.5 1.66 3.23 27 [1.64]
E. and S. Africa 43.3 20.2 2.14 2.05 42 [1.94]

Source: FAOSTAT (2016)
aIncludes Mainland China
The definition of regions follows that of Pingali (2001)
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Fig. 3.1  Maize yields vs. time from 2000 to 2013 for the world, for temperate countries (including 
China), for tropical countries, for eastern and southern Africa, and for Southeast Asia. Corresponding 
linear gains with time are shown as numbers beside each graph (FAOSTAT 2016)
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smaller research investment in tropical maize vs. temperate maize, especially by the 
private sector.

Time trends in grain yield (Fig. 3.1) also highlight fluctuations in yield with time, 
the most variable being in temperate regions, mainly due to the severe 2012 drought 
in the USA (Boyer et al. 2013) (Fig. 3.2).

3.1.3  �Broad Patterns of Adaptation: Megaenvironments

In order to provide a systematic structure to maize breeding programs, the target 
environments have been broadly characterized into megaenvironments (MEs). An 
ME can be defined as an area growing at least 1 m ha of maize within which cultivar 
× environment interactions are relatively minor. They are often defined by tempera-
ture, altitude (e.g., highland vs. lowlands), rainfall (dry vs. wet and humid), and 
daylength, since tropical maize is usually very photoperiod sensitive and poorly 
adapted to latitudes >30°. CIMMYT has defined six major maize MEs for tropical 
environments for sub-Saharan Africa, but the descriptions apply also to other 
regions. Two temperate MEs at latitudes >30° can be added to these (Table 3.2). 
From a breeding perspective, each of these classes has been subdivided further by 
crop duration, incidence of specific diseases and pests, grain color, kernel texture, 
and protein quality.

The tropical and subtropical MEs differ mainly in the nature of disease pressure. 
Highland maize is unique – it grows exceptionally well at low temperatures, has a 
lower optimum temperature for development than maize of other adaptation classes 
(Ellis et al. 1992), and has a distinct morphology (Eagles and Lothrop 1994).

0 5 10 15
0

100

200

300

3

4

5

6

7

Cycle of selection

H
ei

gh
t (

cm
)

G
rain yield (t/ha)

Plant height
-6.5 cm/cycle **

Height below ear
-5.9 cm/cycle *

Height above ear
-0.5 cm/cycle NS

-2.4%/cyc

-3.1%/cyc

-0.6%/cyc
Grain yield
139 kg/ha/cyc **

Fig. 3.2  Response of plant and ear height, stem height above the ear, and grain yield at or near the 
optimum plant density to 15 cycles of visual selection for reduced plant height in Tuxpeño Crema 
I (Johnston et al. 1986)

G.O. Edmeades et al.



61

3.2  �Tropical Maize Germplasm: Races, Landraces, 
and Germplasm Exchanges

3.2.1  �Races of Maize: Packaging Diversity by Adaptation 
and Grain Type

A total of 285 maize races have been described (e.g., Wellhausen et  al. 1952), 
though Hallauer and Miranda (1988) considered that perhaps only 130 were distinct 
entities. Of these, 71% originated in South America, 24% in Central America and 
Mexico, 2% in the Caribbean, and 3% in the USA (Serratos 2009). Adaptation of 
these can be considered 50% lowland tropical (<1200  masl), 10% mid-altitude 
(1200–1800 masl), and 40% highland (1800–2900 masl). In terms of grain type, 
around 40% are floury, 30% flints, 20% dent, 10% popcorns, and 3% sweet corn, 
and most are white grained (Pandey and Gardner 1992).

Table 3.2  Major maize megaenvironments showing approximate proportional areas, stratified by 
altitude, rainfalla, temperatureb, and daylengthc

Megaenvironment
Altitude 
(masl)

Proportion 
total area %

Potential 
yield t/ha Example areas

MME1: Highland 
tropical

>2000 3 11 Ethiopia, Mexico, Andes

MME2: Wet upper 
mid-altitude subtropical

1600–2000 3 13 Ethiopia, Kenya, South 
Africa, Central America

MME3: Wet lower 
mid-altitude subtropical

1200–1600 5 13 Uganda, Kenya, Indian 
subcontinent (winter)

MME4: Dry mid-
altitude subtropical

1200–2000 8 9 Tanzania, Western Kenya, 
central Mexico, Nepal

MME5: Wet lowland 
tropical

0–1200 15 9 Thailand, Nigeria, coastal 
Central America

MME6: Dry lowland 
tropical

0–1200 14 6 Coastal East Africa, Central 
America, India, NE Brazil

MME7: Wet temperate 0–1500 35 14 Corn Belt of the USA, 
western Europe, Argentina

MME8: Dry temperate 0–1500 17 9 Western USA, eastern 
Europe, northwest China

Adapted from Fischer et al. 2014
Potential yield is an estimate based on temperature and radiation receipt, as outlined by Muchow 
et al. (1990)
aRainfall in growing season (the five consecutive months with the greatest P/PET ratio. For MME1, 
>350 mm; for MME4, 350–600 mm; for MME6, 350–800 mm; for MME8, 300–600 mm
bAverage daily maximum temperature for the middle 70% of the growing season: MME1, 
18–24 °C; MME2, 24–28 °C; MME3, 28–30 °C; MME4, 24–30 °C; MME5, 30–34 °C; MME6, 
30–36 °C; MME7, 26–34 °C; and MME8, 26–36 °C.
cDaylength associated with the longest day during a summer growing season. MME1–MME6 are 
mainly in latitudes of <30°, while MME7 and MME8 are in latitudes 30–57°.
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Molecular markers have largely confirmed racial groupings initially based on 
numerical taxonomy (e.g., Wellhausen et al. 1952). Reif and coworkers (2006) gen-
otyped 497 plants drawn from 24 Mexican races with 25 SSR markers and grouped 
the accessions based on multivariate analysis. The accessions averaged almost eight 
alleles (range 4–14) per locus and so were highly variable. They reported that an 
average of 1.3 alleles per locus were unique to each accession. This and other stud-
ies on Mexican races have confirmed that there is a high level of variation within a 
race, and within individual landraces, and less among races and landraces (Warburton 
et al. 2002; Reif et al. 2004).

The large majority of tropical maize races are very sensitive to daylength and, 
when grown in photoperiods of greater than 14 h, become tall, unwieldy, late to 
flower, slow to dry down, and with much reduced grain yield (Stevenson and 
Goodman 1972; Edmeades et al. 2000a; Edmeades et al. 2000b). Since landraces 
are difficult to phenotype or use in crossing nurseries, temperate maize breeders 
have struggled to introgress tropical germplasm directly into Corn Belt maize, and 
a more staged approach has been proposed (Gerrish 1983; Holland et  al. 1996). 
Private and public institutions in temperate regions have devoted considerable 
resources in adapting tropical and subtropical germplasm to temperate regions.

In summary, racial diversity is greatest where diverse natural selection environ-
ments are also found. Unique microclimates and pockets of disease in geographi-
cally isolated valleys, such as those found in Mexico and the Andean region, have 
resulted in a rich diversity of genotypes. The majority of this variation now resides 
in germplasm banks. In the interim, CIMMYT and several national breeding pro-
grams have captured a significant proportion of this variation in the most productive 
backgrounds in the form of pools, populations, and inbred lines that are now widely 
grown (Warburton et al. 2008).

3.2.2  �The Search for Superior Alleles and Their 
Concentration: The Mexican Experience

Because of proximity to the center of origin of maize, there has been considerable 
focus on Mexican races. Climatic adaptation of Mexican races ranges from 0 to 
2900 masl, an average annual temperature of 11–27 °C, from 400 to 3500 mm of 
seasonal rainfall, and average daylengths during the crop season of 12.5–13.5  h 
(Corral et al. 2008). Tuxpeño is reported by Corral et al. (2008) to have the greatest 
adaptability among Mexican races. Reif et  al. (2006) studied 24 representative 
Mexican races using multivariate analysis of molecular marker data. They identified 
three racial complexes from (a) the high elevation, (b) medium to low elevation, and 
(c) narrow-eared races from NW Mexico. Highland tropical races (e.g., Chalqueño, 
Cacahuacintle, Palomero Toluqueño, Arrocillo Amarillo) typically have few tassel 
branches and are adapted to cool conditions. The medium to low elevation group 
includes Celaya, the popular, diverse, and more modern race Tuxpeño, and the long-
eared Jala, Zapalote Chico and Grande, Bolita, Nal-Tel, and Pepitilla. The NW 
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Mexico group possesses long, thin eight-rowed ears from races such as Harinoso de 
Ocho and include Chapalote, Reventador, and Maíz Dulce adapted to slightly lon-
ger days and lower elevations. These have generally been shown to be the highest-
yielding races (Crossa et al. 1990) and are the foundations on which CIMMYT’s 
breeding program was originally based. Their analysis, based on molecular marker 
data and an earlier study using morphometric similarities (Goodman and Brown 
1988), supports the proposal that parental races in Mexico are Chalqueño, Cónico 
Norteño, Bolita, and Celaya.

CIMMYT has tested and incorporated leading landraces from the Americas in 
pre-breeding gene “pools” and elite populations. Pools were later systematically 
arranged to address general requirements for adaptation (highland, lowland tropical, 
subtropical, and temperate), maturity (early, intermediate, late), grain color (yellow, 
white) and grain texture, and protein quality (flint, dent, and QPM1). Elite popula-
tions addressed similar niches, though some were direct introductions from national 
programs (e.g., Population 32, ETO Blanco from Colombia – Chavarriaga 1966) or 
composites of collections or varietal crosses from regions (e.g., Population 35, 
Antigua × Republica Dominicana) (Pandey and Gardner 1992). Pools were open 
ended, and pre-tested components were sown ear to row as females in a half-sib 
recurrent breeding scheme where the male pollinator was a balanced bulk of female 
entries. Though this scheme broke genetic linkages and mixed germplasm compo-
nents under mild selection pressure for yield and agronomic traits, the flow of new 
materials into pools was relatively small, and limited attention was paid to heterotic 
groupings. Grain yields were rarely assessed directly but rather determined from an 
assumed shelling percentage of 80%, a practice that eliminated selection pressure 
for increased shelling percentages. These can be 5–8% greater in temperate hybrids 
vs. tropical hybrids when compared in a disease- and stress-free environment.

CIMMYT populations, on the other hand, were largely closed, with occasional 
introductions from matched genetic pools. From 1972 through the mid-1990s, they 
were improved through recurrent full-sib selection in which 250 families from each 
cycle were evaluated in a lattice design in two replications evaluated at six interna-
tional locations. Selection was mild with the superior 40% families recombined, 
and cycles took 2 years to complete. During the 1990s within-family S1 improve-
ment occurred while progeny testing was underway, thereby reducing the load of 
undesirable recessives. Again, little attention was paid to heterotic group formation. 
Varieties were formed by recombining the ten best full-sib families at each test loca-
tion or across locations and were supplied as open-pollinated varieties (OPVs) to 
National Agricultural Research System (NARS) scientists. During the 1990s, the 
populations were increasingly used to generate inbreds and resulted in a number of 
released CIMMYT maize lines (CMLs) that now number almost 600.

CIMMYT products, now mainly hybrids, inbred lines, and a small proportion of 
OPVs are available on request. Molecular data suggest that there is more genetic 

1 QPM is quality protein maize, a grain type with elevated levels of lysine and tryptophan caused 
by the presence of the opaque-2 recessive gene, and improved for kernel hardness through the 
accumulation of modifier genes.
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variation within landraces and populations than among them (Warburton et  al. 
2002; Reif et al. 2004), and the genetic variation among the CMLs is considered to 
encompass most of the variation present in the entire tropical gene pool (Warburton 
et al. 2008).

A recent initiative, Seeds of Discovery (SeeD) (http://seedsofdiscovery.org/), 
undertaken by CIMMYT and funded by the Government of Mexico, aims to char-
acterize the genetic diversity of maize landraces with high-density SNP markers 
linked to phenotypes of landraces obtained in environments to which they are rea-
sonably well adapted. In order to make this variability more useful, bridge popula-
tions are being developed where rare but useful alleles from landraces are being 
crossed into elite maize germplasm using markers to reduce linkage drag from 
remaining alleles.

3.2.3  �Global Movements of Germplasm: Developing Other 
Sources

Tropical maize has moved successfully to latitudes, altitudes, and rainfall regimes 
similar to those where it originated. Examples would be lowland/mid-altitude 
Tuxpeños from Mexico introduced to Brazil and West Africa; Caribbean germ-
plasm introduced into Thailand, the Philippines, Indonesia, and Brazil; and the 
Andean landrace Montana introduced in the highlands of Kenya. It was also trans-
ferred to higher latitudes, e.g., US Southern Dents introduced in southern Africa 
(Mir et al. 2013). However, successful movement across wide latitudes has only 
occurred when germplasm is essentially photoperiod insensitive as with temper-
ate germplasm.

Breeders are always interested in adding useful genetic diversity to their breed-
ing populations. That interest is especially acute among breeders of temperate 
germplasm in the USA where a large proportion of the hybrids sold today trace back 
to seven inbred lines developed ~50 years ago (Butruille et al. 2015). There have 
been systematic attempts to widen the genetic base of temperate maize using tropi-
cal germplasm, though photoperiod sensitivity has slowed this process. Two USDA-
supported programs, the Latin American Maize Program (LAMP) and its successors 
GEM and G2F, have played a key role in linking tropical landraces with the main-
stream temperate breeding programs. Under LAMP the USA and collaborating 
national institutions in 11 Latin American countries evaluated more than 12,000 
accessions from 328 races from the Americas, systematically reducing these at 
successive stages of testing to 3000 and then to a core subset of 270 (Salhuana and 
Pollak 2006). Under GEM these elite landraces were crossed with elite US com-
mercial germplasm to provide commercially useful germplasm. Other programs 
such as that at North Carolina State have used LAMP germplasm and commercial 
hybrids from the Caribbean and South America to generate adapted tropical popula-
tions. This was done by systematically crossing to temperate germplasm to introduce 
daylength insensitivity followed by backcrossing to the tropical source and line 
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extraction (Holland et al. 1996; Goodman 1999). The result has been hybrids that 
have performed competitively with adapted commercial Corn Belt hybrids and pro-
duction of inbreds that are essentially 100% tropical (Uhr and Goodman 1995). 
Others such as the Hallauer group at Iowa State University selected recurrently for 
earliness to flower for ten or more generations in tropical populations such as ETO, 
Tusón, Tuxpeño, and Suwan. By doing so, they steadily increased the frequency of 
alleles for daylength insensitivity in these broadly based populations (Teixeira et al. 
2015). The breeding program based at the University of Hawaii in the subtropics, 
led by Dr. J Brewbaker for the past 50 years, produced a number of inbreds with 
excellent resistance to a number of tropical diseases (Brewbaker 2009), with some 
lines serving as sources of disease resistance in temperate zones as well. One such 
inbred (KS23-6) has been identified as resistant to maize chlorotic mottle virus 
(MCMV), one of the two important viruses in the devastating maize lethal necrosis 
(MLN) virus complex in eastern Africa. Clearly, tropical populations can be tamed 
for use in temperate breeding programs, but it is a long-term effort.

Today, the movements of germplasm around the world continue, though this has 
been significantly affected because of regulations on seed movement arising from 
intellectual property protection that are considered unduly restrictive by some pri-
vate sector breeders (Butruille et al. 2015). CIMMYT and its sister CGIAR center 
in Nigeria, IITA, have played key roles in germplasm exchanges worldwide through 
their international testing programs. CGIAR germplasm transfers are managed 
under a Standard Material Transfer Agreement (SMTA) between the supplier and 
the recipient. Both centers have embarked on a deliberate policy of devolving inter-
national breeding programs to sub-Saharan Africa, the Andean zone, and Asia. 
Another important public source of elite temperate germplasm has been through 
inbred lines released from patent protection 20 years after their initial release in the 
USA and made available on request through the US National Plant Germplasm 
System (NPGS) (Kurtz et al. 2016). Many of these inbreds, although several decades 
old, are of considerable value to tropical maize breeders and carry a well-defined 
heterotic response.

3.3  �Biology: Do Tropical and Temperate Maize Germplasm 
Groups Differ?

Tropical maize landraces have evolved under natural (and more recently human) 
selection to outcompete weeds and withstand leaf area reduction from insects and 
diseases. Accordingly, they are often tall, have an ear height/plant height ratio of 
0.65, may tiller freely and be prolific, are excessively leafy with heavy husks to 
protect against insects and birds, have large tassels that ensure surplus pollen pro-
duction, and have a low-moderate number of kernels (300–400) per plant that ger-
minate and establish rapidly from a range of sowing depths. Harvest index in 
landraces is typically 0.25–0.40, and plants become barren under any form of stress 
at flowering. The process of improvement of tropical maize using modern 
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improvement methods has brought about major changes in the morphology and 
partitioning of dry matter as yields and ability to withstand higher plant densities, 
moving the tropical phenotype in the direction of elite temperate hybrids.

Typically modern temperate maize hybrids have a HI of 0.5–0.55, exhibit vigor-
ous ear growth, have strong stalks and small tassels and smaller but more erect 
leaves, are rarely barren, and have large ears with around 500–600 kernels/ear. 
Because of a long history of selection under high plant density and multiple test 
locations for stable grain yield and resistance to lodging, temperate maize hybrids 
seldom have more than one ear per plant at normal plant densities or become barren 
under stress.

3.3.1  �Source/Sink Ratios, Ear Growth, and Yield Components

Early research on tropical maize populations within a decade of their formation 
from landraces concluded that the ratio of photosynthetic source to reproductive 
sink was significantly higher than that of temperate maize (Goldsworthy et al. 1974; 
Fischer and Palmer 1984). Ear growth in tropical varieties was not vigorous, and 
when grown at commercial densities, silks often emerged after pollen shed began. 
The trait ASI is an indicator of ear growth rate – a reflection of biomass partitioning 
to the developing ear. A large ASI is symptomatic of slow ear and silk growth. In 
fact, delayed silking is normally associated with any stress that reduces photosyn-
thesis per plant since this reduces ear growth more than tassel growth and develop-
ment (Edmeades et al. 1993, 2000a). ASI is strongly correlated with grain number 
per ear (Bolaños and Edmeades 1996). Delayed silking may help ensure cross-
pollination, but when ASI is large (e.g., ASI >8 day), the plant aborts kernels and 
may become barren. In the height reduction study, ASI at optimum plant density for 
yield declined from 3.9 to 1 day after 15 cycles, and barrenness declined from 30% 
to 2% (Johnson et al. 1986). These correlated changes suggest that stem growth was 
competing for assimilates that promote ear growth at flowering.

Improved tropical maize hybrids are still characterized by heavy husks that pro-
tect the ear from birds and insects, large tassels, large leaves, and a harvest index in 
the range of 0.4–0.45 (Zaidi et  al. 2003a). In Johnson’s classic experiment, the 
source/sink ratio changed dramatically: the ratio of grain weight to leaf area increased 
from 85 g/cm2 in C0 to 225 g/cm2 in C15. In a separate study, Fischer et al. (1987) 
conducted six cycles of recurrent full-sib selection in three elite lowland tropical 
populations for leaf area density above the ear and/or reduced tassel primary branch 
number. Tassel size was highly heritable, and leaf area less so, but significant reduc-
tions in both were reported. Selection resulted in increases in both yield and the 
optimum density for grain yield and the proportion of biomass partitioned to the ear 
at flowering and maturity and in a reduction in ASI. There is little doubt that these 
changes in morphology have changed the tropical maize phenotype in the direction 
of temperate maize and increased the ability of tropical maize to withstand higher 
plant densities. At the same time, there is considerable room for further reduction in 
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the grain yield/leaf area ratio of tropical maize through improvements in staygreen 
and in HI. The HI of tropical germplasm is still low and grain yields may be only 
80–85% those of comparable temperate hybrids (Zaidi et  al. 2003a; Zaidi et  al. 
2003b). Observations suggest that staygreen in tropical hybrids is lower under stress, 
tassels in tropical hybrids may be 50% larger, and standability and resistance to bar-
renness under high plant densities are poorer than in temperate counterparts. It is in 
stalk strength, density tolerance, kernels/m2, and improved staygreen and stress toler-
ance that modern temperate cultivars outperform tropical landraces after a century of 
improvement. This increase in stress tolerance through the use of steadily increasing 
plant densities and extensive multilocation testing was described in a number of care-
ful conducted studies (Duvick 1997, 2005; Tollenaar and Wu 1999; Tollenaar and 
Lee 2002, 2011; Campos et al. 2004, 2006; Barker et al. 2005; Cooper et al. 2014). 
While tropical maize has undergone extensive improvement in the last 50  years, 
tropical test sites are fewer and more variable, resulting in lower heritabilities than 
those in temperate environments, thus hampering genetic gains. Unfortunately, there 
are few documented comparisons of modern tropical vs. temperate hybrids in loca-
tions where both are adapted. There is still a lot of room for improvement of tropical 
germplasm from sustained testing under high plant densities and/or drought or by 
introgression of yield-efficient plant traits from temperate sources.

3.3.2  �Photoperiod Response

Maize is a quantitative short-day plant, and tropical maize responds strongly when 
photoperiods are extended from around 13 to 16 h by delaying tassel initiation and 
adding additional nodes and leaves below the ear leaf. This in turn delays flowering 
but has little or no effect on length of grain filling. While photoperiods greater than 
14.5 h do not occur naturally at latitudes <30°, they are features of temperate loca-
tions (maximum daylength at 40°N is about 15.5 h and at 50°N is 17 h). Growth 
distortions that result from exposure to long photoperiods make phenotyping of 
tropical germplasm difficult. If sensitive lowland tropical lines are sown in May in 
latitudes of ~40 °N, delays in flowering can be more than 30 days. Furthermore, the 
ASI also lengthens significantly, and kernels per ear decline drastically (Edmeades 
et  al. 2000a). There is considerable genetic variation for photoperiod sensitivity 
(Table 3.3), but in general the order of sensitivity is lowland tropical > subtropical 
> highland > temperate. In comparison the well-known hybrid B73 × Mo17 aver-
ages a sensitivity of only 0.4 leaves/h (Edmeades et al. 1992).

3.3.3  �Genetics

Within the Zea genus, there are five recognized species, Z. diploperennis, Z. perennis, 
Z. luxurians, Z. nicaraguensis, and Z. mays. Within the species Zea mays, there are 
four subspecies – Z. m. huehuetenangensis, Z. m. mexicana, Z. m. parviglumis, and 
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Z. m. mays. The first four species and the first three subspecies of Zea mays are 
considered to be teosintes – wild grassy relatives of maize that often cross freely 
with maize in the highlands of Mexico. Z. diploperennis and Z. perennis are peren-
nials, while the rest are annuals. All but Z. perennis are diploids (2n = 20). Although 
maize is monoecious (female and male floral organs on the same plant), it is a natu-
rally outcrossing species. It can readily be self-pollinated, and there are no major 
crossing incompatibilities within the species.

There is considerable evidence that that modern maize underwent tetraploidy 
5–12 M years ago, since there are remnants of two complete genomes within its 
current genome. Over time parts of the second genome have been preferentially 
expelled, leaving a fraction behind (Woodhouse et al. 2010). Schnable et al. (2011) 
suggests that the progressive loss of duplicate genes and overexpression associated 
with a duplicate gene pair are responsible for the remarkable array of genetic varia-
tion in this species.

Most quantitative traits such as grain yield and drought tolerance are controlled 
by additive gene action, while others such as tolerance to low N have a larger domi-
nance component (e.g., Betrán et al. 2003a). Resistances to a few diseases (e.g., 
MSV – Semagn et al. 2014) or grain texture traits (e.g., opaque-2 – Atlin et al. 2011) 
are controlled by single genes and are qualitative in nature.

Maize researchers worldwide have generated numerous reports of molecular 
markers tagging genes/QTLs for diverse traits of agronomic and scientific interest. 
QTLs for several important traits affecting maize have been mapped, including resis-
tance to several diseases (e.g., downy mildews, northern corn leaf blight/turcicum leaf 
blight, common smut, Fusarium ear rot, banded leaf and sheath blight (BLSB), 
aflatoxins, etc.), abiotic stresses (e.g., drought, waterlogging, low nitrogen stress, 
etc.), and specialty traits (e.g., high oil content).

Table 3.3  Linear slopes of measures of sensitivity to photoperiod extensions from 13 to 15.5 h 
during the tropical summer season in Tlaltizapán, Mexico, with an average Tmax  =  31  °C and 
Tmin = 18 °C

Germplasm 
type N

Sensitivity TT 
to AD °Cdh−1

Sensitivity 
time to AD 
dh−1 Range dh−1

Sensitivity final 
leaf no. leaves 
h−1

Range 
leaves h−1

Lowland 
tropical

33 124 7.3 3.0–12.3 2.3 1.1–3.5

Subtropical 24 108 6.4 3.1–11.2 2.5 0.3–3.5
Highland 13   89 4.9 2.3–7.8 1.3 0.9–2.0
Temperate 10   54 2.9 1.0–4.6 1.1 0.3–2.2

TT to AD = thermal time (TT) in degree days to 50% anthesis (AD), and sensitivity is measured as 
delays in AD in TT or days and in increased leaf number over hour of additional photoperiod 
(Edmeades et al. 1994)
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3.4  �Heterosis

Here we define heterosis (or hybrid vigor) as the increase in growth, yield, fertility, 
or function of a progeny over the levels found in either parent. It is usually 
expressed as a percentage of either the mean of the parents (midparent heterosis) 
or occasionally the best performing parent (high-parent heterosis). Heterosis is the 
foundation of the successful maize seed industry, since it results in extra yield and 
is lost when offspring of the hybrid are planted in the next generation. The pur-
chase of hybrid seed each crop season provides benefits for farmers and seed pro-
ducers. Midparent heterosis between open-pollinated populations or landraces for 
yield can reach 15–20% and that between inbred lines often exceeds 100% 
(Tollenaar et  al. 2004). Heterosis varies significantly among parental lines, and 
considerable research effort has been directed toward its prediction. Initial tests of 
parents focus first on general combining ability using tester lines before evaluating 
a series of specific crosses in the search for specific combining ability and unique 
crosses.

Underlying causes of heterosis are not fully understood, but they directly affect 
the fitness of individuals. Heterosis for a trait is a function of the square of the 
difference in allele frequency in the parents and the degree of dominance at those 
loci carrying alleles that differ (Lamkey and Edwards 1999). It is therefore spe-
cific to a particular cross. Lamkey and Edwards (1999) noted that randomly mat-
ing the F1 hybrid reduces heterosis by 50% and that inbreeding depression can be 
considered the converse of heterosis. Differences in the collinearity of genes 
between the two parents (Fu and Dooner 2002) may also be a significant source of 
heterosis.

There is general agreement that heterosis results in greater stress tolerance, 
especially to drought (Betrán et al. 2003a; Makumbi et al. 2011). Modern tropical 
hybrids will generally tolerate stress better than the OPVs from which their lines 
were originally derived. Heterosis, if its causes can be better understood, provides 
a unique model for selection for improved yields and resource use efficiency. In a 
comparison of hybrids and their inbred parents, Tollenaar et al. (2004) reported 
that heterosis was greatest (60–167%) for grain yield, biomass, kernel number/m2, 
leaf area, plant height, and percent staygreen, 53% for harvest index, 12% for 
weight per kernel, and <10% or slightly negative for final leaf number, for ears/
m2, and for measures of crop duration. Zaidi et al. (2003a) observed similar results 
in tropical maize when comparing unrelated sets of hybrids, OPVs, and inbred 
lines. Hybrids showed better performance under drought, a shorter ASI, and 
22–25% increase in grain yield when compared with OPVs. Leaf chlorophyll 
level showed 16–66% heterosis in hybrids compared with OPVs and inbreds. The 
largest effects of heterosis were seen on capacity to capture radiation (through 
leaf area and staygreen) and in the use of this assimilate to establish the size of the 
sink (kernels per unit area). Effects were less on HI, kernel weight, and crop 
duration.
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3.4.1  �Heterotic Patterns

Differences in heterosis among germplasm groups have led to the identification 
of general heterotic patterns and partners. The common heterotic pattern in temper-
ate maize is stiff stalk (females) × non-stiff stalk (males), developed from the 
Reid  ×  Lancaster pattern identified in the 1940s. The well-known hybrid B73 × 
Mo17 is an example of this pattern. In tropical maize the patterns are more diverse, 
though often not well defined. Studies of heterotic responses among CIMMYT 
populations over environments showed that the level of heterosis between popula-
tions rarely exceeded 15% (Vasal et al. 1992), but reinforced the importance of the 
Tuxpeño × ETO (coastal tropical flint) combination. Under subtropical conditions 
subtropical × tropical population crosses showed consistent heterosis. Table  3.4 
shows population pairs improved by reciprocal recurrent selection aimed at increas-
ing heterosis as well as yield per se.

In Kenya, Kitale Composite was a broad-based population developed mostly 
from a number of US white dent varieties adapted to the East African mid-altitudes. 
Hybrids became important with the introduction of Ecuador 573, which, when 
crossed with Kitale II, gave excellent heterosis and a pleasing plant type. These 
types of hybrids currently occupy about 70% of the Kenya highlands and are well 
disseminated in the highlands of Tanzania, Ethiopia, and Uganda.

In South and Southeast Asia, most of the maize area is grown during the mon-
soon season and requires a high level of foliar and ear disease resistance. Suwan 1 
by harder dent Tuxpeños and Suwan 1 by other tropical flints are the most used 
heterotic partners.

Today, CIMMYT recognizes two main heterotic groups, A and B, where A is 
considered Tuxpeño types and B as non-Tuxpeños. Suwan 1 provides a third major 
heterotic group that combines with both A and B groups. However, because these 
groups are not well defined and were derived from broad-based populations, there 
is often as much heterosis among lines within A or B groups as there is between A 
and B lines (Reif et al. 2003) IITA initially developed populations with their own 

Table 3.4  Heterotic combinations identified among CIMMYT populations

Ecology Population A Population B Grain color

Lowland tropical Tuxpeño (P21) ETO (P32) White
Mezcla Tropical Blanca (P22) La Posta (P43) White
Amarillo Dentado (P28) Cogollero (P36) Yellow
Amarillo Cristalino-1 (P23) Blanco Dentado-2 (P49) Yellow

Subtropical Amarillo Subtropical (P33) Amarillo Bajio (P45) Yellow
A.E. Dent-Tuxpeño (P44) ETO Illinois (P42) White
SIW-HG88A (P501) SIW-HT88B (P502) White

Highland (P902) (P903) White

CIMMYT population numbers are shown in parenthesis (Vasal et al. 1999)
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heterotic groupings but is gradually aligning these with CIMMYT’s A × B heterotic 
pattern.

Duvick (2005) maintained that heterotic patterns are consolidated or even gener-
ated by selection, and Tracy and Chandler (2006) agreed with this assertion. 
Reciprocal recurrent selection has increased heterosis in some studies (Eberhart 
et  al. 1995; Hallauer and Carena 2012). Molecular data shows genetic distance 
between stiff stalk and non-stiff stalk lines that has increased steadily since the 
1960s in pioneer germplasm as each group was evaluated and improved by testers 
from the opposing group (Cooper et al. 2004). Remarkably, evaluations of temper-
ate inbreds and their crosses over breeding eras have shown that heterosis per se has 
increased at only 22% of the rate of hybrid yield, while the rate of yield improve-
ment of inbred parents was 80% that of the hybrid (Fig. 3.3). A similar response 
would be expected in tropical germplasm.

3.5  �Breeding

3.5.1  �The Genetic Gain Equation

This is most usefully written as ΔG = iσah/t, where ΔG is the yearly genetic gain; i, 
the standardized selection differential; h, the square root of narrow sense heritability 
(the ratio of additive genetic variance to phenotypic variance); σa, the square root of 
additive genetic variance; and t, the number of years per breeding cycle (Butruille 
et al. 2015). The variable i is related to the selection intensity expressed as percent 
selected individuals but is not the same. A decrease in selected individuals from 
20% to 5% changes i from 1.40 to 2.06 and increases genetic gains by only 47%. In 
recurrent selection schemes, the selected fraction should not be reduced below five 
to ten individuals because of the risks of inbreeding during recombination and, in 
the early stages of population formation, the risk of recovering parental genotypes 
because of inadequate recombination. Typically, t in commercial pedigree breeding 
is 5–10 years, but can be as little as 6 months for half-sib recurrent selection and 
1 year for full-sib recurrent selection. Annual gains therefore are greatest when heri-
tability and additive genetic variance are large, the proportion of selected individu-
als is small, and time per cycle is short. Additive genetic effects are also termed the 
breeding value and are increased by allelic dosage or allelic substitution such as 
occur with marker-assisted selection (Moose and Mumm 2008). Where field trials 
are used to identify superior progenies, the presence of random variability in the 
trial caused by soil variability or pests results in a reduction of h (sometimes referred 
to as repeatability) and hence in ΔG.

Genetic gain equations can only be used as a guide. In most breeding situations, 
selection is for several key traits or for an index of traits, and genetic gain must take 
these traits into account. Finally, the proof of effectiveness lies not in the predictions 
but in realized gains under realistic field conditions.
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3.5.2  �Development of Useful Genetic Sources

Sources that include a high frequency of alleles affecting the expression of a specific 
trait have an increasing role in providing key genetic variation that can be intro-
gressed into elite inbreds used in marker-assisted selection (MAS). CIMMYT has 
used two approaches in developing sources. The drought-tolerant population (DTP) 
is an example of the first approach. DTP was formed from 13 of the best putative 
sources of drought tolerance. Three hundred landraces and a number of diverse but 
improved sources of drought tolerance were compared with this base population, 
and 40 components were introgressed via a half-sib mixing phase followed by S1 
recurrent selection using a progeny test under drought and heat. In C5, the popula-
tion was split into yellow- and white-grained fractions and at C9 inbred lines were 
extracted (Monneveux et al. 2006) and tested for heterotic response and adaptation. 
A second approach used full-sib recurrent selection under managed drought stress 
within elite populations to increase the frequency of drought tolerance alleles in 
germplasm already adapted to the lowland tropics (e.g., Edmeades et  al. 1999). 
Both approaches have generated lines that have become important sources of 
drought and heat tolerance, such as DTPYC9-F46-1-2-1-2 and La Posta Sequía 
C7F64-2-6-2-2 (Cairns et al. 2012). Thus, population formation and improvement 
have resulted in an increase in the frequency of drought-adaptive alleles and identi-
fication of superior sources of drought tolerance. The first approach is slow and 
should have been structured more strongly around heterotic groups and grain color. 
The second approach generates a useful product more rapidly and is the preferred 
route. It reinforces the assertion by Blum (1988) that stress tolerance alleles exist in 
low frequencies in most elite breeding populations, resulting in directly usable 
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sources of tolerance to the key stresses of drought. Low N, heat, and acid soils, 
alone or in combination, are being identified among elite inbred lines. Trachsel et al. 
(2016b) identified a number of such lines, concluding that “it will be possible to 
develop hybrids tolerant to multiple abiotic stresses without incurring yield penalty 
under unstressed conditions using these lines.”

3.5.3  �Population Improvement Methods

Although population improvement has become much less used over the past 
20 years, it has had a useful role in building sources with good agronomic perfor-
mance with relatively broad adaptation prior to extracting inbred lines. Population 
improvement methods have been extensively reviewed by Hallauer and Miranda 
(1988) and specifically for tropical germplasm by Pandey and Gardner (1992). The 
most effective methods involve ear-to-row family structures, where a progeny test, 
usually in the form of a yield trial, is followed by a recombination step of a superior 
fraction that generates the progenies for the next round of testing. This systemati-
cally increases the frequencies of favorable alleles. Population formation and 
improvement normally do not involve tracking and use of pedigrees and in 
CIMMYT’s case did not consider heterotic responses in its initial stages. The 
emphasis on compatibility of components used to form populations, however, pro-
vided some selection for general combining ability.

Population improvement methods are described by their family structures, and 
the most commonly use are half-sib, full-sib, and S1 recurrent schemes (Paterniani 
1990; Pandey and Gardner 1992). Most populations are structured around 200–
1500 families, depending on objectives and resources:

•	 Half-sib recurrent schemes usually involve a series of females planted ear to row 
and detasseled, with a male pollinator comprised of a balanced bulk of all females 
or a subset of females. The male serves as a visual check against which female 
rows are selected, and three to five ears per selected female are chosen to use as 
the progenies for the next round of selection. The block must be isolated from 
other pollen sources by time or distance. It is usually unreplicated, though it can 
be repeated in other locations or planting dates. In tropical environments where 
irrigation is available, two cycles of half-sib selection can be completed per year. 
This same field layout can be used during pedigree breeding as an isolated cross-
ing block where the male is the topcross parent and the females are inbreds 
selected as candidates for topcross testing.

•	 Full-sib recurrent schemes involve plant-to-plant crosses among 30–50 selected 
progenies, so both parents are known. Typically 200–300 of these crosses are 
grown ear to row in a replicated yield trial, though numbers of replications and 
plot size are limited by seed supply from single ears (or from two ears where 
reciprocal crosses are made). Selections are based on family performance at 
several sites. Remnant seed of the family is used during a single step of 
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recombination and progeny formation among the 30–50 selected families. In 
tropical locations one complete cycle of full-sib recurrent selection is possible 
per year, thus allowing progeny testing in the normal crop season and recombina-
tion during the dry season.

•	 S1 recurrent selection schemes require three crop seasons to complete a selection 
cycle. Selfs are made in the first season and are phenotypically evaluated as S1 
families in the second season. In the third season, the superior families (20–40) 
are recombined by plant-to-plant crosses in all possible combinations, and a bal-
anced bulk is prepared for selfing the following season. Superior S1 families can 
immediately be advanced by selfing to form inbred lines. Since three cycles are 
not often possible in 1 year, one modification used when selecting for drought 
tolerance was to generate 1500 S1 families and prescreen them in an unreplicated 
trial under heat and drought in NW Mexico in the summer. Numbers were then 
reduced to 200–250 for winter testing in replicated tests in the rain-free winter 
season in central Mexico, followed by recombination of the best 40 families 
from remnant seed (Edmeades et al. 1999). Seed per ear quickly becomes a limi-
tation if more test locations are used.

Predicted gains under these three schemes indicate that ΔG is surprisingly simi-
lar from each, especially where genotype × environment interaction (GEI) is small. 
Reported gains for yield are around 3–10%/cycle for half-sib, 2–8%/cycle for full-
sib, and 1–8% for S1 selection (Johnston et al. 1986; Paterniani 1990; Pandey et al. 
1991; Pandey and Gardner 1992; Bolaños and Edmeades 1993; Edmeades et  al. 
1999; Monneveux et al. 2006; Hallauer and Carena 2012). When progeny tests are 
conducted in several diverse environments, GEI decreases h, and gains can be less 
than expected, as in full-sib selection in CIMMYT’s elite populations subject to 
international progeny testing (Pandey and Gardner 1992). Yield gains will decline 
when other traits such as disease resistance become priorities. Percent gains can 
also be high when the populations are relatively unimproved for the target trait or 
when mean yields are low. A better measure in such cases is gain in yield per unit 
area. As a rule of thumb, gains for drought tolerance from recurrent selection in 
germplasm previously unimproved for the trait have averaged 100 kg/ha/year (or 
5% per year) when selection was conducted largely in a single dry environment 
(Bänziger et al. 2006). Because yield levels were low, these gains fall in the upper 
range of 2–5% gain/cycle expected from recurrent selection (Hallauer and Carena 
2012). Gains in OPVs generated over the past 30  years in eastern and southern 
Africa in more advanced germplasm show sustained average annual gains under 
MSV infection (151 kg/ha), optimal conditions (95 kg/ha), and low N (69 kg/ha) but 
reduced gains under random drought stress (36 kg/ha) and no change under managed 
drought stress (Masuka et al. 2017b). These results suggest that gains under man-
aged drought stress may decline as variability for ASI and barrenness become 
exhausted.

In summary, intrapopulation improvement has allowed rapid improvement in 
performance, provided a tool for testing effects of selection for a specific trait, and 
developed useful source germplasm. As the population has been improved, it has 
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served as the source of an increasing proportion of elite inbred lines. Randomly 
extracted S2 lines from three populations selected for drought tolerance vs. their 
conventionally selected equivalents, when topcrossed to a common tester, showed 
on average an improvement in drought tolerance that reflected the differences 
between their parent populations (Edmeades et al. 1997). The choice of a population 
in which to begin selfing is therefore a critically important decision that directly 
determines the probability of extracting high-performing inbreds (Hallauer and 
Miranda 1988).

A widely used interpopulation improvement scheme is reciprocal recurrent 
selection (RRS) (Paterniani 1990; Pandey and Gardner 1992; Eberhart et al. 1995). 
Here one population of a heterotic pair is used as the tester of the other (and vice 
versa) in a half- or full-sib mating system, with an emphasis on improving the per-
formance of the cross between populations. Hallauer (1999) reported an average 
increase in midparent heterosis in four temperate population pairs from 9 in C0 to 
43% after an average of nine cycles of selection, essentially by increasing the diver-
gence of allele frequencies. Improvement in the population yields per se, however, 
averaged only about 1%/cycle. Interpopulation schemes are efficient especially 
where dominance effects are large and increase the probability of extracting high-
performing lines with an established heterotic response.

3.5.4  �Pedigree Breeding

Pedigree breeding is by far the most common form of maize improvement and 
resembles RRS in that pedigrees that define ancestry and heterotic response are 
maintained and used to predict performance. Testers, usually inbred lines or single-
cross hybrids, are selected from the opposing heterotic group to screen for general 
combining ability. The remaining lines are subject to specific combining ability 
tests with a small group of elite inbreds from the opposing group. Cooper et  al. 
(2014) describe these steps and note that superior new inbreds are rapidly recycled 
to create new combinations within each heterotic group. Testing of topcross proge-
nies is within the target population of environments (TPEs), using relatively few 
sites for GCA tests and many more locations for SCA testing. Field testing is fol-
lowed by rapid data analysis and information extraction so lines can be advanced in 
off-season nurseries. Based on selection data, promising lines are advanced to the 
next level of multilocation testing.

The rate of gain from pedigree breeding has been evaluated mainly in temperate 
breeding programs and is summarized by Fischer et  al. (2014). Gains in 
researcher-managed trials have averaged 100 kg/ha/year or around 0.8% annually. 
Given that the cycle length of most pedigree breeding programs is 5–10 years, this 
equates to a per cycle gain of 4–8% or 400–800 kg/ha. Correlated changes resulting 
from selection over time in temperate germplasm have been largely in traits that are 
associated with maintenance of leaf area through improved staygreen plus a very 
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significant increase in ability to tolerate stresses, especially high plant density and 
drought. Resistance to lodging and to barrenness has increased significantly, and 
ASI and grain protein concentration have declined. Leaves have become more 
upright and tassel size has reduced, but there have been little or no changes in yield 
potential per plant (Egli 2015), plant height, leaf area, or time to flower (Tollenaar 
and Wu 1999; Tollenaar and Lee 2002; Duvick 2005; Barker et al. 2005; Campos 
et al. 2004, 2006). Regrettably, few assessments have been made of changes in bio-
mass production and HI. Recent assessments of gains in conventional selection pro-
grams in eastern and southern Africa show gains in grain yield in CIMMYT-bred 
germplasm of 109, 33, 23, 21, and 141 kg/ha/year under optimal, managed drought 
stress, random drought stress, low N stress, and MSV infection, respectively 
(Masuka et al. 2017a). Relative gains in grain yield ranged from 0.6 (low N) to 2%/
year (MSV), and ASI and barrenness decreased over time (Masuka et al. 2017a; 
Semagn et al. 2014). Correlations between inbred line and test cross performance, 
while normally low (c. 0.3) under optimal conditions, generally increase as abiotic 
stress levels increase to values around 0.5. This suggests a possible role for evalua-
tions of inbred lines per se under severe drought stress conditions (Kebede et al. 
2013).

3.5.5  �Doubled Haploids

The process of developing inbred lines is time-consuming and, in many tropical 
maize breeding programs, is subject to error and loss through seed and pollen 
mixtures and inadequate field and seed storage facilities. The production of dou-
bled haploid (DH) lines sharply reduces the time taken to develop homozygous 
lines with proven performance and reduces losses from seed identification errors. 
Doubled haploids have been in routine use commercially for the past decade to 
generate >0.5 million lines annually for each leading multinational seed com-
pany. Doubled haploids increase the rate of genetic gain by reducing t, the time to 
complete a breeding cycle, by 1–2  years, and produce lines whose uniformity 
makes them easier to phenotype and which are well suited to molecular marker 
applications.

The technology involves the use of a haploid inducer line (used as pollen parent) 
in crosses with desired source populations (as female parent). The inducer line car-
ries phenotypic markers that enable differentiation of haploids from diploids (at the 
seed stage) in the induced progeny. Inducers show induction rates of 6.7–11.3% 
(Prigge et  al. 2011), and the haploid induction rate is under polygenic control 
(Geiger and Gordillo 2009). The most widely used phenotypic marker is an R1-nj 
aleurone coloration visible in seed or a liguleless gene lg2 that can be detected in 
seedlings (Melchinger et  al. 2016). R1-nj anthocyanin marker inhibition is quite 
common in tropical maize germplasm and significantly reduces efficiency of hap-
loid identification. Molecular markers that reliably differentiate germplasm carrying 
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the anthocyanin color inhibitor have been identified by Chaikam et al. (2014). The 
R1-nj marker is also ineffective in germplasm with natural anthocyanin expression 
in pericarp tissue. Given these limitations, the CIMMYT team developed haploid 
inducer lines with triple anthocyanin color markers, including the expression of 
anthocyanin coloration in the seedling roots and leaf sheaths, in addition to the 
Navajo marker on the seed (Chaikam et al. 2016).

Tropically adapted inducers with high haploid induction rate are being devel-
oped by CIMMYT, in collaboration with the University of Hohenheim, Germany. 
CIMMYT, in partnership with Kenya Agricultural and Livestock Research 
Organization (KALRO), established a maize DH facility at Kiboko (Kenya) in 
2013; the facility, developed through the financial support of Bill and Melinda Gates 
Foundation and the Syngenta Foundation for Sustainable Agriculture, offers DH 
development services to national programs and to small- and medium-enterprise 
seed companies in sub-Saharan Africa. The use of DH lines, along with marker-
assisted selection (MAS), will increase rates of genetic gain from many tropical 
pedigree breeding programs.

3.5.6  �Secondary Traits and Their Use in Selection

Secondary traits are often used in selection and frequently form part of a selection 
index along with grain yield. A secondary trait could give greater gains for the 
primary trait (grain yield) than selection for yield alone when hGY < |rGhST| 
(Falconer and McKay 1996), where hGY and hST are the square roots of heritability 
of grain yield and the secondary trait, and rG is the genetic correlation between 
grain yield and the secondary trait. This condition is rarely met except when yield 
is low and the secondary trait is expressed best under stress. However, in most 
cases, secondary traits are added to a selection index along with the primary trait 
in the belief that the heritability of the index will exceed that of the primary trait 
and yield.

A useful secondary trait should be (1) genetically associated with grain yield 
under the target stress and be genetically variable and more heritable than yield; (2) 
cheap and fast to measure; (3) observed at or before flowering, so that undesirable 
parents are not crossed; and (4) not associated with yield loss under unstressed 
conditions. The value of a secondary trait can be assessed by analyses of correlation 
and heritability, by divergent selection for that trait, by modeling, or by statistical 
procedures based on selection index theory. Using this last approach, Bänziger and 
Lafitte (1997) determined that the use of secondary traits plus yield during selec-
tion for tolerance of maize to low soil N was about 20% more efficient than selec-
tion for yield alone, and this benefit increased as yield levels declined. Needless to 
say, very few secondary traits proposed mainly by nonbreeders have passed these 
tests!
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3.5.7  �Participatory Plant Breeding

Many large centralized breeding programs lack meaningful farmer contact during 
selection, despite advantages of scale, wide area testing, and access to germplasm 
(Morris and Bellon 2004). There is often inadequate farm-level testing, and fre-
quently consumer response to disease reaction, grain texture and color, and ease of 
harvest and shelling are ignored. Differences in maturity, cooking quality, taste, and 
especially in stover quantity and quality can also be overlooked when breeding for 
grain yield (Witcombe 2006). Sometimes ear characteristics are more important 
than yield to farmer families (Louette and Smale 2000). Farmers have a unique 
comparative advantage at some stages in the selection process, and plant breeding 
without adoption of the product by the many small-scale farmers operating in target 
areas is one measure of failure.

The key breeding issue is the stage in product development when farmer input is 
most valuable. Farmer participation in goal setting and determining selection crite-
ria may be adequate during the product development stage, but assessing the suit-
ability of the finished variety as a preliminary to its release should also be a priority. 
During the selection process at researcher-managed locations, it is important to bear 
in mind the effect of the selection environment vs. farmers’ fields. Gains in the 
selection environment must be related to gains in the target on-farm environments 
and rank similarly. Theory developed by Falconer and McKay (1996) shows that 
selection response in farmers’ fields (RFF) is greatest when genetic variance σG

2, 
selection intensity i, heritability in farmers’ fields h2

FF, and the genetic correlation rG 
between selection environment and farmer’s fields are all high, since RFF = σG

2i h2
FFrG 

(Bänziger and Cooper 2001). Heritability and genetic variance for yield generally 
fall as yield levels decline relative to a high-yielding selection environment, since 
error variance relative to genetic variance rises, i.e., GEI between selection and 
target environments becomes important, and gains in farmers’ fields will decline. If 
rG is negative, gains in selection environments will lead to losses in yield in farmers’ 
fields – but fortunately this is seldom the case. There is no substitute for on-farm and 
consumer testing of tropical maize varieties prior to their release, and increasingly 
variety release committees are demanding such data. Harvest field days, and ratings 
of varieties by farmers, both male and female, are an important part of product 
development and delivery (Bänziger et  al. 2000). CIMMYT’s maize product 
advancement process typically includes not only regional on-station trials of prom-
ising pre-commercial hybrids coming out of the breeding pipeline vis-à-vis internal 
genetic gain checks and commercial checks but also extensive regional on-farm 
varietal trials to ascertain the performance of the promising pre-commercial hybrids 
under farmer-managed conditions. This also provides opportunity for the socioeco-
nomic team to assess farmers’ own product as well as their trait preferences. The 
best entries coming out of this rigorous process are then allocated to public/private 
sector partners for varietal registration, scale-up, and delivery in the target 
geographies.

G.O. Edmeades et al.



79

3.6  �Traits

3.6.1  �Determinants of Yield

The primary trait during selection is almost always grain yield, and much of the 
discussion in previous sections pertain directly to selecting for yield. The major 
drivers of grain yield are assimilates generated from radiation captured by a healthy 
and effective canopy and their efficient partitioning to grain. In the absence of any 
stress, grain yield in the tropics varies in proportion to radiation received (Jong et al. 
1982) and is modulated by genetic potential. Increasing temperature speeds devel-
opment and shortens crop duration, but has much less effect on net photosynthesis, 
so high temperatures will generally reduce yield by reducing the time available for 
assimilation (Muchow et al. 1990).

Grain yield (GY) can be defined by the following identity (Edmeades et al. 2000b):

	 GY RAD RI GLD RUE HI= ∗ ∗ ∗ ∗
	 (3.1)

where RAD is the incident radiation received per day; RI, fraction of radiation inter-
cepted over the crop’s life; GLD, green leaf duration; RUE, radiation use efficiency; 
and HI, harvest index. Using typical values, GY = 23MJ/m2∗0.55∗103d∗1.7g/
MJ∗0.45 = 10.0t/ha.

Where water is the limiting production, Passioura (1977) proposed a parallel 
expression: GY = W∗WUE∗HI, where W, water transpired by the crop; WUE, water 
use efficiency; or biomass/unit water transpired (e.g., GY = 445 mm∗50 kg bio-
mass/mm × 0.45 = 10.0 t/ha). A similar identity can be used when N is the limiting 
growth: GY = N uptake × N use efficiency × HI (e.g., GY = 200 kg N uptake∗111 kg bio-
mass/kg/N∗0.45 = 10 t/ha).

From Eq. 3.1, breeders can increase grain yield through the last four variables – 
by ensuring that canopy closure is rapid, by boosting RUE and delaying leaf senes-
cence through adequate nutrition and resistance to foliar disease and insects, and by 
selecting for traits like ASI that maintain a high HI. Grain yield under drought can 
be reduced because of direct effects on stand, leaf area, and RI, from accelerated 
senescence (reduced GLD) and from drought-induced barrenness which in turn 
reduce HI. Drought, and nitrogen deficiency, may also reduce RUE and possibly 
increase WUE, though effects on these are often less important than those on inter-
cepted radiation and harvest index. If it occurs early in the crop life, then the leaf 
area is reduced and ear size declines. If later in the crop’s life cycle, it will induce 
premature leaf senescence.

Grain yield can also be considered the product of its yield components:
GY = plants/m2∗EPP∗GPE∗WPG
where plants/m2

, established stand density; EPP, ears per plant; GPE, grains per 
ear; and WPG, weight per grain (g). Using typical values, GY = [5.5∗1.1∗500∗0.33] 
= 10 t/ha. Although selection affects each component, they are normally negatively 
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correlated. Increases in prolificacy are associated with a reduced ear size. Similarly, 
an increase in kernels per ear can be associated with reduced kernel weight (e.g., 
Uribelarrea et al. 2008) such that yield is little affected.

3.6.2  �Increased Yield Potential

The steady increase in grain yield with selection in all classes of maize has been 
mainly associated with increases in kernels per plant and kernels/m2 and not with 
changes in weight per kernel (Bolanos and Edmeades 1996; Chapman and Edmeades 
1999; Duvick 2005). Changes that have occurred in grain yield with selection in 
temperate maize are summarized in Table 3.5.

Most of the changes in temperate maize were correlated with selection for high 
and stable yields through multilocation testing rather than direct responses to selec-
tion. Thus, when selecting for increased grain yield potential and stability, corre-
lated increases occurred in leaf angle, staygreen (including foliar pathogen and 
insect pest resistance), vigorous silking with minimal delay under stress, and stand-
ability, all at high plant density. It is likely that tropical maize will ultimately mimic 
temperate maize in trait changes under selection, leading to increased partitioning 
to the ear, accelerated by selection for reduced leaf and tassel size, increased kernel 
number/m2, tolerance of high plant density, and staygreen. These traits lead to gen-
eral stress tolerance, i.e., an ability to withstand any stress that acts primarily by 
reducing photosynthesis per plant.

Evidence suggests that prolificacy is not a trait that imparts stress tolerance per se, 
and Echarte and Andrade (2003) concluded that HI was higher in non-prolific vs. 
prolific hybrids. Prolificacy is an opportunistic trait and may have a role in exploiting 
good growing conditions when maize at low plant density is intercropped with 
lower-growing crops. It is also a useful trait when maize is planted at low densities 
in the expectation of severe drought stress, as in semiarid parts of South Africa. Husk 
cover remains a high priority as ear size increases to ensure that infestation by dis-
eases and insects and damage from birds are minimized, and rapid dry down mini-
mizes risks of pest infections or mold building up prior to harvest or in storage.

3.6.3  �Selecting for Abiotic Stress Tolerance

Drought and low N are the most common of these stresses and fortunately the 
responses of the plant to moderate levels of each are similar. In most production 
environments, drought, unlike N stress, occurs unpredictably throughout the season, 
and its variability will likely worsen with global climate change. Spatial variability 
caused by changes in soil texture means that a typical variety will be exposed to 
varying levels of drought or N deficit within the same field. Variation in grain yield 
under both is strongly associated with kernel number per plant, and this is directly 
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Table 3.5  Rates of change in specific morphological and stress-related traits under selection in 
temperate maize, their approximate heritabilities in tropical maize, and relative selection priorities 
(L, low; M, medium; H, high)

Trait Temperate Tropical

Δ/year Comment Refa h2 Priority Comment Refa

Morphology and phenology

Leaf angle scoreb 0.1 Leaves more 
erect

2 H M Erect leaves for 
intercropping, 
high density 
tolerance

1

Tassel weight (g) −0.05 Smaller 
tassels

2 H H Smaller tassels 
give stress 
tolerance, reduce 
shading

7, 25

Plant height (cm) ns Maintained 2 H H Maintain height 
below 2.5 m to 
reduce lodging

8

Time to 50% 
anthesis

ns Maturity 
maintained

2,5 H L Fitted to suit 
cropping system

11

Grain fill duration na Increased 1 ? M Increase; raises 
yield potential 
and HI

22

Husk cover na H H Increase tip cover 
to prevent 
pathogen/pest 
invasion

23

Grain dry down 
rate

na ? M Increase; reduces 
drying time in 
field and pest 
risks

22

Leaf area na Less gives 
density 
tolerance

6 M M Reduce leaf size 
to increase 
optimum plant 
density

7

Productivity of grain and biomass

GY at opt density 
(kg/ha)

90 Yield 
increased

1 M H Yield potential 
and density 
tolerance 
increased

7,8

Staygreen scoreb 0.12 Senescence is 
delayed

4 L H Increase; need 
smaller leaves 
that live longer

11

Kernel weight 
(mg)

0.7 Increased 2 M-H L Maintained or 
increased

11,21

Prolificacy 0.002 Barrenness 
decreased

2 M L Increase for 
intercropping 
systems and yield 
stability

15, 16

(continued)
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Table 3.5  (continued)

Trait Temperate Tropical

Δ/year Comment Refa h2 Priority Comment Refa

HI, unstressed (%) 0.1 Slight 
increase

2 M-H H Increase except 
where value of 
stover is high

8,17,19

Photosynthesis, no 
stress

ns Unchanged 3 ? L Increase and 
stabilize across 
stresses

20

Stress tolerance – abiotic

GY, irrigated 
control

196 High-yield 
environment

5 M M Maintain or 
increase yield 
potential

9,10

GY, flowering 
drought (kg/ha)

120 60% of 
irrigated gain

5 M-L H Increase; 
decrease aborted 
ears and kernels

9,10

GY, grain filling 
drought, kg/ha

50 25% of 
irrigated gain

5 L M-H Increase; 
concurrent with 
improved 
staygreen

9,10

ASI, drought (°Cd) −2.6 Synchrony 
improved

5 M H Decrease; 
improve floral 
synchrony, kernel 
set

11, 25

Ears per plant 0.002 Less 
barrenness

2 M-L H Increase; reduce 
barrenness under 
stress

11, 25

Kernels per ear 1.6 More under 
drought

5 M M Increase; reduce 
kernel abortion 
under stress

11, 25

Lodging (%) −0.9 Stands better 2 L H Increase stalk and 
root strength

8, 24

Leaf rolling scoreb 0.035 Rolls more 
readily

4 H L Limited 
importance under 
drought; sheds 
radiation

11

Heat tolerance Improved 1,3 ? H Increase at 
flowering

12,14

Grain protein (%) −0.03 Less protein, 
more starch

2 ? M Maintain or 
increase under 
low soil N

18

See footnotes for sources. Modified from Fischer et al. (2014)
aSources: 1, Duvick (2005); 2, Duvick (1997); 3, Tollenaar and Lee (2011); 4, Barker et al. (2005); 
5, Campos et al. (2006); 6, Lambert et al. (2014); 7, Fischer et al. (1987); 8, Johnson et al. (1986); 
9, Edmeades et al. (1999); 10, Bolaños and Edmeades (1993); 11, Bolaños and Edmeades (1996); 
12, Cairns et al. (2012); 13, Zaidi and Singh (2005); 14, Cairns et al. (2013); 15, Motto and Moll 
(1983); 16, de Leon and Coors (2002); 17, Worku and Zelleke (2007); 18, Lafitte et al. (1997); 19, 
Echarte and Andrade (2003); 20, Echarte et al. (2008); 21, Campos et al. (2004); 22, Cross (1975); 
23, Demissie et al. (2008); 24, Pandey and Gardner (1992); and 25, Chapman and Edmeades (1999)
bScores are from 1 (least desirable) to 9 (most desirable)
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affected by stress that occurs 10–14 days either side of anthesis. ASI is a morpho-
physiological trait that can be used to predict kernel set, barrenness, and grain yield 
under stresses (Chapman and Edmeades 1999), including those associated with 
high plant density (Dow et al. 1984). The correlation between ASI and grain yield 
(GY) under stress at flowering is often −0.4 to −0.7 (Bolaños and Edmeades 1996). 
This association of grain yield with ASI has been observed in landraces, popula-
tions, lines, and even elite Corn Belt hybrids and reflects rate of growth of ovules 
and hence of silks (Fig. 3.4).

Having ears and tassels develop synchronously has stabilized kernel set under 
stress and lifted HI (Chapman and Edmeades 1999). A reduction in the size of tropi-
cal tassels would reduce shading and competition during ear growth, but how far 
can it be taken? In three tropical populations, recurrent selection reduced tassel 
branch number by 7–9% per cycle, and over six cycles tassel biomass declined from 
7.1% to 5.5% of shoot biomass at 50% silking. Tassel weight fell from 9.3% to 
5.4  g/plant for the population Tuxpeño, and concomitantly optimum density 
increased by 16% and yield by 13% (Fischer et al. 1987). Although comparisons of 
tassel weight are complicated by pollen shed and senescence, tassel weight in tem-
perate maize declined from 5 g/plant in 1933 to 2 g/plant in 1993 as a result of 
selection for higher yields (Duvick and Cassman 1999). Reduced tassel size, if 
accompanied by decreased ASI, should not jeopardize kernel set because of reduced 
pollen supply in modern stress-tolerant tropical hybrids. Selection for reduced tas-
sel size continues to be a useful route to higher yields and improved density toler-
ance in tropical maize.

Unlike grain yield, secondary traits such as ASI, barrenness, and staygreen scores 
have stable or even increasing heritabilities as drought stress at flowering intensi-
fies, and when combined with yield in a selection index, they improve the heritabil-
ity of that index. Indices such as these were applied to several maize populations as 
proof of concept and to a single population selected under low N (Lafitte and 
Edmeades 1994). Selection outcomes for drought in tropical populations (Table 3.6) 
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Fig. 3.4  (a) ASI vs. ear biomass per spikelet at 50% anthesis in a tropical population grown at 
high plant density in Mexico; (b) grain yield vs. ASI in 126 elite temperate hybrids under either 
severe drought at flowering or no stress, Woodland, CA (Edmeades et al. 1993; Edmeades 2008)
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indicate significant gains also under low N, first reported by Bänziger et al. (1999). 
Tolerances to these two stresses are related – through the common mechanisms of 
partitioning to the ear under stress and through staygreen. It is not until N deficiency 
becomes very severe with yields reduced by >65% that N-specific traits become 
important, and the genetic correlation between yield under drought and low N 
decreases to non-significance. As previously noted, gene action for drought toler-
ance is generally additive, while tolerance to low N has a greater dominance com-
ponent (Betrán et  al. 2003a; Makumbi et  al. 2011). Inbred line performance is 
therefore a better guide to hybrid performance under low N than under drought 
(Makumbi et  al. 2011) with the line/hybrid correlation under low N sometimes 
reaching 0.65 (Zaidi et al. 2003b).

A useful manual (Bänziger et al. 2000) outlined practical steps to manage stress 
levels and improve precision of trials conducted under drought or low N. These 
methodologies have been refined and updated recently for several abiotic stresses 
(e.g., for drought tolerance, see Zaman-Allah et al. 2016). Improved phenotyping 
methods have been augmented with modern molecular selection tools (Semagn 
et al. 2014; Beyene et al. 2015, 2016) and with more precise phenotyping methods 
that rely on uniform field conditions and remote sensing (Lu et al. 2011; Masuka 
et al. 2012; Araus and Cairns 2013; Trachsel et al. 2016).

Temperatures during the main cropping season are predicted to increase in most 
tropical maize-growing areas (Jones and Thornton 2003). The change is predicted 
to be greatest in night temperatures and accompanied by increased vapor pressure 
deficits. The development of fertile pollen and silks, and therefore kernel set, is 
threatened by temperatures >38–40 °C (Schoper et al. 1987; Westgate and Bassetti 
1990; Cicchino et al. 2010). Heat tolerance is often associated with drought toler-
ance, but recent reports indicate they are largely independent traits (Cairns et al. 
2012). Edreira et al. (2011) observed that temperate hybrids were more susceptible 

Table 3.6  Selection gains in six tropical maize populations

Population Cycles selected

Yield ASI SS Ears/plant
SS WW Low N SS SS
kg/ha/cycle d/cycle no./cycle

La Posta Sequía 3 229** 53 ns 233** −1.2** 0.07**
Pool 26 Sequía 3 288** 177** 207** −1.5** 0.08**
Tuxpeño Sequía 8 80** 38** 86** −0.4** 0.02**
Pool 18 Sequía 2 146** 126** 190** −2.1** 0.05**
DTP1 6 160* 80 ns 210* −0.6** 0.03**
DTP2 9 80* 120 ns 60 ns −0.3** 0.01*
Mean gain 164 99 164 −1.0 0.04

Sources: Edmeades (2012), Monneveux et al. (2006)
Four were evaluated at three to eight drought sites and two low N sites, and two (DTP1, DTP2) 
were evaluated at one low N, one severe stress, or one well-watered location. Yields relative to 
unstressed levels were 30% under drought stress (SS) and 59% under low N
Symbols *, **, and ns signify significant rate of change per selection cycle at P < 0.01, P < 0.05, 
or P > 0.05, respectively
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than tropical hybrids to heat stress at flowering and noted that this stress delayed 
anthesis and in so doing shortened ASI. If selection environments include hot dry 
summers typical of Mediterranean climates, then the two traits can be improved 
simultaneously. Global warming predictions indicate both traits will be increasingly 
important in the future (Lobell et  al. 2011a). Conversely, cold tolerance may be 
required as maize continues its progress as a winter crop in the Indian subcontinent 
(Zaidi et al. 2010a), as well as heat tolerance to cope with very high pre-monsoon 
temperatures after flowering. Although considerable genetic variation for cold toler-
ance exists in highland germplasm (Eagles and Lothrop 1994), it is not a global 
priority trait for tropical maize.

Acid soils are relatively common in the tropics, usually where rainfall is high and 
soils are weathered and leached, or they are associated with specific parent material. 
Recent assessments of progress are very promising (Pandey et al. 2007). Under pH 
4.7, and Al3+ saturation of 60%, yields of OPVs in 1993 were around 3 t/ha but had 
increased to 9 t/ha in hybrids by 2008.

Waterlogging tolerance is of greatest value in low-lying and poorly drained 
areas such as the Indo-Gangetic Plain of India and where maize is cultivated in rice 
paddies in Southeast Asia and Brazil. Here heavy monsoon rains or typhoons 
frequently leave summer crops with their roots underwater – something that is often 
fatal for maize. Waterlogged plants wilt as if droughted, and symptoms are exacer-
bated under bright sunlight. The ability to maintain chlorophyll and a short ASI and 
the formation of aerenchyma and brace roots under anaerobic soil conditions are 
adaptive responses associated with grain yield in waterlogged conditions. Gene 
action is mainly additive and good progress can be expected from recurrent selec-
tion (Zaidi et al. 2010b).

3.6.4  �Biotic Stresses

An assessment of the major diseases and insect pests of tropical maize (Table 3.7) 
shows that priority diseases are maize lethal necrosis (MLN), maize streak virus 
(MSV), turcicum leaf blight (TLB), gray leaf spot (GLS), and ear rots in Africa; 
post-flowering stalk rots, downy mildew, banded leaf and sheath blight (BLSB), and 
Fusarium and Diplodia ear rots in Asia; and tar spot complex, TLB, and GLS in 
Latin America. The customary approach to breeding for resistance is to expose seg-
regating progenies or inbred lines to each disease in “hotspots” where they occur 
naturally and repeatedly at a high level. Here we focus on MLN because it is rela-
tively new to sub-Saharan Africa and seriously threatens maize production and pro-
ductivity in the continent.

Maize lethal necrosis (MLN) occurs when maize is coinfected with two viruses, 
maize cholorotic mottle virus (MCMV) and a potyvirus, most frequently the sugar-
cane mosaic virus (SCMV). SCMV has been present in Africa for perhaps 50 years, 
but MCMV is much more recent and is more dangerous of the two (Mahuku et al. 
2015). The MLN disease is spread by seed contamination and was first reported in 
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Table 3.7  Major tropical maize diseases and insect pests, their areas of importance, and their 
breeding priority (L, low; M, medium; H, high)

Scientific name Common name
Area of importance 
in tropicsa Priority Refb

Diseases
Exserohilum turcicum Turcicum leaf blight ST and HL globally H 1,3,4
Bipolaris maydis Maydis leaf blight LT and ST globally M 1,8
Puccinia sorghi Common rust ST and HL globally M 1,3
Cercospora zeae-maydis Gray leaf spot ST of E, S. Africa H 1,3,4
Sphacelotheca reiliana Head smut ST in hot dry areas M 3
Phaeosphaeria maydis Phaeosphaeria ST of the Americas M 1,3
Maize streak virus Streak LT, ST of SS Africa H 2,3
Maize lethal necrosis MLN ST of East Africa H 2,9
Peronosclerospora spp. Downy mildew spp. LT Asia and Africa H 1
Phyllachora maydis and 
Monographella maydis

Tar spot complex LT Central America M 1,4

Rhizoctonia solani f. sp. 
sasakii

Banded leaf and 
sheath blight (BLSB)

LT, ST of South Asia H 1

Fusarium moniliforme Ear and stalk rots LT and ST globally H 1,3,4
Stenocarpella maydis Diplodia ear and stalk 

rot
ST and cool areas M 1,3

Aspergillus flavus Ear rot, aflatoxins ST and dry areas H 1,4
Insects
Spodoptera frugiperda Fall armyworm LT, ST in Americas M 7,12
Diatraea saccharalis Sugarcane borer LT, ST in Americas M 7,12
Ostrinia furnacalis Asian maize borer LT, ST of Asia M 7,12
Chilo partellus Spotted stem borer LT, ST Africa, 

S. Asia
H 1

Busseola fusca African maize stem 
borer

ST of S. and 
E. Africa

H 7,12

Sesamia calamistis African pink borer LT of Africa M 1,12
Heliothis zea Corn earworm ST, HL globally M 7,12
Sitophilus zeamais Grain weevil Global M 6,10
Prostephanus truncatus Larger grain borer 

(LGB)
C. America, Africa H 5

Parasites
Striga hermonthica Striga Sub-Saharan Africa H 11, 13

See footnotes for sources
aLT lowland tropics, ST subtropical areas, HL highland tropics
b1, Zaidi and Singh (2005); 2, Semagn et al. (2014); 3, Vivek et al. (2010); 4, Cairns et al. (2012); 
5, Kumar (2002); 6, Abebe et al. (2009); 7, Ortega (1987); 8, CIMMYT (2004); 9, Mahuku et al. 
(2015); 10, Demissie et al. (2008); 11, Makumbi et al. (2015); 12, Mihm (1997); and 13, Ejeta and 
Gressel (2007)
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the Rift Valley of Kenya in 2011 (Wangai et al. 2012) and since then has caused 
considerable losses to maize production in several countries in eastern Africa, 
including Kenya, Ethiopia, Rwanda, Tanzania, and Uganda. Though thrips and leaf 
beetles (MCMV) and aphids (SCMV and other potyviruses) are the principal vec-
tors, infection via soil contamination, especially with MCMV in debris in the soil, 
also appears possible.

An early infection of MLN at the seedling stage results in necrosis and death and 
zero grain yield. Infection later in crop development also results in leaf death but 
some grain may form. Based on survey data, de Groote (2016) estimated annual 
yield losses to MLN in Kenya of up to 90% in infected areas and grain losses coun-
trywide at 500,000 tons worth US $180 million. Incidence varies markedly by sea-
son and location with more than 50% of farmers affected in Western Kenya. With 
external donor support, CIMMYT together with KALRO established an MLN 
screening facility at Naivasha, Kenya, in 2013. The facility enables screening of the 
elite lines and hybrids from African public and private institutions under artificial 
infection. All older commercial cultivars are susceptible to varying degrees. Through 
intensive screening of >75,000 germplasm entries, CIMMYT identified sources of 
tolerance/resistance to MLN as well as to MCMV. Five MLN-tolerant hybrids have 
been released, and seed is being scaled-up or commercialized by seed companies in 
Kenya, Tanzania, and Uganda. A further 22 MLN-tolerant/MLN-resistant hybrids 
were tested in National Performance Trials (NPTs) in East Africa in 2016 (Prasanna 
2016). CIMMYT has also made significant progress in identification, validation, 
and deployment of molecular markers for resistance to MLN, though genetic stud-
ies have shown that resistance to MLN is controlled by multiple loci with relatively 
small effects (Gowda et  al. 2015). Pyramiding sources of MLN resistance using 
molecular markers to minimize linkage drag is a high priority, and around 50 widely 
used CIMMYT lines are presently being converted to MLN-tolerant versions using 
marker-assisted backcrossing. The current outbreak of MLN may cost 5 years of 
genetic progress for yield and other traits, while sources of MLN tolerance/resis-
tance are identified and introgressed – a price worth paying to avoid a pandemic.

CIMMYT is presently focusing on developing breeder-ready markers for 
improving specific disease resistance traits. A recent example is MSV, a major dis-
ease affecting maize productivity in several African countries. Nair et  al. (2015) 
fine-mapped, identified, and validated a set of SNP markers for a major QTL for 
MSV resistance (msv1). The validated MSV resistance haplotype is now used in 
forward breeding imparting MSV resistance to elite inbred lines with tolerance to 
drought, heat, or MLN and for deriving improved biotic and abiotic stress-tolerant 
lines. Production of SNP markers is also currently being developed by CIMMYT 
for resistance to other key diseases, especially TSC, TLB, and GLS and for improved 
nutritional characteristics.

Insects  Maize insect pests are ubiquitous and cause considerable losses. The most 
serious (Table 3.7) are the stem borers of Asia and Africa that often consume foliage 
and damage ears as well as cause extensive stalk breakage. The larger grain borer of 
Central America and more recently of Africa continues to cause extensive loss to 
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inadequately stored grain. Since natural infection is spatially variable, the infestation 
with artificially reared larvae of the target insect is an important step to developing 
host plant resistance (see Mihm 1997). While there is genetic variation in resistance 
to all of these insects, there is no naturally occurring immunity. Commercial maize 
transgenic events have been successfully deployed to control lepidopteran pests in 
maize grown in South Africa, Argentina, Paraguay, Brazil, and the Philippines. 
There is, however, no equivalent transgene that can effectively control storage 
insects.

Striga  The parasitic weed Striga hermonthica represents a special type of biotic 
stress. It produces about 40,000 tiny seeds per plant, and each year a fraction germi-
nate and infect roots of hosts such as maize and sorghum. Symptoms of infection 
include stunting, wilting, loss of chlorophyll, and in some cases complete loss of 
developing ears, especially where soil N levels are low. It affects much of the 
savanna zone of West Africa and the middle altitudes of East Africa (Ejita and 
Gressel 2007). No immune sources of maize have been identified. Lane et al. (1997) 
reported that some plants in a wild progenitor of maize, Zea diploperennis, restricted 
parasite penetration of its roots and impaired the development and survival of Striga. 
IITA scientists developed Striga-tolerant inbred lines and hybrids using this natural 
genetic resistance from teosinte (Amusan et al. 2008) and have deployed it through 
commercial varieties that combine drought and Striga tolerance in West Africa 
(Badu-Apraku 2010; Badu-Apraku and Fakorede 2013). The deployment of 
imidazolinone-resistant maize hybrids whose seed is coated with imazapyr herbi-
cide prior to planting provides good protection from Striga (Kanampiu et al. 2007). 
This naturally occurring gene has been incorporated into commercial varieties/
hybrids in East Africa (Makumbi et al. 2015).

3.6.5  �Grain Nutritional Quality

3.6.5.1  �Provitamin A-Enriched Maize

Several countries in sub-Saharan Africa and Central America grow white maize, a 
consumption of which could result in a relatively high level of vitamin A deficiency, 
especially among those who treat it as a staple food. Also, most yellow maize grown 
and consumed throughout the world has only 2 μg/g or less of provitamin A carot-
enoids. CIMMYT has been successful in developing an array of provitamin 
A-enriched maize germplasm. Under the HarvestPlus-Maize Program, where the 
primary target is improving provitamin A concentration in the endosperm, consider-
able progress has been achieved to date at CIMMYT and IITA on developing provi-
tamin A-enriched maize germplasm, in active collaboration with several institutions/
universities worldwide (Prasanna et al. 2014). The first-generation provitamin A-
enriched hybrids developed by CIMMYT have about 6–9 μg/g of provitamin A; 
three of such hybrids have been released in 2012 in Zambia. Eight second-generation 
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provitamin A-enriched maize hybrids (with >10 μg/g of provitamin A) have been 
released in 2015 in Zambia, Zimbabwe, and Nigeria. A clinical trial conducted on 
140 children in Zambia demonstrated that high provitamin A (17–24 μg/g) orange 
maize grain was as effective as vitamin A supplementation in correcting deficiency 
(Gannon et al. 2014).

3.6.6  �Trait × Management Interactions

The history of temperate maize improvement is characterized by positive trait × crop 
management interactions that have led to steady increases in productivity at the 
farm level (Fischer et al. 2014). Increasing tolerance to high plant densities was 
accompanied by a doubling of planting density over the past 70 years in the USA 
and a concomitant rise in the optimum density for grain yield. Improved drought 
tolerance in temperate maize hybrids allowed them to withstand drought far better 
in the 2012 US drought than during a drought of comparable severity in 1988 
(Boyer et al. 2013). Similar interactions have been exploited in tropical maize, but 
to a lesser degree. Excellent progress has been made in improving drought toler-
ance in tropical germplasm (Edmeades et al. 1999; Bänziger et al. 2006; Semagn 
et  al. 2014). More than 230 drought-tolerant varieties and hybrids have been 
released in sub-Saharan Africa over the last 10 years and in 2016 are being grown 
by more than five million farm families on more than two million hectares. These 
new cultivars have stabilized and increased yields in some countries, such as 
Ethiopia (Abate et al. 2015). However, increased tolerance to high plant densities 
has not been fully exploited in tropical germplasm to date since most cultivars are 
being developed and evaluated under densities of 40–70,000 plants/ha – a density 
that has not changed in the last 40 years. A notable exception is in the northwest of 
Mexico where maize is planted up to 120,000 plants/ha in irrigated areas. While 
lower densities can be justified because intercropping is practiced in some maize 
fields in the tropical world, plant density should be considered a selection tool for 
increasing abiotic stress tolerance and improving resistance to barrenness and 
lodging.

Harvest index remains stubbornly low in tropical hybrids at around 0.42 (Zaidi 
et al. 2003a). In some areas such as the Indian subcontinent and East Africa, the 
value of stover may approach that of grain, and for these areas, a lower HI may 
result in better retention of nutrients in stover, thereby increasing its market value. 
There is considerable genetic variation for stover quality and production in modern 
tropical genotypes, and it is possible to combine high grain yield with excellent 
in vitro digestibility of stover (Zaidi et al. 2013). However, low HI may also reflect 
reduced sink strength by the ear, which may be associated with reduced biomass 
production. There is still considerable room for improvement in HI in tropical maize 
germplasm.
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3.7  �Field Trials and Phenotyping

3.7.1  �Multilocation Testing vs. Managed Stress Environments

Multilocation testing (MLT) of progenies and especially of advanced selections has 
a proven track record in maize, as attested by the steady improvements in yield and 
in stress tolerance in temperate germplasm developed using this testing method 
(Duvick 2005; Cooper et al. 2014). Because successful varieties and hybrids rely on 
an integrated array of traits giving rise to stable and high yield, MLTs will continue 
to play a critically important role in their identification. Evaluation in a randomly 
selected subsample of the target population of environments (TPEs) has gradually 
increased allele frequencies for stress tolerance and identified a number of geno-
types with tolerance to drought (Campos et al. 2006), high density, and unidentified 
stresses that have led to increased plant-to-plant uniformity (Edmeades 2012). TPEs 
within megaenvironments defined by G × E interaction (GEI) patterns are often 
identified by geography (e.g., Löffler et al. 2005; Cairns et al. 2012), but can also be 
identified by yield level within a geography. Weber et al. (2012) and Windhausen 
et al. (2012) noted that GEI for yield could be reduced by subdividing test sites in 
eastern and southern Africa into low- (<3  t/ha) vs. high-yielding environments, 
rather than by dividing them geographically into eastern vs. southern Africa. Data 
from test sites do not need to be treated equally – the incidence of known stresses at 
specific sites within the MLT system can be used to weight results from those loca-
tions more heavily than those from other test sites (Löffler et al. 2005).

The success of the MLT approach is unchallenged, but the use of randomly 
selected test locations is a costly approach, in part because common stresses such as 
drought are spatially variable and stochastic in nature. The use of well-characterized 
managed stress environments (MSEs) for traits such as drought allows the stress 
intensity and timing to be repeatable from year to year and easily measured. In addi-
tion, the development of MSEs for acid soils, low N, and Striga increases the spatial 
uniformity within screening trials. For example, most tropical maize breeders now 
opt for a proportion of MSEs that represent the intensity and timing of an important 
type of drought stress in that TPE. These are usually rain-free, irrigated locations 
that allow stringent control of the nature, timing, and intensity of water stress. Low 
N MSEs where the soil N level is reduced by cutting and removal of crop residues 
now play an important part in regional testing networks in sub-Saharan Africa and 
South Asia. It is important that MSEs maintain a significant positive genetic correla-
tion for yield with the TPE (Cooper et al. 2014), something that low N sites used 
during the normal crop season in Africa that appear to do better than drought screens 
conducted in the dry season (Weber et al. 2012).

Theory for assessing gains in the target environment from MSEs conducted in a 
winter dry environment or in a managed “hotspot” indicates that gains are greatest 
when genetic variance σG

2, heritability in the MSE, and the genetic correlation 
between the MSE and the TPE are all high. Managed stress normally ensures that 
heritability and genetic variance for the trait are maximized, and data from MSEs 
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can be weighted more heavily during selection than data from randomly stressed 
sites. Comparisons of a drought MSE vs. the TPE for a tropical population (Byrne 
et al. 1995) suggest that about 80% of gains in yield under drought observed in the 
MSE were also observed in the TPE. The combination of screening in MSEs with 
testing via MLTs in the target environment provides an important insurance against 
bias arising from excessive dependence on MSEs that are consistently conducted 
out of season. The judicious use of this combination of test sites has reduced testing 
costs and resulted in improved performance under drought (Bänziger et al. 2006).

3.7.2  �Designs and Plot Management

As stress levels rise in field experiments, underlying spatial variability in soil texture 
and depth that affects plant-available water or N becomes apparent. This produces 
visible spatial variation in stress symptoms and a pattern of correlations among plot 
residuals. During screening, numbers of genotypes under test often range from 150 
to 1000, so block sizes (replications) are large. Obvious trends in soil texture, his-
torical fertility, and weed populations should be anticipated when trials are laid out. 
Replications properly located across such gradients can partially remove the effects 
of trends during analysis. While there is no complete substitute for soil of uniform 
depth and texture or uniform incidence of the pest of interest, row-column designs 
and suitable incomplete block designs (e.g., alpha (0,1) lattice designs) help to 
block and account for variation that occurs within large replications (Barker et al. 
2005; Brown et al. 2014; Cooper et al. 2014). Bordering requirements when testing 
genotypes of different height also imply that single-row plots should be avoided, 
though seed and land supplies often dictate that the larger numbers of entries that 
can be screened in single-row plots can result in an overall increase in gain. Smaller 
plots may also result in less exposure of replicates to large-scale soil variation and 
therefore increase the precision of experiments conducted under severe stress 
(Bänziger et al. 1995).

A good plot practice is essential so that heritabilities are maximized (Bänziger 
et al. 2000). Great care should be exercised when planting trials under abiotic stress 
to avoid missing hills and plots, since the absence of complete competition increases 
the availability of radiation, water, and N to adjacent plots as well. For the same 
reasons, bordering increases in importance as stress levels rise, and end plants near 
wide alleys should be discarded from each plot because increased access to inputs 
may render them virtually unstressed. Mechanization of planting, side-dressing, and 
harvesting generally reduces error and contributes to increased heritabilities, while 
allowing a significant expansion in the numbers of genotypes than can be screened 
or tested. Mechanical shelling in the field also allows indirect pressure for increased 
shelling percentage as a component of increased HI. When screening for drought, it 
is important to stratify entries by flowering date where possible, since water stress 
increases with time at this sensitive growth stage, and differentially penalizes later 
flowering entries. Heritabilities are higher in trials of homozygous vs. segregating 
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genotypes, but inbred lines are more difficult to manage (Bolaños and Edmeades 
1996). Finally, the severity of stress imposed is important. If grain yields fall to 
<15% of unstressed levels, the heritability for yield falls and secondary traits 
become erratic. On the other hand, if stress levels are insufficient, then the genetic 
correlations between stress and unstressed are high, and little new information is 
obtained. In general, the target yield reduction should be around 50% of potential, 
and two stress levels are often used to bracket this goal and ensure that the appropri-
ate level of stress is obtained in at least one of them. It is always wise to include an 
unstressed repetition of the trial so that changes in yield potential can be monitored 
during selection. The use of drip irrigation techniques and the judicious use of N 
additions or lime can be used to modify the severity and uniformity of specific 
stresses more accurately (Bänziger et al. 2000). A very effective tool to enhance the 
quality of data gathered under drought or any other source of stress is the use of 
mixed models to analyze data, since they represent a cost-effective way to reduce 
the impact of soil and experimental heterogeneity on field data and to increase the 
genetic gain to environmental noise ratio, in other words heritability, and therefore 
expected genetic gains.

3.7.3  �High-Throughput Phenotyping

Advances in genotyping have led to dramatic reductions in cost per data point, but 
this has not been matched by a corresponding decline in the cost of phenotypic data 
until recently when remote sensing of traits has been deployed. The traditional 
emphasis on collection of quality data from field trials remains as important as ever 
for traits such as grain yield and yield components, dates of 50% silking and anthe-
sis, biomass, plant height, staygreen and leaf rolling scores, and disease and insect 
scores. To reduce error rate from transcription errors, plots should be identified by 
weather proof bar-coded tags, and data should be collected directly on a handheld 
tablet that reads the bar code to identify the plot. This electronic data record should 
allow for notes and comments against plot numbers as well as numerical data and 
scores, but if not then these should be recorded in a field book that includes maps, 
instructions, randomizations, etc.

Remote-sensed data is increasingly important when phenotyping, is nondestruc-
tive, and can be repeated as often as necessary. In its simplest form, it involves the 
use of handheld sensors such as infrared thermometers, digital cameras, and 
GreenSeeker® sensors (Cairns et al. 2012). In recent years, there has been a sharp 
increase in the use of unmanned aerial vehicles such as tethered balloons, regular 
aircraft, and recently miniature helicopter and fixed-wing drones fitted with multi-
spectral cameras (Araus and Cairns 2013). These new methods of hyperspectral 
analyses are both fast and cheap to use and take readings over a short interval under 
stable atmospheric and crop conditions (Zaman-Allah et  al. 2015), and repeated 
passes 5–15 days apart provide an understanding of how traits change over time.
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Remote sensing methods can be divided into those depending on spectral 
reflectance (e.g., SPAD, NDVI), digital imagery (e.g., leaf color and leaf area), and 
thermal imagery (e.g., canopy temperature) (Masuka et al. 2012; Zaman-Allah et al. 
2015; Vergara-Diaz et al. 2016). Good relationships between grain yield, biomass, 
and NDVI have been reported for maize (Lu et al. 2011; Cairns et al. 2012; Trachsel 
et al. 2016). Other traits include ear imagery to estimate yield components and silk 
number per ear and measurements of plant height and flowering date. The rapid rise 
in the number, utility, and cost-effectiveness of drones equipped with standard digi-
tal cameras will certainly multiply options for using red/green/blue (RGB) wave-
length ratios in the near future (e.g., Vergara-Diaz et al. 2016). Although the rate of 
data collection is very high using remote sensing, images are typically data dense. 
The processing of these in real time is computationally demanding but is needed to 
generate a representative value that differentiates among genotypes and can be used 
for selection. There is an extensive effort underway to determine what additional 
vegetation indices can be obtained from remote sensing of segregating progenies in 
small plots and what these indices can contribute to selection. Near-infrared (NIR) 
analysis can also be used to detect concentrations of specific metabolites in tissues, 
in some cases nondestructively (Araus and Cairns 2013).

3.7.4  �Data Management

Data processing can become a bottleneck in breeding. For many maize breeders 
from smaller institutions, the easiest software to access is the Breeding Management 
System (BMS), formerly known as the Integrated Breeding Platform (https://www.
integratedbreeding.net/breeding-management-system). The IBP was developed by 
the Generation Challenge Program of the CGIAR for a diverse array of tropical 
crops. It has now evolved into the BMS supported by the Bill and Melinda Gates 
Foundation as a stand-alone software suite that currently can be downloaded free of 
charge. BMS is automatically linked to the GENSTAT® suite of analysis programs 
and has dedicated cloud computing or stand-alone options for database manage-
ment. BMS is being adopted by a number of leading public sector breeding pro-
grams. The suite of programs comprising this package is well suited to MLT data 
analysis and MAS as well. The BMS offers to many national breeders the real pros-
pect that MAS (including marker-assisted backcrossing) can be implemented in real 
time in NARS’ breeding programs. It also includes information on how to outsource 
genotyping, something that makes real-time MAS possible for many programs.

It is important to emphasize the importance of database management and archi-
val of annotated results in a machine-readable and easily accessible form in maize 
breeding programs that are committed to long-term crop improvement. Such data-
bases facilitate any study of genetic gain vs. time, allow head-to-head comparisons 
of hybrids over time and space, and allow meta-analysis of large, diverse, and often 
unbalanced datasets.
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3.8  �Applied Biotechnology

The broad goals of biotechnology in crop improvement relate to discovery and loca-
tion of new and useful genetic variation and to an accelerated rate of genetic gain. 
For a general overview of DNA technologies and molecular marker types, see 
Brown et al. (2014).

3.8.1  �Association Mapping

A common means of gene discovery is through genome-wide association study 
(GWAS). GWAS or association mapping through analysis of linkage disequilib-
rium is a powerful tool for dissecting complex traits and identification of potential 
favorable alleles that can contribute to the enhancement of target traits. Association 
mapping can establish marker-trait associations in panels of inbreds. Typically, it 
is applied to association mapping panels that consist of several hundred diverse 
homozygous lines. Random association between alleles is reduced by genetic link-
age, creating disequilibrium. Heavily selected temperate inbreds show a high level 
of LD (many alleles linked in blocks of ~100 kb and moving as a unit during selec-
tion), whereas tropical maize shows a rapid decay of LD (2–5 kb) because of its 
long history of recombination as OPVs and relatively recent history of selection. 
Lines are generally genotyped with several thousand SNP markers, though increas-
ingly >500,000 polymorphic SNPs are being generated through genotyping-by-
sequencing methods and utilized in association and selection studies. GWAS 
generally has low statistical power for associating rare alleles with phenotypic dif-
ferences (Yan et al. 2011). The outcome from GWAS is a series of precisely defined 
genomic regions associated with the trait of interest that can be linked to candidate 
genes identified through resequencing those regions. This can be used to develop 
simple PCR gene-based markers for marker-assisted selection (MAS). While 
GWAS studies have been useful at identifying regions of interest across diverse 
genetic backgrounds, outcomes of these studies have produced relatively few use-
ful candidate genes or regions for subsequent use in MAS.  Bernardo (2008) 
observed that GWAS involving poorly adapted genotypes has provided relatively 
little useful information for breeders. This is in part because of false positives aris-
ing from existing relationships among lines in the study and because of the very 
considerable challenges of accurately phenotyping a diverse set of lines in any 
single environment. Yan et al. (2011) noted that increasing the numbers of geno-
types has a much greater effect on the efficiency of GWAS than increases in marker 
density. GWAS leads are usually validated by analysis of biparental mapping 
populations.
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3.8.2  �Accelerating Genetic Gain Through Marker-Assisted 
Selection

Gene-phenotype associations form the basis of MAS. These are normally estab-
lished through careful phenotyping and genotyping with molecular markers of a 
segregating F2:3 population or a set of recombinant inbred lines (RILs) from a bipa-
rental cross. Relatively few QTLs have been used in MAS, in part because their 
phenotypic effects are dependent on the genetic background of the lines in the study 
and may interact with the environment (e.g., Jiang et al. 1999). Furthermore, some 
are associated with minor genetic effects, and the cost of the technology exceeds the 
benefits from added genetic gain. A problem occasionally still arises from false 
positives because too few genotypes were involved in the study (Beavis 1994). A 
further logistical issue has been a failure in some programs to have genotypic data 
available at the time selection decisions are made. If selection decisions are delayed 
by one crop cycle, most of the benefits in MAS are lost (Bernardo 2008).

Despite these challenges, a number of tropical maize programs such as 
CIMMYT’s are using production SNP markers to ensure that specific regions asso-
ciated with disease resistance or grain quality are present in selected lines, as previ-
ously noted (Prasanna et al. 2014). Marker-assisted backcrossing (MABC) is also 
widely used in the transfer of these traits and is routine in commercial companies in 
the transfer of key QTL and transgenes to elite inbred lines. QTLs are increasingly 
being identified that function in a range of genetic backgrounds. Recently a meta-
QTL analysis across three tropical maize biparental populations (RILs) showed six 
constitutive genomic regions associated with drought tolerance (Almeida et  al. 
2014) and identified an 8 Mb region delimited in 3.06 that harbored most of the 
morphophysiological traits associated with improved performance under drought.

Marker-assisted recurrent selection (MARS) has been used on a wider scale to 
accelerate breeding (see Sect. 7.5) in large commercial breeding programs in the 
USA (Crosbie et al. 2006; Edgerton 2009). In brief, MARS functions by establish-
ing gene-phenotype associations among F3 progeny topcrosses of a biparental cross 
and uses these to guide selections for three additional selection cycles. It is a scheme 
that is heavy on phenotyping and functions by identifying those QTLs with signifi-
cant effects on the trait of interest. Although gains from MARS can be double those 
of conventional selection (Eathington et al. 2007; Beyene et al. 2015, 2016), in prac-
tice it has been a resource-intensive process involving progenies of biparental, but 
in some cases multiparental, crosses, which in retrospect, were not always the best 
choices. For these reasons, and the development of genotyping-by-sequencing 
methods producing up to a million SNP-based markers, MARS has been largely 
subsumed into genomic selection (GS) (Chap. 2).

The comparative effectiveness of MARS and GS was tested by CIMMYT in a 
study of gains under drought in East Africa. Gains were evaluated from MARS in 
ten biparental tropical crosses, using 148–184 F2:3 progenies crossed to a single 
tester. Lines were genotyped with 190–225 SNP markers, and a selection index 
based on phenotypic and marker data was applied in order to select families for 
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recombination in C0. In each successive cycle, the selection index was applied to 
plants that had been genotyped with 55–87 SNPs (Beyene et al. 2015, 2016). Gains 
under optimal conditions were 93 kg/ha/year and under water stress were 46 kg/ha/
year, vs. 50 and 15 kg/ha/year, respectively, from conventional selection under simi-
lar conditions (Semagn et al. 2014). A comparison between conventional selection 
and GS was undertaken in 13 biparental populations using 191–326 SNPs (i.e., rela-
tively few for GS), and the best 10% based on GEBVs were intermated. Overall 
genetic gain from GS under drought was 52 kg/ha/year vs. 16 kg/ha/year using con-
ventional selection. MARS and GS therefore appear able to increase genetic gain by 
a factor of two to three times that of conventional selection under drought stress.

Building on its effectiveness in temperate maize breeding, GS would also become 
a key component of the toolbox tropical maize breeders have at their disposal. Its 
potential would be fully exploited when, GS is also used to predict parental combi-
nations and therefore to increase heterosis.

3.8.3  �Transgenics

Transgenic technologies have received tremendous attention by the commercial 
seed sector since the first transgenic hybrid became commercial in 1996. The major-
ity are herbicide-resistant (mainly glyphosate (RoundUp Ready®, RR)) or insect-
resistant (Bt) cultivars. Recently, a transgenic event encoding a cold shock protein 
from the bacteria Bacillus subtilis and providing drought tolerance in maize, 
MON87460, has been approved for release in South Africa, and breeders are seek-
ing approval for its release in Kenya and Uganda. By 2015 transgenic cultivars of all 
crops were planted on 180 M ha annually, of which 53% were in developing coun-
tries and 29% were maize  – mainly Brazil, Argentina, Paraguay, South Africa, 
Uruguay, Bolivia, and the Philippines (James 2015). The adoption of transgenic 
varieties has been a sound investment for the vast majority of farmers, with farmers 
in developing countries receiving $4.22 for every dollar they invested in transgenic 
seed in 2013 (Brookes and Barfoot 2015). The release of transgenic crops is subject 
to extensive regulation, and they cannot be tested or grown without a legal and func-
tional regulatory system in place. Transgenic maize imported from producing coun-
tries to the developed world is also subject to stringent safety testing. These are 
indications of public wariness of this technology and concerns that it is owned by a 
few large multinational seed companies. Yet 20 years after the launch of the first 
commercial Bt hybrids, there have been no validated cases of health-related prob-
lems among animals and humans.

A major challenge for breeders is stewardship of the transgene to ensure that it 
remains in its designated genetic background. This means that transgenic and con-
ventional germplasm must be separated during seed processing and preparation and 
especially in the field where stray pollen can lead to adventitious presence of the 
transgene in conventional grain. A further issue with Bt genes is preventing the 
buildup of resistance to the Bt toxin in local lepidopteran insect populations, and 
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this requires the planting of 20% of the cropped area to non-Bt hybrids. Enforcement 
of this refugia requirement is essential but challenging.

One example of public breeder access to transgenes is provided through the 
Gates Foundation-funded project Water Efficient Maize for Africa (WEMA). Here 
Monsanto’s drought tolerance transgenic event MON87460 (Castiglioni et al. 2008) 
and their widely used Bt gene MON810 are available for royalty-free use under 
license by local maize seed companies in Kenya, Uganda, Tanzania, and 
Mozambique, once the transgenes have been deregulated in those countries. In 
South Africa where the transgenic event conferring tolerance to some lepidopteran 
insects MON810 was released 18 years ago, target insects have developed a signifi-
cant level of tolerance to this Bt toxin (van Rensberg 2007) necessitating its replace-
ment by the MON89034 transgenic event. CIMMYT is also involved in the extensive 
field testing of conventionally improved drought-tolerant hybrids, since transgenic 
and conventional improvements are thought to be additive in effectiveness. WEMA 
is being executed by the African Agricultural Technology Foundation (AATF) based 
in Nairobi, Kenya. It can be expected that MON87460 and MON810 will be detected 
in local maize varieties quite rapidly after their open release, simply because of gene 
flow via pollen. This may have implications for transboundary movement of pro-
duce and seed to countries unwilling to import genetically modified maize. 
Nonetheless, the prospect of future use of these transgenes in sub-Saharan Africa is 
a significant and exciting development.

3.9  �Seed Production and Marketing

Plant breeding is never an end by itself: its return on investment occurs in farmers’ 
fields. Too often maize breeders have declared “mission accomplished” at product 
release and have failed to engage in ensuring that seed of their improved varieties 
reaches intended users. This process starts with insisting that hybrids and varieties 
are tested in farmers’ fields during development so that possible reasons for non-
adoption are recognized before a variety is released. The second step, well beyond 
breeders’ control, is the development of the seed industry needed to deliver to end 
users the efforts of plant breeders.

A national seed industry typically passes through various stages of maturation. 
Government-sponsored seed production usually gives way to many small start-up 
seed companies that use publicly available germplasm from CIMMYT, IITA, or 
NARS and a few multinationals who often do not breed in-country but import seed 
for testing. Competition narrows the field to a few successful national companies 
and multinationals that may purchase smaller companies to increase sales volume 
or enter into research agreements with them to access germplasm and technologies. 
Sub-Saharan Africa is currently characterized by many small start-up seed compa-
nies that struggle to maintain sales volumes and seed quality and cannot afford an 
agronomist/breeder on staff or a large demonstration program for new products 
(MacRobert 2009; Langyintuo et al. 2010).
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Although the hybrid seed business has been important in some countries like 
Brazil and Argentina since the 1940s, only in the early 1970s did it begin to spread 
among other Latin American countries. Pioneer Hi-Bred Int. established its first 
non-USA breeding station in Jamaica in 1964. In tropical Southeast Asia, the seed 
business became more competitive in the early/mid-1980s when several large seed 
companies established hybrid breeding research. Counting on Suwan 1 as a good 
source of adaptation, three-way hybrids and then single crosses started to compete 
with this excellent OPV and occupy significant area, particularly in Thailand, 
Indonesia, and the Philippines. The single-cross hybrid DK888 was released by 
DeKalb in Thailand in 1993 and became a widely planted cultivar for several 
decades. The spread of hybrid seed businesses in Thailand, the Philippines, and 
Indonesia sparked a similar response in India, Vietnam, Myanmar, and other Asian 
countries. Today, the hybrid maize seed business in these countries constitutes an 
area of rapid growth.

3.9.1  �Product Types

In tropical areas, particularly in marginal production environments or where few 
inputs are used and agronomy is poor, the choice of OPVs vs. hybrids is still strongly 
debated. The analysis hinges around relative seed prices vs. yield differences, since 
OPV seed price may be that of commercial grain if farmers retain their own seed. 
Pixley (2006) concluded that the best hybrids in southern Africa outyielded the best 
OPVs by around 18% across a range of yield levels and that hybrids deliver greater 
value to farmers than OPVs when farmer yield is consistently over 2 t/ha. This fig-
ure is a guide only and depends on prices of grain and seed, the yield advantage of 
hybrids over OPVs under stress, tolerance of farmers to risk, and the availability of 
quality hybrid seed. Nonetheless improved OPVs are still the most reliable option 
for farmers that cannot reach the 2 t/ha yield level, while for hybrids their advantage 
became clear at yields >3 t/ha. Pixley’s analysis showed that recycling hybrid seed 
(sowing F2 seed) was least profitable at all yield levels because it yielded an average 
of 32% less than F1 seed. Unfortunately the practice of recycling hybrid seed can 
reach 50% in drought-prone areas of East Africa (de Groote, 2013, personal com-
munication). However, a viable seed industry depends ultimately on the annual 
sales of hybrid seed, and the use of hybrid seed has been shown to contribute to 
increased farmer welfare (Mathenge et al. 2014). Furthermore, the rate of turnover 
of varieties is likely to be greater when hybrid seed is grown, and this brings benefits 
to seed companies and farmers alike (Gaffney et al. 2016). Most successful compa-
nies in the tropics market a small amount of improved OPV seed as a service and 
make their main income from hybrids. There is room for both products, and a 
mature seed industry operating in a risky production environment like sub-Saharan 
Africa should be encouraged to focus on both.

What sort of hybrid is most appropriate? The hybrid seed industry began with 
double crosses (i.e., a cross between two single crosses) but noticed that three-way 
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crosses were around 6% and single crosses around 19% higher yielding (Pixley 
2006). There are benefits in three-way crosses. The single-cross seed parent is high 
yielding and stress tolerant, so costs per unit of seed are low, and the male inbred 
pollinator can be destroyed after flowering, thus making theft of inbred lines diffi-
cult. However, the increasing yields possible on inbreds designated as females, 
improved security based on DNA fingerprinting, and increasing skills in the seed 
sector make single crosses increasingly attractive. There is little doubt that single 
crosses will ultimately replace three-way crosses in all but the toughest seed pro-
duction environments, provided the cost of seed of single crosses can remain within 
reach of resource-poor farmers.

3.10  �Future Prospects and Outlook

The future of tropical maize breeding looks very promising, though the challenges 
of the changing physical environment will be a major headwind against future yield 
increases (Thornton et  al. 2011). Important for increasing and stabilizing maize 
yields in the tropics will be traits related to tolerance of high temperature and 
drought, along with horizontal resistance to changes in virulence of pests as tem-
peratures rise. Many of the developments that will lead to increased and stable 
yields may occur in the emerging private sector, and in temperate areas private sec-
tor investments have driven a steady increase in maize yields over the past 25 years 
that significantly exceeds that of rice and wheat (Fischer et al. 2014). There contin-
ues to be a need for balance in terms of the roles of public sector international 
research-for-development efforts on maize for smallholders in low-yielding envi-
ronments with that of private sector technological edge for increasing and stabiliz-
ing yields of tropical maize.

 The following appear to be major opportunities in tropical maize:

•	 Density tolerance is needed. The key developments of increased tolerance to 
high plant density and improved stalk strength in temperate maize (Fischer et al. 
2014) have yet to occur in the majority of tropical germplasm. A systematic 
planting of all experimental plots at 30–50% higher density than farmer’s fields 
would be a good starting point, even if lodging and barrenness are occasionally 
severe. Tollenaar and Lee (2011) also conclude that increased stress tolerance is 
the key to further gains in yield and yield stability in temperate maize.

•	 Adoption and rate of turnover of tropical varieties need to increase. The rapid 
replacement of existing varieties with new stress-tolerant hybrids is perhaps the 
best way of ensuring that genetic changes in varieties can keep up with climate 
change (G. Atlin, 2014, personal communication).

•	 Yield potential needs to increase. This can be from obvious changes in partition-
ing such as reductions in tassel size and leafiness and increases in HI and shelling 
percentage. The size of individual ears and yield per plant at low densities have 
changed little with selection in temperate maize (Duvick 2005; Egli 2015), so 
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increased yields have come from a steady rise in ears per unit area. However, 
increases in kernel number per ear in tropical maize growing in optimal environ-
ments could come from increased emphasis on synchrony of pollination and 
kernel development (Cárcova and Otegui 2007). Yield potential increases might 
also arise from longer-term changes in key enzymes such as rubisco (Parry et al. 
2003) and its activator, rubisco activase (Salvucci et al. 2008) whose temperature 
responses and kinetics may well be altered through gene editing procedures in 
the future. Such changes would enhance fitness in hot dry environments that are 
predicted to become the norm.

•	 Phenotyping is growing in importance and is an essential component of future 
breeding activities. Tropical soils are generally more variable than temperate 
soils, so physical and statistical techniques that can be used to minimize these 
effects should always be used (Barker et al. 2005). The basics of uniform stands 
and adequate bordering are still being neglected in some tropical breeding pro-
grams, and continued investments in high-quality field research facilities, mech-
anization to plant and shell, and managed stress environments are needed in 
increasing numbers. Remote sensing for estimating traits that will increase the 
heritability of a selection index should be energetically explored and embraced 
(Lu et al. 2011; Cairns et al. 2012; Araus et al. 2012; Araus and Cairns 2013; 
Zaman-Allah et al. 2015; Vergara-Diaz et al. 2016). The routine use of remote-
sensed traits such as plant height is sharply reducing labor requirements in the 
field, and anthesis and perhaps silking date observations are currently under 
evaluation.

•	 Molecular breeding will play an increasingly important part in tropical maize 
improvement. The most promising emerging technologies today are genomic 
selection linked with doubled haploid production. The availability of doubled 
haploid facilities, high-density genotyping as well as high-throughput and low-
cost genotyping capacities, marker resources, and analytical capability through 
the offices of CIMMYT and the Breeding Management System put these meth-
ods increasingly within reach of medium-sized tropical maize breeding pro-
grams. Transgenics will have an increased role as trust in the technology increases 
(Edgerton 2009), and there is ample scope in the tropics for more extensive use 
of herbicide and insect resistance technologies, as well as those relating to dis-
ease and abiotic stress tolerance. Gene editing will undoubtedly have significant 
impact, though this may be 5–10 years away in tropical maize.

•	 The selection cycle will continue to shorten. Doubled haploids are clearly here to 
stay. Prediction of performance will help narrow the numbers of genotypes eval-
uated in the field. Genomic selection and the use of production markers that 
identify specific haplotypes and provide a framework for prediction shorten the 
breeding cycle by reducing phenotyping needs for several generations. In fact, 
genotypes can be assessed from seed chips of doubled haploids and known sus-
ceptible segregants can be eliminated before a seed is sown.

•	 Identification of new and useful genetic variability within the species is a likely 
outcome of investments in screening maize landraces in initiatives such as the 
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Seeds of Discovery (SeeD) project, and these will likely find future uses as 
defensive traits (Tester and Langridge 2010; Prasanna 2013).

•	 Tools for data management and information extraction in real time will become 
increasingly necessary as both phenotyping and genotyping move into the mil-
lions of data points per genotype. There will be a growing need for efficient 
algorithms that reduce this tsunami of data to an index used to rank genotypes. 
The development and use of a mixed model framework for the analysis of multi-
location and managed stress datasets will allow information to be mined from 
older as well as current datasets (Cooper et al. 2014).

•	 Training of a new generation of field-oriented breeders is essential. Firsthand 
knowledge of germplasm, environments, and their interactions remains at the 
heart of successful tropical maize breeding despite the sometimes cosmetic 
appeal of new technologies and tools. There is no substitute for trained staff 
observing genotype and consumer reactions in the field, especially in farmers’ 
fields. The current shortage of young graduates in field plant breeding, particu-
larly in tropical crops such as maize, represents a significant threat that must be 
addressed and overcome in order to maintain, and ideally increase, the current 
rates of genetic gain in this fascinating crop.
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Chapter 4
Genetic Improvement of Rice (Oryza sativa L.)

Kshirod K. Jena and Eero A.J. Nissila

4.1  �Introduction

Rice (Oryza sativa L.) is the most important cereal among the agricultural crops as 
it feeds more than three billion people worldwide and is the staple food of over 55% 
of the population in Asia and Africa (IRRI 2016: http://www.grisp.net/file_cabinet/
fi les /813972/download/RICE%20and%20FPs(%201Apri l%202016) .
pdf?m=1459997988). Rice is cultivated across a wide range of agroclimatic condi-
tions, from river deltas to mountainous regions and from lower latitudes (35oS) to 
higher latitudes (53oN) in tropical and temperate countries. It is grown below, at, or 
near sea level and at an elevation of 2000 m. Of the four major ecosystems in which 
rice is cultivated and produced, the irrigated rice ecosystem dominates in Asia 
(about 75% production area), while the rainfed ecosystem dominates in Africa 
(Khush 2005). A higher demand for rice is predicted for the twenty-first century 
because of increasing global population (Godfray et al. 2010). A conservative esti-
mate states that an additional 116 million tons of rice needs to be produced by 2035 
from the current production of 740 million tons to feed the growing human popula-
tion (Seck et al. 2012). Keeping in view the impacts of climate change and shrinking 
arable lands, an annual yield increase of about 1.2–1.5% equivalent to an average 
yield increase of 0.6  t ha−1 is needed worldwide (Seck et  al. 2012). The genetic 
improvement of rice is one of the imperative strategies to achieve this goal.
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4.2  �History of Rice Cultivation and Oryza Classification 
and Domestication

Rice belongs to the genus Oryza under the grass family Poaceae and has two culti-
vated species, O. sativa and O. glaberrima, and 22 wild species (Marathi and Jena 
2015). These species are either annual or perennial or diploid or tetraploid and are 
distributed across the tropical, subtropical, and temperate regions of Asia, Africa, 
Central and South America, and Australia. O. sativa, with its two subspecies (indica 
and japonica), is widely cultivated in Asia, Africa, Europe, Oceania, and North, 
Central, and South America, while O. glaberrima is mainly cultivated in West 
Africa (Yoshida 1981; Jena 2010). O. sativa was domesticated around 10,000 years 
ago in the foot hills of the Himalayas in India and southern China, while O. glaber-
rima was domesticated around 5000 years ago in the swampy basins of the upper 
river delta of Niger in West Africa (Chang 1976). Due to continuous selection, wild 
progenitors of rice have undergone a series of adaptive changes during domestica-
tion, leading to the development of fixed rice lines for cultivation (Ehsan and 
Eizenga 2014). Following Mendelian genetic principles, rice breeding has been 
improved using variations in yield-improving traits, leading to increased rice pro-
duction. However, a narrow genetic variability exists in the improvement and 
development of high-yielding cultivars because of genetic erosion in the germ-
plasm used.

Using the semi-dwarfism (sd1) and photoperiod insensitive traits of Dee-Geo-
Woo Gen, the International Rice Research Institute (IRRI) at Los Baños, Laguna, 
Philippines, developed the first semi-dwarf high-yielding rice variety, IR8. This led 
to the green revolution in rice production in the 1960s because of the increased yield 
potential of the developed cultivars. However, rice yield has not increased signifi-
cantly during the past three decades. The genetic improvement of rice genotypes by 
applying conventional and modern technologies is, therefore, needed to further 
increase rice yield.

4.3  �Rice Breeding at IRRI and Value-Added Traits  
for Grain Quality Improvement

To keep up with food requirements of an ever-increasing human population, it is 
imperative to increase rice production but at the same time improve grain quality to 
give higher nutritional value. Conventional rice breeding programs apply two phases 
of breeding: one is evolutionary phase where variable populations are created by the 
breeders and the second is the evaluation phase where superior genotypes are 
selected. Genetic variability for agronomic traits is created using pedigree breeding, 
backcross breeding, and mutation breeding strategies followed by selection and 
fixation of traits toward development of new cultivars. Initial breeding efforts fol-
lowing green revolution rice development breeders were mainly exploiting 
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cultivated rice germplasm. Breeding program at IRRI is structured based on rice-
growing ecosystems to increase indica rice production such as irrigated rice, rainfed 
lowland rice, abiotic stress-tolerant breeding for drought, submergence, salinity and 
problem soils, hybrid rice improvement, temperate japonica rice, and multi-
environment testing program through international network for genetic evaluation 
of rice (INGER). Since 2012, rice breeding program has restructured into two 
development pipelines such as trait development and varietal development. To 
strengthen variety development pipeline, the trait development pipeline identifies 
novel gene discoveries and DNA marker-applications. A cross-cutting team has 
been associated with breeding program to facilitate transfer of new traits into elite 
breeding lines as well as evaluation of breeding materials for biotic and abiotic 
stress resistance or tolerance to produce desirable products (Fig. 4.1). The genetic 
variability for many traits for higher rice production in different environments 
required exploitation of other gene pools including wild relatives as well as different 
emerging technologies such as wide hybridization for biotic stress resistance, cyto-
plasmic diversification for hybrid rice, double-haploid breeding for breeding cycle 
reduction through another culture and rapid generation advance (RGA), and trans-
genic rice for novel gene introgression for yield and nutritional quality improve-
ment. Subsequently, rice breeding has been strengthened by increasing selection 
efficiency using DNA marker-assisted breeding technology, mapping value-added 
genes for disease and insect resistance, QTL mapping particularly for abiotic stress 
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Fig. 4.1  The current plant breeding structure at IRRI. Varietal development groups include irri-
gated, rainfed, Africa, and japonica rice. Trait development pipeline includes trait discovery, gene 
discovery, and marker applications. SEA, South East Asia; SA, South Asia; HR, hybrid rice; TM 
temperate japonica; TR tropical japonica
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tolerance traits such as submergence and drought, resistance gene pyramiding, and 
the use of selected genes with their functions known through map-based gene clon-
ing (Khush and Brar 1998a, b).

Rice grain does not have b-carotene (provitamin A) precursors in its endo-
sperm. For example, millions of poor children in rice farming regions of Asia suf-
fer from vitamin A deficiency as rice is the major staple food in most Asian 
countries. The so-called golden rice with provitamin A (b-carotene) gene has been 
developed through genetic transformation of three genes (phytoene synthase, phy-
toene desaturase, and lycopene cyclase) into rice variety Taipei 309 and later trans-
ferred into the rice cultivar IR64 by marker-assisted backcross breeding (Ye et al. 
2000; Hefferon 2015). However, the golden rice produced at IRRI is still under 
field testing.

The other nutritional deficiency genes are for iron and zinc which are not avail-
able significantly in rice grain. Transgenic and conventional breeding approaches 
have been applied. Recently, soybean ferritin gene (Sferit-1) for high iron (Fe) and 
NAS gene for zinc (Zn) have been transferred into rice cultivar IR64 through genetic 
transformation (Goto et al. 1999; Lucca et al. 2002; Trijatmiko et al. 2016). Thus, 
Fe and Zn content in seeds of transgenic rice has increased to 15 ugg-1 and 45ugg-1, 
respectively, under flooded field condition compared to normal rice grains 
(Trijatmiko et  al. 2016). Besides the nutritional deficiency gene manipulation in 
rice, major research activities were undertaken to improve amylose content in rice 
cultivars suitable for different countries. A great deal of genetic variation in amylose 
content has been achieved through creating allelic variation in waxy (wx) locus of 
rice (Khush 2001).

4.4  �Genetic Improvement for Yield

Yield is a complex trait which is coordinated by several characteristics of rice. This 
review focuses on the traits directly associated with rice yield such as the size and 
number of reproductive organs (Peng et al. 2004). Modern rice cultivars with the 
semi-dwarf gene sd1 are associated with an increase in yield as the gene encodes a 
genetic factor that interferes with the signal transduction pathway of the phytohor-
mone gibberellin (Hedden 2003). Other traits related to enhancing the yield poten-
tial of rice are grain number per panicle, panicle size and branching, grain size, days 
to heading, thousand grain weight, and resistance to lodging. These traits are not 
controlled by a single genetic effect but are rather controlled by a large number of 
small effect genes arising from coordinated component traits and underlying genetic 
predispositions.

These yield-enhancing traits are controlled by quantitative trait loci (QTL). 
Through QTL fine mapping, several yield-enhancing genes in rice have been identi-
fied (Miura et al. 2011; Huang et al. 2013; Liu et al. 2015), six of which are isolated 
in breeding programs for increasing seed size. The grain width gene, GW2, which 
encodes a RING-type E3 ubiquitin ligase and loss of its function by a 1-bp deletion, 
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increases grain width and yield (Song et  al. 2007). The other genes, GS3 and 
qSW5/GW5 for grain size and grain width, respectively, have loss of function 
mutations to increase yield. However, the genes GS5 and OsSPL16/qGW8 control 
grain size and grain width, respectively (Wang et  al. 2012). The thousand grain 
weight gene (TGW6) encodes indole-3 acetic acid (IAA)-glucose hydrolase and 
regulates grain weight. Loss of function through 1-bp deletion in the coding DNA 
sequence showed increased grain weight (Ishimaru et al. 2013).

Several key yield-enhancing genes regulating grain number and panicle architec-
ture are of primary importance in modern breeding programs. The grain number 
gene, Gn1a, encodes cytokinin oxidase/dehydrogenase 2 (OSCKX2), and the 
reduced function of this enzyme enhances the production of the phytohormone 
cytokinin and increases the grain number (Ashikari et al. 2005). Other genes such 
as Ghd7, DEP1, and SPIKE1 regulate an increase in grain number per panicle with 
distinct functional mechanisms. However, an ideal plant architecture (IPA1) gene, 
OsSPL14/WFP encoding squamosa promoter-binding protein-like 14 in young pan-
icles, increases panicle branching, thereby increasing grain number per panicle and 
resulting in higher yield (Miura et al. 2010). The rice cultivars will be improved 
using modern genomics technologies with a clear understanding of the function of 
several yield component traits which will help make the cultivars more productive. 
The lodging resistance gene, SCM2/APO1, encoding the F-box-containing protein, 
controls grain number per panicle and culm diameter. An abundant transcript of the 
SCM2 gene causes strong culms, and its expression in developing panicles increases 
grain number (Ookawa et al. 2010; Zhang et al. 2016).

QTL fine mapping and the cloning and functional characterization of several 
genes have provided opportunities for plant breeders to correct the weak points of 
rice cultivars and introduce genes to develop an “ideal plant” and panicle architec-
ture. These plants will have erect leaves for harnessing sufficient solar radiation to 
increase grain-filling rate, better photosynthesis efficiency, increased grain number 
per panicle, increased panicle branching, and harvest index. At IRRI, the genetic 
potential of 12 elite rice cultivars was improved by introducing several QTL-derived 
functional genes such as Gn1a, SPL14, SCM2, TGW6, and SPIKE1 (Jena K. K., 
Kim S.R., Ramos J. personal communication). The improved lines exhibited high 
yield potential, lodging resistance, and ideal plant and panicle architecture (Fig. 4.2). 
These lines expressed the yield-enhancing genes in different genetic backgrounds 
that were developed through marker-assisted selection (MAS) and background 
analysis using 6 K Infinium SNP chips (Kim et al. 2016). The new breeding lines 
developed through this strategy of a combination of genomics and conventional 
plant breeding have shown promising results in increasing the yield potential of 
rice. It is estimated that the yield potential can be increased by 9.09–31.80% due to 
the coordination of the major yield-enhancing genes that play a major role in the 
expression of traits in indica rice cultivars (Table 4.1). It is, therefore, necessary to 
further explore and increase yield potential as well as stabilize the yield of the 
improved lines through pyramiding several major QTLs/genes contributing similar 
or additional traits for yield enhancement (Fig. 4.3a and b).
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Fig. 4.2  Breeding lines and varieties showing improved plant architecture, increased panicle 
branching, and grain number

Table 4.1  Genetically improved breeding lines showing superior traits and yield gain over NSIC 
Rc238 in 2015 WS and 2016 DS

Variety/breeding 
lines

Possible 
gene(s)

Primary 
branching 
number 
(No.)

Secondary 
branching 
number 
(No.)

Grain 
numbers 
per 
panicle 
(No.)

1000 
grain wt 
(g)

Yield gain 
over NSIC 
Rc238a (%)

WS DS WS DS WS DS WS DS WS DS

NSIC Rc238 
(check)

SCM2, 
Ghd7

11 10 24 38 238 172 22 22 – –

IR 118289-4-56-78 Gn1a, 
SPL14, 
SCM2, 
Ghd7

16 14 72 65 282 254 28 29 27.30 31.80

IR 118289-3-2-8 SPL14, 
SCM2, 
Ghd7

17 17 65 63 277 258 25 27 13.63 22.72

IR 111662-3-42-1 Gn1a, 
SPL14, 
SCM2, 
Ghd7

18 16 72 91 324 355 25 25 13.63 13.63

IR 118290-4-78-B Gn1a, 
SPL14, 
SCM2, 
Ghd7

21 19 79 107 363 372 25 24 13.63 9.09

aDS dry season, WS wet season
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Fig. 4.3  Strategy for the genetic improvement of rice yield. (a) Scheme for the development of 
near-isogenic lines (NILs) for various yield-enhancing genes (SPL14, Gn1a, SCM2, TGW6, and 
GS5) through several backcrossing to recurrent parent (RP) by marker-assisted selection. (b) 
Marker-assisted pyramiding genes using NILs with yield-enhancing loci. Color coding is as fol-
lows: black rectangles for centromere and pink for yield-enhancing loci/genes. RP recurrent par-
ent; DP donor parent; MAS marker-assisted selection; RGA rapid generation advance; SPL14 
squamosa promoter-binding protein-like 14; Gn1a grain number; SCM2 strong culm mutant 2; 
TGW6 thousand grain weight 6; GS5 grain size 5
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4.5  �Genetic Improvement for Biotic Stress Resistance

The production and productivity of rice crops worldwide are affected by a diverse 
set of bacterial, fungal, and viral pathogens which cause diseases such as bacterial 
leaf blight (BB), bacterial leaf streak, bacterial leaf scald, brown spot, leaf blast, 
neck blast, sheath blight, and tungro virus. Of these diseases, the two major diseases 
are BB and leaf blast which affect the foliar tissues of the plant at the vegetative 
stage. These are vascular diseases that spread through the stomata and xylem ves-
sels of the leaves. The bacterial pathogen Xanthomonas oryzae pv. oryzae (Xoo) 
causes BB at the maximum vegetative growth stage, while the fungal pathogen 
Magnaporthe oryzae causes leaf blast at the vegetative and reproductive stages. BB 
mainly affects rice crops in irrigated ecosystems. These two diseases are of high 
economic importance due to their severity in rice fields in the tropics as well as 
temperate regions worldwide. A conservative estimate of yield loss due to BB is 
pegged at 40–80% every year (Jeung et al. 2006; Srinivasan and Gnanamanickam 
2005; Kim et al. 2015). On the other hand, the fungal blast disease kills enough rice 
that could feed 60 million people each year and, in severe cases, completely destroys 
the rice crop (Zeigler et al. 1994; Jeung et al. 2007). The need for more research on 
BB disease resistance and the development of new cultivars that are resistant to BB 
are, therefore, of high importance.

Breeding for biotic stress resistance is very important for rice production to be 
sustainable. Biotic stresses caused by the changing climate which bring new pests 
and diseases and the evolution of pathogens and insects which seriously damage the 
rice crop as a result of the breakdown of resistance in elite cultivars. Although a 
number of native resistance genes have been transferred into cultivars, most of the 
developed cultivars are still susceptible to new pathotypes and biotypes of diseases 
and insects. Several genes conferring broad-spectrum resistance to major diseases 
and insects which are fixed in the background of elite indica cultivars are available 
(Table 4.2). Of the 60 blast resistance genes identified to date, only the genes Pi2, 
Pi9, and Pi40 confer broad-spectrum and durable resistance to virulent blast pathot-
ypes (Jeung et al. 2007; Suh et al. 2009). At IRRI, breeding lines with pyramided 
blast resistance genes have been developed which confer resistance to diverse 
pathotypes of Magnaporthe oryzae (Jena K.K. and Hechanova S.L. personal com-
munication). Breeding lines with strong blast resistance should be used in MAS to 
incorporate resistance genes into different elite cultivars.

Majority of the 40 BB resistance genes identified so far in rice cultivars are 
becoming susceptible to new pathotypes or races of BB, one of which is the Xa21 
gene which confers a broad-spectrum of resistance to different BB races (Ronald 
et al. 1992; Kim et al. 2015). The Xa21 gene has also been pyramided with the genes 
Xa4 and xa5 in the background of IR72 that also confers a broad-spectrum of 
resistance to BB races. The new Xa40 gene also confers resistance to a broad-spec-
trum of BB races (Kim et al. 2015). These genes and their pyramids can be trans-
ferred into different elite rice cultivars for genetic improvement and for the 
development of high-yielding rice varieties. Since only a few genes have a broad-
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spectrum of resistance to BB like these genes, additional efforts are needed to 
improve rice cultivars with durable resistance genes. The pyramiding effect of dif-
ferent BB resistance genes and the identified breeding lines conferring durable 
resistance to BB have been developed (Suh et al. 2013).

About 31 brown planthopper (BPH) resistance genes have been identified to 
date, most of which are biotype-specific. However, only a few resistance genes such 
as Bph3, Bph18, Bph20, Bph21, and Bph31 have broad-spectrum resistance to dif-
ferent biotypes, but only three of these five genes (Bph18, Bph20, and Bph21) con-
fer durable and stable resistance to different BPH biotypes (Rahman et al. 2009; 
Jena and Kim 2010; Suh et al. 2011; Ji et al. 2016). Near-isogenic lines (NILs) of 11 
BPH resistance genes and their pyramids in the IR24 background have been devel-
oped, and bioassays of several BPH populations of the Philippines have been carried 
out. NILs with strong resistance to different BPH populations have also been identi-
fied (Jena et al. 2017). These BPH NILs are important resources to monitor resis-
tance genes against BPH populations affecting rice cultivars, and breeders can 
incorporate target resistance genes into elite varieties.

Several genes having strong resistance to BB, leaf blast, and BPH have been 
pyramided in the japonica genetic background, and the resulting lines confer strong 
resistance to these diseases and insects (Suh et al. 2015). These breeding lines can 
be used as new sources of resistance to insects and diseases in resistance breeding 
programs (Fig. 4.4).

Table 4.2  Potential genes/QTLs conferring broad-spectrum resistance to biotic and abiotic 
stresses with their chromosome location and function

Biotic/abiotic 
stresses Genes/QTL

Chr. 
No.a Function/encoded protein References

Bacterial blight xa5 5 Gamma subunit of transcription 
factor IIA

Iyer-Pascuzzi 
and McCouch 
2007

Xa21 11 Receptor kinase-like protein 
carrying leucine-rich repeat motif 
and a serine-threonine kinase-like 
domain

Song et al. 1995

Xa40 11 WAK 3 Kim et al. 2015
Blast Pi40 6 Nucleotide-binding site leucine-

rich repeat
Jeung et al. 2007

Brown 
planthopper

Bph18 12 CC-NBS-NBS-LRR Ji et al. 2016

Drought DRO1 9 Conserved hypothetical protein, 
deeper rooting 1

Uga et al. 2013

qDTY12.1 12 Transcription factor “no apical 
meristem” and its co-localized 
target genes

Dixit et al. 2015

Salinity SKC1 1 High-affinity K+ transporter Ren et al. 2005
Submergence Sub1a 9 Ethylene response factor-related 

protein
Xu et al. 2006

aChr chromosome
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4.6  �Genetic Improvement for Abiotic Stress Tolerance

In addition to problematic soil conditions, rice production is impaired in adverse 
ecosystems by drought, salinity, and submergence. Improving the genetic architec-
ture of the rice plant will enable it to tolerate these abiotic stresses. Advances in 
molecular genetics and biotechnology have resulted in the identification of genes 
and gene-based markers for tolerance to drought, salinity, and submergence 
(Table 4.2). These genes can be introduced into different elite cultivars to develop 
stress-tolerant cultivars with higher rice production (Fig. 4.4).

Major QTLs with large genetic effects (32–33% genetic variation) for grain yield 
under drought stress are available (Bernier et al. 2007). QTL fine-mapping studies 
have identified multiple intra-QTL genes for the full impact of the QTL qDTY12.1 
on yield under drought stress (Dixit et al. 2015). These genes can be transferred 
efficiently by MAS into drought-sensitive cultivars that could produce higher yields 
under drought stress environments. Root trait is one of the important discriminating 
factors for the genetic improvement of drought resistance in rice. The gene DRO1 
which controls the alteration of the root system architecture to improve drought 

Genetically improved line  with higher yield 
and resistance to biotic and abiotic stresses

Genetically improved high yielding line
Genetically improved line with biotic stress resistance

X

Pyramided F1
X

Genetically improved line with abiotic stress tolerance

MAS
Selfing

MAS

(SPL14+Gn1a+SCM2+TGW6)

(Bph18+Pi40+xa5+Xa21+Xa40)

(Sub1a+DRO1+qDTY12.1+SKC1)

(SPL14+Gn1a+SCM2+TGW6+ 
Bph18+Pi40+xa5+Xa21+Xa40+ 
Sub1a+DRO1+qDTY12.1+SKC1)

1   2  3  4   5  6  7  8  9  10  11 12 1   2  3  4   5  6  7  8  9 10 11 12

1   2  3  4   5  6  7  8  9  10  11 12

1   2  3  4   5  6  7  8  9  10  11 12

Fig. 4.4  Strategy for the genetic improvement of rice yield with pyramiding of multiple genes 
(SPL14  +  Gn1a  +  SCM2  +  TGW6+ Bph18  +  Pi40  +  xa5  +  Xa21  +  Xa40+ 
Sub1a + DRO1 + qDTY12.1 + SKC1) conferring resistance to biotic and tolerance to abiotic stresses. 
Color coding is as follows: black rectangles for centromere, pink for yield-related loci/genes, yel-
low for biotic stress resistance genes, and orange for abiotic stress tolerance genes. MAS marker-
assisted selection
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avoidance has been cloned and characterized (Uga et al. 2013). This gene can be 
introduced into drought-sensitive rice cultivars by MAS approach, allowing the 
development of new high-yielding cultivars with drought tolerance.

The mechanism of salt tolerance in crops is well established (Yamaguchi and 
Blumwald 2005). Lowering the Na+ concentration in the plant tissue and decreas-
ing Na+/K+ helps increase the plant’s tolerance to salt stress. Salt tolerance is a 
complex trait and is controlled by QTLs, which have been identified and fine 
mapped in different land races of rice. A major QTL, SKC1 derived from a land 
race cultivar (Nona Bokra) for shoot K+ concentration in seedlings, has been iden-
tified. Fine mapping of the QTL locus revealed that the SKC1 gene encodes an 
HKT-type transporter (Lin et al. 2004; Ren et al. 2005), suggesting that it contrib-
utes to the Na+ and K+ translocation probably by unloading Na+ from the xylem 
tissue. It is necessary to make genetic changes in elite rice cultivars by introduc-
ing new genes or QTL pyramids to develop salt-tolerant lines for cultivation 
under salt stress environments. Besides qSaltol, other novel QTLs are reported 
from different sources of salinity tolerance that are quite effective against seed-
ling stage salinity stress (Bizimana et al. 2017). Rice responds differentially to 
salinity at different stages of plant growth and development. The seedling and 
reproductive stages are the growth stages most sensitive to salinity stress with 
very weak association, suggesting that they are regulated by different processes 
and sets of genes/QTLs (Singh and Flowers 2010; Mohammadi et  al., 2013; 
Hossain et  al., 2015). Therefore, to breed a good rice variety, it needs to be 
screened for both sensitive growth stages. IRRI has standardized phenotyping 
technique exclusively for the reproductive stage salinity tolerance that is being 
followed by the researchers as reliable technique for QTL mapping studies 
(Ahmadizadeh et al., 2016).

Rice production in a rainfed ecosystem is often affected by flash flooding at 
the vegetative stage, damaging completely the whole rice crop due to lack of 
submergence tolerance especially in modern cultivars. Some traditional indica 
rice cultivars like FR13A can survive for 2 weeks under submergence. Using the 
QTL fine-mapping strategy, a major QTL, Sub1, which is linked to submergence 
tolerance, has been identified (Xu et al. 2000). Map-based cloning of this gene 
revealed that Sub1 encodes putative ethylene response factors (ERFs), and the 
responsible gene has been named as Sub1A (Xu et al. 2006). Ectopic expression 
of the Sub1A-1 gene in an intolerant variety increases submergence tolerance 
without yield penalty. Even though the genetic mechanism of submergence toler-
ance is still unclear, the introduction of the Sub1A-1 gene into different elite 
cultivars can increase rice production under submergence stress. Currently, Sub1 
varieties are developed and deployed in several countries such as India, Indonesia, 
Bangladesh, Nepal, and the Philippines. Another gene for anaerobic germination 
(AG1) has been identified and cloned (Kretzschmar et  al. 2015). Promising 
breeding lines are also developed with tolerance to submergence and anaerobic 
germination.
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4.7  �Utilization of New Isogenic Lines/Populations 
for Breeding Applications

At IRRI, ideal populations such as NILs, chromosome segment substitution lines 
(CSSL), recombinant breeding lines (RILs), backcross inbred lines (BILs), and 
multi-parent advance genetic intercross (MAGIC) lines have been developed to pre-
cisely identify traits contributing to higher yield potential and resistance/tolerance 
to major biotic and abiotic stresses (Ramos et al. 2016; Ali et al. 2010; Bandilo et al. 
2013). These modern technologies will aid precision breeding for traits/genes 
needed for the genetic improvement of rice.

4.8  �Enhancing the Cultivated Rice Genome with Novel 
Genes from Wild Oryza Species

Rice has evolved as a model crop species, and the availability of whole-genome 
sequencing has accelerated research on genetic improvement for resistance 
against biotic and abiotic stresses. Additionally, the sequences of genomes of 
different wild species of Oryza have been completed to utilize novel genes/traits 
associated with rice improvement (Wing R, Amiraju J, Kudrana D, Jena K.K. 
personal communication). There are ten different genomes assigned to distantly 
related species of Oryza besides the AA genome of cultivated rice and the six 
wild species (Marathi et al. 2015). The wild species of Oryza are rich sources of 
genes that control traits of agronomic importance which are rare in cultivated 
rice. This makes it imperative to explore the genes from the wild species, which 
were lost during the early domestication process, and to transfer those value-
added genes into cultivated rice. Some of these genes have been identified, genet-
ically studied, characterized, and pyramided in the background of rice cultivars 
(Fig. 4.3). These include traits such as resistance to BPH, BB, and blast diseases 
(Ji et al. 2016: Du et al. 2009: Zhou et al. 2006; Jena et al. 2006; Jeung et al. 
2007, Kim et al. 2015) and tolerance to major abiotic stresses such as drought, 
submergence, salinity, and acid sulfate soil (Jena 2010). Monosomic alien addi-
tion lines have also been developed, and value-added traits inherited from dis-
tantly related wild species genomes have been transferred into rice cultivars 
(Jena et al. 2016). A number of CSSLs having yield-enhancing loci such as early 
heading, panicle length, grain number per panicle, and grain sizes derived from 
the AA genome of the wild species O. longistaminata have been developed as 
well (Ramos et  al. 2016). It is essential to transfer these genes in the genetic 
background of some elite cultivars to further improve rice production and 
productivity.
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4.9  �Future Prospects and Conclusions

Advances in molecular genetics and genomics, coupled with improved conventional 
breeding technologies based on DNA marker-assisted breeding, are becoming vital 
approaches in unraveling the intricacies of the rice genome and helping breeders to 
apply these technologies for rice genetic improvement, ultimately leading to 
increased production. Although several complex traits are associated with higher 
genetic yield potential of rice, it has become possible to dissect these traits such as 
number of grains per panicle, panicle branching, grain size, and resistance to lodg-
ing. These traits have been incorporated into less productive cultivars. The develop-
ment of NILs and QTL cloning has increased the understanding on the function of 
yield-enhancing genes which can be incorporated into cultivars. Thus, the genetic 
improvement of rice could be achieved through MAS or genetic transformation for 
selected yield-enhancing traits such as grain number per panicle and panicle branch-
ing (Xing and Zhang 2010). As this chapter has reported, some indica rice cultivars 
have been identified with improved yield potential due to yield-enhancing genes 
(Kim et  al. 2016; Jena KK, Kim SR, Ramos J personal communication). These 
breeding lines can be combined further with several biotic and abiotic stress resis-
tance genes to develop genetically stable rice cultivars with high yield potential 
(Fig. 4.4).

In spite of advances in genomics, however, there is a knowledge gap on the use 
of appropriate genes for improving different traits. Many tools and novel genetic 
stocks underlying genes of functions are available (Zhang et al. 2008), but more 
understanding is needed on the source and sink relationship in rice, leading to the 
systematical manipulation of value-added traits to provide ideal sink and source 
traits to the biological productivity of the rice plant. It is imperative, therefore, to 
explore novel genetic variations from a diverse collection of germplasm for traits 
related to photosynthesis efficiency, including rice plant architecture, under differ-
ent environmental conditions. It is also crucial to make genetic improvements on the 
rice plant by manipulating value-added yield component traits and designing the 
ideal plant architecture to make the plant stable under different ecosystems and 
efficiently utilize nitrogen and solar energy. These efforts are all geared toward 
developing the ability of the rice cultivars to resist multiple biotic stresses and to 
produce higher yield for global food security. To overcome the problem of nutrition 
deficiency in malnourished children in rice-growing countries of Asia, IRRI has 
developed transgenic lines with higher grain nutrition contents such as provitamin 
A, iron, and zinc. Additional experiments on field trials of these traits and their bio-
availability are needed before making these products available for consumption.
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Chapter 5
Cassava (Manihot esculenta Crantz)

Hernan Ceballos and Clair H. Hershey

5.1  �History of Cultivation

Cassava is a crop of Neotropical origin and significant economic relevance, 
particularly in the lowland tropics. Its main product is the starchy roots that are 
generally harvested about a year after planting. It has been suggested that the 
Manihot genus emerged in Mesoamerica and from there diversified to the north 
and south (Deputié et  al. 2011). Endemic Manihot species can be found from 
southwestern North America to central Argentina (Rogers and Appan 1973; 
Nassar and Ortiz 2008; Deputié et al. 2011). The taxonomy of the genus has been 
generally understudied. Rogers and Appan (1973) in their comprehensive mono-
graph described 98 Manihot species. More recent taxonomic updates were done 
by Allem (1999, 2002), Allem et al. (2001) and Second et al. (1997).

The botanical and geographic origin of cultivated cassava is still unclear. Early 
publications suggested that cassava had an unknown ancestry but was likely the 
by-product of indiscriminate introgression among some of the wild relatives in 
Mexico and Mesoamerica, probably including M. aesculifolia (H.B.K.) Pohl 
(Rogers and Appan 1973; Bertram 1993; Bertram and Schaal 1993). Renvoize 
(1973) suggested that cassava was domesticated in Mesoamerica and northern 
South America. However, today the prevailing hypothesis is that cultivated cassava 
originated in South America (Allem 2002; Olsen and Schaal 1999, 2001; Nassar 
and Ortiz 2008). Allem suggested in different articles (Allem 1999, 2002; Allem 
et al. 2001) that cultivated cassava was domesticated directly from an extant wild 
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species (either Manihot esculenta Crantz ssp. flabellifolia (Pohl) Ciferri or Manihot 
esculenta Crantz ssp. peruviana (Mueller Argoviensis)). Another contrasting view 
of the South American origin of cultivated cassava was proposed by Nassar in 
1978, suggesting that the origin and domestication of cultivated cassava occurred 
from a natural hybrid probably between M. pilosa and other species (Nassar 1978, 
2000). It is possible that several independent domestication events have taken 
place in different sites and times. Upon domestication, cassava was disseminated 
through tribal migrations (particularly the Arawak people) in pre-Columbian times 
(Nassar 2000).

The timing of domestication has also not been determined. Archaeological evi-
dence of vegetatively propagated crops is generally limited, and cassava is no 
exception. It is clear, however, that the Mochica culture flourishing in the northern 
coast of Peru (2200 through 1200 years ago) knew about cassava, as illustrated by a 
beautiful ceramic artwork (www.museolarco.org). Domestication of cassava, there-
fore, must have taken place at least 3000 years ago. Cassava was widely grown in 
pre-Columbian times. The Portuguese introduced the crop into West Africa in the 
1500s where it spread quickly thanks to its resilience, flexibility of harvest and 
diversity of uses. From Africa, cassava spread eastwards and eventually into Asia, 
where it had also been introduced by the Spanish into the Philippines (Byrne 1984).

More than 20 million ha of cassava are harvested annually, most of it (72%) in 
Africa, followed by 18% in SE Asia and 12% in the Americas (FAOSTAT, averages 
from the last three available years – 2012–2014). Worldwide average yield (2012–
2014 avg.) is 11.1 t of fresh roots per ha but varies widely (8.4; 12.3 and 21.3 t/ha, 
respectively, in Africa, America and Asia). Nigeria, Brazil and Thailand are interest-
ing examples, for cassava production and use, in their respective continents. Nigeria 
is the largest producer of cassava worldwide, with more than 6.7 million ha planted 
and 51.1 million t of fresh roots harvested (average yield of 7.6 t/ha). Brazil plants 
about 1.6 million ha with an average yield of 14.2 t/ha. However, large differences 
in productivity can be observed, for example, between NE and Southern Brazil with 
average yields of 10.3 and 19.8 t/ha, respectively, for the 2001–2013 period (IBGE 
2014). Thailand plants 1.4 million ha of cassava each year, and the average yield is 
above 22.0 t/ha. It can be postulated that productivity of cassava is closely linked to 
the strength and stability of markets. SE Asia and Southern Brazil have well-
established and reliable markets for cassava which explains the motivation to 
achieve average productivity above 20 t/ha in those regions. In Africa, on the other 
hand, markets are not so well developed thus partially explaining the low average 
productivity of about 8  t/ha. These figures are helpful to understand that proper 
technologies have been developed for cassava to express its high yield potential, but 
their adoption by farmers depends on the market perspectives.

Among the key technologies available to farmers are improved varieties. One of 
the first reports on cassava variety assessment and selection was published in Brazil, 
in 1899 (Zehntner 1919), reported by Gonçalves Fukuda et  al. (2002). Modern 
breeding programs were initiated during the first half of the last century (Byrne 
1984; Jennings and Iglesias 2002) in Brazil (Graner 1935; Lozano et  al. 1978; 
Normanha 1970), Ghana (Hahn et  al. 1979), India (Abraham 1957), Indonesia, 
(Bolhuis 1953), Madagascar, (Cours 1951), and Tanzania (Nichols 1947; Jennings 

H. Ceballos and C.H. Hershey

http://www.museolarco.org/


131

1957). However, with the exception of Brazil, most of these early efforts were 
discontinued as a result of the dismantling of the colonial system. The creation of 
cassava improvement programs at the International Institute of Tropical Agriculture 
(IITA based in Ibadan, Nigeria) and Centro Internacional de Agricultura Tropical 
(CIAT in Cali, Colombia) broke the previous isolation that breeding efforts had had 
in the past (Byrne 1984) and contributed to the establishment of vigorous and suc-
cessful programs in the most important cassava-growing countries. Most of the 
information presented in this chapter has been generated by the collaboration 
between the international centres and national agriculture research programs.

Markets in cassava are diverse. The crop was initially domesticated for the direct 
use of the roots, which contain little else in addition to starch (e.g. low concentration 
of proteins, fat/oil and traces of micronutrient mineral and vitamins). Low to very 
high levels of cyanogenic glucosides (CG) can be found in roots from sweet/cool or 
bitter cassava cultivars, respectively. CG are eliminated through alternative process-
ing techniques. Different cultures developed diverse ethnic products from cassava 
roots, for example: gari, kokonte and fufu in Africa; farinha and cassabe in the 
Americas; and krupuk, gaplek and sago pearls in Asia (Cock 1985; Nweke 2004). 
Processing roots soon after the harvest is also important to prevent post-harvest 
physiological deterioration (PPD) that spoils roots 2–3  days after harvest. Dried 
chips or silage of cassava roots can be used for animal feeding. Cassava foliage is 
also used for human consumption, particularly in Africa (Diasolua Ngudi et  al. 
2003; Lancaster and Brooks 1983; Muoki and Maziya-Dixon 2010), animal feeding 
(Balagopalan 2002; Buitrago 1990; FAO 2013) and even insect production for 
human consumption (Caparros Megido et al. 2016).

Globally, in the period 1970–2003, the main uses of cassava roots were for food 
(54%), followed by feed (30%) and other uses including starch production (4%) 
(Prakash 2008). During this period, however, there were considerable changes, with 
a clear trend of increasing industrial processing. Global use of cassava for feed was 
affected by the reduction of imports from the European Union in the 1980s. Production 
of starch on the other hand increased considerably in the same period (by 17.5% 
annually according to Prakash 2008). Today, cassava is the second most important 
source of starch worldwide (Stapleton 2012). In the 2000s a considerable amount of 
cassava roots started to be used for the production of fuel ethanol (Anyanwu et al. 
2016; Chen et al. 2016; Liang et al. 2016; Nguyen et al. 2007; Sriroth et al. 2010).

The diversity of uses for cassava roots and foliage illustrates the challenges that 
cassava breeders face. Each end use imposes a set of requirements, sometimes con-
trasting, that varieties need to meet for them to be acceptable to farmers and 
processors.

5.2  �Biology

Cassava is a perennial species usually grown as an annual crop. The roots can be 
harvested from 6 up to 24 months after planting (MAP). More typically, however, 
farmers harvest cassava 10–12 MAP, at the end of the dry season (or before the cold 
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season in subtropical regions), when root quality would be optimum, and store the 
stems only for a few weeks until the arrival of the rains (or several weeks during 
winter). Commercial multiplication of cassava is achieved by planting stem cut-
tings. Farmers grow clonal hybrids, so after having access to planting material of a 
good variety they only have to make sure that health, nutrition and physiological 
status of the planting material is maintained at optimum levels. There is a genetic 
component, however, of the capacity of planting material to withstand storage and 
to sprout quickly and vigorously (Ceballos et  al. 2011). This characteristic has 
become more critical in recent years due to the more erratic arrival of the rains as a 
result of climate change.

Farmers collect the main stems before harvesting the roots. Depending on the 
variety and growing conditions, length of harvested stems can range from 50 to 
200 cm. There is certain variation in sprouting capacity/vigour, depending on the 
sections of the stem from which the cuttings come. In a 10–12-month-old cassava, 
the best cuttings correspond to the middle half section of the stems (Ceballos and 
Calle 2010). This generates, unavoidably, certain phenotypic variation among plants 
in the same plot which may even increase the experimental error in evaluation trials. 
Cuttings are generally 20–30 cm long and have five to seven nodes. Cuttings can be 
planted horizontally, vertically or at a certain angle. If not planted horizontally, the 
cuttings are introduced into the ground at least half their length and taking into con-
sideration the orientation of the stem (proximal end down and distal end up) as api-
cal dominance occurs during sprouting. Adventitious roots develop from the 
underground portion of the cutting, either from the base of the nodal units or from 
the cut base of the stem. About 2 to 3 MAP, some roots start to swell and become 
storage roots. Above ground, buds sprout to produce leaves, and below the apical 
meristems, the stem starts elongating. Usually one or two buds will sprout to gener-
ate the respective stems. If cuttings are planted horizontally, many potential stems 
may emerge, and then some thinning may be advisable. Ideally one or two main 
stems should develop from each cutting. Planting density is typically 1 × 1 m for a 
10,000 plants/ha density. Higher densities are acceptable (up to 20,000  pl/ha, 
depending on varieties and environmental conditions).

The multiplication rate through stem cuttings in cassava is low. Because of differ-
ences in plant architecture, there is large variation in the number of cuttings that a 
plant can produce. Plants from some genotypes can produce as many as 30 cuttings 
per plant, whereas in other genotypes plants may barely produce five cuttings. When 
hundreds or thousands of genotypes need to be screened in uniform conditions, a 
maximum of eight (at best ten) cuttings per plant can safely be assumed from each 
and every genotype. This low reproductive rate implies that several years are required 
until enough planting material is available for multilocation trials. Breeders are 
chronically short of planting material, which imposes many limitations on the evalu-
ation process. For example, little progress has been made in identifying early bulk-
ing germplasm because it would require sacrificing some plants whose stems cannot 
be used as source of planting material (as they would have been harvested off sea-
son). Similarly, it may be desirable to store stems for longer periods of time (to select 
for capacity to sprout quickly and vigorously, even after long storage) but that would 
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also expose losing some plants when cuttings fail to sprout. In turn, this would 
complicate the logistics of the following stages in the selection process. Although 
rapid multiplication schemes based on micro-cuttings or tissue culture approaches 
can be implemented, they are expensive and have not been routinely used.

Cassava is monoecious, i.e. with separate female and male flowers, occurring in 
the same inflorescence (raceme or panicle). Male flowers are more numerous and 
develop in the upper section of the inflorescence (Gonçalves Fukuda et al. 2002; 
Perera et al. 2012). Female flowers are fewer and are found in the proximal branches 
of the inflorescence (Fig. 5.1a). Anthesis of female flowers occurs about 10–14 days 
before that of male flowers (protogynia). Cassava naturally outcrosses (mostly by 
insects). Self-pollination can occur when male and female flowers on different 
branches of the same plant are open, or different plants of the same genotypes 
simultaneously produce male and female flowers.

Inflorescences always develop at the apex of the developing stem. Sprouting of 
the buds below the inflorescence allows further growth of the plant. Therefore, the 
plant first flowers and then develops branches (Gonçalves Fukuda et  al. 2002). 

Fig. 5.1  (a) Illustration of an inflorescence with female flowers in the basal section already open 
and male flowers in the top still not open. (b) Erect plant architecture. (c) Defoliated plant illustrat-
ing the four consecutive flowering (and branching) events. (d) Highly branching plant architecture 
of a clone planted by farmers in Central Ghana
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Every flowering event, therefore, results in branching (Fig. 5.1c). Some genotypes 
flower early and several times (starting from 3 MAP and up to five times) during a 
growth cycle and others flower little or late (e.g. once at eight MAP). Erect, non-
branching types are frequently preferred by farmers because this plant architecture 
facilitates cultural practices and results in good production of vegetative planting 
material, and its transport and storage are easier (Fig. 5.1b). Longer stems can with-
stand a longer storage period and may be a key trait to deal with climate change 
(Ceballos et  al. 2012). In Africa, on the other hand, early branching clones are 
sometimes preferred by farmers (Fig. 5.1d); an advantage may be early canopy clo-
sure to help control weeds.

The general advantages of erect clones which do not branch or branch late in the 
season result in a dilemma for the breeder because the production of botanical seed 
from these genotypes is sparse and slow and, ultimately, more expensive. There are 
indeed many cassava clones with profuse, early and frequent flowering. These 
materials would facilitate greatly the production of segregating seed. However, as 
stated above, this flowering behaviour is closely related to an early (i.e. low to the 
ground) and frequent branching (Fig.  5.1c, d), which is generally undesirable. 
Since initiation, frequency and prolificacy of flowering are under genetic control, 
the progenies from early flowering types tend to inherit the trait and, along with it, 
the undesirable branching plant architecture. Perhaps one of the most important 
areas of research to accelerate and improve the impact of breeding, therefore, 
would be the development of a protocol for temporarily inducing flowering in cas-
sava. Conventional breeding would benefit by reducing the costs and time cur-
rently required to make crosses and obtain seeds. Induction of flowering would 
also facilitate the development of inbred progenitors through successive self-polli-
nations. Accelerated and synchronized flowering in cassava crossing blocks would 
also be useful for the implementation of genomic selection. There are ongoing 
approaches to induce flowering through grafting, photoperiod modulation and the 
use of plant growth regulators.

The development and growth of cassava are rather simplistic; it does not mature 
from the phenological point of view. After planting the buds sprout to produce leaves 
and stems. As the leaf area index increases, excess photosynthates are produced by 
the source (canopy) and are then stored in the sink (roots). The only function of the 
storage root of cassava is as an energy reserve organ for the mother plant. As the 
conditions are conducive for photosynthesis (e.g. adequate light, water and tempera-
ture), the plant continues growing and partitioning photosynthates into the roots. 
The root does not reach physiological maturity at any given time. If environmental 
conditions become limiting for further growth (e.g. a dry season begins or tempera-
tures fall below optimum), the plant ceases growing; starch accumulation will cease 
or become very slow. In most cassava-growing regions of the world, there will be a 
“dormant” period in which the plant stops accumulating energy in the root. It is usu-
ally at the end of that time when farmers harvest the crop. The roots will have opti-
mum quality (particularly in relation to dry matter content – DMC), and harvested 
stems will have to be stored for a short period of time before growing conditions 
improve (e.g. rains arrive). If the plants are left in the ground, growth will restart 

H. Ceballos and C.H. Hershey



135

using the energy stored in the roots. DMC in the root, therefore, falls drastically if 
plants are allowed to restart growth before they are harvested. Some genotypes 
quickly recover DMC but not others. The capacity of recovering DMC after a sec-
ond growth stage is an important characteristic in those systems when harvest is 
extended to take place during a second year of growth as is done in Southern Brazil 
and Paraguay.

The fact that cassava roots can be harvested at any time or age of the plant (pro-
vided that they are old enough to have had adequate time to accumulate starch) is a 
great advantage for cassava and explains the remarkable food security role of the 
crop. Farmers can leave the crop in the field until needed. Cassava does not have a 
phenological stage during its growth when it is particularly vulnerable to environ-
mental constraints (such as water stress during flowering of cereals), thus its recog-
nized drought tolerance.

5.3  �Genetics

Cassava is frequently considered an historical polyploid species based on the basic 
chromosome number of species in the Euphorbiaceae family (Westwood 1990). 
However, cytogenetic analyses during meiosis consistently have found the presence 
of 18 bivalents which are small and similar in size (Hahn et al. 1990; Umanah and 
Hartmann 1973; Wang et al. 2011). In some cases, occurrence of univalents/triva-
lents and late bivalent pairing has been reported. Cassava is therefore a functional 
diploid (2n = 2x = 36) (Jennings 1963; Westwood 1990; De Carvalho and Guerra-M 
2002; Nassar and Ortiz 2008). Magoon and co-workers suggested in 1969 that cer-
tain portions of the genome may be duplicated, and, therefore, cassava may be a 
segmental allotetraploid.

Very few Mendelian genetic studies have been conducted and reported in cas-
sava. Gonçalves Fukuda and co-workers summarized in 2002 a few cases in which 
inheritance of different traits had been reported. Narrow-lobed leaves are a domi-
nant trait controlled by a single gene, and darker colour of the external root peel is 
dominant over the light coloration (Graner 1942; Jos and Hrishi 1976). Male steril-
ity is a recessive monogenic trait (Jos and Bai 1981; Jos and Nair 1984). Pale green 
in the stem collenchyma is dominant over dark green and controlled by a single 
gene; yellow root parenchyma is partially dominant over white and controlled by 
two genes (Hershey and Ocampo-N 1989; Iglesias et  al. 1997; Morillo-C et  al. 
2012). The stem in zigzag is a recessive trait, and it has been used as a marker gene 
in cross identification. However, since some nutrient deficiencies can also cause the 
zigzag trait, the genetic component may not always be clear. Red is dominant to 
green in leaf nerves and has also been used to distinguish clones derived from 
crosses from those of self-pollinations (Kawano et al. 1978). Unfortunately, none 
of these traits (except parenchyma pigmentation which is linked to higher carot-
enoids content) have economic relevance. More recently, the inheritance due to a 
single recessive mutation was confirmed for waxy (amylose-free) starch (Aiemnaka 
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et  al. 2012). Resistance to cassava mosaic disease-CMD (a devastating disease 
present in Africa, India and Sri Lanka) seems to be controlled in some cases by a 
single dominant gene (Rabbi et al. 2014a).

Quantitative genetic information, on the other hand, has been more widely stud-
ied. The vegetative reproduction of cassava allows the quantification of within-
family genetic variation, which, in turn, allows a test for epistasis in diallel crosses 
(Cach et al. 2005; Pérez et al. 2005a, b). These diallel studies covered progenitors 
adapted to three different agroecological regions of Colombia. The most relevant 
results from these studies have been summarized in Table  5.1 for two key traits 
(fresh root yield, FRY, and DMC). Two features are worth highlighting. The use of 
heterozygous progenitors results in large within-family genetic variation. 
Nonadditive genetic effects (dominance and epistasis) are clearly relevant for the 
expression of these two traits but particularly for FRY. This type of information has 
been useful in the prediction that genomic selection would not be effective for traits 
such as FRY.

Additional quantitative genetic information has been produced in Africa and 
Asia. These studies can be grouped as diallel analyses and North Carolina II designs 
(Bueno 1991; Chipeta et al. 2013; Easwari Amma et al. 1995; Kamau et al. 2010; 
Lokko et al. 2006a; Njenga et al. 2014; Owolade et al. 2006; Parkes et al. 2013; 
Were et al. 2012; Zacarias and Labuschagne 2010). In general, all these papers sup-
port the information presented in Table 5.1 regarding the importance of nonadditive 
genetic effects for FRY.

Cassava, as most outcrossing species, shows considerable inbreeding depression 
for FRY (Gonçalves Fukuda et al. 2002; Kawuki et al. 2011b; Rojas-C et al. 2009). 
When inbreeding depression is important in a crop, it is often the case that heterosis 
will also be prevalent. The relative importance of nonadditive genetic effects for 
FRY suggested by diallel and North Carolina II Designs agree with the inbreeding 
depression observed for this trait by several studies.

Table 5.1  Variance estimates (standard errors within parenthesis) for FRY and DMC in three 
different diallel sets evaluated in the three environments for cassava production in Colombia

Genetic 
parameter

Fresh root yield (t/ha−1) Dry matter content (%)
Acid 
soil Subhumid

Mid-
altitude

Acid 
soil Subhumid Mid-altitude

σ2
G (between) 1.65 13.09 42.78 1.60 0.77 0.35

(2.95) (4.74) (13.27) (0.66) (0.29) (0.12)
σ2

G (within) 21.08 127.21 288.93 3.22 5.56 0.12
(2.30) (7.65) (1918) (0.17) (0.31) (0.12)

σ2
A (additive) −1.49 17.82 11.88 3.38 1.45 0.99

(6.32) (13.75) (24.67) (2.40) (0.99) (0.47)
σ2

D (dominant) 9.03 23.87 152.11 0.87 0.77 −0.21
(7.93) (11.15) (49.08) (0.67) (0.50) (0.13)

Epistasis test 15.05 100.40 168.91 0.87 4.26 −0.32
(6.74) (12.74) (39.72) (1.29) (0.67) (0.92)
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5.4  �Germplasm: Intra- and Interspecific1

One of the challenges in Manihot taxonomy is that interspecific hybridization 
between cultivated cassava and wild relatives, and among some of the wild relatives, 
occurs readily. It is feasible therefore that many wild species may have experienced 
important introgression of cultivated cassava alleles and vice versa. This has been 
suggested, for example, in the case of M. glaziovii (Nassar 2000; Bredeson et al. 
2016). Ideally, wild species should be collected in isolated areas where no cassava 
is cultivated. This is critically important. The first source of resistance to cassava 
mosaic disease (CMD), a devastating virus disease in Africa, was first reported in 
M. glaziovii by the East African Agriculture and Forestry Research Organization, 
based at Amani (then Tanganyika). That program then developed interspecific 
hybrids to generate the first cassava clones with resistance to CMD, sources which 
are still widely used in breeding in both East and West Africa.

As for any crop, the future potential of cassava to contribute to the sustainable 
benefit of humankind will rely fundamentally on safe long-term conservation of 
broad-based genetic resources and their use in effective breeding programs. These 
resources are basically the landrace varieties that evolved for centuries under 
farmer and natural selection and about 100 wild species of the genus Manihot. The 
genus is native to the Americas, and most of the genetic diversification has 
occurred here. Traders first introduced cassava into Africa and later into Asia. 
Both continents have become important secondary centres of genetic diversity, 
especially Africa.

Cassava is a vegetatively propagated crop, while all the wild Manihot species are 
seed-propagated in their natural environments. In order to preserve the genetic 
integrity of a landrace, cassava must be conserved in vegetative form. The most 
common forms of conservation are as field-grown plants or as plantlets started from 
meristem tips, cultured on sterile artificial media, under light, temperature and 
media conditions that induce slow growth. For either field or in vitro conservation, 
expensive periodic regeneration is required, at a much higher frequency (typically 
every 12–24 months) than is typical for seed conservation.

Many cassava-growing countries have established a gene bank of local landra-
ces, managed by government organizations. Most of these collections have been 
established since the 1970s, but some much more recently. Up until the 1970s, and 
through the 1980s, relatively few landraces had been lost due to broad-scale 
replacement by new, bred varieties. However, the risks are now much higher for 
genetic erosion of landraces, due to multiple factors, including success of new vari-
eties, replacement of cassava by other crops in some regions (e.g. southern cone of 
South America), crop intensification and the associated trends towards less on-farm 
variety diversity and, possibly, climate change.

1 The following section draws heavily from  an  extensive survey and  review of  cassava genetic 
resources supported by the Crop Trust and published as part of their series on Crop Conservation 
Strategies (Hershey 2008).
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Most countries note collection gaps (less so for Asia), due to lack of funding, 
losses of diversity due to natural disasters and social conflict, difficult access to 
areas for collecting and inadequate collecting techniques of the past. Nearly all 
programs rely primarily on field-grown plants but may have part of their collection 
in vitro as well. In vitro collections have had a mixed success except in the few 
institutions where they are well funded for the long-term such as Embrapa, Brazil; 
CIAT, Colombia; and IITA, Nigeria. Globally, only about one-quarter of accessions 
held by national programs appear to be conserved in vitro. Two international centres 
(CIAT and IITA) maintain regional collections for the Americas and Asia (CIAT) 
and for Africa (IITA). There are very few national gene banks that have the capacity 
to carry out safe international exchange in situations where viruses, of quarantine 
significance, are present. Most international exchange is facilitated via the interna-
tional centres.

About two-thirds of cassava is currently grown in Africa, but probably well over 
half the landraces occur in the Americas. This is to be expected in view of origin of 
the species in the Americas. A study in 2008 (Table 5.2) estimates that some 27,000 
distinct landraces of cassava are conserved in situ and about 10,000 maintained in 
gene banks. Hershey (2008) proposed that a total of about 15,000 landrace varieties 
should be conserved ex situ in order to represent the complete genetic diversity of 
the species. However, these estimates are based on very tentative results from 
genetic diversity studies, and much more information from molecular diversity 
studies will be needed to develop more precise information.

Currently CIAT curates the gene bank with the largest number of cassava land-
race varieties (about 5500 accessions), sourced from throughout the crop’s origin in 
the Americas and from Asia. IITA holds an extensive collection from West Africa 
and is developing plans to incorporate a larger representation from East Africa. A 
conservation strategy should consider security, cost and efficiency in its design 
(Epperson et al. 1997). Security is a function of both the number of replications of 
a gene bank (in different sites or in different forms) and the management level of 
each. Field gene banks are the least secure, followed by in vitro slow growth and, 
finally, cryo-conservation. Although cryo-conservation has been researched for 
more than two decades for cassava, and with relatively good success, there are as yet 
no cassava gene banks which rely on it as a main form of conservation.

Table 5.2  Estimates of cassava landraces in situ and ex situ in major growing regions

Region

Est. total 
landrace 
varieties

Est. total ex situ 
accessionsa

Est. in CGIAR 
gene banks

Est. no of landraces 
missing from CGIAR  
gene banks

Africa 7480 3743 2112 5368
Asia 2965 1132 257 2708
Americas 15,925 5148 4851 11,074
Global 26,986 10,068 7205 19,954

Source: Hershey (2008)
aLandraces held in gene banks, excluding breeding lines and estimated duplicates within and 
across collections
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Hershey (2008), based on survey and workshop results, proposed a comprehensive 
conservation strategy consisting of the following elements:

•	 Collecting in priority areas is carried out to fill gaps, with the aid of genetic 
diversity studies and GIS.

•	 National program gene banks and international centre gene banks are systemati-
cally compared for matching and non-matching accessions, based on passport, 
morphological and molecular information. This would evolve into a common 
cassava registry at a global level.

•	 CIAT and IITA duplicate all the landraces of national program collections, in 
their respective regions of responsibility (CIAT: Americas and Asia; IITA: 
Africa). Currently they appear to maintain about 50–60% of these accessions.

•	 National programs commit to at least one working gene bank that serves the 
purposes both of conservation at a moderate level of security and evaluation.

•	 CIAT and IITA maintain at least two forms of each accession. Currently this may be 
an in vitro active gene bank plus a black box duplicate kept in another centre. In the 
future, cryopreserved accessions will be either the main or the backup gene bank.

•	 CIAT and IITA commit to making the material they maintain available to national 
program gene banks, when requested.

•	 CIAT and IITA commit to meeting the demands and phytosanitary requirements 
for international exchange of cassava landrace varieties under terms of the 
International Treaty. Along with this, it is urgent to develop protocols for the safe 
movement of vegetative germplasm between the Americas and Africa.

•	 There is a mechanism developed for periodic interaction among stakeholders. 
Most notably this will be between the international centres and the national pro-
grams. Each will have a formal responsibility to periodically inform the other of 
the status of collections.

Duplicate identification, further improvements for in  vitro slow growth tech-
niques, improving cryo-conservation, and flower induction for seed conservation 
are all research areas outside the funding stream for routine conservation, but which 
will contribute to greater conservation and use efficiencies in the long term. Cryo-
conservation is clearly an option for effective, inexpensive, secure long-term con-
servation, but work remains to be done on achieving an adequate recovery level for 
about one-third of accessions (based on results from CIAT’s core collection). 
Research should continue on improving recovery of these recalcitrant types before 
committing to large-scale cryo-conservation of any gene bank.

As a future alternative to vegetative cassava gene banks, the seed from self-
pollinated accessions could be a less expensive and more efficient conservation 
method and would be equally or more effective for breeding programs. Since 
many cassava accessions do not readily flower, there is a need for research on the 
induction of flowering in order to have a broadly applicable strategy for seed con-
servation. Long-term, a conservation strategy that consists of a combination of 
cryo-conserved meristem shoots and seed maintained in conventional cold stor-
age might be envisioned. This would combine the advantages of both seed and 
vegetative conservation in a low-cost, secure system.
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The wild Manihot species present a situation that is simpler in some aspects but 
more complex in others, compared to cassava. It is simpler in that only a handful of 
institutions are involved in conservation – mainly Embrapa and the University of 
Brasilia in Brazil, CIAT and IITA. It is more complex in that:

•	 The taxonomy of species is still poorly defined.
•	 The highest concentration of species is native to threatened habitats. This is espe-

cially true in the Campo Cerrado of South-Central Brazil, where the expansion 
of agriculture and urbanization are rapidly encroaching on the wild species 
habitats.

•	 A secondary centre of diversity, with a distinct set of species, exists in 
Mesoamerica. Here, and especially in Mexico, cassava is a relatively unimport-
ant crop, and it is difficult for these governments to justify investment in Manihot 
conservation in terms of value addition to the crop per se.

•	 Fewer than half the species are conserved in vitro, and very few are protected in 
national or regional reserves, in their native habitat.

•	 Wild species conservation presents many challenges, especially with regard to 
regeneration. Progress is being made both in seed and in vitro propagation, but 
much remains to be done.

•	 The value of the wild species is continually becoming more evident as new char-
acters are identified with potential for transfer to cassava, and the techniques for 
efficient transfer and selection of specific genes are developed.

•	 Genes from cultivated cassava may have been introgressed into wild relatives.

Cassava is unusual among major crops in that there is relatively little differentia-
tion between landrace varieties and “modern”-bred varieties. This is due in large 
part to the late and relatively low investment that cassava breeding has had and to 
the fact that the large majority of clients for new varieties are the small-holder farm-
ers who grow the crop with minimal inputs for traditional markets (especially in 
Africa). This relatively low differentiation between landraces and bred materials has 
allowed breeders to continue to make wide use of gene banks to introduce new traits 
into breeding populations and to derive superior individuals without the need for 
extensive further crossing to eliminate unfavourable genes. However, this is chang-
ing, and breeders will ultimately broaden the gap between what is available in gene 
banks or in situ, compared to new varieties for modern management and markets.

Cassava gene banks have been moderately to well evaluated for basic agronomic 
traits like plant architecture, yield in multiple agroecosystems, DMC, cyanogenic 
glucosides (CG) and reaction to a range of pests and diseases. In addition, signifi-
cant numbers of accessions have been evaluated for nutrient use efficiency, multiple 
root quality traits such as amylose/amylopectin ratio, sugar, and carotenoid content 
and tolerance to PPD. Systematic efforts to screen for useful recessive traits, such as 
amylose-free starch (Morante et al. 2016), need to be conducted. As we face new 
challenges such as climate change and the spread of pests and diseases, and new 
opportunities with new markets, novel genetic diversity will become ever more 
important, such as capacity to withstand long storage periods of the stems. From the 
standpoint of ease of use by breeders, the first step should be the full exploration of 
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the M. esculenta gene pools. There is little advantage – and many disadvantages – to 
the extraction of genes from wild species if the same genes are available in cassava 
landraces. For example, the use of M. glaziovii as a source of resistance to cassava 
mosaic disease required decades of breeding in order to restore agronomic perfor-
mance in genotypes carrying the CMD resistance. Initially it was believed that there 
were no sources of resistance within the cultivated species, but more recently it has 
been shown that variation for resistance does exist. Molecular markers will ulti-
mately allow more efficient identification and extraction of genes from wild species 
(Duitama 2017). There is an urgent need to collect, conserve and evaluate these 
species as a resource for future breeding.

5.5  �Crossing Approaches

Controlled pollinations in cassava result in the production of full-sib families 
(Fig.  5.2a). Several publications illustrate crossing techniques (Kawano 1980; 
Byrne 1984; Jennings and Iglesias 2002; Gonçalves Fukuda et al. 2002). There is no 
evidence of incompatibility, but there is variation in the success of seed set among 
different crosses (Njoku et al. 2015a). A maximum of three seeds per pollination 
can be obtained, although averages in controlled pollinations are considerably lower 
(ranging from one to two seeds). Making controlled pollinations in cassava is not 
difficult. Male flowers, ready for anthesis, are collected in the morning hours before 
they open. At the same time, on the day of anthesis, female flowers are covered 
(before stigmas are exposed). Field workers can easily recognize those flowers that 
will open each day, and they do these operations efficiently. Collecting or covering 
flowers before anthesis prevents contamination with undesired pollen.

Open pollinations can also be used as source of botanical seed. Polycross nurser-
ies are planted following a special field design to favour pollinations of different 
genotypes (Wright 1965). At CIAT all the seeds collected from a given female pro-
genitor in a polycross define a unique half-sib family. The female parent is known, 
since the seeds are collected from identified genotypes. The source of pollen that 
generated each seed is unknown, but a set of potential male progenitors is restricted 
to the genotypes that make up the polycross nursery each year.

The major bottleneck in the production of seed in cassava breeding programs is 
the scarcity of flowering and/or problems of synchronizing the flowering of 
particular pairs of genotypes that the breeder wants to cross. Efforts to develop a 
protocol for pollen conservation several decades ago were unfortunately fruitless 
(Orrego and Hershey 1984). The preference in many regions of the world for erect 
plant architecture aggravates matters further because this phenotype implies late 
flowering and few flowering events that the breeder can exploit. Certain environ-
mental conditions may favour flowering. Longer photoperiods and cooler tempera-
tures have been reported to stimulate flowering (De Bruijn 1977; Keating 1982). 
Lack of balance in the number of crosses representing each progenitor has implica-
tions for breeding. Indirect information suggests that at least 200–300 genotypes 
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would be required to properly assess the breeding value of a given progenitor 
(Ceballos et al. 2016a). This figure is often difficult to attain and breeders may have 
to wait for 2–3 years until enough crosses from a given set of progenitors have been 
made and the resulting seed harvested.

The late flowering habit of erect plant types implies that breeders typically need 
18–24 months to produce an acceptable number of seeds (e.g. at least 20–30) from 
any planned cross. This time frame was not a problem for ordinary breeding proj-
ects where the main objective was developing high-yielding materials adapted to a 
particular agroecological zone. If seed from a given cross could not be evaluated in 
one year, it would be included in the following year. However, as breeding projects 
sought to develop clones with special attributes (e.g. high carotenoids or special 
starches), the slow rate in the production of botanical seed became a logistic prob-
lem as crosses were usually concentrated during 12–18 months. Special breeding 
projects are usually supported by time-constrained research grants that impose a 

Fig. 5.2  (a) Illustration of female (top left) and male (mid-left) flowers and procedure used in 
controlled pollinations (bottom left) which take place in the afternoon. Female flowers are covered 
with bags before they open and the bags are removed 2–3 days after pollination (centre top). Bags 
are placed again over near-mature fruits to collect seeds after dehiscence. Male flowers are col-
lected in the morning and kept in plastic containers until needed (centre bottom). (b) Example of 
“asparagus” phenotype (top) and aerial view of a trial where it was compared with cassava geno-
types with normal phenotype
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restriction in the time allocated to make crosses. The Next-Generation Cassava 
Breeding Project (www.nextgencassava.org) is evaluating the potential of genomic 
selection in cassava (de Oliveira et  al. 2012; Ly et  al. 2013; Rabbi et  al. 2014b; 
Wolfe et al. 2016a, b). It recognized, early on, that the induction of flowering was a 
key requirement because it would allow the achievement of a more balanced num-
ber of progenies from each progenitor and shorten the length of each recurrent 
selection cycle.

Another example of difficulties in making crosses in cassava can be given with 
the so-called “asparagus cassava” (Fig. 5.2b). This particular phenotype is charac-
terized by leaves without petiole and absence of flowering within the first 8–10 MAP 
(no or very late branching). This very particular phenotype could be a new plant 
type as it is well adapted for high planting densities (e.g. 40,000 pl ha−1 instead of 
the normal 10,000). Preliminary results have demonstrated that “asparagus cassava” 
responds better to high densities than ordinary phenotypes (CIAT, unpublished 
results). However, breeding this type of cassava would be nearly impossible due to 
the current difficulties producing segregating seeds.

Because of the reasons described above, the induction of flowering in cassava 
has become an important research objective. Grafting of stems from non-flowering 
genotypes into a rootstock from an early and frequently flowering genotype has 
induced flowering in some genotypes, but not in others (Ceballos et al. 2017). There 
are ongoing efforts to induce earlier flowering and stimulate number of flowers 
produced and seed set through modulation of photoperiod or application of plant 
growth regulators. These efforts have been successful in some genotypes but not in 
others. Preliminary results indicate that the application of certain growth regulators 
has been successful for inducing flowering in the “asparagus cassava” (CIAT, 
unpublished data). Genetic transformation modulating the FT locus has also been 
successfully achieved (Adeyemo et al. 2008).

5.6  �Breeding Schemes

Several reviews on cassava breeding have been made over the years (Byrne 1984; 
CIAT 1991; Gonçalves Fukuda et al. 2002; Jennings and Hershey 1985; Jennings 
and Iglesias 2002; Ceballos et  al. 2004, 2007a, 2010, 2012; Kawano and Cock 
2005; Kawuki et al. 2011a). These reviews provide new information regarding dis-
coveries of new sources for relevant traits, consolidated information regarding the 
relative importance of genotype, environment and their interaction for productivity 
and, more recently, on the potential of molecular markers. However, basically the 
breeding scheme has remained unchanged since the inception of modern cassava 
breeding in the late 1960s. Below is a brief description of the scheme used at 
CIAT. All programs apply some variation of a scheme which begins with selection 
of parents; crossing to produce a segregating population; seedling nurseries where 
each individual is genetically distinct; then a series of clonal trials of increasing plot 
size; number of replications and number of testing sites, ending in regional and 
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on-farm trials; and finally official release. Typically, the time frame from selection 
of parents to release is at least 10 years and often longer. Under highly accelerated 
schemes, release could take place in as few as 6 or 7 years.

Figure 5.3 illustrates a general scheme of the different trials used in cassava breed-
ing. In the case of cassava, botanical seeds from a cross between two heterozygous 
parents are normally referred to as the F1 generation, in contrast to common use of the 
term to refer to progeny from two homozygous parents. Botanical seeds from full- or 
half-sib families are germinated and the resulting seedlings grown in a screenhouse 
for 1–2 months. Some programs, however, germinate the seeds directly in the field, a 
possibility especially under high soil temperature conditions. Vigorous and healthy 
seedlings are then transplanted to the field and grown for 10–11 months. The size of 
seedling nurseries varies considerably depending on seed availability, regions, objec-
tives and program resources to manage nurseries. If selection can be effectively made 
on a one-plant plot, i.e. for traits with high heritability, then the F1 nurseries tend to 
be relatively large (>15,000 plants). Strong selection pressure is used at the seedling 
plant stage in few specific cases where the breeder aims at selecting for a high-heri-
tability trait: resistance to CMD (Rabbi et al. 2014a; Jennings and Iglesias 2002), 
bio-fortification for enhanced carotenoids content (Belalcazar et al. 2016; Ceballos 
et al. 2013), waxy starch (Aiemnaka et al. 2012) or white vs. brown root surface.

When the goal is to generate clones with good agronomic performance and high 
productivity, in the absence of a limiting factor such as CMD, selection based on a 
single plant plot is not reliable. In these cases, therefore, selection pressure cannot be 
high at the F1 stage, and the nursery size tends to be smaller, such that the large 
majority of genotypes can be cloned for more complete evaluation in larger plots. 

Fig. 5.3  Illustration of the different stages of evaluation used at CIAT in the selection of clones 
eventually released for commercial growth by farmers. The number of plants per plot, replications 
and locations for each stage is indicated at the bottom
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Seedling nurseries at CIAT for a particular target environment are typically <10,000 
plants. Genotypes with undesirable phenotypes (e.g. poor vigour, susceptibility to 
thrips, chlorosis, very low or high harvest index, etc.) are also eliminated by default 
(Fig. 5.4a). The seedling plants (F1 in Figs. 5.3 and 5.4a) are used as source of planting 
material for the next stage in the selection process and must, therefore, provide six to 
eight good quality cuttings. At CIAT, the seedling nursery is planted at Palmira 
Experimental Station, which offers nearly ideal growing conditions (including irriga-
tion) to guarantee excellent nutritional and sanitary conditions of the resulting plant-
ing material. The next stage in the selection process is the single-row trial (SRT) 
which is planted in the target environment. In Colombia, CIAT has four main targets: 
subhumid, acid-soil savannas, mid-altitude valleys and the highland environments.

In SRT each genotype is planted in a single row with six to eight plants per row 
(the number may change from one year to another, but it is uniform for each trial). 
These are large experiments with 1500–2500 genotypes (1–2  ha) and therefore 
prone to large experimental errors (Fig. 5.4b). Target environments and evaluation 
plots lack uniformity which reduces the precision of evaluations and reliability of 
data. At CIAT, therefore, the SRTs are split in three to four blocks (strata), and 
selection is made within each stratum (Ceballos et al. 2007a). This strategy reduces 
the environmental variation among strata in the selection process (Gardner 1961). 

Fig. 5.4  Illustration of different types of trials in the cassava breeding scheme. (a) Seedling nurs-
ery (F1) in which adequate plant architecture, vigour, health and harvest index are key selection 
criteria; (b) single-row trials (SRT) are usually very large (up to 2 ha); (c) preliminary yield trials 
(PYT) follow a special design that leaves one empty row between plots to reduce plant competition 
among different genotypes. Notice the difference in plant height in two neighbouring clones; (d) 
plots in advanced yield trials (AYT) and uniform yield trials (UYT) are larger, and only the six or 
nine central plants are harvested, to eliminate effects of inter-genotypic competition. The sur-
rounding plants in the plot periphery are left in the field and used as source of planting material
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A selection index (SIN, described in next section) is used to facilitate selection of 
genotypes evaluated at SRT.

The following stage in the selection process is the preliminary yield trails (PYT) 
in which each genotype is planted in three replications with ten-plant plots (two 
rows of five plants). The six to eight plants from SRT are used as source of planting 
material for the PYTs. Because of limitation in the amount of planting material 
available, a special design is often used for PYTs. In cassava there is still consider-
able variation in the farmer-preferred plant architecture, ranging from short and 
bushy to tall and erect (Fig. 5.1). To minimize inter-genotypic competition arising 
from differences in plant height and architecture, an empty row is left between 
neighbouring plots (Fig. 5.4c). Plant spacing is set to 0.8 × 0.8 m within plots and 
1.6 m between plots, for a final plant density of 9600 pl ha−1. The number of geno-
types evaluated in PYTs is still relatively large (200–500), and therefore they are 
split into three to five separate trials with 50–100 clones each. Selection is con-
ducted within each trial but is not as stringent as for SRT. About 50–120 genotypes 
are selected for the following stage (advanced yield trials or AYT).

Plots in AYT have four (or five) rows with five plants each. The six (or nine) 
central plants are harvested and the resulting data used for selection. The surround-
ing plants in the periphery are left in the field and used as source of planting material 
when needed (Fig. 5.4d). Occasionally AYT may be planted for two consecutive 
years or at two or more locations. The same selection index is used throughout the 
different stages of the selection process, but as the number of genotypes is gradually 
reduced, more information is taken in later stages (e.g. boiling time, cooking qual-
ity, CG etc.).

The last stage in the breeding scheme is the uniform yield trials (UYT) which are 
conducted in several locations and at least two consecutive years. About 20–25 
experimental clones and 5–8 commercial checks/controls are involved in these tri-
als, which have three replications and plots similar to those used in AYT. Genotypes 
reaching UYT are usually incorporated as progenitors in crossing blocks and the 
best two to three may be considered for release as official varieties.

There are many variations that can be introduced to this generalized scheme, to 
achieve specific goals for any given breeding program or to adapt to local conditions 
and resources. For example, CIAT uses a disease “hotspot” in the eastern plains 
region (Llanos Orientales) to screen all material that has reached intermediate selec-
tion stage. For example, at the same time a set of genotypes is evaluated in the PYT 
in the principal target environment of the Atlantic coast region (subhumid tropics), 
a set of the same genotypes is evaluated in a SRT in the Llanos for resistance to 
bacterial blight and super-elongation disease.

5.7  �Traits

For many years, the main objective of cassava breeding programs was to produce 
high-yielding clones that were adapted to the target environments and tolerant to 
their main biotic and abiotic stresses. However, several traits, in addition to high and 
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stable productivity, are required in order for clones to be adopted by farmers. Some 
of these additional characteristics are common across regions (e.g. capacity of stems 
to withstand long storage period or fast and vigorous sprouting of the cuttings). But 
others may be contrasting and region specific (e.g. erect plant architecture is pre-
ferred in many Asian and Latin American countries, whereas bushy types may be 
preferred in certain regions of Africa).

Depending on the target region, different biotic stresses have to be considered 
by breeders. Bacterial blight (CBB) is found widely across the three continents. 
Across Africa, in India and Sri Lanka, different strains of CMV are a major threat 
to cassava. Cassava brown streak virus (CBSV) originated in East Africa but is 
spreading westward. In Latin America, cassava frogskin disease (CFSD) (whose 
aetiology is not clearly established) is a problem that can be managed with simple 
cultural practices (e.g. confirm that roots are symptomless before collecting the 
stems as source of planting material an approach that is also useful for CBSV) but 
may also be a target for resistance breeding. Thrips can have a devastating effect 
on cassava. Fortunately, pubescence of newly emerging leaves at the shoot tips 
offers an excellent and stable source of resistance. Whiteflies can cause direct 
damage to cassava, but their most serious impact is transmitting viruses such as 
CMV and CBSV. An excellent source of resistance has been found in landraces 
from Ecuador and Peru (Bellotti and Arias 2001). Mites can have detrimental 
effects on cassava, particularly during the dry seasons. There is an interesting 
example of interaction between genotype and biological control in relation to 
mites. In Africa, the management of the cassava green mite problem is achieved 
through biological control by exotic predatory mites. However, cassava morpho-
logical traits can be improved to provide better shelter and ensure continuous 
survival of the natural enemies of the cassava green mite (Chalwe et  al. 2015; 
Molo et al. 2016).

End uses of cassava drastically define the traits that breeders have to take into 
consideration. For starch, ethanol or dried chips for animal feeding the key traits 
will be DMC and FRY. White parenchyma is preferred by the starch industry, but 
the enhanced nutritional quality of yellow roots would be preferable for animal 
feeding. The great diversity of food uses of cassava was thoroughly described by 
Balagopalan (2002). Some regional and ethnic uses of cassava such as farinha and 
casabe (Amazon basin), kokonte (Ghana), gaplek and krupuk (Indonesia) or tapi-
oca pearls (India) would also benefit from adequate DMC and FRY. However other 
ethnic uses require additional traits. Boiled cassava roots require low levels of CG, 
reduced boiling time and consumer-preferred texture. On the other hand, African 
products such as fufu and gari require proper poundability or mealiness. It is not 
clear which are the anatomical or biochemical characteristics that define cooking 
quality, mealiness or poundability, and there is ongoing research to elucidate these 
characteristics to facilitate the selection process made by breeders.

As breeding techniques and cassava utilization evolved, however, there has been 
a growing tendency to shift from breeding to develop general-purpose cultivars 
towards more specialized, market-oriented products. This new trend is a result of 
the confluence of different circumstances briefly described below.
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The first modern cassava varieties started to be released in the early 1980s 
through early 1990s. These varieties fulfilled the basic requirements of adequate 
levels and stability of productivity, acceptable levels of DMC and, depending on the 
end uses, root quality traits. This early group of varieties includes, for example, the 
very successful variety KU50 released in Thailand in 1992 (FAO 2013; Fisher et al. 
2014; Kawano 2003; Kawano and Cock 2005; Kawano et al. 1998). A second wave 
of improved clones was released during the 2000s, and a third wave is being released 
in the 2010s. The varieties released were very successful in increasing productivity 
(particularly in SE Asia where it basically doubled in the last 30 years). However, 
genetic gains in the second and third waves of new varieties seem to have plateaued 
(Ceballos and Hershey 2016). The breeders’ hopes of producing new clones with 
higher productivity than that of already-released varieties face increasing chal-
lenges. It has been postulated that the difficulties of increasing productivity in cas-
sava arise from the heterozygous nature of the progenitors used and the strong 
influence of nonadditive genetic effects already described in Table 5.1 (Ceballos 
et al. 2015, 2016a). These problems require change(s) in the current breeding meth-
ods, which will be discussed later in this chapter.

At the same time that breeders recognized the need for alternative breeding 
approaches for increasing productivity, their attention has also shifted towards other 
traits with commercial relevance and with higher heritabilities. This is the case of 
breeding for increased carotenoids content (Ceballos et al. 2013; Esuma et al. 2016; 
Morillo-C et al. 2012; Njenga et al. 2014; Njoku et al. 2015b; Ssemakula and Dixon 
2007) or cassava with special starch functional properties (Carvalho et  al. 2004; 
Ceballos et al. 2007b, 2008; Morante et al. 2016).

The identification of traits with high commercial value (such as starch mutants) 
or the development of clones with desirable nutritional traits (e.g. high carotenoids 
or low levels of CG) highlight the importance of a thorough and complete screening 
of gene banks as indicated in the section of germplasm resources. The development 
of reverse genetic molecular approaches (such as Eco-TILLING) or similar tech-
nologies (such as pooled targeted resequencing of DNA to detect rare SNPs in spe-
cific genes) would make the identification of useful traits much easier (Duitama 
et al. 2017). As we expand our understanding of the specific needs for the ever-
widening uses of cassava, these molecular tools offer a very appealing alternative 
for the identification of useful (recessive) traits.

Cassava roots spoil quickly due to PPD. The short shelf life of roots imposes 
many limitations to post-harvest handing, transport and processing of cassava roots 
(Beeching et al. 1993; Reilly et al. 2007; Vlaar et al. 2007). Sources of tolerance to 
PPD have been reported (Morante et al. 2010; Moyib et al. 2015), but changes dur-
ing root storage, including starch losses, limit the shelf life after harvest to less than 
2 weeks (Sánchez et al. 2013). Little progress can be achieved through conventional 
breeding to reduce the negative impact of PPD until an adequate protocol for proper 
screening is developed. The experimental errors associated with PPD are huge and 
the effect of genotype-by-environment interaction unacceptably large (CIAT 
unpublished data).
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Increase in levels of atmospheric CO2 is one of the most certain expectations of 
climate change and the environmental conditions for the next few decades. It is 
expected that increased CO2 will have a positive effect on cassava productivity by mak-
ing photosynthesis (specifically CO2 fixation) more efficient. This is an interesting 
situation because it would result in reducing the physiological advantages that C4 
crops such as maize, sugar cane and sorghum have over C3 plants such as cassava, 
wheat or soybean (Long et al. 2004, 2006). Free-Air CO2 Enrichment (FACE) methods 
allow field evaluation of crops under elevated CO2 concentrations that simulate the 
predicted levels for the decades to come (El-Sharkawy 2009). Modelling and FACE 
results could be very useful guides in the molecular optimization of the photosynthetic 
apparatus to maximize carbon gains without increasing crop inputs (Zhu et al. 2007, 
2010). Preliminary results indicate that increases in productivity under elevated CO2 
concentrations failed to meet theoretical expectations. If this is confirmed, it can be 
hypothesized that some bottlenecks in the complex metabolic processes following CO2 
fixation during photosynthesis prevent the theoretical expectations. Overcoming these 
potential bottlenecks may allow breeding to maximize the enhanced productivity that 
elevated CO2 concentrations will have on cassava in years to come.

5.8  �Field Trialling and Selection Approaches

The experimental design used for the different stages of breeding trials is basically 
a randomized block. Excel spreadsheets satisfy the needs and allow for the use of 
tablets or small portable computers for direct data uploading in the field. Statistical 
analyses (e.g. ANOVA) are not used routinely as statistical significances are not as 
relevant as properly ranking the different genotypes according to their perfor-
mance – although error variances do give a good indication of what reliance one can 
place on the trial results in general. A method for the adjustment for missing plants 
has been developed (Pérez et al. 2010). However, correcting for missing plants may 
have the negative effect of rewarding genotypes with weak sprouting capacity after 
a normal storage period of the stems. A critical concept in the implementation of 
evaluation trials is to stratify them when they are large and the field is variable 
(Gardner 1961). Alternatively, large trials can be split into few smaller ones.

A few traits are broadly accepted across breeding programs as common key goals 
for improvement: high FRY, high and stable DMC, suitable plant architecture, resis-
tance to locally important pests and diseases and harvest index (HIN). At CIAT, in 
addition to individual ratings, breeders integrate plant architecture and resistance to 
biotic/abiotic stresses into a single score indicating overall desirability of the above-
ground plant appearance (plant type score or PTS) where 1 is very good and 5 is 
very poor. This is essentially a subjective answer to the question: “How much do I 
like the overall appearance of this genotype, based on the above-ground parts of the 
plant?” It is a sort of subjective ideotype, based on the breeder’s experience and 
skill, and may be included among the more objective “select” or “reject” criteria.
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Because of the low heritability of FRY in early stages of selection, cassava 
breeders for many years have applied indirect selection for yield by using corre-
lated traits with higher heritabilities, such as HIN (Kawano et al. 1998). Since 2000, 
CIAT has used a selection index (SIN) that integrates four high-priority variables, 
assigning them best judgement weight (in italics in the formula below). These 
weights have been established by the breeder’s experience (Ceballos et al. 2012) 
and can be modified with time:

	
SIN FRY DMC PTS HIN= ( ) + ( ) ( ) + ( )∗ ∗ ∗ ∗10 10 5 3–

	

In the case of PTS, the desired target is a lower score. Therefore, a negative sign 
is assigned to the respective term in the SIN equation. The variables used in SIN are 
measured in units that differ drastically in magnitude. To overcome this problem, 
standardized values are used (xi – X/σ, where xi is the individual observation, X is the 
average across genotypes and σ is the standard deviation) in the estimation of SIN. 
About 15% of clones evaluated in SRT are selected. Other traits, such as cooking 
quality, may be incorporated in the selection process but in later stages (AYT or 
UYT). Selection pressure is gradually relaxed through the scheme (e.g. 30–40% of 
clones evaluated in AYT may be selected for evaluation in UYT).

The selection process and criteria described above are ideally suited for a goal of 
high productivity. However, as stated earlier, other traits may be required for varietal 
adoption, particularly where cassava plays an important role in food security. 
Participatory breeding approaches (Gonçalvez Fukuda and Saad 2001; Gonçalves 
Fukuda et  al. 2002; Grüneberg et  al. 2009; Kamau et  al. 2011; Manu-Aduening 
et al. 2006) are ideally suited for these conditions. Participatory breeding allows for 
much broader selection criteria, e.g. taking into account traits such as “maturity” 
period, suitability for intercropping, leaf production, taste, bitterness, processing 
amenability and cooking quality and even some traits that may just have a role as 
morphological markers such as petiole or shoot colour, leaf lobule shape or branch-
ing characteristics (Benesi et al. 2010). Participatory breeding emerged as a response 
to failures observed in some breeding efforts that limited the benefits of the green 
revolution in many developing countries for different crops. Many of the participa-
tory breeding principles were initially developed in cassava (Ashby et  al. 1987; 
Prudencio et al. 1992). Because of the size of the early trials (SRT and PYT), par-
ticipation by farmers in the selection process may start in AYT or UYT.

Participatory approaches are based on the farmers’ ability to select what is best 
for his/her conditions, a process which proved its power most significantly through 
the domestication of crops. However, it must also take advantage of the scientific 
knowledge generated in the past century. A major issue that is particularly acute in 
participatory schemes relates to the negative impact of genotype-by-environment 
effects (Grüneberg et  al. 2009). Local selection of germplasm may fail to take 
advantage of selection based on multilocation evaluations where stability of per-
formance is a key objective. If possible, the same set of genotypes should be grown 
in different environments by farmers that have common interests. Farmers may 
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select the materials of their preference, but breeders can then select for the best 
across-environment genotypes which should offer a more stable performance.

A critical decision that breeders constantly take and debate about is the progeni-
tors to be included in the crossing blocks. More often than not, progenitors used in 
cassava breeding are just clones with outstanding performance or carrying a desir-
able trait (e.g. resistance to CMD or CBB, amylose-free starch or high carotenoids, 
etc.). Alternatively, the use of breeding value or general combining ability (Falconer 
1981) as a criterion for choosing progenitors in cassava breeding has been proposed 
(Ceballos et al. 2004). This initial idea was renewed (in a more sophisticated way) 
with the implementation of genomic selection (de Oliveira et al. 2012; Rabbi et al. 
2014a, b). The usefulness of selection of progenitors based on breeding values is 
reduced by their heterozygous nature and the resulting within-family genetic varia-
tion (Ceballos et  al. 2016a). Additionally, at least for fresh root yield, there is a 
strong influence of nonadditive genetic effects, further reducing the predictive value 
of general combining ability (Table 5.1, Ceballos et al. 2015, 2016a).

Another important factor affecting the selection process is the relationship between 
different characteristics that can be positively or negatively correlated. For many 
years, for example, selection in early stages such as SRT was based preferably on 
HIN rather than FRY (Kawano 2003). The rationale was that these two variables are 
closely associated, but HIN has higher heritability than FRY (at least in unreplicated 
trials). An analysis of the selection process after 14 years of continuous evaluations in 
the subhumid environment of Colombia was recently published (Joaqui et al. 2016). 
In this study, the benefits of using HIN as an indirect selection criterion for enhanced 
productivity in SRT were questioned. HIN will still be a key criterion for selection at 
the seedling plant stage (F1). Another interesting observation was that the relationship 
between FRY and DMC was weakly but positively associated in SRT (r = 0.21) a 
result similar to the one reported by Kawano et al. in 1987. However, that relationship 
gradually becomes negative in successive stages of the selection process. In UYT the 
correlation was r = −0.42. This clear and consistent trend suggests that cassava geno-
types attain high dry matter productivity by maximizing DMC or FRY, or else through 
a compromise for “acceptable” levels in both variables simultaneously. But it is dif-
ficult for a given genotype to express simultaneously maximum levels of DMC and 
FRY. The nature of the association between DMC and FRY cannot be properly stated 
without a clarification in which stage of the selection process this association is being 
considered. Similar conclusions can be drawn from Kawano et al. (1998).

New technologies are likely to have a positive impact on cassava breeding, and 
one of these is high-throughput phenotyping. The way that near infrared spectros-
copy (NIR) benefited breeding for high carotenoid content has already been reported 
(Belalcazar et al. 2016; Davrieux et al. 2016; Sánchez et al. 2014). The use of drones 
has become a standard strategy to analyse canopy size and health. However, little 
progress has been made for monitoring root growth in cassava until now. The use of 
ground penetrating radar offers promising results that would allow non-destructive 
monitoring of root growth through the growing season (Delgado et al. 2017). Early 
bulking has been among the traits sought after by cassava breeders, particularly in 
Africa (Kamau et  al. 2011; Okechukwu and Dixon 2009; Olasanmi et  al. 2014; 
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Tumuhimbise et al. 2014). But the resources required to managing multiple harvests 
for many genotypes, and chronic lack of planting material during the selection pro-
cess, prevent breeders from sacrificing some plants to assess FRY before the usual 
harvesting time (11–12 MAP). This new technology offers promising advantages 
not only for selection of genotypes but also adequate cultural practices, for example, 
in the type and timing of fertilizers.

Cassava production in many regions of the world is seasonal. It is very common 
to have a large peak of availability of roots for periods of only 3–6 months. This is 
a major problem for large processing facilities that can operate only a few months 
of the year. An alternative solution to this problem is to delay harvest for a few 
months. This is how the cassava starch sector operates in Southern Brazil and 
Paraguay. Cassava is planted in early spring (e.g. August) and harvest can be split in 
two batches. Farmers may harvest part of the field early the following year in April–
June and leave the rest for a delayed harvest in November–February. This approach 
benefits not only processors that can have their facilities operational for most of the 
year but also for farmers. Delayed harvests imply a sharp increase in the productiv-
ity (almost doubled, without a major increase in the costs). A key requirement for 
this approach, however, is that DMC at harvest time is at an optimum. In the system 
described above, DMC drops when plants reinitiate growth in August. This is a 
well-known phenomenon related to starch hydrolysis in the root (van Oirschot et al. 
2000). When a similar strategy was attempted in tropical regions, however, DMC in 
available clones did not recover after 1 or 2 months after re-initiation of growth. 
There are ongoing efforts to select for a rapid recovery of DMC in delayed harvests. 
However, to do so, special trial arrangements are required: in the same locations, 
plots need to be harvested at the standard age (10–11 MAP) and then in delayed 
harvests (15–16 and 18–19 MAP).

5.9  �Tissue Culture and Clonal Production

Tissue culture plays several fundamental roles related indirectly or directly to cas-
sava breeding. The applications of tissue culture techniques are similar in cassava to 
those in other vegetatively propagated crops. Tissue culture has been used in cas-
sava for rapid multiplication of clean planting material (Wasswa et  al. 2010; 
Wongtiem et al. 2011), conservation/exchange of germplasm (Angel et al. 1996; 
Escobar et al. 1997; Roca 1984), embryo rescue approaches in interspecific crosses 
(Akinbo et al. 2010; Biggs et al. 1986; Fregene et al. 1999) and as a required system 
for genetic transformation (Bull et al. 2009; Ibrahim et al. 2008; Liu et al. 2011; 
Mongomake et al. 2015; Raemakers et al. 2001; Taylor et al. 2001, 2012). These are 
just representative reports that can be found in the literature for this broad range of 
applications of tissue culture. The conservation and exchange of germplasm have 
direct impact on breeding activities. Rapid multiplication and cleaning of planting 
material from diseases (particularly viruses) are important for the spreading and fast 
adoption of new varieties.
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Tissue culture systems have been developed and used in cassava since the 1970s 
and are quite refined for routine use, such as for slow growth plantlet culture in 
sterile media for germplasm conservation and international exchange. For these sys-
tems, essentially any genotype can be successfully cultured in vitro with a single 
media formulation and light/temperature conditions. The wild species are more 
complex, and different media and growth conditions are required for different spe-
cies. The development of friable embryogenic calli for transformation or gene edit-
ing is also rather genotype-sensitive, though many genotypes have now been 
successfully cultured for transformation.

Cassava is one of the few vegetatively propagated crops where important tissue 
culture efforts have been made for the production of doubled haploids. Ceballos 
et al. (2015) have listed the advantages that the use of inbred progenitors would have 
for the genetic enhancement of cassava:

•	 Implementing the back-cross scheme and trait introgression. The deployment 
and impact of desirable traits (resistance to diseases and pests, special starch 
quality traits, herbicide tolerance, etc.) is slow and limited because their intro-
gression requires breeding for a new variety de novo. Back-crossing is a highly 
successful breeding scheme used in many crops (Xu and Crouch 2008), but it 
cannot be applied to cassava because of the heterozygous nature of the progeni-
tors currently used. The relevance of the homozygote advantage has been 
recently highlighted by the efforts to deploy commercial cassava varieties with 
the waxy (amylose-free) starch. Introgressing a single recessive gene implied 
developing a new variety. The best varieties from the first batch of waxy clones 
had a productivity level similar to normal (non-waxy) clones released 30 years 
ago. Although the second generation of waxy varieties are expected to quickly 
catch up (Karlström et al. 2016), the cost of introgressing a simple trait is unac-
ceptably high.

•	 Doubling of breeding value: Self-pollinating a heterozygous source of resis-
tance to a given pest or disease and selecting a homozygous descendent would 
double the breeding value of the material when used as progenitor. Whereas 
50% of the gametes produced by the heterozygous source carry the resistance 
gene, 100% of gametes from the homozygous version do (Ceballos et al. 2016a; 
Kaweesi et al. 2016).

•	 Reduction of genetic load: Inbreeding exposes undesirable recessive alleles and 
allows a rapid reduction in their frequency (which tends to be relatively high in 
heterozygous populations).

•	 Discovery of useful recessive traits: There are many examples in the literature of 
useful recessive traits including in cassava (Ceballos et al. 2007b, 2008).

•	 Facilitated germplasm exchange and conservation: When inbred progenitors are 
available, their conservation and exchange could be through true-breeding 
botanical seed.

•	 Development of superior hybrids by design, not by trial and error: Hybrid 
vigour (e.g. nonadditive genetic effects) can be progressively improved, but 
only through reciprocal recurrent selection methods (Bernardo 2014; Hallauer 
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and Miranda Fo 1981) or through inbred line development within heterotic 
groups. Improving heterosis would be slow if no inbreeding were employed. 
The impact that the use of inbred progenitors has had in maize is unquestionable 
(Troyer 2006). The use of inbred progenitors offers the chance to maintain 
favourable gene combinations at different loci controlling the small, but criti-
cally relevant, nonadditive genetic effects as demonstrated in the case of maize 
(Crow 2000).

•	 Facilitated conventional and molecular genetic studies: The availability of 
homozygous progenitors would facilitate greatly the logistics of conventional 
and molecular genetic studies (Gallais and Bordes 2007; Tuvesson et al. 2007).

•	 Shortening the length of breeding cycles: The starting point for the selection 
process in Fig. 5.3 could be, for example, 30 plants (as currently required for 
PYT).

•	 True collaboration and synergies among the few cassava breeding programs: 
Development and sharing of inbred lines with known characteristics and 
combining abilities by land granted US universities were the backbone of 
maize research during a significant part of the last century. Today, the col-
laboration between cassava programs is limited because of problems related 
to sharing germplasm (in vitro) and because the materials shared are finished 
products whose main characteristic is an outstanding performance in certain 
environments. Ideally, however, breeding programs should exchange good 
progenitors that can be used by other programs in crosses with local 
germplasm.

Inbred lines could be produced after successive self-pollinations. A few pro-
grams, especially CTCRI in India and IITA in Nigeria, have had medium- or long-
term inbreeding programs. The first reported sequenced genome in cassava was on 
an S3 line developed at CIAT (Prochnik et al. 2012), which demonstrates that this 
is a feasible approach for cassava. However, successive self-pollinations are not 
practical because unavoidably it favours the production of early flowering types 
which are not desirable for breeding purposes and would require too many years 
(12–15 years). Instant homozygosity can be achieved through the production of 
doubled haploids, an advantage that was recognized many years ago (Woodward 
and Puonti-Kaerlas 2001). There are important ongoing efforts to develop a pro-
tocol for the production of doubled haploids through different strategies based on 
anther and microspore culture (androgenesis), ovary and ovule culture (gynogen-
esis) and wide crosses with Ricinus communis or irradiated pollen (parthenogen-
esis). There has been considerable progress towards inducing cell division in 
gametic tissue during the past few years (Perera et al. 2012, 2013), and research is 
now focusing on regenerating plants. Protocols for early embryo rescue (7–14 days 
after pollination) have also been developed, and plants were successfully regener-
ated. Early embryo rescue is fundamental in gynogenesis and parthenogenesis 
because the absence or abnormal fertilization in which these technologies are 
based results in weak embryos, poor or absent endosperm development and a 
strong tendency for fruit abortion.
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5.10  �Seed Production and Marketing

This chapter will mostly refer to seed as the botanical seed resulting from hybridization 
and used in the initial stages of selection of breeding programs. In this section, how-
ever, seed refers to the stem pieces or other clonal propagules used for planting the crop 
in other experimental or commercial production conditions. For the large majority of 
cassava production around the world, seed systems used by farmers have changed little 
over the past centuries. Because it is a vegetatively propagated crop, farmers are able 
to save planting material from their own production fields or trade informally with their 
neighbours, without any perceived need for a formal seed system to provide certified 
disease-free, high-quality and true-to-type seed. Farmers are generally underinformed 
about the potential improvements that can be made to seed quality, and scientists gen-
erally have inadequate research evidence to convince farmers of better options. This is 
due to the inadequate research on the subject, to the poor dissemination of results in 
easily accessed publications and to the generally poor extension systems to dissemi-
nate available information.

The basic feature of this traditional seed system is that farmers either store 
stems over a short period of time (from several days to a few months but typically 
a few weeks) or plant immediately after harvest of the previous crop without any 
significant storage period. Usually there is little or no discrimination between 
plants that are used for seed and those that are used strictly for root production. 
There are, however, efforts to promote the idea that part of the field should be tar-
geted as the source of planting material for the following season. This system is 
described below.

This traditional system will adequately supply grower needs under stable pro-
duction conditions and where no new varieties are being introduced. But obvi-
ously the goal of breeders is to see dissemination and impact from new varieties 
as efficiently and as quickly as possible. Multiplication and dissemination 
through traditional systems are very slow processes. This has the advantage of 
minimizing risk, in that any new variety will be well-proven over many years 
before it is grown on a large area, making dramatic failure unlikely. Cassava’s 
traditional slow multiplication rate is thus a built-in risk-management system to 
give varieties a chance to progressively prove themselves in real-life farm and 
market situations. On the other hand, for varieties that are truly superior, the 
impacts of their advantages and benefits may only be felt slowly and for a limited 
number of end users.

This informal system has obvious advantages and a proven track record of suc-
cess. It has allowed cassava to succeed and expand as a crop over many centuries. 
Nonetheless, there are a number of changes impacting current and future cassava 
production which will drive changes in the way seed is produced and marketed. This 
section will review the drivers of change in cassava seed production and the oppor-
tunities afforded by new technologies and new systems.

Traditional seed systems work just fine where there are few production con-
straints and where farmers have no need or motivation to adopt new varieties at a 
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higher pace. But these conditions are increasingly rare in modern times. Cassava 
production has continued to expand rapidly in the past 50 years, with much of this 
expansion in areas of stress such as poor soils and periodic drought, conditions 
which affect seed quality. In addition, pests and diseases are spreading, especially in 
Asia and Africa, and one of their primary modes of dispersion is through infested or 
infected stems used as planting material. Climate change includes enhanced uncer-
tainty in the initiation of the rainy season. Delayed arrival of the rains implies 
extended storage period of the stems and (eventually) the possibility of sharp reduc-
tion in their sprouting capacity.

Consequently, improved seed systems have two main functions, which may be 
combined or independent in any given situation. First, seed systems are needed to 
improve access to high-quality seed even where current varieties are grown and 
used on-farm. Second, seed systems are needed to accelerate access to new varieties 
by farmers. The CGIAR Research Program on Roots, Tubers and Bananas (CRP-
RTB) has developed a framework for intervening in seed systems, specifically 
aimed at the major vegetatively propagated crops (RTB 2016).

5.10.1  �Improving On-Farm Seed Production of Current 
Varieties

Typically, under stable production systems, about 10% of the plants in a cassava 
field need to be used for seed for the next planting season, i.e. a reproduction rate 
of about 1:10. This varies with variety and growing conditions. Typically, farmers 
do not make a distinction between managing plants that will be used for seed and 
those that will not. In other words, the planting material may be chosen on the 
basis of various factors, such as harvest date (i.e. material harvested closest to 
next planting season will be used for seed) or convenience for transportation of 
seed to next field for planting. There is generally little perception that different 
management practices can have significant effect on the quality of seed and con-
sequently yield of the subsequent crop. Nonetheless, some broad guidelines can 
be provided that will allow farmers to maximize seed quality and the resulting 
contributions to yield.

A basic tenet of producing high-quality seed on-farm is that production man-
agement specifically oriented towards seed quality will be different from man-
agement aimed at maximizing returns from harvesting and selling roots. At the 
same time, since the commercial product (the roots) are not propagative material, 
there may be no, or only a small, trade-off between maximizing income from 
roots and producing highest-quality seed. A concept promoted at CIAT and with 
the Colombian national research agency, Corpoica, is the “corner of prosperity” 
for seed management. For maintaining the same area of the same varieties from 
year to year, a farmer will need to use about 10% of the plants from each variety 
to supply the next season’s planting material. CIAT and Corpoica suggest that 
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10% of the production area (the “corner of prosperity”) be dedicated to 
management that will optimize quality of stem cuttings. This strategy will 
involve, in broad terms:

•	 Selection of the best part of the field (well-drained; most fertile soil; protected 
against mammalian invaders such as deer, wild pigs, etc.; easiest access to irriga-
tion if available).

•	 Fertilizer to optimize plant health (which may be at levels that are higher than 
those that maximize net returns for root production).

•	 Irrigation where extreme drought stress will significantly impact plant growth 
and development.

•	 Excellent weed management.
•	 Periodic inspection for preventive management of any negative impacts.
•	 Control of pests and diseases, including roguing if virus symptoms appear.
•	 Harvest of stems near to next season planting, to minimize seed deterioration 

during storage.
•	 Harvest stems from plants whose roots have been inspected to be symptom-free 

from diseases such as CFSD or CBSD.

Unfortunately, there is little quantitative information to indicate specific 
returns on these various management practices, and there is a high level of need 
for well-designed research to obtain such data. While there are many publications 
recommending practices to produce and select high-quality planting material, the 
quantification of benefits that farmers should expect by specific management of a 
small part of their production field for high-quality seed is still not well 
established.

Even if a farmer does not manage a “corner of prosperity” specifically for 
quality seed production, he or she can adopt several practices to improve seed 
quality. These have been well-documented in several publications (Ceballos 
and Calle 2010); Howeler and Maung Aye 2014). One of the key practices will 
be “positive selection” at harvest time. This concept involves inspection of both 
tops and roots in order to identify best sources of seed. In many cases, a healthy-
looking plant above ground will correspond to healthy roots, high yield, and 
high-quality seed. However, there are some key seed-disseminated pathogens 
that may not have visible leaf or stem symptoms. For example, cassava frogskin 
disease (CFSD) and cassava brown streak disease (CBSD) may both be symp-
tomless above ground while having moderate or even severe root symptoms. In 
these cases, the stems would carry the pathogen into the next production cycle 
and initiate a series of cycles of degeneration of seed quality. While there are 
sophisticated tools such as real-time PCR to detect the virus or phytoplasma, 
farmers can make good progress in reducing inoculum pressure by harvesting 
plants before cutting stems for seed and only selecting those plants without root 
symptoms of CFSD or CBSD. Empirical results have demonstrated that positive 
selection can efficiently keep CFSD under control in farmers’ fields.
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5.10.2  �Sustainable Systems for Supplying High-Quality Seed 
of New Varieties

The goal of most breeding programs is to periodically introduce new varieties to 
farmers – quickly and at scale. The traditional farmer-to-farmer distribution system 
will not adequately achieve this, and other, more intensive systems of intervention 
will need to be developed. Unlike the situation for seed crops, and especially hybrid 
varieties, the private seed sector for cassava is poorly developed and, in fact, non-
existent in most countries due to generally low and variable demand. Most com-
monly, national research and extension agencies work together (sometimes in 
collaboration with processing enterprises such as starch factories) before and after 
varietal release with a system of multiplication and distribution to farmers. However, 
beyond the initial release and small-scale distribution, most countries do not have in 
place an effective continuing system to provide quality seed.

The majority of the research on developing high-quality seed at mass scale has 
focused on tissue culture systems and other forms of intensive rapid propagation. 
However, to date, these intensive systems have had little practical success outside 
the laboratory and experiment station. Exceptions are primarily where tissue culture 
has been applied at the very earliest stages of variety multiplication, followed by 
conventional multiplication through stem cuttings in later stages, up to farmer 
acquisition and use. Current thinking among most donors and the CGIAR is to pro-
mote public/private sector alliances which rely on some public support for start-up 
costs but ultimately are driven mainly by profits in the private sector to sustain seed 
systems that provide additional profits to farmers and have zero or minimal ongoing 
public sector costs. Two prominent examples are seed systems in Uganda and 
Nigeria. In both cases, the emphasis is on developing viable private sectors. This is 
a major challenge which has never been achieved on a significant scale. While seed 
traders are common in major producing countries, there is typically little manage-
ment for seed quality. In SE Asia, for example, large-scale seed exchange occurs 
across the Thai-Vietnam-Cambodia borders but with little inspection or control for 
varietal purity, physiological quality or phytosanitary status. As cassava production 
intensifies and new superior varieties are more in demand, likewise the incentives 
for good seed systems will increase and should provide opportunities for sustain-
able public/private initiatives.

In 2016, a major cassava seed systems’ initiative was launched in Nigeria, funded 
by the Bill and Melinda Gates Foundation and implemented by CRP-RTB and 
IITA. This initiative pulls together the key lessons from many years of (often-failed) 
seed systems work, to try to positively affect productivity and profitability in the 
world’s top cassava producer. It is based, first and foremost, on the principles of 
sustainability, i.e. the mutual long-term profit advantages that will accrue to both 
private and public/private sector seed producers and farmers. In Nigeria, demand for 
seed is expected to be driven both by the need to provide seed of varieties degener-
ated from accumulated effects of CMD and by the demand for new, higher-yielding 
varieties to supply dynamic cassava markets.
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5.10.3  �Rapid Multiplication

5.10.3.1  �In Vitro Systems to Support Seed Production

When a cassava plant is infected with a virus or phytoplasma, there may be few 
options to eliminate that pathogen other than tissue culture systems that involve 
some combination of small apical meristem culturing and thermo- or chemotherapy. 
Such systems have proven effective for viruses such as CMD and CBSV and for the 
virus-/phytoplasma-induced CFSD. It is also effective for most bacterial and fungal 
pathogens and for all insects and mites.

A system of maintaining breeder’s seed in an in vitro, pathogen-free environ-
ment is fundamental to assuring long-term access to highest-quality, true-to-type 
seed. Such systems typically need to be managed by only one or a very few labora-
tories in a given country, due to costs and expertise involved. Theoretically, tissue 
culture systems can also achieve very high multiplication rates – almost unlimited. 
At the high end of these possibilities is somatic embryogenesis, where individual 
cells can be induced to develop into somatic embryos and subsequently, through 
“artificial seeds,” into plants. In this case, millions of plants could be produced 
from a small amount of leaf tissue and the hardening of plantlets quickly become a 
major bottleneck. There are intermediate systems, such as micropropagation from 
in vitro plantlets, where nodal pieces are cut and propagated into new media, suc-
cessively until the desired number of plants is derived to harden and taken to the 
field. In vitro systems have even been proposed and tested for use at the village and 
farm level in order to cut costs and improve efficiency, but these systems have been 
largely unsuccessful.

5.10.4  �Rapid Multiplication from Sprouted Shoots 
and from Mini-Stakes

Intermediate-level technologies (between the traditional stem cuttings and sophisti-
cated tissue culture systems) have been developed and used to some degree in 
applied, on-farm systems. If stems are planted horizontally in beds, the growing 
shoots can be harvested periodically over several months, rooted in water, hardened 
in containers (e.g. pots or bags) and transplanted to the field to produce conventional 
seed (mature stems) for further seed production or for commercial root production. 
In this system, a single plant in the field can theoretically produce several thousand 
plants within a year’s time. However, as with tissue culture systems, the practical 
use has been quite limited due to costs and the feasibility of covering those costs 
through added value compared to more conventional multiplication.

A very low-level technology to increase rate of reproduction for cassava is sim-
ply to reduce the length of the stem used for propagation. For example, if an aver-
age plant can produce ten 20 cm stakes, it could produce forty 5 cm stakes and 
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quadruple the standard multiplication rate. The constraint to this system is that the 
plants resulting from the shorter stem pieces are likely to be less vigorous and 
robust, at least initially, which will require additional management inputs such as 
more fertilizer, water and weed control. There are numerous successful examples of 
the mini-stake system applied at the experimental level and some cases where it is 
adopted by progressive farmers.

5.10.4.1  �The Way Forward for Cassava Seed Management

There have probably been more failures than successes in investments aimed at 
developing sustainable improved seed systems for cassava. While there is consider-
able research describing optimum seed management, there have been relatively few 
cases where this knowledge has translated to consistent farmer demand for improved 
seed. This demand is essential to sustain private sector investment. It now seems 
clear that in the past, donor or publicly funded investments in seed systems have 
overemphasized the more sophisticated approaches of tissue culture and other tech-
nologies that have been difficult to implement in ways that provide clear profit both 
for seed producers and for farmer-customers. The most difficult challenge for profit-
based systems is in situations where the demand for new varieties is low. This can 
be the case where high-yielding, high-quality varieties are already available, and 
there is little pressure for farmers to change varieties.

This may be the situation in large areas of SE Asia, where varieties such as KU50 
are already widespread and new varieties with clear superior performance are not 
common. The same is true of areas of Colombia (North Coast and Llanos) and 
Brazil (South) where new varieties are already widely used. While there is clearly 
continuing interest in testing and adopting new varieties in these areas, there are not 
compelling forces for change. On the other hand, in much of Africa, disease 
pressure, especially CMD and CBSD, is forcing farmers either to look for varieties 
that are resistant or to purchase clean seed of current varieties.

One of the major lessons from seed systems research in cassava is that clean seed 
by itself is not sufficient to control seed-borne diseases. For example, the Great 
Lakes Cassava Initiative (CRS 2010) attempted to produce and distribute seed free 
of CMV as a means of controlling the disease. However, the reinfection rate was too 
high, even during the seed multiplication process, such that the farmer had only a 
small or a short-term advantage to clean seed if the varieties were susceptible. It 
now seems clear that, in the case of some of the key pathogens, a strategy combining 
resistance and clean seed systems is essential to success.

5.11  �Biotechnology Tools and Their Use in Cassava

A wide array of biotechnology tools has been developed during the past three 
decades. To facilitate a description of their impact and potential in cassava 
breeding, they will be grouped into five types and discussed separately below. 
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The applications and huge potential of tissue culture protocols have already 
been described earlier.

5.11.1  �Molecular Markers for Diversity and Identity Studies

Isozymes were the first type of molecular markers used in cassava. Typically, the 
first applications focused on analysing genetic diversity or for identification pur-
poses (Ramírez et  al. 1987; Hussain et  al. 1987; Lefèvre and Charrier 1993). 
During the 1990s, different types of (DNA or RNA) molecular markers were 
gradually developed and used for these same initial purposes (Asante and Offei 
2003; Carmo et  al. 2015; Carvalho and Schaal 2001; Chepkoech et  al. 2015; 
Kawuki et al. 2009; Maredia et al. 2016; Marmey et al. 1993; Moyib et al. 2007; 
Rabbi et al. 2015; Zacarias et al. 2004). Markers have also been used to distin-
guish hybrids from self-pollinations in breeding nurseries (Otti et al. 2011). These 
applications for molecular marker technologies offer clear advantages that become 
even more evident with their constant reduction of costs and enhancement of dis-
criminating capacity.

The use of markers to identify clones grown by farmers is a powerful tool for 
impact assessment studies which are always relevant for cassava, considering the 
informal or weak seed systems. More often than not, there is no reliable way to 
know the area planted to different cassava varieties (with the exception of 
Thailand). Diversity studies based on molecular markers have been particularly 
useful to assess the relationship among different Manihot species and the evolu-
tion of this genus (Deputié et al. 2011; Olsen and Schaal 2001; Roa et al. 1997; 
Second et al. 1997).

There is a growing interest and need to conduct diversity studies aiming at 
identifying potential heterotic groups in cassava. One of the proposed strategies 
to be able to resume strong genetic gains for productivity would be the imple-
mentation of reciprocal recurrent selection (Ceballos et al. 2015) as already done 
in sweetpotato. This approach relies on two (perhaps three) breeding populations 
which exhibit high heterosis when crossed with each other (Hallauer and Miranda 
Fo 1981; Bernardo 2014). Unfortunately, genetic distances, based on molecular 
markers, do not seem to be good predictors for identifying potential heterotic 
groups in cassava (Ceballos et al. 2016b). A strategic effort needs to be made in 
cassava to develop a population structure that would facilitate the creation or 
identification of heterotic groups. One way to achieve this would be to focus on 
diverse gene pools that have evolved isolated from each other over a long period 
of time. CIAT has been working on the definition of diverse gene pools from its 
large germplasm collection using SNPs markers. Eight subpopulations have 
emerged from this diversity study (Becerra Lopez-Lavalle 2015). Representatives 
of each pool could be used initially as a proto-heterotic grouping.
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5.11.2  �Molecular Markers for Diagnostic Tools and Plant 
Health

Molecular diagnostic tools can be used for diseases of complex aetiology, such as 
frogskin disease (Alvarez et al. 2009; Calvert et al. 2008), detection and quantification 
of viral diseases (Monger et al. 2001; Kaweesi et al. 2014) and analysis of their genetic 
diversity (Calvert et al. 2008; Legg et al. 2011; Monger et al. 2001), in the character-
ization and diversity studies of fungal and bacterial diseases (Restrepo and Verdier 
1997; Álvarez et al. 2003; Wydra et al. 2004) as well as in gene expression studies in 
host-pathogen interactions (Kemp et al. 2004, 2005; Fregene et al. 2004; Maruthi et al. 
2014). An interesting application of molecular markers has been for the dissection of 
the pathway leading to post-harvest physiological deterioration (PPD) in cassava roots 
(Reilly et al. 2007). This is not a comprehensive list of publications on the subject.

The availability of tools for understanding genetic diversity of pests and diseases 
is an important asset for developing strategies for durable and efficient resistance in 
cassava. Reliable and affordable diagnostic tools are fundamental for the safe 
exchange of cassava germplasm.

5.11.3  �Marker-Assisted Selection (MAS)

The first molecular map for cassava was published nearly two decades ago (Fregene 
et al. 1997). Since these pioneering days, a large number of research articles have 
been published and will not be exhaustively listed here. QTL maps for a broad range 
of traits (reaction to anthracnose, CMD, CBB, whiteflies, HCN or CG, DMC, early 
bulking, PPD, plant architecture, carotenoids and protein contents in roots, FRY, etc.) 
and based on different type of markers (RFLP, AFLP, SSR, DArT, RAPD, etc.) are 
available (Akinbo et  al. 2007, 2011, 2012; Blair et al., 2007; Chen et  al. 2012; 
Ferguson et al. 2012; Kizito et al. 2007; Kunkeaw et al. 2011; Okogbenin and Fregene 
2002, 2003; Mkumbira et al. 2003; Whankaew et al. 2011 to list just a few). A com-
prehensive summary of applications of molecular markers in cassava and progress so 
far achieved was published by Ferguson and co-workers in 2011. In the last two 
decades, the cost of genotyping has been drastically reduced. The latest technology 
of genotyping by sequencing based on SNPs has also been applied to cassava (Rabbi 
et al. 2014b) and opens up the possibility of implementing genomic selection and 
marker-assisted recurrent selection as described in the following section.

CMD is not present in Latin America, and therefore nearly all cassava germ-
plasm from this region appears to be susceptible to the disease (Okogbenin et al. 
1998). Resistance was reported to be controlled by a single dominant gene, desig-
nated as CMD2 (Akano et al. 2002; Fregene et al. 2000) although evidence for dif-
ferent sources has also been reported (Lokko et al. 2006a, b; Okogbenin et al. 2012). 
CIAT, in collaboration with cassava breeding programs in the African National 
Agriculture Research System and International Institute of Tropical Agriculture 
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(IITA), has exploited CMD2 for the development of CMD-resistant Latin American 
germplasm in the centre of origin using MAS (Akano et al. 2002; Okogbenin et al. 
2007, 2012). This is the first report of MAS in cassava. The advantage of the appli-
cation is obvious: because CMD is absent in the Americas, the availability of molec-
ular markers was the only alternative for selection.

To this day, the selection for resistance to CMD is the only example of MAS 
applied to cassava (Ferguson et al. 2011). Although markers are available for other 
traits (e.g. waxy starch, yellow root parenchyma, etc.), their use is economically not 
competitive. For these high-heritability traits, selection could be made as early as 
6 months after planting a seedling nursery (Belalcazar et al. 2016), with the advan-
tage that along with the key trait, the breeder can select for other characteristics 
(vigour, plant architecture, resistance to thrips, etc.). Typically, a seedling nursery 
for these types of traits has around 15,000–20,000 genotypes. Growing 1–2 ha of 
seedling plants is still much less expensive than extracting and analysing DNA sam-
ples for so many genotypes, but costs for the latter continue to decline.

The use of markers for selection purposes in a large segregating population has so 
far failed to deliver the expected benefits. MAS, however, could have interesting 
applications for the selection of progenitors (Ceballos et al. 2016a). For example, 
progenitors that are homozygous for CMD2 would have twice the breeding value (for 
this trait) compared with heterozygous progenitors. Markers could be used to identify 
genotypes that are homozygous for CMD2. In the case of carotenoids, it may be 
desirable to reduce the activity of carotenoid β-hydroxylase, controlling the conver-
sion of β-carotene into other molecules. Molecular markers could be used to identify 
genotypes heterozygous for this gene, self-pollinate them and select progenies that 
are homozygous recessive (Ceballos et al. 2013; Morillo-C et al. 2012). Again, by 
this process, the breeding value of such self-pollinated genotypes would be better 
than that of its progenitor. As is often the case, application of new technologies to 
cassava requires special adaptation. Most efforts to apply MAS in cassava have been 
for selection in segregating progenies, which has until now had negligible impact. 
However, no effort has been made so far, in the selection of better progenitors.

The genome of cassava has been sequenced (Bredeson et  al. 2016; Prochnik 
et al. 2012). The information generated by these studies and the public access to it 
is very relevant. For example, it has been used for determining the sequence in cas-
sava of key genes related to starch biosynthesis or herbicide tolerance. With that 
information, reverse genetic approaches to screen germplasm collections in search 
of sources of useful alleles is an alternative that has been already been initiated 
(Duitama et al. 2017) as described earlier.

5.11.4  �Genomic Selection

Genomic selection (GS) simultaneously tags many loci across the entire genome to 
estimate genomic estimated breeding values or GEBV. It offers several advantages 
and overcomes key problems of MAS based on QTLs. Key among the different 
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advantages is that several different traits can be improved simultaneously through a 
selection index, similar to those based on phenotypic traits and economic values. de 
Olviera and co-workers suggested the potential of GS for cassava in 2012. GS was 
also proposed for other crops (Heslot et  al. 2012) characterized by the fact that 
breeding is based on the use of inbred progenitors. Different articles emphasize that 
GS would maximize genetic gains by unit of time (De Oliveira et al. 2012; Heffner 
et al. 2009). Like conventional breeding, GS has serious limitations for the selection 
of low narrow-sense heritability traits because of their low additive genetic effects 
in relation to the phenotypic variance. Genotype-by-environment interactions also 
affect the precision of GS estimates as well as the relatedness among genotypes. 
Ceballos et al. (2015) predicted that GS would be effective in high-heritability traits 
such as plant architecture, pest and disease resistance or DMC. However, GS was 
not expected to be efficient in improving FRY because of the relatively high influ-
ence of nonadditive genetic effects and the large within-family genetic variation 
generated by the heterozygous progenitors used in cassava (Table 5.1). Other fac-
tors may limit further the usefulness of breeding value in cassava (Ceballos et al. 
2016a; Joaqui et al. 2016).

There is an ongoing project (NextGen Cassava Project) to test GS in cassava led 
by Cornell University with field work in Uganda and Nigeria (Rabbi et al. 2015). As 
expected, GS is proving to be efficient improving traits such as resistance to CMD 
(Wolfe et al. 2016b; Rabbi et al. 2014a). Whereas DMC was also increased consid-
erably, progress increasing FRY was, as predicted, not satisfactory (Wolfe et  al. 
2016a). An honest assessment of cost/benefit for technologies such as GS will have 
to be made in the years to come. It should be pointed out that improving resistance 
to CMD or increasing DMC is not enough for such an expensive approach that has 
the additional restriction of the need of “closed” breeding populations. The use of 
inbred progenitors would overcome some of the problems that implementing GS in 
cassava has. The induction of flowering would also benefit greatly the success of 
GS. Alternatives of GS combined with reciprocal recurrent selection would also be 
an interesting approach to overcome, at least partially, the problems of nonadditive 
genetic effects influencing FRY, which is ultimately the most important trait to 
improve.

5.11.5  �Genetic Transformation and Gene Editing

The first published reports of genetic transformation in cassava date back from two 
decades ago (Li et al. 1996; Raemakers et al. 1996; Schöpke et al. 1996; Sarria et al. 
1995). The technology offers a great potential considering the problems related to 
trait introgression discussed earlier, challenges to improve the productivity after 
successful clones such as KU50 were released and limited knowledge of genetic 
variability available in cassava germplasm. As it is often the case, genetic transfor-
mation initially suffered from genotypic dependency: initially a single genotype 
could be efficiently transformed (60444). However, protocols were improved 
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quickly, and many genotypes have now been transformed (Chauhan et al. 2015; Liu 
et al. 2011; Raemakers et al. 2001; Taylor et al. 2004, 2012; Zainuddin et al. 2012). 
The commonly used methods for the genetic transformation of cassava include 
Agrobacterium-mediated gene delivery and particle bombardment. The explants 
used for transformation include somatic cotyledons and friable embryogenic calli.

A broad range of traits have been considered for genetic transformation: (a) 
Resistance to CMD and CBSD (Bi et al. 2010; Chellappan et al. 2004; Ntui et al. 
2015; Patil et al. 2011; Vanderschuren et al. 2007; Zhang et al. 2005; Yadav et al. 
2011); (b) Enhanced nutritional quality of the roots including high carotenoids, Fe, 
Zn, proteins as well as reduction in cyanogenic glucosides (Jørgensen et al. 2005; 
Leyva-Guerrero et al. 2012; Sayre et al. 2011; Welsch et al. 2010); (c) Quantity and 
quality of starches (Ihemere et al. 2006; Koehorst-van Putten et al. 2012; Zhao et al. 
2011); (d) Reduction of PPD (Zidenga et al. 2012) and physiological traits such as 
leaf retention (Zhang et al. 2010); (e) Herbicide tolerance (Sarria et al. 2000, ini-
tially reported in 1995); (f) Induction of flowering (Adeyemo et al. 2008).

Genetic transformation for new starch types (e.g. waxy starch) has been success-
ful and the phenotype of transgenic material fulfilled expectations regarding amy-
lose content in the starch (Koehorst-van Putten et al. 2012; Zhao et al. 2011). The 
discovery of a spontaneous mutation for waxy starch may have reduced the appeal 
of waxy transgenic cassava. However, the complications of introgressing a single 
recessive gene into successful commercial varieties should be taken into consider-
ation, at least for countries where the growth and commercialization of transgenic 
crops/products are more relaxed. Improving AGPase activity can contribute to the 
conversion of sugar to starch and subsequently increase the starch quantity. Early 
work (Ihemere et  al. 2006) suggested that this is indeed the case. However, no 
further research on the subject has been published since then. Smith (2008) pointed 
out some of the potential stumbling blocks that may explain why no further efforts 
in this area have been published.

With the support of the Bill and Melinda Gates Foundation and several years of 
global cooperation, the BioCassava Plus project team has developed a number of 
transgenic cassava lines with value-added traits, such as improved protein content 
and increased vitamin A, iron and zinc contents. In spite of the promising results 
forecasted by Sayre and co-workers in 2011 - genetic transformation regarding 
enhanced nutritional quality, not a single product has shown promising results in the 
field. In the case of high carotenoids, transgenic materials show a drastic reduction 
of DMC. Early claims for enhanced protein content in the root had to be retracted. 
In addition, attempts to elevate protein levels in roots had impacts on overall nitro-
gen allocation between leaves and roots reflecting the strong leaf sink strength for 
reduced nitrogen (Leyva-Guerrero et al. 2012). Recent efforts by BioCassava Plus 
initiative using a new construct for enhanced Fe and Zn in the roots have yielded 
promising results (Gaitán-Solís et al. 2015).

The alternative to develop virus resistant transgenic cassava is also a justified 
and relevant objective. Although there is genetic resistance to CMD, apparently it 
is based on a single source. Chance of the resistance breaking down is a feasible 
threat, thus justifying the development of a new source of resistance. In the case 
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of CBSD, available natural resistance is not as effective as in the case of CMD2, 
and, therefore, efforts have concentrated on resistance to CBSD.  Transformed 
materials have shown excellent levels of resistance to CBSD (Chauhan et al. 2015; 
Odipio et  al. 2014; Vanderschuren et  al. 2012). However, transgenic material 
resistant to CBSD would not be useful if they are susceptible to CMD. Therefore, 
farmers preferred varieties carrying the CMD2 resistance were transformed to 
incorporate the proven resistance to CBSD. Unfortunately, the process of somatic 
embryogenesis used to regenerate cassava caused the resulting plants to become 
susceptible to CMD, even though the original clones carried the CMD2 resistance 
(Beyene et al. 2016). This is a systematic process observed by two independent 
research groups.

Genetic transformation remains a promising technology. Early experiences have 
been humbling and have helped expose the complexities in plant physiology and 
metabolism. Hopes to increase productivity or enhanced levels of proteins in the 
roots may need a long time to materialize. But for simpler goals such as starch vari-
ants, virus resistance (in spite of the current drawback of loss of CMD2 resistance), 
herbicide tolerance and (perhaps) tolerance to PPD, the technology may have a 
positive impact. Advances have also been made regarding the legal framework for 
field evaluation of transgenic materials in different African countries, Colombia, 
Indonesia and China. No commercial exploitation of transgenic cassava has been 
requested or authorized yet.

Associated with the potential of genetic transformation is the emerging alterna-
tive of gene editing, for example, based on CRISPR (Odipio et al. 2016). Gene edit-
ing can overcome some of the regulatory problems that genetic transformation has. 
Regeneration of protoplasts is feasible in cassava (Sofiari et al. 1998). This is impor-
tant because regulatory issues are less limiting when regeneration is from edited 
protoplasts. Four copies of the GUS gene have already been edited in cassava 
(P. Chavarriaga, personal communication), and it is expected that soon field evalua-
tions of edited cassava will be reported. Editing inbred progenitors would also allow 
overcoming the regulatory issues, and this is yet another reason justifying the need 
to develop inbred cassava.

5.12  �Future Prospects and Outlook

Cassava is today a key food security staple and a competitive commodity for differ-
ent industries. It will be even more important in the next few decades. Population 
growth will be particularly high in Africa, where cassava is a fundamental source of 
calories for the diet of millions of people. Increases in the concentration of CO2 in 
the air will improve its productivity, thus reducing the physiological advantage that 
C4 crops such as maize have as a feedstock for industrial processes. There is, how-
ever, an urgent need to fundamentally change the way cassava is bred, so that major 
advances in productivity can be attained again and new technologies can finally 
have a positive impact on the crop.
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Cassava is the only diploid species, among the major staple crops, whose breeding 
is based on the use of heterozygous progenitors. Breeding should shift from the cur-
rent system in which elite progenitors are crossed – hoping to find an outstanding 
hybrid by a process that is largely trial and error – to improving progenitors that 
would more predictably produce better clones. Initially, this approach is more com-
plex because a pre-breeding step (e.g. parental development) needs to be added. 
However, the added complexity is only temporary. Once a group of a few elite inbred 
progenitors, producing outstanding hybrids, is identified, the system becomes much 
simpler and more efficient. There are several advantages that justify the use of inbred 
progenitors: genetic variability would be conveniently partitioned in ways that breed-
ers can more easily exploit; dominance and epistatic effects can be efficiently and 
predictably exploited when inbred progenitors are used; heterosis can gradually and 
systematically be enhanced; trait introgression would not result in yield penalties as 
is happening today and back-crossing could be implemented; storage and exchange 
of germplasm (as botanical seed that breeds true) would be facilitated; and collabora-
tion among the few cassava breeding programs will be greatly facilitated allowing 
true synergies among them.

Genomic selection offers a great potential. It allows identifying genotypes carry-
ing a set of desirable alleles that can reliably be identified as such. However, genomic 
selection only allows “seeing” the good and bad alleles that each genotype has. 
Combining desirable alleles and maintaining them together are nearly impossible if 
heterozygous progenitors are used. On the other hand, if inbred progenitors are 
used, desirable alleles can gradually and systematically be assembled in a given 
genotype. Every step accumulating desirable alleles is maintained. In the current 
system, every meiotic event recombines randomly the alleles, essentially erasing a 
considerable proportion of the genetic progress made in generating the genotype 
where it takes place. Current applications of GS in maize breeding could be readily 
implemented for cassava, if inbred progenitors were available.

Other applications of molecular markers can have an impact in cassava breeding 
as well. However, cost/benefits should be taken into account. MAS for the sake of 
using it should be avoided. There are examples where molecular markers offer 
appealing advantages that have not been exploited. Improving the breeding value of 
progenitors could have an immediate and obvious impact. Molecular markers could 
be used to screen germplasm collections in search of sources of useful mutations. 
The discovery of the waxy starch mutation in cassava illustrates the wealth of 
genetic diversity that has remained hidden in germplasm collections and needs to be 
exposed and exploited. Screening germplasm collections through conventional phe-
notyping methods is cumbersome, time consuming and expensive. Molecular tools 
offer clear advantages that have not yet been considered. These applications of 
molecular markers are helpful to support the idea that new technologies in cassava 
need to be applied but in ways that differ from the conventional uses for other crops.

Genetic transformation in cassava has evolved considerably in the last two 
decades. Protocols of genetic transformation in cassava have improved considerably 
in the last two decades. Protocols are efficient and many cultivars can be trans-
formed. A broad set of traits have been addressed by several laboratories that have 
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succeeded transforming cassava in Africa, Asia, Latin America, Europe and the 
USA. Although there have been unexpected drawbacks, they have contributed to a 
better understanding of the complexities of gene regulation and expression, and 
some of them should be quickly overcome. It would be very useful to have at least 
one example of commercial exploitation of transgenic technologies in cassava. 
Surprisingly no effort has been made to release herbicide-tolerant transgenic cas-
sava. Weed management is labour-intensive (requiring one to two person-months 
each year per hectare) and is often carried out by women. Herbicide tolerance would 
also allow direct planting, with further protection of the environment, reducing 
costs and allowing more mechanized operations. This would also be fundamental 
for the future of cassava as a competitive feedstock for industrial uses.

Finally, as different emerging technologies are developed and applied, there is a 
tension between the old and the new approaches. Young scientists, trained in novel 
technologies, have the legitimate interest in applying them to cassava. Cassava 
research now is a multipronged effort with limited coordination. Scientists unavoid-
ably promote the use of the technologies with which they work. This is a reasonable 
attitude. However, farmers’ needs require that the best and most efficient technolo-
gies are used to maximize the chances of developing superior hybrids. There is also 
a tension between centres that specialize in a particular technology and scan for 
opportunities to apply them. The commitment of these centres is for these technolo-
gies, not to cassava. Ideally, resources should be allocated to institutions and pro-
grams that have clear and long-standing commitment to cassava research.
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Chapter 6
Sweetpotato (Ipomoea batatas L.)

Robert O.M. Mwanga, Maria I. Andrade, Edward E. Carey, Jan W. Low, 
G. Craig Yencho, and Wolfgang J. Grüneberg

6.1  �History of Cultivation

Cultivated sweetpotato (Ipomoea batatas (L.) Lam.) is of neotropical origin.  
The crop is taxonomically placed in the genus Ipomoea of the family 
Convolvulaceae with over 500 Ipomoea species and the Ipomoea section Batatas 
together with 14 wild species, which are nearly all of neotropical origin (Khoury 
et al. 2015). Sweetpotato is thought to have evolved in Mesoamerica and 
Northwestern South America, somewhere between the Mexican peninsula 
Yucatan and the mouth of the Orinoco River (Nishiyama 1971; Austin 1979, 
1988a; McDonald and Austin 1990; Zhang et  al. 2000). South and Central 
America certainly has to be recognized as the primary center of genetic 
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diversity (Austin 1978, 1983, 1988b; Austin and Huamán 1996; Huáman and 
Zhang 1997; Zhang et al. 2000), but cultivated sweetpotatoes in both the north-
ern and southern regions of domestication might represent two prehistoric gene-
pools, with important secondary centers of diversity existing in sub-Saharan 
Africa, Papua New Guinea, and Indonesia.

The crop has been found in the ruins of the so-far oldest city in the Americas, 
Caral (inhabited from 2600 to 1800 BC), on the Pacific coast of central Peru, and 
it had already become a crop during the Tierra Blanca period (6000–3000 BC) in 
the coastal areas of the Central Andes, in which irrigation systems for crop cultiva-
tion became important for this region of the world. Sweetpotato reached Polynesia, 
Hawaii, and New Zealand naturally or by early seafarers in pre-Columbian times. 
The Spanish introduced the crop to the Philippines in the sixteenth century, from 
whence it spread to other islands and the Asian mainland. By 1594, the crop was 
recorded in South China, where it was promoted to mitigate the effects of drought 
on crop production during the Qing Dynasty (ruling from 1644 to 1912), where 
sweetpotato became in addition to rice one of the most important staple food 
crops. Portuguese seafarers introduced the crop into Western Mediterranean 
Europe, Africa, India, and parts of Southeast Asia (Purseglove 1965; O’Brien 
1972; Yen 1960, 1976, 1982; Jia 2013). In New Guinea, it developed until the 
nineteenth century into an important staple food crop. Some evidence indicates 
that sweetpotato could have reached the New Guinea highlands around 1200 AD 
(Golson 1976), but the penetration of the crop into Melanesia remains unclear. 
Secondary centers of diversity evolved on the island of New Guinea (Yen 1974; 
Austin 1988a) and in East Africa and the West Pacific comprising China, Korea, 
and Japan (Zhang et al. 2004; Montenegro et al. 2008).

According to FAO, sweetpotato is currently cultivated in 117 countries with 
104 million tons of production in 2011. Asia is the world’s largest sweetpotato-
producing region, with about 80% of annual production, followed by Africa, the 
Americas, and Oceania with approximately 16%, 3%, and 1% of annual produc-
tion, respectively (FAOSTAT 2011). However, the cultivated area of the crop in 
sub-Saharan Africa (SSA) nowadays is nearly the same as compared to the West 
Pacific (China, Korea, Japan). Trends in area cultivated from 1992 to 2011 by 
region notably show declines in Asia (from 6.4 to 3.6 million ha) and increases in 
SSA (from 1.2 to 3.2 million ha). Only 30 countries contribute greater than 99% 
of annual global sweetpotato production (Grüneberg et  al. 2015). Sweetpotato 
today is used in a variety of ways for food, feed, and processed products, with the 
principle uses varying by region (Woolfe 1992; Bovel-Benjamin 2007; Padmaja 
2009). In developing countries, the crop is mainly grown for homestead food and 
feed use and for sale to local markets for fresh consumption. The use of both vines 
and roots for pig feeding is important in China, Vietnam, and Papua New Guinea 
(Peters 2004). Padmaja (2009) provides details on use of the crop for cattle, poul-
try, and fish feed. Awareness of the high nutritional value of sweetpotato is driving 
increasing consumer demand for the crop among health-conscious consumers in 
the USA and Europe (CSPI 2014). Orange-fleshed sweetpotato (OFSP) with its 
high provitamin A content can be used effectively to combat vitamin A deficiency 
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(VAD) (Low et al. 2007; Hotz et al. 2012) among vulnerable populations in the 
developing world, mainly Africa, South Asia, and Southeast Asia. In all countries 
in which VAD is a serious public health problem, OFSP is a cost-efficient and 
sustainable vehicle to alleviate VAD and to improve public health. This holds true 
even if only small quantities of OFSPs are eaten. OFSP, biofortified with provita-
min A, is considered since 2009 by HarvestPlus (Bouis and Islam 2012; Hotz 
et al. 2012) to be the first biofortified crop ready to go to scale.

6.2  �Biology

6.2.1  �Flowering

Sweetpotato flowers resemble those of other morning glories, with cultivars differing 
in size, shape, and color. Flowers occur in axillary inflorescence (compound cyme) 
of 1–22 buds and open singularly or in pairs or more groups (Jones et  al. 1986; 
Purseglove 1968). Flowers are borne singly or on inflorescences that grow vertically 
from the leaf axils.

Flowering may be none, sparse, moderate, or profuse. Flower color varies 
from white to purple. Flower size, shape, limb shape, sepal length, sepal shape, 
sepal apex, sepal pubescence, sepal color, color of stigma and style, and stigma 
exertion vary with genotype. Seed capsule set may be none, scarce, sparse, mod-
erate, or profuse (CIP/AVRDC/IBPGR 1991). Flower characters are very impor-
tant and are not influenced by environmental conditions, but there are big 
differences among cultivars and their response to environmental conditions. 
Flowering time and duration, flowering intensity, and seed set of sweetpotato 
cultivars are strongly influenced by genotype, photoperiod, environmental stress, 
and trellis-work (wooden poles or metal bars or poles supporting wire or wire 
mesh on which sweetpotato vines are tied or trained for easy hand pollination and 
harvesting of capsules (Fig. 6.1) (Millar 1939; Montelaro and Miller 1951; Jones 
1980; Eguchi 1996; Fugise et al. 1955; Hsia and Chen 1956). Under normal field 
conditions, some genotypes do not flower, others produce few flowers, while oth-
ers flower profusely. The flower is bisexual, with androecium or stamens which 
are male organs and gynoecium or pistil which forms the female organ (Martin 
and Ortiz 1967). The base of the pistil has an ovary with a maximum of four 
ovules. Each capsule can contain a maximum of four seeds, depending on the 
method of pollination. Polycrosses often have more seeds per flower than hand-
crossings. The bisexual flowers open at dawn and close and wilt by early after-
noon of the same day (Onwueme 1978). The stigma is receptive only for a few 
hours in the morning (Jones 1980). Therefore, the chances of failure of pollina-
tion are high. The variation in stamen height with respect to the style also affects 
pollination and seed production.
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6.2.2  �Pollen Dispersal and Viability

Insects, mainly bees, are the primary pollinators of sweetpotato (Jones 1980). The 
stigmas are receptive in the morning. Not much is known about the survival of 
sweetpotato pollen, but germination can continue for 3–4 h after pollination (Martin 
and Cabanillas 1966). Systematic studies on pollen viability in sweetpotato would 
be useful, especially under field conditions (Andersson and de Vicente 2010).

6.2.3  �Sexual and Asexual Reproduction and Seed Dispersal

Sweetpotato is mainly outcrossing yet it can also reproduce vegetatively or asexu-
ally by stem or vine cuttings in the tropics or adventitious root buds in temperate 
regions (Anderssson and de Vicente 2010). The storage root also plays a crucial role 
in asexual reproduction of sweetpotato. Storage roots of some genotypes sprout 
when left in the soil giving new stems or vines. Despite flowering abundantly, most 
sweetpotato genotypes set seed poorly due to sterility, numerous self-compatibility, 
high degrees of self-incompatibility, cross-compatibility and cross-incompatibility 
challenges, and environmental factors (Stout 1924; Simpson and Ogorzaly 2000; 
Wang 1964; Anderssson and de Vicente 2010; Jones 1980; Murata and Matsuda 
2003). Sexual reproduction is achieved through human intervention via controlled 
crossings or randomly by bees. Asexual propagation is used by farmers in the pro-
duction of storage roots. The sexual method is used almost exclusively by plant 
breeders for the development of improved cultivars. The main dispersal agents of 
sweetpotato seeds are humans, birds, and water (Bulmer 1966; Andersson and de 
Vicente 2010; Zhang et al. 2004).

Fig. 6.1  Sweetpotato controlled pollination in Namulonge, Uganda

R.O.M. Mwanga et al.



185

Sweetpotato can show mechanical dormancy (Martin 1946), and the hard testa of 
its seeds requires scarification prior to germination. Scarification can be achieved 
through chemical means using concentrated sulfuric acid or by mechanical methods 
of piercing part of the testa using a sharp object. Under controlled conditions (18 °C, 
50% RH), seeds remain viable for over 20 years and can form seed banks in the soil, 
as evidenced in Brazil (Lebot 2010; Andersson and de Vicente 2010).

6.3  �Genetics

Sweetpotato is an autopolyploid highly heterozygotous hybrid propagated by clon-
ing. It is a hexaploid (2n = 6× = 90) (King and Bamford 1937; Jones 1965b, 1974; 
Magoon et al. 1970). Owing to an even number of chromosome set, a more or less 
regular meiosis is possible, and true seed set occurs abundantly by cross-pollination 
(by insects, mainly bees). Generation of new genotypes and selection of best clones 
from a given population are relatively straightforward. However, changes in popula-
tions and sexual reproduction units (breeding nurseries) related to their allele fre-
quencies (genepool) are complex and difficult to describe. Hardy-Weinberg 
equilibrium distribution of genotypic frequencies is only reached asymptotically 
and not with the first generation of random mating as in diploids. Meiotic abnor-
malities are observed which include multivalent formation, translocations, and dele-
tions (Oracion et al. 1990; Magoon et al. 1970), and cytological anomalies result in 
various degrees of cross- and self-incompatibility (Martin 1965, 1968, 1970). 
Moreover, a complex sporophytic self- and cross-incompatibility system favors out-
crossing, and often cross combinations are impossible to realize. Nevertheless, it 
appears that breeding populations undergoing intensive recombination and selec-
tion change toward more frequent compatibility including self-compatibility 
(Grüneberg et al. 2015).

The autopolyploid segregation ratios of sweetpotato are usually complex (Shiotani 
1988; Jones,1966, 1967b, c). Double reduction is a phenomenon that leads to dis-
crepancies from expected segregation ratios, a problem which does not exist in dip-
loids. In the case of a single dominant allele, the segregation ratios are simple (Poole 
1955), and the same is true for self-compatible clones and recessively inherited 
traits. Poole (1955) studied phenotypic ratios in sweetpotato (rooting vs nonrooting, 
brown-skinned roots vs cream-skinned roots, ridged vs smooth root surface, orange 
vs cream flesh, color red vs green stem, flowering vs nonflowering, smooth vs lobed 
leaf margins). Jones (1967b) published theoretical segregation ratios for qualitative 
traits and presented four hypotheses (hexasomic, tetradisomic, tetrasomic, disomic) 
of inheritance. Gallais (2003) describes segregation ratios in the presence of double 
reduction for hexaploids. Single-locus segregation ratios become more complicated 
due to dosage effects of dominant alleles (discrete segregation ratios of a single 
locus become continuous). Kumagai et al. (1990) tested the models of Jones (1967b) 
and showed that the ß-amylase null trait in storage roots was controlled by one 
recessive gene and that it was inherited in a hexasomic or tetradisomic manner, but 
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not disomically or tetrasomically. Moreover, resistance to Sweet potato feathery 
mottle virus (SPFMV) and Sweet potato chlorotic stunt virus (SPCSV) is thought to 
be recessively inherited (Mwanga et al. 2002a, b; Grüneberg et al. 2015).

The expression of a recessively inherited attribute is extremely rare in sweetpotato 
populations, even if the recessive allele has medium frequency (q of 0.3–0.6). Only at 
high frequencies of the recessive allele (q > 0.7) can the desired recessive inherited 
attribute be observed with elevated frequencies (>10%). This results in the paradox 
that a recessively inherited attribute is very rarely observed, although the recessive 
allele is present in the population with medium frequency. Emerging self-compatibility 
in sweetpotato presents a huge opportunity to increase the number of genotypes for a 
desired rare and recessively inherited trait (Grüneberg et al. 2015) – a new unique 
population is formed in which the desired trait is fixed. Regarding the five forces 
(selection, mutation, gene flow, genetic drift, and nonrandom pairing) changing allele 
frequencies in populations, it can be generalized that sweetpotato populations exhibit, 
compared to diploids: lower response to selection for monogenic traits for various 
types of dominance and purge of recessives that is more difficult (selection); a larger 
genetic load in the positive and negative sense (mutation); low rates of natural incor-
poration of new alleles into genepools and extremely difficult incorporation of a 
recessively inherited attribute into populations (gene flow); pronounced foundation 
effects with larger potential of very small populations to create new genetic diversity, 
larger effective population size for the same population size, and lower vulnerability 
to genetic bottlenecks as well as possibilities to apply greater selection intensity for 
the same population size (genetic drift); and reduced inbreeding and self-pollination 
due to cross- and self-incompatibility which additionally enhances heterozygosity 
(random mating), which is in hexapolyploids already extreme compared to diploids – 
in a random mating biallelic population, nearly the entire genome is heterozygous in 
a very wide range of allele frequencies (Gallais 2003 p. 65–66).

For quantitative traits, it is important to obtain estimates of the genetic variance 
and the phenotypic variance. Among clones, operative broad-sense heritabilities and 
genotypic and phenotypic correlations determine the response to selection for most 
traits. Quantitative genetic studies have been conducted to obtain heritability esti-
mates for yield (Bacusmo et  al. 1988), root traits (Jones et  al. 1969, 1977, 1978, 
1986), vine traits (Jones 1969), root quality factors, including dry matter, intercellu-
lar space, protein, and baking quality (Jones 1977; Jones et  al. 1978, 1987), and 
resistance to soil insects (Jones et  al. 1979) and root-knot nematodes (Jones and 
Dukes 1980). Martin and Jones (1986) reviewed heritability estimates, while 
Grüneberg et al. (2015) reviewed variance component estimates for sweetpotato key 
traits. Narrow-sense heritability, general and specific combining ability, as well as 
heterosis estimates are of significance in population improvement. Heterosis and 
transgression are based on additive and nonadditive coaction of alleles and genes. 
Many parameters are needed to fully explain breeding values since gametes contain 
three alleles and transfer interactions between alleles to the next generation. Equations 
to describe the genetic additive variance and the genetic variances due to interactions 
for higher polyploid species are given by Kempthorne (1957) and Gallais (1981). 
Narrow-sense heritabilities are not related directly to parent-offspring regressions. 
Inbreeding progress toward homozygosity is much slower compared to diploids. 
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Even if plants are self-compatible, it would require seven generations of selfing to 
reach an inbreeding coefficient of F = 0.5 (for the calculations, readers are referred to 
p. 124 of Gallais 2003). Uncertain degrees of inbreeding of parents make it very dif-
ficult to estimate genetic variances and covariances in experiments because inbreed-
ing is not removed by one generation of random mating. The response to selection is 
determined by the genetic additive variance and the genetic variances due to interac-
tions in ratio to the phenotypic variance in the first generation of selection since the 
population is not in equilibrium and the response to selection changes after further 
generations of random mating until the equilibrium is reached. However, when equi-
librium is reached, the response to selection is determined by genetic additive vari-
ance in ratio to the phenotypic variance as in diploids (Wricke and Weber 1986; 
Gallais 2003). The highly heterozygous sweetpotato genome nurtures the expecta-
tion that heterosis is very important for sweetpotato performance and that systematic 
exploitation of heterosis can improve the efficiency of population improvement 
(Grüneberg et al. 2015). However, heterosis increments can only be estimated since 
development of homozygous inbred lines by selfing to estimate the full amount of 
heterosis is illusory (other technologies such as those in potato via monohaploids are 
not available). However, there is greater stability of heterosis between two popula-
tions in derived hybrid populations, and breeding schemes in sweetpotato that exploit 
heterosis might allow enhanced inbreeding within genepools for quality and resis-
tances without sacrificing heterozygosity for quantitative trait performance.

6.4  �Germplasm Relations and Utility of Crop Wild Relatives 
for Breeding

The evolution of cultivated sweetpotato is poorly understood (Nishiyama et al. 
1975; Rajapakse et al. 2004; Srisuwan et al. 2006; Roullier et al. 2013). Sweetpotato, 
a dicot, is a member of the highly diverse morning glory family Convolvulaceae 
(Austin 1977). It is the only cultivated species in this family, being placed in the 
genus Ipomoea, section Batatas (Ting et al. 1957; Austin 1988a; Bohac et al. 1995). 
The genus Ipomoea is a large genus that includes ca. 600–800 species worldwide 
(McDonald and Mabry 1992; Austin and Huáman 1996; Austin and Bianchini 
1998). Cultivated sweetpotato’s closest wild relatives are in the section Eriospermum 
Hallier f., series Batatas (Choisy) D. F. Austin. Section Batatas continues to undergo 
revision, but it contains approximately 14 species most of which are diploid 
(2n = 30) and a few tetraploids (4n = 60) (Austin 1991, 1993; Jones 1990). The sec-
tion Batatas species include wild I. batatas (L.) Lam. [including I. batatas var. apic-
ulata (Martens and Galeotti) McDonald and Austin], I. cordatotriloba Dennstedt, I. 
cynanchifolia Meisn., I. grandiflora (Dammer) O’Donell, I. lacunosa L., I. leucan-
tha Jacquin, I. littoralis Blume, I. ramosissima (Poir.) Choisy, I. splendor-sylvae 
House, I. tabascana McDonald and Austin, I. tenuissima Choisy, I. tiliacea (Willd.) 
Choisy in D. C., I. trifida (H. B. K.) G. Don, and I. triloba L. (Martin and Jones 
1973; Khoury et  al. 2015). Except for I. littoralis (Austin 1991), all species are 
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native to the New World, where they extend from the Southern United States 
throughout Central America and the Caribbean to South America.

The evolutionary status of sweetpotato and its phylogenetic relationship with 
related species in the genus Ipomoea (L.) are not clear. The most widely held 
hypothesis is that I. batatas evolved from interspecific hybridization between I. tri-
fida and I. triloba (Austin 1988a). The second is that I. batatas developed by poly-
ploidization in I. trifida (Jone 1967a; Kobayashi 1984; Kobayashi et al. 1994; Bohac 
et al. 1992; Freyre et al. 1991; Iwanaga et al. 1991). Recent studies based on evalu-
ation of chloroplast haplotypes and nuclear DNA indicate that it may have been 
domesticated separately in Central and South America through autopolyploidiza-
tion of distinct populations of I. trifida or a close relative (Roullier et  al. 2011, 
2013). I. batatas is claimed to be found with various ploidy levels (mostly 4×, 3×, 
6×) – collected in Ecuador, Colombia, Guatemala, and Mexico (Bohac et al. 1993).

Until relatively recently, it was not even known if cultivated sweetpotato (I. 
batatas 2n = 6× = 90) was an allopolyploid or autopolyploid. Cytological and 
genetic studies of sweetpotato are difficult to conduct due to the genetic com-
plexity of sweetpotato. Both allopolyploidy and autopolyploidy hypotheses on 
the origin of sweetpotato have been proposed (Shiotani and Kawase 1987; 
Ukoskit and Thompson 1997). Shiotani and Kawase (1989) postulated the 
genome constitution of sweetpotato as B1B1B2B2B2B2 and suggested addi-
tional homology between the B1 and the B2 genomes, based on the occurrence 
of frequent formation of tetravalents and hexavalents. Molecular marker evi-
dence from several studies indicates that sweetpotato is an autopolyploid with 
some degree of preferential pairing present. Ukoskit and Thomson (1997) were 
the first to use molecular markers to suggest that sweetpotato was an autopoly-
ploid. Kriegner et al. (2001) and Cervantes et al. (2008) confirmed this hypoth-
esis in much more detailed studies using amplified fragment length polymorphisms 
(AFLP) makers. More recently, Zhao et al. (2013) have offered additional sup-
port, as has recent genomic sequencing of I. trifida and I. triloba (Yencho, per-
sonal communication). All of these studies support the predominance of 
autopolyploid inheritance with some degree of preferential pairing.

The outbreeding polyploid nature of sweetpotato has undoubtedly led to the 
remarkable amount of diversity present in the cultivated sweetpotato genepool 
(see Traits below). Practically, because all of this diversity is within I. batatas, 
this means that breeders have tremendous access to a wide range of variability to 
generate and select from and in the near-term breeders and will continue to 
exploit this diversity for sweetpotato improvement. However, the crop wild rela-
tives (CWR) of cultivated sweetpotato, most notably those in the series Batatas, 
also have the potential to contribute to breeding objectives for this important 
crop (Kobayashi and Miyazaki 1976; Khoury et al. 2015). However, uncertainty 
in species boundaries and their phylogenetic relationships, the limited availabil-
ity of CWS that cross with cultivated sweetpotato, and the difficulty of introgres-
sion of genes from CWR into adapted phenotypes have constrained their 
utilization. Mostly Chinese and Japanese breeders have led the way in using 
CWR of sweetpotato as a source of genes for batatas improvement.
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Khoury et al. (2015) provide an excellent review of the distribution and genetic 
resource potential of CWR for sweetpotato improvement. Many sweetpotato 
CWR can be hybridized with the crop through controlled pollinations, somatic 
cell, and/or ovule culture techniques (Diaz et al. 1996). Crosses involving I. tabascana, 
I. trifida, I. triloba, I. littoralis, I. grandifolia, I. lacunosa, I. leucantha, and wild 
I. batatas in particular have resulted in relatively viable progeny (Jones and 
Deonier 1965; Nimmakayala et al. 2011). The wild conspecific and I. trifida have 
been documented for their contribution to increases in protein and starch content 
and nematode and sweetpotato weevil (SPW) resistance (Iwanaga 1988; Shiotani 
et al. 1994). To date, species that have been examined for use in crop improvement 
include I. trifida and I. littoralis for yield and sweetpotato weevil, scab [Elsinoë 
batatas (Saw.) Viegas et Jenkins], and black rot disease (Ceratocystis fimbriata 
Ell. et Halst.) resistance, I. grandifolia for sweetpotato stem nematode and sweet-
potato virus disease (SPVD) resistance, and I. triloba for drought tolerance, root-
rot resistance, and foliar fungal disease resistances (Iwanaga 1988; Jarret et al. 
1992; Mont et al. 1993; Komaki 2004; Zhang and Liu 2005; Nimmakayala et al. 
2011). However, it should be noted that challenges in crossing many of the CWR 
with cultivated sweetpotato are not insignificant, due to differences in ploidy and 
numerous interspecific incompatibility barriers. As mentioned by Khoury et  al. 
(2015), in their summary of the potential of CWR for sweetpotato improvement, 
“Further research combining morphological studies, trait evaluations, and genetic 
diversity analyses is likewise critically needed for elucidating species boundaries 
and highlighting accessions of particular value for use in breeding.”

6.5  �Crossing Approaches

Natural pollination is mostly mediated by insects in the morning hours when many 
species, mainly Hymenoptera, visit the flowers. These insects transfer pollen, but 
honeybees and bumblebees are the main pollinators of sweetpotato. Most sweetpo-
tato genotypes flower naturally during the short days in the tropics. However, where 
flowering is a problem, several techniques have been developed to promote sweet-
potato flowering and fruit and seed production. These are short photoperiod 
(8–11.5  h of intense light), moderate temperature (20–25  °C), relative humidity 
(over 75%), limited water supply and grafting (sweetpotato scions are grafted onto 
rootstocks with profuse flowering such as Ipomoea nil or I. setosa, or a free-
flowering sweetpotato clone), trellises (structusres such as tripods, stakes, and wire 
mesh can serve as trellises (Fig. 6.1), and sweetpotato vines are fixed to the trellises 
with strings or pins, and excessive vegetative branches are eliminated starting from 
the ground), growth regulators (gibberellic acid (GA3 or GA7) and ethephon 
(2-chloroethyl phosphonic acid), in combination with a short-day treatment and 
using scions from mature mother plants), overwintering and vine girdling (making 
a slanting incision across the stem at about 15 cm from the ground and cutting vines 
about two-thirds through re-girdling must be continued every 10–15  days  
when weather conditions favor vegetative growth), pesticide sprays, soil fertilization 
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(fertilization is not usually required, but careful application of boron, magnesium 
and iron, medium to low doses of nitrogen and potassium, and high dose of phos-
phorus could be used to induce flowering), the “bouquet” method (three cuttings, 
80 cm long, containing a large number of flower buds, placed in bottles filled with 
a nutrient solution, 4-12-4 NPK stock solution 10% strong, and 2 ppm of boric acid, 
pollination is done in the greenhouse), and genetic selection (profuse flowering 
habit and seed set are selected for). In practice, a combination of these methods and 
knowledge of the compatible and incompatible groups or parents are used in com-
plement, and details of each technique are given by Zosimo (1999).

In breeding clonally propagated crops, normal clonal propagation is broken by 
generating true seeds, which results in a new population and genetic variation. 
Subsequent propagation steps are asexually propagated clonally with selection of 
superior genotypes (Grüneberg et al. 2009). Superior clones are crossed and used to 
generate true seeds. The process leads to recurrent cycles of recombination and 
selection and results in a combination of good traits in genotypes which were in 
different genotypes before selection. However, in the medium and long term, recur-
rent selection also results in generation of new genotypes with trait performance 
outside of the distribution range of previous populations (Grüneberg et al. 2015).

In recurrent selection cycles, high genetic gains across traits can only be achieved 
by structuring plant breeding into two components: variety development and popula-
tion improvement. For autopolyploid crops, Gallais (2003) proposed, in addition to 
new information about their population genetics, a comprehensive breeding scheme 
comprising variety development and population improvement. Variety development 
aims at selection of the best or very few best clones (maximum response to selection 
and complete or nearly complete exploitation of the genetic variation). Population 
improvement aims at selection of the “best” parents to generate new genetic varia-
tion around an improved population mean (in practice the population mean across all 
traits for which the breeder desires improvement). Variety development and selection 
for the “best” clone for the current needs of clients are relatively straightforward, and 
what is the “best” is usually best known locally on the ground. However, population 
improvement or identifying the best parents to create a new and better population for 
future selections is a challenge in sweetpotato, as it is for all other clonally propa-
gated crops. Population improvement is indeed complex and should be carried out by 
an interconnection of breeders for an agro-geographic zone. It often requires more 
resources and capacities than small- to medium-sized breeding programs can usually 
afford. More details on crossing for variety development are given by Gruneberg 
et al. (2015) and Martin and Jones (1986).

6.6  �Breeding Methods

Depending on the pollination and propagation biology, various options exist on how 
to breed a crop (Schnell 1982). For variety development, sweetpotato is treated as a 
clonally propagated crop and for population improvement as an open-pollinated 
crop with options to systematically exploit heterosis.
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The general principle of breeding clonally propagated crops is to break normal 
clonal propagation by generating true seeds (Jones 1965a). All subsequent propa-
gation steps are by cloning, and selection is carried out among clones (Grüneberg 
et  al. 2009). Sweetpotato breeding is largely driven through the public sector, 
supported to a varying extent by policies and to a minor extent by the needs of 
industry. It is carried out nearly exclusively by the public sector (national agricul-
tural research system/NARS, agricultural research institute/ARI, and universi-
ties), and implementation does not require huge investments, as can be seen from 
the history of sweetpotato breeding (Martin and Jones 1986). All successful 
sweetpotato breeding programs initiated in the past century such as those at 
Louisiana State University (LSU), North Carolina State University (NCSU), the 
Xuzhou Sweetpotato Research Center (XSPRC), and NaCRRI had one character-
istic in common – that they intensified recombination (usually by polycross seed 
nurseries comprising 20–30 parents producing 10,000–100,000 true seed) and 
conducted gene-pool separation (recombination of parents adapted to local 
needs). Decentralization of sweetpotato breeding appears to be a key of breeding 
success due to appropriate consideration of GxE interactions mainly derived by 
biotic and abiotic stresses, consumer preferences, as well as delegation of deci-
sion-making responsibilities with respect to farmer needs and consumer prefer-
ences to regions and subregions. Within the Sweetpotato Action for Security and 
Health in Africa (SASHA) project, supported by the Bill and Melinda Gates 
Foundation, it was possible for CIP in SSA to unite single breeding programs 
loosely around breeding platforms (Grüneberg et al. 2015) to exchange informa-
tion and breeding material, coordinate breeding operations and fundraising as 
well as joint seed systems (especially basic propagation), and disseminate variet-
ies into the markets across countries.

Traditionally, each surviving seed plant is cloned (occasionally with selection 
among seed plants, e.g., for SPVD) and raised as A-clones in observation plots 
(visual screening of general clone performance) or evaluation plots of three to five 
plants (recording of data on specific traits of each clone). In the past most breeders 
were using only one location at the early breeding stages due to the restrictions of 
the propagation coefficient and breeding budget but also because how plant breed-
ing students were taught at universities. A-clones were only selected for highly heri-
table traits such as general performance (growth type, root size, shape, and color), 
resistance to pests and diseases, harvest index, and dry matter and nutritional qual-
ity. In the next season, B-clones were planted from selected A-clones in larger plots 
in two to three rows, at least two plot replications, and in one to two locations. The 
B-clone stage is traditionally the beginning of selection for low heritability traits. At 
the beginning of the C-clone and D-clone selection stages, the breeding population 
is reduced to between 30 and 300 clones. While the number of clones in later selec-
tion stages is further reduced, those selected clones are tested in more environments 
and plot replications. The plots for C-clones and D-clones are three to seven row 
plots. All important agronomic traits are determined, including taste and postharvest 
characteristics. Furthermore, yield stability parameters are determined such as (1) 
slope of the regression line and (2) deviations from regression, as well as conduct-
ing an additive main effect and multiplicative interaction (AMMI) analysis in those 
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cases where the regression model does not fit (Fox et al. 1997). Finally, two or more 
clones are selected to enter into officially variety release trials when they are in at 
least one key trait 10–20% superior relative to check clones (usually outstanding 
varieties in farming systems).

Two (perhaps three) innovations are in the process to change sweetpotato breed-
ing. The first two (accelerated breeding and heterosis exploiting breeding schemes) 
are conventional, and the third is molecular breeding (marker-assisted and genomic 
selection). Accelerated breeding schemes (ABS) target early breeding stages, and 
where the variance component due to genotypes by years is not large and important, 
respectively, temporal variation of test environments is to be replaced aggressively 
by spatial variation of test environments – more locations compensate for reduction 
in test years. In ABS the A-clones are planted directly in small plots (1 m row) in 
several locations (usually 2–3) without plot replications but with a grid of check 
clones (usually two check clones). All traits to be considered in early breeding 
stages are evaluated in these environments/locations sequentially or simultane-
ously – farmer participation is highly recommended at least in one environment and 
easily without risk hot spots of stresses can be used to determine the risk to fail 
among clones. After aggregating information across one to two environments for 
highly heritable traits and two to four environments for less heritable traits, clones 
are selected to enter directly again into recombination and into later breeding stages. 
In case of CIP, even later breeding stages are carried out only across 2 years to enter 
after 4 years into the official variety test system, which varies from country to coun-
try. The ABS has been rapidly adopted among national agricultural research system 
(NARS) breeders (at least 12 countries by 2014) in SSA with large numbers of 
variety releases (Grüneberg et al. 2015; Mwanga et al. 2016; Andrade et al. 2016). 
Heterosis exploiting breeding schemes in sweetpotato have so far only been imple-
mented at CIP in Peru for the so-called global orange-fleshed sweetpotato (OFSP) 
population for earliness and wide adaptation (impact so far cannot be estimated). 
However, expectations are high, for example, such breeding schemes could allow 
breeders in high SPVD pressure zones to apply more inbreeding for SPVD resis-
tance (two partially inbred genepools) without sacrificing heterozygosity (hybrid 
population) for yield and stability performance. Such a scheme is currently tested at 
the breeding platform in Uganda – for further genetic details, preliminary results, 
and discussion, see Grüneberg et al. (2015). Finally, we want briefly to note marker-
assisted and genomic selection (see more in the section genomic tools for sweetpo-
tato in this chapter). Molecular markers for SPVD resistance would be extremely 
helpful to breeders because the attribute exerts extreme unequal pressure across 
environments; it takes several years to finally decide if a clone is moderate to highly 
resistant to SPVD, and SPVD results in extreme yield loses rapidly in high SPVD 
pressure zones and in the long term across all sweetpotato growing environments 
(AFLP, simple sequence repeat (SSR), and the diversity arrays technology (DArT) 
markers for SPVD resistance are in the experimental validation process). Genomic 
selection tools for sweetpotato are still under development at the North Carolina 
State University and CIP. At CIP in Peru, three populations (phenotyped for 2 years) 
are maintained as DNA, and in each population, no selection was conducted since 
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the seed stage so that responses to selection by genomic tools can be estimated and 
different systems experimentally validated. Breeding research in sweetpotato 
commonly agrees that genomic selection must be considered as an option for the 
long-term future with tremendous potential for test capacity increase and to predict 
many traits simultaneously in applied breeding populations, but emphasizes where 
sweetpotato would have been by putting most efforts into this approach only.

6.7  �Traits

Sweetpotato germplasm is highly diverse, with variation for almost every trait 
considered. Diversity of storage root skin and flesh color, leaf pigmentation and 
shape, and vine color and growth habit are seen in economically important cultivars 
(including landraces and bred varieties) and are illustrative of the genetic variation 
in the crop. Sweetpotato is largely an obligate outcrosser, due to sporophytic self-
incompatibility, and its highly heterozygous hexaploid genome is a source of many 
surprises for the sweetpotato breeder. Sweetpotato also has a relatively high ten-
dency to mutate, accentuated further in many places by propagation using adventi-
tious sprouts from storage roots (Villordon and Labonte 1995), and this contributes 
further to the diversity of the crop (Shiotan 1988; McGregor and Labonte 2006).

Sweetpotato breeding programs have been active in a number of countries since 
the mid-twentieth century, producing numerous cultivars for various markets and 
uses (Grüneberg et al. 2015; Zhang et al. 2009). Linked to formal seed systems, 
breeding efforts contribute significantly to increasing productivity and economic 
and nutritional impact of the crop. In a number of places in SSA where the crop is 
important at commercial or household level, but where breeding and seed system 
efforts are still immature, “natural selection” has given rise to superior landrace 
varieties possessing the production, postharvest, and quality attributes required by 
producers, consumers, marketers, and processors, and these have come to predomi-
nate in production systems (Edmond and Ammerman, 1971). Participatory 
approaches to selection help to ensure that key traits are considered during the 
selection process (Grüneberg et al. 2009; Gibson et al. 2011a).

Some traits such as flesh color (such as orange) are preferred by women and 
children; high dry matter is more preferred by men than women or children. In some 
communities, women like to conserve particular traits such as vigor of genotypes to 
suppress weeds, earliness, and high yield to alleviate food shortages during food 
scarcity. In some communities, women and children prefer more sweet genotypes 
than men. Differences between women and men accessing land for high-yielding 
sweetpotato varieties for sale in some areas, for example, in Central Uganda where 
men own land and dominate its use and the distribution of the returns from it. There 
is no generalization on the gender-specific traits in sweetpotato among the different 
communities on the globe.
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6.7.1  �Quality Traits

Flesh color, dry matter content, and cooked taste, texture, and aroma are key quality 
attributes that distinguish utilization classes. Flesh colors include white, yellow, 
orange (primarily due to beta-carotene), and purple (due to anthocyanins), with varia-
tion in intensity of color related to pigment concentration, both within and between 
genotypes. Storage root dry matter in sweetpotato ranges from less than 20% to over 
40%, with starch being a predominant constituent, with variable levels of sugars and 
good levels of dietary fiber, minerals, and several vitamins (Woolfe 1992). Sweetness 
of sweetpotato ranges from very sweet to non-sweet due to variability in sugar levels 
(principally sucrose, followed by glucose and fructose) before cooking and with 
maltose produced by hydrolysis of starch by amylases during cooking (Kays et al. 
2005; Owusu-Mensah et al. 2016). Beta-amylase activity varies among sweetpotato 
genotypes, with absence of activity recessively inherited (Kumagai et  al. 1990). 
Cooked texture and properties of processed products are affected by amylase activity 
during preparation, and by physicochemical properties of the starch, including amy-
lose-amylopectin ratio (Zhang and Oates 1999, Nabuuya et al. 2012). Further, amy-
lase activity and sugar content are influenced by harvest date and storage 
(Adu-Kwarteng et al. 2014; Morrison et al. 1993). Variation also exists in starch past-
ing temperature, with quick cooking varieties with 20 °C lower pasting temperature, 
slower retrogradation. and higher digestibility than ordinary cultivars developed 
which can save on cooking time and be suitable for starch noodles (Katayama et al. 
2015). Katayama et al. (2015) reported the quick cooking trait to be recessively inher-
ited, with reduction in the trait with increasing dosage of the wild-type allele.

The quality of sweetpotato for fresh consumption has different generally recog-
nized quality classes preferred in different parts of the world, with the so-called 
dessert type (moist-textured, sweet, orange-fleshed types) predominant in the USA 
and staple type (drier-textured, white- or yellow-fleshed types predominant in much 
of SSA, Asia, and Oceania). Tumwegamire et al. (2011) reported that orange-fleshed 
landrace varieties from Eastern Africa showed higher dry matter and less sugars than 
the dessert types and are more widely acceptable to African consumers than the des-
sert types. Tomlins et al. (2004) reported that starchiness and stickiness were the 
most discriminating attributes for consumers in Eastern Africa, with starchiness pre-
ferred and stickiness not. In South Africa, Laurie et al. (2012) examined sensory 
attributes, sugars, and instrumental data in relation to consumer acceptability for 
eating quality of 12 cultivars including OFSP types, reporting that maltose, dry 
matter, and sweet flavor were preferred. They recommended two varieties for pro-
motion, which combined both good taste and good agronomic performance. In the 
USA, Lekrisompong et al. (2012) used trained panelists to develop a sensory lexicon 
for appearance, aroma, flavor, and texture and then related this to consumer accep-
tance of sweetpotato cultivars with different flesh colors, including orange, yellow, 
and purple. Though demographic characteristics of consumers were not evaluated, 
the consumers in this study clustered into three different groups differentiated by 
appearance, aroma, flavor, and texture attributes. They recommended promotion of 
unfamiliar color types (yellow and purple, in this case) on the basis of healthy, 
nutritional attributes, while avoiding varieties with undesirable taste.
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The relevance of understanding and meeting consumer expectations is particularly 
great for the promotion of the relatively unfamiliar OFSP for helping to alleviate 
vitamin A deficiency worldwide. Tomlins et  al. (2012) examined 12 varieties in 
Uganda including dry, starchy OFSP types and reported that the logarithm of 
carotenoid content was negatively correlated with dry matter content and positively 
correlated with traits such as color, “pumpkin” odor, and taste. Tomlins et al. (2007) 
had previously reported that on average dry, starchy OFSP types were preferred to 
pale-fleshed sweetpotato by school children and women with preschool children. 
Though there is a generally recognized negative genetic correlation between dry 
matter and beta-carotene content, progress can be made to increase the two simulta-
neously. Further, positive correlations between zinc, iron, and beta-carotene lead to 
the expectation that progress may be made with biofortification for each of these 
(Grüneberg et al. 2015), though more slowly for the latter two.

Additional quality classes of increasing interest include purple-fleshed sweetpo-
tato, sweetpotato for fries, sweetpotato for leafy greens, and as feed. Anthocyanin-
rich purple-fleshed types are increasingly recognized for their healthy antioxidant 
properties, as a source of natural colorant, and for attractive snack products. Purple-
fleshed sweetpotatoes contain a number of different anthocyanins with varying anti-
oxidant activity. Hu et  al. (2016) identified seven peonidin- and cyanidin-based 
anthocyanins with potent antioxidant activity among 13 anthocyanins in order to 
help target breeding efforts. Fried sweetpotato products (French fries and crisps/
chips) are increasing in popularity. Fry quality trait will clearly be important and 
may include selection for low reducing sugars and accumulation of acrylamide 
(Truong et al. 2014; Walter et al. 1997). Additionally, sweetpotato leafy green veg-
etable is traditionally popular in a number of countries and increasingly recognized 
as very healthy food (Islam 2016; Johnson and Pace 2010; Thiyagu et al. 2013). 
Breeding programs for leafy green types focus on culinary quality required by con-
sumers and on consistent production during repeated harvests and not yet on phyto-
chemical constituents (Lee et al. 2007; Thiyagu et al. 2013). Finally, selection for 
suitability for animal feed (Shumbusha et  al. 2014, 2015) has emphasized dual-
purpose types which produce both fresh vines and storage roots.

6.7.2  �Diseases and Pests

A number of fungal (33), bacterial (6), and viral diseases (>16) along with plant 
parasitic nematodes (>13) have been reported to attack sweetpotato (Clark et al. 
2015). Occurrence of diseases and the extent to which they are actual constraints 
vary with agroecology, the degree of resistance present in varieties used, and the 
degree to which cultural practices exacerbate or control the problem. The potential 
importance of a disease, such as sweetpotato virus disease (SPVD), may be revealed 
in breeding programs when susceptible genotypes emerge in segregating populations 
or when susceptible genotypes are introduced. Resistance to many diseases exists 
in sweetpotato germplasm, and predominant varieties in a region must typically be 
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addressed during the selection process in order to ensure that susceptible varieties 
are not released.

In the tropics, fungal and bacterial diseases of sweetpotato do not seem to be a 
major constraint, perhaps in part due to limited long-term storage. In the East 
African highlands, Alternaria leaf spot and stem blight can be severe, but resistant 
genotypes are readily selected in breeding programs (Grüneberg et al. 2015). Scab, 
caused by Elsinoe batatas, can be a problem in Southeast Asia and Oceania, but 
resistant breeding populations have been developed where the disease is a constraint 
(Lebot 2010). Fusarium wilt was important in the USA, but resistant varieties now 
predominate, and breeding populations have high frequencies of resistance (Martin 
and Jones 1986). A number of additional fungal and bacterial diseases of economic 
importance exhibit variation in resistance levels among varieties (Zhang et al. 2009; 
Martin and Jones 1986). These include sweetpotato pox or soil rot (Streptomyces 
ipomoea), Fusarium root rot (Fusarium solani), bacterial stem and root rot 
(Ralstonia solanacearum), and black rot (Ceratocystis fimbriata) (Clark et al. 2013). 
Key nematode species are root-knot (Meloidogyne incognita) nematode in the USA 
and stem nematode (Ditylenchus destructor) in China, and resistant cultivars exist 
in each case. High narrow-sense heritability has been reported for fusarium wilt 
resistance (Collins 1977) and root-knot nematode resistance (Jones and Dukes 
1980). High reported heritabilities and high frequencies of expression in progenies 
are consistent with dominant inheritance and control of resistance by major genes.

Virus diseases of sweetpotato, particularly the sweetpotato virus disease (SPVD) 
which is devastating particularly in moist, tropical environments, such as those 
found around the Lake Victoria basin in Eastern Africa (Gibson and Kreuze 2015). 
A large number of viruses are reported to infect sweetpotato globally (Clark et al. 
2012). Most breeding efforts have concentrated on breeding for resistance to viruses, 
weevils, nematodes, biomass, drought tolerance, dry matter, and acceptability by 
farmers and consumers (Grüneberg et al. 2015).

6.8  �Field Trialing and Selection Approaches

Because sweetpotato is clonally propagated, the challenge for the breeder is to iden-
tify superior new genotypes from among often large populations of genotypes gen-
erated from crosses among selected parents. Selected superior genotypes may 
become new varieties and also parents in the next cycle of selection. Storage root 
yield is typically the most important trait, but must be accompanied by a host of 
other traits. Sweetpotato yield is highly influenced by environment, with high geno-
type by environment interactions; therefore, multi-environment evaluations are 
essential to the identification of stable genotypes with broad adaptation or for spe-
cific environments (Collins et al. 1987). Sweetpotato is also, by nature, quite vari-
able, with high variation typically observed among plants of the same genotype 
within and between plots, which results in consistently high experimental coeffi-
cients of variation for yield. The conventional breeding scheme for sweetpotato (and 
other clonally propagated crops) anticipates initial evaluation for multiple seasons in 
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a single selection environment followed by multi-environment testing. Variance 
component analysis and practical experience have shown that rapid identification of 
superior, stable genotypes can be achieved by multi-locational evaluation at the ini-
tial generation of field evaluation (Grüneberg et al. 2009, 2015), resulting in selec-
tion and release of varieties in 4 years in contrast to 7 or 8 years required under the 
conventional system. This method has been termed accelerated breeding scheme 
(ABS).

The standard methodology used under the ABS involves establishment in unrep-
licated three-plant plots at more than one environment, preferably with one of the 
environments providing exposure to key stresses, such as drought, lower soil fertil-
ity, or disease pressure. The use of three-plant plots (established from cuttings taken 
from the sprouted seedlings) allows the breeder to assess interplant variability, 
selecting for genotypes with uniform performance. Standard check varieties are also 
used, with care given to ensure that the health status of the check varieties is com-
parable to that of the seedling genotypes, since virus accumulation in planting mate-
rial results in degeneration from clonal generation to generation, but sweetpotato 
viruses are not seed transmitted. Nearest neighbor designs, such as that of Westcott 
check design which make heavy use of checks, are also being investigated to allow 
adjustment in yields in relation to field variation and provide greater precision in 
selection. Use of rapid throughput analytical methods such as near-infrared reflec-
tance spectrometry allows selected genotypes at each trial location to be routinely 
evaluated for a number of quality traits, including dry matter content, starch, sugars, 
beta-carotene, iron, and zinc (Fig. 6.2). Standard procedures and standards for trait 
evaluation agreed among a number of breeding programs associated with CIP’s 
breeding efforts have been published (Grüneberg et  al. 2010). The use of index 
selection, such as that proposed by Pesek and Baker (1969), allows for simultaneous 
improvement of multiple traits including yield, quality, and disease and pest reac-
tion. Electronic tools which assist with data collection and with rapid analysis of 
results are used by some breeding programs.

Field selection for some priority traits, such as SPVD resistance, is time-
consuming and challenging because it may take some time to separate resistant 
genotypes from those which are healthy because they have escaped infection. Efforts 
are underway to identify molecular markers to be used for selection of resistant 
genotypes. Selection for drought tolerance has been done in Mozambique through 
selection for vine vigor (necessary for planting material survival under drought con-
ditions), and it has been noted that drought-tolerant genotypes have greater stability 
of harvest index when exposed to water-deficit and non-stressed environments.

Selected clones advance through unreplicated trials (except across sites), repli-
cated preliminary trials (typically 2 replications over a few key locations), and 
advanced trials, replicated trials with larger plots. Advanced trial selections are also 
advanced to on-farm trial evaluations. In addition to field evaluations, other key 
attributes such as taste or utilization quality attributes, storability (under controlled 
and more challenging conditions, such as in sand), and production of planting mate-
rial from root sprouts or vines are also essential to consider.

At all stages of selection, it is essential for the breeder to have a good under-
standing of the needs of producers and industry. This is effectively done through 
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using a participatory approach, engaging with stakeholders throughout the selec-
tion process. Knowledgeable farmers in Uganda have selected an improved variety 
using participatory plant breeding (Gibson et al. 2011a). However, on-farm evalu-
ation of advanced selections is more typically done, at the advanced trial stage, 
with engagement of consumers and farmers in assessments. Linkage of breeding 
efforts and seed dissemination efforts is also recommended, particularly where 
commercial seed producers can help to gauge suitability of new varieties for mar-
ket demand.

6.9  �Tissue Culture and Clonal Production

Sweetpotato is vegetatively propagated; hence, sweetpotato cultivars are prone to 
virus infection. Production of virus-free sweetpotato is achieved almost exclusively 
by meristem culture in vitro. Tissue culture is therefore most useful for producing, 
propagating, and maintaining virus-free stocks and for the maintenance of germ-
plasm collections. Meristem culture is often coupled with heat treatment of stock 
plants (e.g., 14 days at 36 °C, or 3–4-week-old in vitro plantlets at 34–37 °C for 
1 month) for virus elimination (George 1996; Gaba and Singer 2009).

Fig. 6.2  Sample preparation for near-infrared spectroscopy quality analysis at the Agricultural 
Research Institute of Mozambique (IIAM), Maputo, Mozambique
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6.9.1  �Meristem Culture

Although other media can be used, sweetpotato meristems can be cultured 
satisfactorily on Murashige and Skoog (1962) (MS) medium (30  g/l sucrose) or 
Gamborg et al. (1968) medium. Some workers use MS salts with a wider range of 
vitamins or employ the same vitamins at a higher concentration, for example, 
doubling the normal concentration of MS organics. Adjustments can be made to the 
culture medium to increase survival or increase the growth rate of explants (e.g., pH 
5.2 instead of 5.7 MS; 50 instead of 30 g/l sucrose; growth regulator additions such 
as 1–5 mg/l IAA or NAA + 1–5 mg/l BAP; 0.03 mg/l NAA + 0.3 BAP + 1 mg/l 
IAA; 0.1 mg/l NAA + 0.1 mg/l kin +1 mg/l GA3) (George 1996).

Plants are virus cleaned, indexed by grafting sweetpotato cuttings onto indica-
tor plants (I. setosa and I. nil), and symptoms are evaluated after 4 weeks; positive 
symptom observation is followed by nitrocellulose membrane enzyme-linked 
immunosorbent assay (NCM-ELISA) with available antisera. Nucleic acid spot 
hybridization, PCR, and real-time PCR are optionally used to confirm the 
presence of some viruses for which antisera are not available. Following initial 
plant health checks, infected accessions undergo virus elimination and are 
subsequently rechecked.

6.9.2  �Node Cultures

Elongated shoots are produced when nodal segments of sweetpotato are cultured on 
growth regulator-free MS medium and incubated at 25–28 °C in a 16-h photoperiod 
(15–60 μmol m−2 s−1). Shoots are redivided into nodal sections for subculture. If 
10 mg/I ABA is added to MS medium, the growth of axillary shoots is completely 
inhibited. However, explants remain viable for periods of up to 1 year and are able 
to produce shoots when transferred to a regulant-free medium (George 1996; Gaba 
and Singer 2009). There are other sweetpotato micropropagation methods (photo-
autotrophic micropropagation, somatic embryos for synthetic seed mass produc-
tion, bioreactors for mass multiplication of sweetpotato nodes in liquid culture, and 
sweetpotato somatic embryos) described by Gaba and Singer (2009).

Somaclonal variation is a problem in vegetatively propagated plants. 
Micropropagation by nodal cuttings (from a natural bud) is the safest procedure in 
terms of controlling the appearance of somaclonal variation. Cloned plants from 
buds were more genetically uniform than plants propagated from repeated adventi-
tious organogenesis from stored sweetpotato storage roots (Villordon and LaBonte 
(1996). Somaclonal variation in in vitro regenerated plants from apices during virus 
cleaning and propagation gave rise to a new cultivar (Moyer and Collins 1983). 
Genetic stability of cultures maintained in intermediate-term storage conditions for 
prolonged periods is a concern, but results appear to be satisfactory with current 
methods (Guo et al. 2001).
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The majority of sweetpotato producers in the USA use virus-tested tissue culture 
seed and supplement their conventional seed produced on farm with certified virus-
tested foundation seed. The virus-tested certified seed has had a tremendous positive 
impact on yield and quality and the sweetpotato industry in the USA and China.

6.10  �Seed Production and Marketing

Timely access to quality seed (cutting from a vine) is essential for high yields in any 
sweetpotato production system. In temperate climates in countries such as China 
(Zhang et al. 2009) and the USA (Smith et al. 2009), sweetpotato roots are kept and 
sprouted as the major source of planting material. In tropical climates, seed is usu-
ally propagated from cuttings from vines.

Vitality of sweetpotato seed is largely determined by pests and diseases. Vines 
transmit numerous pests and diseases during vegetative propagation. Most impor-
tant across all regions are viruses, and among the 20 viruses infecting sweetpotato, 
SPCSV together with SPFMV results rapidly in devastating yield loses. In regions 
with pronounced dry seasons, sweetpotato weevils (Cylas spp. and Euscepes post-
faciatus) infest shoots of vine cuttings with eggs and larvae. Moreover, seed health 
is affected by Alternaria in tropical highlands, Fusarium in temperate subtropics, 
and nematodes (mainly Meloidogyne spp.) in areas with intensive sweetpotato cul-
tivation. Seed health status can be improved by combined actions of crop rotation, 
weed control, virus vector-free seed production environments, and specialization 
including seed coating with insecticides and virus testing.

National research programs have the mandate for breeder seed for new varieties 
and are responsible for the production of pre-basic seed, which entails assuring 
high-quality pathogen-free seed stocks. The most common method used for 
production of pre-basic seed starts with virus cleaning with meristem culture in vitro 
combined with thermotherapy (Gaba and Singer 2009). In tropical areas, tissue cul-
ture plantlets are then hardened and further multiplied in protected screenhouses, 
with periodic virus indexing to assure that quality is maintained. In the USA, farm-
ers save a portion of their roots for seed the next season. The roots are pre-sprouted 
in storage by raising the temperature and humidity 2–3 weeks before planting them 
out in “hotbeds,” covered by ventilated plastic mulch. In this system, 23 kg of roots 
produce approximately 500 sprouts or splits. Six to 8 weeks are required to produce 
transplants large enough to plant in production fields. Growers supplement this on-
farm seed with virus-tested certified cuttings (Dangler 1994; Smith et al. 2009).

In formal or semiformal systems in tropical areas, pre-basic seed is multiplied to 
basic seed on station or to contracted trained farmers often linked to NGOs, 
community-based organizations, and farmer organizations. Low multiplication 
rates of sweetpotato compared to grain crops and the perishability and bulkiness of 
the vines make long-distance transport costly (Low et al. 2009). Hence, setting up a 
network of decentralized, trained multipliers to serve their surrounding communities, 
each at least 10–15 km apart, is a strategy being pursued in several sub-Saharan 
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African countries (McEwan et  al. 2015). These multipliers are encouraged to 
become commercial root producers, as demand for seed often fluctuates. Several 
tropical countries are now implementing more formal certification or quality-
declared seed classifications at this stage in the multiplication process to assure that 
farmers know what variety they are receiving and their level of quality (McEwan 
et al., 2012; Namanda 2012). Experiments have demonstrated that virus-free plant-
ing material is higher yielding than non-virus-free (Adikini et al. 2016). In China, 
the introduction of virus-free seed to 80% of a major growing area by public sector 
extension led to an average yield increase of 30% (Fuglie et al. 1999).

In many tropical countries, most seed comes from the “informal seed” sector. 
This presents a challenge for the dissemination of improved varieties, particularly if 
the public sector extension system is weak. Because it is easy to share planting 
material, private seed companies have showed limited interest in commercializing 
sweetpotato. In areas with cultivation throughout the year, actions to improve seed 
systems target NGOs, road shows for community-based organizations (CBOs) and 
farmer communities, and field days aligned with introductions of new varieties and 
recommendations to multiply seeds (Gibson et al. 2011b). Recommendations dem-
onstrated include (1) rogueing out SPVD-diseased plants, (2) taking cuttings only 
from “clean” field areas where no or only limited rogueing was required (whiteflies 
spread SPCSV only within short distances), (3) using only relatively young crops to 
obtain seed, (4) preferring apical parts of vines as planting material (such cuttings 
carry fewer weevil eggs and are physiologically more vigorous), and (5) providing 
training in local languages.

In areas with a prolonged dry season, the main problem of production is scarcity 
of planting material when rain starts (Gibson et al. 2011b). Most farmers are willing 
to buy seed at least in small amounts and travel to obtain planting material. Farmers 
conserve seed by (1) growing in wetlands and around waterholes, (2) watering with 
wastewater, (3) resprouting noncommercial roots missed during harvest and taking 
sprouts from harvested roots, (4) planting in shade, and (5) using late crops that 
survive dry seasons.

Current research efforts in the tropics are focused on building sustainable seed 
systems that assure farmers’ timely access to quality planting material. Research is 
focused on improving pre-basic seed production through (1) reducing the time for 
virus removal or “cleanup” through new tools, (2) understanding the costs of tissue 
culture multiplication of plantlets versus screenhouse multiplication of pathogen-
tested cuttings, and (3) promoting the establishment of rotation funds so that national 
programs can maintain core functions. Two technologies have been developed which 
have strengthened local multiplication efforts. First, the net tunnel is relatively low 
cost in some sub-Saharan African countries ($150/6 m2 curved net) to protect basic 
stock from virus infection (Shulte-Geldermann et al. 2012). Second, the “Triple S” 
method (Namanda and Gibson 2015) developed for areas with dry seasons lasting 
longer than 3 months relies on keeping the small but healthy roots at harvest time as 
the “seed source” for the next season. The roots are stored in layers of cool sand in an 
appropriate container and then planted out and fenced 6–8 weeks before the rains 
start. On average, each root produces 40 cuttings. Detailed descriptions of recom-
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mended practices are provided in a manual that is part of a course on “Everything you 
ever wanted to know about sweetpotato” (Stathers et al. 2013).

6.11  �Molecular Genetics and Genomics

Molecular genetic and genomic research in sweetpotato is not as advanced compared 
to the other major staple crops (e.g., rice, wheat, maize, cassava, and potato). For 
example, codominant molecular marker resources such as SSR and single-nucleotide 
polymorphism (SNP) markers are not yet widely available for sweetpotato, a high-
quality reference genome for sweetpotato has only recently become available, and the 
number of scientists conducting genomic research in sweetpotato is limited.

Molecular genetic and genomic research trails behind that of the other major sta-
ple crops are largely due to two factors. First, sweetpotatoes have traditionally been 
viewed as a “poor person” or “orphan” crop. Therefore, until recently, it has received 
relatively limited attention compared to the major staple crops, and the public (e.g., 
universities, the CGIAR, and NGOs) and private sectors (e.g., seed companies and 
agro-based industries) have not invested significant resources toward sweetpotato 
improvement. Second, cultivated sweetpotato is a highly heterozygous, outcrossing, 
asexually propagated hexaploid (2n = 6× = 90) species, burdened with extremely 
complex genetics and trait segregation patterns. Its breeding system is also encum-
bered with numerous self-compatibility, self-incompatibility, cross-compatibility, 
and cross-incompatibility challenges (Togari and Kawahara 1946; Wedderburn 1967; 
Williams and Cope 1967). These constraints make sweetpotato breeding very diffi-
cult, and it has been hard to efficiently adapt the strategies and molecular genetic 
tools developed for the diploids to the polyploid crops. However, this situation has 
begun to change, and significantly more resources are being devoted to the improve-
ment of sweetpotato in both the private and public sectors, and we now have new 
molecular genetic and genomic resources which are coming on line that promise to 
mitigate some of the breeding challenges unique to this critical food security crop.

6.11.1  �Genetic Engineering of Sweetpotato

For detailed reviews of the advances in genetic engineering of sweetpotato and the use 
of related biotechnological strategies for sweetpotato improvement, see (Prakash et al. 
1991; Prakash 1994; Okada et al. 2002a, b; Yi et al. 2007; Kreuze et al. 2009 ; Mwanga 
and Ssemakula 2011). Regeneration of sweetpotato from cultured tissues or cells is 
notoriously difficult, and efficient protocols are improving but generally lacking. 
Because of this, biotechnological applications of sweetpotato are underdeveloped 
compared to other major crops. In the 1990s, attempts of sweetpotato transformation 
experienced slow progress (Prakash and Varadarajan 1992; Gama et al. 1996; Otani 
et al. 1998; Saito et al. 1998; Kimura et al. 1999). Today, more efficient and reliable 
transformation protocols are becoming available, but there are still major hurdles to 
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overcome (Song et al. 2004; Lim et al. 2007; Kreuze et al. 2009). Genetic transforma-
tion through the use of direct gene transfer and gene editing techniques are promising 
strategies for introducing novel traits in sweetpotato in cases where no conventional or 
marker-assisted breeding (MAB) solutions exist. In sweetpotato, the most critical tar-
get traits for these strategies include sweetpotato weevil and virus disease resistance, 
but other opportunities such as the modification of nutritional traits, decreased amy-
lase content, tolerance against oxidative and chilling stress, and starch and the intro-
duction of herbicide resistance are also potential opportunities currently being 
explored (Qaim 1999; Kreuze et al. 2009). However, no commercial production of 
GM sweetpotato has yet been reported.

6.11.2  �Use of Molecular Markers in Sweetpotato Breeding

6.11.2.1  �Genetic Diversity Analysis

Genetic diversity analysis of sweetpotato has become fairly common. Diversity 
analyses are being used to improve our understanding of the genetic relations among 
germplasm and for parental materials in many breeding programs (Buteler et  al. 
2002; Hu et al. 2003; Wang et al. 2011; Zhao et al. 2013). To date, sweetpotato 
genetic diversity studies have been conducted using randomly amplified polymor-
phic DNAs (RAPDs) (Gichuki et al. 2003, 2005; Jarret and Austin 1994), AFLP 
(Elameen et al. 2008), and SSR markers (Buteler et al. 1999; Yada et al. 2010, 2015; 
Tumwegamire et al. 2011). SSR markers have been the most widely used in genetic 
diversity analysis of sweetpotatoes. Previous studies by Yada et  al. (2010) and 
Rodriguez-Bonilla et al. (2014) showed that SSR markers revealed the highest level 
of polymorphism due to the codominance nature and high numbers of alleles per 
locus. Tanaka et al. (2010) reported on the development of cleaved amplified poly-
morphic sequence (CAPS)-based markers for identification of sweetpotato culti-
vars. Thirteen primer pairs were designed from the exon sequences of 11 sweetpotato 
genes to amplify fragments containing an intron. Digestion of the amplified prod-
ucts with restriction enzymes having different recognition sites resulted in 27 poly-
morphic marker fragments. These were used to distinguish 60 Japanese sweetpotato 
cultivars. Among the genes used for primer design, the gene encoding the dihydro-
flavonol 4-reductase (DFR) showed the largest degree of polymorphism, and it is 
the only report on the development of CAPS-based markers in sweetpotato.

6.11.2.2  �Genetic Linkage Mapping and QTL Studies

Genetic linkage mapping in sweetpotato is becoming more frequent. However, to the 
best of our knowledge, no breeding programs are actively using MAB for sweetpo-
tato improvement. Thompson et  al. (1997) were the first to demonstrate the 
feasibility of linkage mapping in sweetpotato. To do this, they studied two biparental 
progenies. The first was a cross between the University of Maryland breeding line 
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MD-708 and the Mississippi State University variety “Vardaman” (MD-708 × 
“Vardaman”). The second was a cross between “Vardaman” and the USDA US 
Vegetable Research Laboratory variety “Regal” (“Vardaman” × “Regal”). These pop-
ulations had 170 and 76 progeny, respectively. Using 100 RAPD primers, they were 
able to identify 134 polymorphic markers with 74 (60%) segregating 1:1. These were 
the first linked molecular markers found in sweetpotato, and they demonstrated that 
the construction of a linkage map in polyploid sweetpotato was feasible.

Zhao et al. (2013) provided a summary of the sweetpotato linkage maps pub-
lished to date. Table  6.1 provides an update of the linkage mapping studies of 
sweetpotato that we are aware of. All the linkage maps of sweetpotato have been 
constructed using an F1 pseudo-testcross mapping strategy suitable for highly het-
erozygous parental materials that has been described by Grattapaglia and Sederoff 
(1994) and the single-dose, simplex fragment approach for the mapping of poly-
ploids originally proposed by Wu et al. (1992), augmented by the use of informa-
tive duplex and triplex markers. Using this strategy, single-dose markers are 
identified via segregation ratio tests and two maps, one from each highly heterozy-
gous parent, and are constructed based on the segregation of single-dose markers 
(Ukoskit and Thompson 1997; Kriegner et al. 2003; Cervantes-Flores et al. 2008; 
Li et  al. 2010). Marker types used to date include RAPD, AFLP, ISSR, SSR, 
sequence-related amplified polymorphism (SRAP), and retrotransposon insertion 
polymorphism (RTISP) markers.

Quantitative trait loci (QTL) studies of sweetpotato are rather limited, and the 
authors have uncovered only four such studies. Cervantes et al. (2008, 2010) were 
the first to publish detailed QTL analyses of sweetpotato for resistance to root-knot 
nematodes (RKN) and for dry matter, starch, and β-carotene content. Single-point 
analysis of variance and interval mapping revealed seven consistently significant 
QTL in “Tanzania” and two significant QTL in “Beauregard” associated with 
resistance to RKN. Based on molecular and phenotypic data, it was hypothesized 
that RKN resistance in the “Tanzania” × “Beauregard” (TB) cross was conferred 
by several genes. When all the markers (seven from “Tanzania” and two from 
“Beauregard”) were included in a regression model, these markers explained 40% 
of the variation in RKN egg masses observed. In the same population, QTL analy-
sis revealed the presence of 13 QTL for storage root dry matter content, 12 QTL 
for starch content, 8 QTL for ß-carotene content, and 18 QTL for yield. Multiple 
QTL regression models developed for segregation of alleles in each parent 
explained 15–24% of the variation in dry matter content, 17–30% of the starch 
content, 17–35% of ß-carotene content, and 12–30% of the variation in yield 
(Cervantes et al. 2010).

Li et al. (2010) detected one QTL for starch content in the map of “Zhengshu 
20,” which explained 7.7% of the variation. More recently, Zhao et  al. (2013) 
reported on QTL analyses of sweetpotato using AFLP and SSR markers and a 
mapping population consisting of 202 individuals derived from a broad cross 
between “Xushu 18” and “Xu 781.” They identified many QTL for the storage root 
dry matter content. Using a combination of interval mapping and multiple QTL 
model, they were able to identify a total of 27 QTL for dry matter content, 
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explaining 9.0–45.1% of the variation. Most (78%) of the QTL had a positive effect 
on the dry matter variation.

Yield-related traits in sweetpotato are generally thought to be complex quantita-
tive traits influenced by the two QTL studies that have looked at yield and have 
generally confirmed this observation. Cervantes (2006) observed 18 QTL for stor-
age root yield in the TB mapping population. The QTL for yield due to segregation 
in “Tanzania” and “Beauregard” were mapped to 11 and 7 different regions, 
respectively. Both positive and negative yield effects were observed at the QTL, 

Table 6.1  Summary of published sweetpotato linkage map studies to date (December 2016)

Parents
Type of 
markersa

No. of 
linkage 
groups

No. of 
markers

Map 
length 
(cM)

Marker density 
(cM/marker) Reference

Vardaman × Regal (n = 76) Ukoskit and 
Thompson (1997)

Vardaman RAPD 18 102 5024 49.3
Regal RAPD 16 94 6560 69.8
Tanzania × Bikilamaliya (n = 94) Kriegner et al. 

(2003)
Tanzania AFLP 90 632 3656 5.8
Bikilamaliya AFLP 80 435 3012 6.9
Tanzania × Beauregard (n = 240) Cervantes-Flores 

et al. (2008)
Tanzania AFLP 86 1166 5792 4.5
Beauregard AFLP 90 960 5276 4.8
Nancy Hall × Tainung 27 (n = 119) Chang et al. (2009)
Tainung 27 × Nancy Hall (n = 112)
Nancy Hall ISSR 9 37 479.8 12.9
Tainung 27 ISSR 12 47 853.5 17.7
Luoxushu 8 × Zhengshu 20 (n = 240) Li et al. (2010)
Luoxushu 8 SRAP 81 473 5802 10.2
Zhengshu 20 SRAP 66 328 3968 12.0
Xushu 18 × Xu 781 (n = 202) Zhao et al. (2013))
Xushu AFLP + 

SSR
90 2077 8185 3.9

Xu 781 AFLP + 
SSR

90 1954 8152 4.2

“Purple Sweet Lord” × 90IDN-47 (n = 98) Monden et al. 
(2015)

Purple Sweet 
Lord

RTISP 43 154 931.5 11.6

90IDN-47 RTISP 47 158 734.3 9.8
aRAPD randomly amplified polymorphic DNA, AFLP amplified fragment length polymorphisms, 
ISSR inter-simple sequence repeat, SRAP sequence-related amplified polymorphism, RTISP 
retrotransposon insertion polymorphism

6  Sweetpotato (Ipomoea batatas L.)



206

with the complete model for all significant regions explaining approximately 30% 
and 12% of the total variation in yield, respectively. Chang et al. (2009) also stud-
ied yield-related traits in reciprocal “Nancy Hall” × “Tainung 27” mapping popula-
tion with 119 and 112 progenies, respectively, mapped with 37 (Nancy Hall) and 
47 (Tainung 27) inter-simple sequence repeat (ISSR) markers. This study lacked 
sufficient markers to cover the genome of sweetpotato, but they reported 15 and 9 
significant QTL (LOD > 2.5) associated with yield traits in the NH × TN27 and 
TN27 × NH crosses, respectively.

6.11.3  �The Future of Molecular Genetics and Genomics 
in Sweetpotato

The abovementioned studies represent important steps as the sweetpotato breeding 
community seeks to integrate modern molecular genetic and genomics tools into 
MAB of sweetpotato. However, the sweetpotato breeding community still has a long 
way to go to realize MAB in sweetpotato. Yoon et al. (2015) recently published a 
review article entitled “Current Status of Sweetpotato Genomics Research” in the 
Journal of Plant Biotechnology. It is written in Japanese; however, an English trans-
lation is available on the Japanese journal’s website (http://www.e-sciencecentral.
org/articles/SC000013785#ref23-jpb-42-3-161).

Yan et al. (2015) recently published the complete chloroplast genome and a gene 
expression atlas for sweetpotato using the cultivar Xushu 18. Next-generation 
sequencing (NGS) methods (Illumina HiSeq 2000) were used to conduct this 
research, and they reported a circular molecule of 161,303 bp in length with the 
typical quadripartite structure of large (LSC) and small (SSC) single-copy regions 
separated by a pair of inverted repeats (IRs). The chloroplast DNA of sweetpotato 
contained a total of 145 genes, including 94 protein-encoding genes of which there 
are 72 single-copy and 11 double-copy genes. Phylogenetic analyses were con-
ducted based on 77 protein-coding genes from 33 taxa. This and related research 
will undoubtedly contribute to a better understanding of the evolution of the genus 
Ipomoea (L.) and the origin of cultivated sweetpotato.

During the last 5  years, two new projects  – the China-Japan-Korea Trilateral 
Research Association of Sweetpotato (TRAS) Sweetpotato Genome Sequencing 
Consortium and the Genomic Tools for Sweetpotato (GT4SP) Improvement 
Project – have also begun to provide valuable new genomic resources for the breed-
ing community, which will provide a solid foundation for MAB in sweetpotato.

The TRAS genome sequencing initiative was established in 2012 with six organi-
zations: The Institute of Sweetpotato Research, Chinese Academy of Agricultural 
Sciences (China); China Agricultural University (China); the Korea Rural 
Development Administration; the Korea Research Institute of Bioscience and 
Biotechnology; the National Agriculture and Food Research Organization (Japan); 
and the Kazusa DNA Research Institute (Japan). Research on genetic map construction 
and genome sequencing of two lines of I. trifida and the hexaploid sweetpotato 
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“Xushu 18” has been underway since 2014. Hirakawa et al. (2015) recently published 
the first de novo genome assemblies of two wild relative diploid species of I. trifida, 
the selfed line Mx23Hm and the highly heterozygous line 0431-1. The genome 
assembly data, annotations, gene models, and SNPs of I. trifida are available at the 
Sweetpotato GARDEN (http://sweetpotato-garden.kazusa.or.jp). The genome 
sequence reads obtained by Illumina HiSeq 2000 are available from the DDBJ 
Sequence Read Archive (DRA) under the accession numbers DRR023905-
DRR023907 (Mx23Hm) and DRR023898- DRR023904 (0431-1) (Hirakawa et al. 
2015). In addition to the diploid sequencing hexaploid, sequencing has begun using 
the cultivar Xushu 18. Both of these efforts are using a combination paired end and 
mate-pair libraries of different insertion sizes and Illumina HiSeq and PacBio 
sequencing platforms along with a wide variety of assembly routines.

Similar to the TRAS initiative, the GT4SP project has assembled an international 
team with expertise in applied breeding, crop production, molecular genetics and 
genomics, and bioinformatics and database management to develop next-generation 
breeding tools. The GT4SP initiative (https://sweetpotatogenomics.cals.ncsu.edu/) 
was launched with support from the Bill & Melinda Gates Foundation in 2014. The 
overarching goals of the project are to “develop modern genomic, genetic, and bio-
informatics tools to facilitate crop improvement and improve genetic gains in sweet-
potato, an important food security and cash crop with highly recognized potential to 
alleviate hunger, vitamin A deficiency, and poverty in sub-Saharan Africa (SSA), 
and predominantly grown in small plot holdings by poor women farmers.”

The GT4SP project is led by North Carolina State University (USA) in partner-
ship with the International Potato Center; the Boyce Thomson Institute at Cornell 
University; Michigan State University; the University of Queensland-Brisbane, 
Australia; the Uganda National Agricultural Research Organization, National Crops 
Resources Research Institute; and the Ghana Council for Scientific and Industrial 
Research, Crops Research Institute. To date, the GT4SP project has developed high-
quality reference genomes of the I. trifida (NCNSP-0306) and I. triloba 
(NCNSP-0323) lines using Illumina mate pair, PacBio, BioNano optical mapping, 
and linkage mapping approaches. The genomes were publically released in August 
2016 and are available at the Sweetpotato Genomics Resource website (http://
sweetpotato.plantbiology.msu.edu/). This resource is continually being updated as 
new information becomes available.

The GT4SP team is exploring the efficiency of genotyping by sequencing (GBS) 
and the Diversity Arrays Technology DArTseq SNP development platforms using sev-
eral cultivated sweetpotato mapping populations. To manage the tremendous amount 
of phenotypic and genotypic data generated by the GT4SP project, a web-based 
breeder-friendly database has been established (https://sweetpotatobase.org/). 
Currently, (August 2017), the SweetpotatoBase (SPbase) database features about 
5,900 accession entries and 2,000 trials from several breeding programs. The GT4SP 
database and capacity development teams are actively training breeders on the use of 
SPbase and the use of electronic data capture methods in the field such as the use of 
the Field Book (://wheatgenetics.org/fieldbook) and DataCollector apps for collecting 
and managing phenotyping and genotyping data generated by the project in the USA, 
Ghana, Uganda, and Kenya.
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Collectively, the achievement of the TRAS and GT4SP projects, and other ongoing 
efforts yet to be reported will provide valuable resources needed to bring sweetpotato 
breeding into the genomics era and contribute to the progress of MAB in this critical 
food security crop and our understanding of the genus Ipomoea in general.

6.12  �Conclusions and Outlook

Sweetpotato has traditionally been viewed as a “poor person’s crop” or “orphan 
crop,” and it has attracted limited attention compared to other staple crops. However, 
during the last decade, this perception has changed, and it is widely acknowledged 
that sweetpotato has great potential to contribute to the alleviation of malnutrition 
and hunger in the developing world. Orange-fleshed sweetpotato, in particular, with 
its high provitamin A content, has become a prominent example of the effectiveness 
of biofortified staple crops to combat vitamin A deficiency. Similarly, increasing 
awareness of the nutritional value of sweetpotato is driving consumer demand 
among health-conscious consumers globally, and its potential use in a wide range of 
value-added human and animal products is widely recognized. As the public and 
private sectors learn more about the benefits and opportunities of sweetpotato, 
investment in more crop improvement to increase our understanding of the impor-
tance and exploiting the great untapped potential of the crop should be amplified.

The sweetpotato breeding community is on the right track of integrating modern 
molecular genetic and genomics tools into MAB of the crop. However, the sweet-
potato breeding community still has a long way to go to realize MAB in sweetpo-
tato. Collectively, all sweetpotato genomics’ ongoing efforts and those in the 
pipeline yet to be reported are important in providing valuable resources needed to 
bring sweetpotato breeding into the genomics era and contribute to the progress of 
MAB in this critical food security and nutrition crop and our understanding of the 
genus Ipomoea in general.
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Chapter 7
Bananas and Plantains (Musa spp.)

Allan Brown, Robooni Tumuhimbise, Delphine Amah, Brigitte Uwimana, 
Moses Nyine, Hassan Mduma, David Talengera, Deborah Karamura, 
Jerome Kuriba, and Rony Swennen

7.1  �Introduction

With a production of 145 million metric tons worldwide (worth 26.5 billion Euro), 
banana (Musa spp.) is one of the world’s most important staple food crops and argu-
ably the world’s most popular fruit in terms of international trade (FAO 2014). 
Banana and plantains (Musa spp.), collectively referred to here as bananas, are 
grown in more than 135 countries and found in most tropical and subtropical regions 
around the world. While industrialized nations view banana primarily as a dessert 
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item, many regions of the developing world consider cooking bananas and plantains 
as essential staples that contribute significantly to the caloric intake of low-income 
subsistence farmers. Although sensitivity to photoperiod has been noted in certain 
cultivars (Fortescue et al. 2011), banana is an almost nonseasonal crop that reliably 
provides a carbohydrate source year-round which makes it vitally important to both 
nutrition and food security. Propagation by farmers is commonly through suckers or 
side shoots originating from lateral buds at the base of the main plant. Multiple 
fungal and bacterial pathogens present serious constraints to production of bananas, 
as does the occurrence of insects and nematodes (Jones 1999). Viral diseases caused 
by banana streak virus (BSV), cucumber mosaic virus (CMV), banana bract mosaic 
virus (BBMV), and the emerging banana bunchy top virus (BBTV) are also receiv-
ing increased attention (Kumar et al. 2015). The predominance of these biotic agents 
differs from region to region, but most are found throughout the banana production 
regions in Asia, Africa, and the Americas and represent common targets for plant 
improvement worldwide. As with all crops, abiotic factors associated with climate 
change such as drought and heat stress also present considerable challenges to pro-
duction (van Asten et al. 2011; Wairegi et al. 2010), but arguably the single greatest 
constraint to genetic improvement is the narrow genetic basis of most cultivated 
bananas (Hippolyte et al. 2012) and the physiological and reproductive barriers of 
the plant itself (Ssesuliba et al. 2008; Fortescue and Turner 2004; Dumpe and Ortiz 
1996). Reproductive barriers limit sexual recombination in banana and hinder plant 
improvement. While all of the seed-bearing progenitors of modern banana cultivars 
are diploid in nature, those that have been cultivated for consumption are primarily 
seedless triploids. Female fertility of triploids has been described, but seed set is 
generally extremely limited which complicates breeding efforts and intensives 
resources and time required to develop superior varieties with enhanced resistance 
to multiple biotic agents and abiotic agents. Banana improvement is further compli-
cated by parthenocarpy, reduced male fertility in some cultivars, low seed viability, 
irregular meiotic behavior, long generation times, and diverse genomic configura-
tions (Ortiz 2013, 2015; Ortiz and Swennen 2014). To date, the limited progress that 
has been achieved in banana breeding has occurred through crossbreeding 
approaches that involve hybridization followed by phenotypic selection among half 
sibs and/or full sib progenies.

7.2  �Banana Classification

Banana is a monocotyledon herbaceous plant represented by three genera (Musa, 
Ensete, and Musella) within the family Musaceae of the order Zingiberales (De 
Langhe et al. 2009). The genus Ensete consists of monocarpic, unbranched herba-
ceous plants that rarely produce suckers and are used for food, fiber, and ornamental 
purposes. They resemble banana, but their oversized, edible corms and wide-
spreading and immensely long, paddle-shaped leaves with crimson midribs make 
them very distinctive. Their fruits are similar in appearance to those of banana, but 
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are dry, seedy, and inedible (Deckers et al. 2001). The most recognizable member of 
this genus is perhaps the false or Abyssinian banana (E. ventricosum) that plays a 
significant role in Ethiopian agriculture and food security (Tsegaye and Struik 
2002).

The genus Musa consists of cultivated triploid cultivars and clones propagated 
through vegetative methods with limited genetic variation beyond what could be 
expected through somaclonal variation (and perhaps epigenetics) and the diploid 
wild progenitors of these cultivars that are capable of sexual recombination. More 
than 60 species within four recognized sections of the genus Musa have been 
described, but the taxonomy of Musa and the relationship between wild and culti-
vated bananas are far from settled (De Langhe et al. 2009; Janssens et al. 2016). 
Almost all diploid species are native to Southeast Asia, from India and Thailand to 
New Guinea and Queensland, Australia (Simmonds 1987). Edible bananas, with the 
exception of the Fe’i group of the Australimusa section, are derived almost exclu-
sively from two species, Musa acuminata and Musa balbisiana of the section Musa 
(Dodds 1945). M. acuminata and M. balbisiana are diploid (2n =  2x =  22) in their 
base genomic complements and designated as AA and BB, respectively (Simmonds 
and Shepherd 1955). In addition to monospecific cultivars (AA, BB), interspecific 
diploid clones (AB) are also recognized. Higher-order combinations of the AA and 
BB base genomes arose through chromosome restitution at meiosis, to produce dis-
tinct groupings at the triploid (AAA, AAB, ABB groups) and occasionally tetraploid 
levels (Simmonds 1962). Triploids, due to their optimal vigor and seedless charac-
teristic, are the preferred configuration for most consumers throughout the world 
(Simmonds 1987). The rare tetraploid cultivars tend to be physically larger but have 
relatively small bunches, while most diploid cultivars tend to be weaker plants with 
smaller bunches (De Langhe 1986). Edible parthenocarpic diploids are however cul-
tivated in certain regions such as Tanzania (Simmonds 1962) where the Mchare (or 
Mshale) diploids are preferred for the unique texture characteristics of the fruit.

Generally, modern classification systems of banana tend to follow Simmonds 
and others (Simmonds and Shepherd 1955; Stover and Simmonds 1987) and are 
based on ploidy status and the relative contribution of the two genomes. Simmonds 
(1962, 1966) suggested that the formal Latin nomenclature should be replaced by a 
ploidy-based nomenclature in which the cultivar is referred to by the genus and a 
genomic grouping (e.g., Musa, AAA Group, “Gros Michel”). Cultivars are placed 
in higher-level groupings based on the number of chromosomes and the species 
that contribute to their genetic makeup (AA, BB, AAA, AAB, and ABB) (Karamura 
et al. 2012). Simmonds and Shepherd (1955) utilized 15 taxonomic characters spe-
cific to M. balbisiana and M. acuminata to assign cultivars to groups, and this clas-
sification scheme has been periodically updated (Stover and Simmonds 1987).

Below the level of group, cultivars are assigned to clusters of subgroups that 
are characterized by a representative member. For example, “Cavendish” and 
“Gros Michel” are considered separate subgroups under the AAA grouping along 
with several mutants and variants derived from these economically important cul-
tivars. The grouping (AAA) also includes all of the economically important East 
African Highland cooking bananas. While this classification system may be 
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convenient, it appears to lack hierarchical, biological, or economic significance, 
for example, Mysore, Pome, and Plantain are all recognized subgroup clusters 
within the AAB group, but they are utilized for different purposes, and subsequent 
results of molecular and morphological diversity studies suggest that they are 
genetically distinct and likely have arisen from dissimilar parentage (De Langhe 
et al. 2010; Christelová et al. 2017).

Likely, cultivars within the AAA, AAB, and ABB groupings arose from multi-
ple hybridization events followed by subsequent backcrossing to various AA, BB, 
and AB progenitors which results in an unequal chromosomal allocation at meiosis 
(De Langhe et al. 2010). It has been suggested that this phenomenon could explain 
the unequal and nonadditive chromosomal complementation which has been 
observed among interspecific hybrids (d’Hont et  al. 2000). If indeed cultivars 
within groupings arose from multiple hybridization events, it suggests that classi-
fication may be more dependent on specific diploid progenitors than on traditional 
groupings based on ploidy. Morphological characteristics and nuclear and cyto-
plasmic molecular markers have been used to differentiate the progenitor M. acu-
minata diploids into several subspecies that correspond to specific geographic 
ranges from mainland Asia to the archipelagoes of Indonesia, New Guinea, and the 
Philippines (Hippolyte et  al. 2012; Carreel et  al. 2002; Perrier et  al. 2011). 
Currently, there are eight recognized diploid AA subspecies that include roughly 
from West to East: M. acuminata ssp. burmannica, M. acuminata ssp. siamea, M. 
acuminata ssp. truncata, M. acuminata ssp. malaccensis, M. acuminata ssp. zeb-
rina, M. acuminata ssp. microcarpa, M. acuminata ssp. errans, and Musa acumi-
nata ssp. banksii. The subspecies have contributed important diploid parents to 
modern breeding programs, but much work remains toward evaluating and pre-
serving germplasm that has not been readily accessed due to logistic or political 
reasons in past collecting expeditions.

Considerable efforts have been made over the past few decades to preserve, char-
acterize, and provide access to genetic resources of Musa. Banana germplasm for 
use in breeding is distributed through the Biodiversity International Musa 
Germplasm Transit Centre which oversees more than 1500 accessions. The center 
secures available banana germplasm for long-term conservation and holds the col-
lection in trust for the benefit of future generations under the auspices of the Food 
and Agriculture Organization of the United Nations. The conserved germplasm is 
placed in the Multilateral System of Access and Benefit Sharing of the International 
Treaty on Plant Genetic Resources for Food and Agriculture. All accessions have 
been indexed, conserved in vitro (Van den houwe et al. 1995), and most stored under 
cryopreservation (Panis et al. 2005). Characterization of germplasm occurs in both 
field trials and at the molecular level. Passport and characterization data is freely 
available through the Musa Germplasm Information System (MGIS) (https://www.
crop-diversity.org/mgis/).
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7.3  �Banana Breeding Objectives

The primary objective of most banana breeding programs is the uniform production 
of large bunches that meet the regional qualitative and quantitative demands of grow-
ers. These demands include superior fruit quality, high suckering ability, short stat-
ure, and enhanced root systems that provide effective soil anchorage and efficient 
uptake of water and minerals. Other agronomic traits such as photosynthetic effi-
ciency and rapid cycling are also important breeding objectives for increased yield. 
The relative importance of these objectives varies across geographic regions, among 
subgroups of banana, and with the intended final use of the product. In recent years, 
the anticipated and realized threats of pests and diseases have resulted in increased 
emphasis placed on identifying and utilizing improved sources of host-plant resis-
tance to pests and diseases, particularly in regard to the Sigatoka complex, multiple 
races of Fusarium wilt, bacterial wilt, bunchy top, nematodes, and weevils.

In Uganda, banana breeding focuses largely on the improvement of East African 
Highland (cooking) bananas (EAHBs) (AAA). The expected yield and plantation life 
of these bananas has significantly declined, in no small part due to pests (such as 
banana weevils and nematodes) and diseases (including black Sigatoka and bacterial 
wilt). Some of the key breeding objectives by the National Banana Research Program 
of the Uganda National Agricultural Research Organization (NARO), in partnership 
with the International Institute of Tropical Agriculture (IITA), have been to identify 
and integrate host-plant resistance to the Sigatoka complex, weevils, and nematodes 
from wild diploid progenitors into elite EAHB backgrounds. A generalized criterion 
for selection of EAHB based on agronomic traits is presented in Table 7.1.

Table 7.1  Characteristics of the ideotype of East African Highland cooking bananas

Trait Description

Yield potential >25 t/ha/year
Bunch weight >15 kg
Plant height <3 m
Time of flowering 210–270 days
Time of bunch maturity 90–120 days
Number of hands 8–12/bunch
Number of fingers 100–190/bunch
Fruit finger circumference 10–15 cm
Fruit finger length 13–20 cm
Suckering ability 75% follower sucker growth at harvest
Root system Vigorous (fast growing, deep, and branched)
Bunch orientation Pendent
Reaction to prevalent diseases Resistant to the black Sigatoka complex and bacterial 

wilt
Reaction to prevalent pests Resistant to weevils and nematodes
Reaction to drought stress Resistant/tolerant
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7.4  �Constraints to Banana Breeding

As previously discussed, the greatest constraint to banana genetic improvement is 
the limited production of viable seeds due to polyploidy, female sterility, and 
other factors affecting seed production in triploid and diploid banana. Female 
sterility has been intensified as a consequence of human selection for partheno-
carpy in banana. Simmonds (1962) first suggested that continuous clonal propaga-
tion of diploids has led to an accumulation of structural chromosomal changes 
(translocations, inversions, and other events) that restrict normal meiosis and pol-
len fertility and reduce expected recombination. Specific abnormalities such as 
translocations have been noted in the diploids “Pisang Lilin” and “Pisang Jari 
Buaya,” but the extent to which this phenomenon occurs throughout Musa is still 
not well understood. Adeleke et  al. (2004) observed that in general, a higher 
incidence of univalent formation was related to low pollen fertility in both diploids 
and triploids. Sterility in plantains and EAHB triploid bananas has been associ-
ated with meiotic irregularities and uneven number of chromosomes, as well as to 
environmental factors and to influences of individual genotypes (Swennen and 
Vuylsteke 1993; Ssebuliba et al. 2000). Seed yield is influenced by time of polli-
nation, environmental conditions, genetic variation in female fertility, differences 
observed among pollinations made between the basal and distal hand, and variation 
associated with the relative contributions of the acuminata and balbisiana 
genomes (Simmonds 1962). Sathiamoorthy and Rao (1980) observed increased 
seed set with proportional contributions from the balbisiana genome and specu-
lated that the factors for seed sterility have accumulated preferentially in the M. 
acuminata genome (Simmonds 1962). The use of embryo rescue has significantly 
improved seed germination with observations of up to 30% increases in viable 
embryos (Swennen and Vuylsteke 1993).

A further complication associated with improvement of cultivated bananas is 
that the highly heterozygous state of the parents results in extremely variable 
progeny that makes predictions of progeny performance on the basis of parental 
phenotypes unreliable (Ortiz 2000). The progeny from crosses can include mix-
tures of ploidy levels and sometimes aneuploids. Oselebe et al. (2006) reported 
that while progeny of 2×–2× crosses were almost exclusively diploid (99.7%), 
those of mixed ploidy crosses tended to include individuals that varied in their 
chromosomal compliment. The same study observed that the direction of the 
cross impacted results. When the diploid is used as the maternal parent in a 2×–4× 
cross, over 96% of progeny are diploids, but when the tetraploid is used as the 
maternal parent (4×–2×), the observed progeny is predominately triploid (94%) 
with varying degrees of other ploidy levels between the diploid and the pentaploid 
observed. While these mixed ploidy progenies provide a mechanism for enhanc-
ing genetic diversity and recombination, they also necessitate the use of early 
screening of ploidy levels.
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7.5  �Breeding Strategies

Plant breeding provides one of the highest returns of investment in agricultural 
research, and while banana production has benefited from these investments, few 
banana and plantain cultivars acceptable to farmers and consumers were produced 
prior to the 1980s (Roux 2001). Triploid bananas are preferred by growers as they 
commonly display the most advantageous combination of fruit and vegetative char-
acters (De Langhe 1986; Stover and Simmonds 1987), but it was generally assumed 
that these triploid cultivars (such as “Cavendish”) were effectively sterile (Stover 
and Buddenhagen 1986). Persistent efforts, however, from multiple breeding pro-
grams including IITA and the Honduran Foundation for Agricultural Research 
(FHIA) have demonstrated that viable embryos could be produced from what were 
previously considered recalcitrant triploids by making hybridizations with selected 
pollen of diploid banana (Aguilar-Moran 2013). FHIA successfully produced 40 
viable tetraploid embryos utilizing “Cavendish” as a female, although this effort 
required an almost Herculean task that included the pollination of over 20,000 
bunches. By the end of the twentieth century, efforts to improve banana focused 
primarily on the use of improved diploid and synthesized tetraploid gene pools to 
develop secondary triploids of bananas and plantains (Fig. 7.1).

Under this breeding scheme, the identification of improved diploids that provide 
donor traits of interest and cultivated triploids with superior quality characteristics 
takes on a vital role in synthesizing superior secondary triploids. Conventionally, it 
was assumed that when crosses were made between male diploids and female trip-
loids to obtain tetraploid progeny, all three sets of maternal chromosomes were trans-

Generation0 X3x0 2x0

Generation1 
(Primary hybrids) 4x1 X 2x1

Improved diploid

Generation2 
(Secondary triploid) 3x2

Fig. 7.1  The scheme of the banana breeding process whereby initial crosses are carried out 
between triploid landrace (2n = 3x) and diploid (2n = 2x)
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ferred intact to the tetraploid offspring with recombination only occurring as a result 
of the contribution of diploid male parent (Dodds 1943). Vuylsteke et  al. (1993), 
however, noted that tetraploid progeny from such crosses displayed variation in dis-
ease resistance, morphological traits, and growth and yield parameters that were 
inconsistent with this hypothesis. It was further suggested that segregation and recom-
bination during modified megasporogenesis leading to the formation of 2n eggs in the 
triploid parent perhaps better explained the observed results. With the advent of new 
genomic resources and tools, this phenomenon needs to be further investigated in 
order to better understand the extent of sexual recombination in banana breeding.

This breeding strategy has been adopted by multiple programs including FHIA 
in Honduras which has produced a generation of acceptable tetraploids that are still 
currently being used in breeding (Rowe and Rosales 1993). An example includes 
FHIA 21, a tetraploid derived from AVP-67 French plantain that is still being uti-
lized in plantain improvement. IITA has also utilized this approach successfully to 
introgress alleles for resistance/tolerance to key pest and diseases in high-yielding 
hybrids derived from preferred plantain cultivars (Ortiz et al. 1995; Tenkouano and 
Swennen 2004; Vuylsteke et al. 1993). Plantain hybrid releases include PITA 14 and 
PITA 17 (primary tetraploids) and more recently PITA 21, PITA 23, and PITA 24 
(secondary triploids) all derived from three seed-fertile triploid French plantains 
Obino L’ewai, Bobby Tannap, and Mbi Egome. Their common attributes include 
BLS resistance/tolerance and good bunch characteristics (Tenkouano et al. 2011) 
and early suckering (Vuylsteke et al. 1993). These IITA hybrids have currently been 
distributed to ten countries in Africa and three countries in Central and South 
America for evaluation and adoption.

At NARO, tetraploids (AAAA) were synthesized from EAHBs (AAA) by cross-
ing to the wild-seeded, fertile male parent Calcutta 4 (AA) that is used by many 
programs as a source of resistance to multiple pests and diseases. A number of these 
tetraploids developed such as 365K-1, 1201K-1, 917K-2, 660K-1, 1438K-1, and 
222K-1 25 were fundamental in the development of 27 NARITA triploid banana 
hybrids by NARO and IITA (Tushemereirwe et  al. 2015). These banana hybrids 
were selected from early evaluation trials based largely on resistance to black 
Sigatoka and bunch size and subsequently advanced to the preliminary yield trials 
in Uganda. NARITAs are currently under evaluation for agronomic, sensory, pest, 
and disease resistance traits in multi-environment trials in Uganda and Tanzania.

An alternative breeding scheme has been suggested by Vakili (1968) and involves 
the polyploidization of diploid hybrids or cultivars through the use of colchicine or 
oryzalin to obtain tetraploids for crossing with 2× lines to generate triploids. This 
approach is currently being pursued by multiple breeding programs and shows con-
siderable promise (Bakry et al. 2009). According to Tenkouano et al. (2011), the two 
schemes conform to differences in breeding philosophies. The former can be viewed 
as evolutionary breeding as it attempts to mimic the developmental pathway of 
Musa by crossing female triploid landraces to diploid accessions of M. acuminata 
or M. balbisiana, while the latter can be considered reconstitutive breeding as it 
utilizes the most likely diploid ancestors or relatives of triploid landraces for chro-
mosome doubling to create improved triploids.
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7.5.1  �Development of Improved Diploids

Regardless of the breeding scheme, the narrow genetic variability and limited 
fertility among cultivated triploid bananas make diploid bananas vital to genetic 
improvement. A number of fertile improved diploids with varying degrees of dis-
ease resistance have been released by IITA and FHIA (Tenkouano et al. 2003; Rowe 
and Rosales 1993). Diploid improvement has almost exclusively been through the 
use of M. acuminata cultivars such as “Calcutta 4” (M. acuminata), a source of 
resistance to the Sigatoka complex, yellow Sigatoka, fusarium wilt, banana weevil, 
and burrowing nematodes (Ortiz 2015). Decades of breeding utilizing this material 
have resulted in the production of improved diploid lines which combine disease/
pest resistance, short stature, and interesting bunch characteristics (Tenkouano et al. 
2003; Krishnamoorthy and Kumar 2005). Developing further improved diploids 
that possess multiple sources of resistance, while preserving the quality characteris-
tics of preferred triploid would greatly increase the efficiency of breeding efforts 
that are hindered by the constraints previously described.

M. balbisiana diploid cultivars have made limited contributions to breeding due to 
the presence of endogenous banana streak virus (eBSV) sequences originating from 
the B genome that are activated under the appropriate conditions (Iskra-Caruana et al. 
2014). Progenies of interspecific acuminata/balbisiana hybridizations have often 
been associated with the occurrence of banana streak disease, and this has resulted in 
the underutilization of the B genome which could be an important source of drought 
tolerance and resistance alleles not found in M. acuminata (Bakry et  al. 2009). 
Recently, Noumbissie et al. (2016) reported segregation of the eBSV sequences in the 
progeny of crosses between the tetraploid hybrid CRBP 39 (+eBSV) and the AA 
male parent Pahang (−eBSV), from which resulted triploid eBSV-free offspring. 
Umber et al. (2016) also documented the successful creation of diploids free of eBSV 
alleles from M. balbisiana diploids suggesting that recombination between M. acu-
minata and M. balbisiana can be accomplished for improvement of both cultivated 
banana and plantain without concern of introducing banana leaf streak.

7.5.2  �Breeding Methodology and Evaluation of Hybrids

Production of viable seed through hybridization is critical for the success of breed-
ing and is dependent on residual fertility of triploid cultivars. Practical aspects of 
artificial hybridization have been described by Tenkouano et  al. (2011). 
Hybridizations are made through manual pollinations in the early hours of the 
morning when pollen availability is not a limiting factor. It can take up to several 
months to obtain seeds from a desired cross, and production of seeds is generally 
poor and has been reported in the range of 0.3–21.7 seeds per bunch (Swennen and 
Vuylsteke 1993) (Fig. 7.2). Seeds obtained from crosses also germinate poorly, and 
it is standard practice by most programs to recover hybrids through in vitro culture 
(Bakry 2008) (Fig. 7.3).
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Bunches are harvested prior to physiological maturity, generally when the first 
signs of yellow color are observed in the distal fingers. Bunches are left to ripen in 
protected sheds, and seeds are extracted and surface-sterilized for embryo culture to 
avoid seed/embryo desiccation. Embryos are extracted from dissected seeds under 
aseptic conditions and cultured on artificial culture media (Bakry et al. 2009; Uma 
et  al. 2011). Longitudinal excisions are made on the seed to expose the embryo 

Fig. 7.2  Male banana flowers open in the evening and are ready for pollination early in the 
morning

Fig. 7.3  Bract is pulled back and pollen applied directly to the receptive female flowers
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beneath the micropyle. The embryo is placed on sterile culture medium and incubated 
in the dark for germination. Embryos typically germinate between 5 and 20 days after 
which time they are transferred to an environment with appropriate light and dark 
cycles for shoot and root development. Well-developed seedlings can then be cloned 
to replicate one to four rooted plantlets or transferred to a screenhouse for condition-
ing prior to field evaluations. More research on pollen production, pollen tube growth, 
and embryo viability is required to better understand issues associated with poor seed 
production and to optimize conditions that will lead to better seed yield (Uma et al. 
2011). In particular, detailed knowledge of floral biology and seed development is 
crucial for recovery of progeny from crosses (Fortescue and Turner 2011).

In the field, new hybrids are subjected to early evaluation trials (EETs) with lim-
ited replication (one to five plants). EETs are observed generally for two cycles 
during which a few simply inherited traits such as bunch size and orientation, 
Sigatoka resistance, seed production, and ploidy level are evaluated. Plants that 
show promise in EETs are further evaluated in preliminary yield trials (PYTs) 
where replicated clones of selected hybrids are evaluated over two cycles. PYTs 
involve more detailed evaluation for additional, complex traits such as yield and 
disease resistance. Finally, superior-performing plants from PYTs are cloned in sig-
nificant numbers to allow for multi-locational evaluation trials (MET) that often 
include direct input from farmers (Tenkouano et al. 2011). In theory, this process 
can take a minimum of 7 years to produce a superior banana hybrid, although in 
practice this time frame is often exceeded.

7.6  �Applied Biotechnology

7.6.1  �Molecular-Assisted Breeding

Due to the breeding constraints previously discussed, the use of molecular markers 
holds considerable promise in improving the efficiency of banana breeding but is 
currently not routinely used in most breeding programs. Efforts toward the develop-
ment and use of molecular markers have been greatly facilitated by the recent 
release and refinement of the draft genomic sequence of the double haploid M. 
acuminata cultivar “Pahang” (A genome) (D’Hont et al. 2012; Martin et al. 2016) 
and a draft sequence of M. balbisiana “Pisang Klutuk Wulung” (B genome, Davey 
et al. 2013). Multiple transcriptome data sets have also been published (Li et al. 
2013; Wang et al. 2012), and of these publications, over 45,000 expressed sequence 
tags, and 34,000 annotated genes associated with Musa are currently available 
through NCBI-EST database. These genomic resources have contributed to the 
availability of multiple classes of markers summarized in Tables 7.1 and 7.2. 
Molecular markers provide genetic “landmarks” for tagging important traits in plant 
breeding, conducting linkage analysis and estimates of genetic diversity, facilitating 
gene introgression through marker-assisted studies, providing validation of taxon-
omy and cultivar identification, and estimating evolutionary and speciation events.
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7.6.1.1  �Association of Molecular Marker with Important Genes

The tagging of significant genes contributing to traits of interest with genic or 
linked markers allows for screening of plant germplasm at the earliest stages of 
development. The association of these markers with important traits can come 
through classical linkage or association studies or through candidate gene 
approaches that leverage recently available genomic resources. An example of the 
candidate gene approach is provided by Emediato et  al. (2009) who amplified 
homologues of black leaf streak disease resistance genes in Musa through the use 
of degenerate primers based on genes from other crops. The study successfully 
amplified sequence differences between the diploid M. acuminata cultivars 
“Calcutta 4” (resistant) and “Pisang Berlin” (susceptible). This work followed the 
earlier identification of 50 distinct tagged nucleotide binding site-leucine-rich 
repeat (NBS-LRR) resistance gene analogs in cultivar “Calcutta 4” by Miller et al. 
(2008). Wang et  al. (2012) used pooled DNA from Fusarium oxysporum f.sp. 
cubensis (Foc TR4)-resistant and susceptible cultivars to identify randomly ampli-
fied polymorphic DNA (RAPD) markers that could distinguish between resistant 
and susceptible cultivars. Two RAPD markers were converted to sequence charac-
terized amplified region (SCAR) markers which could be amplified in Foc TR4-
resistant banana genotypes (“Williams 8818-1” and Goldfinger), but not in five 
tested susceptible banana cultivars. Work on this continues at the national banana 
program in Brazil (EMBRAPA) and shows great promise in providing an early 
screen for resistance to Foc TR4 (Silva et al. 2016).

As previously discussed, endogenous banana streak virus (eBSV) limits the 
extensive use of the B genome in banana breeding, but the tagging of this 
sequence has opened possibilities of greater utilization in the future. Lheureux 
et al. (2003) mapped the eBSV sequence using amplified fragment length poly-
morphism (AFLP) markers, and Noumbissié et al. (2016) used simple sequence 
repeat (SSR) markers and eBSV-specific PCR markers to identify hybrids lack-
ing the eBSV sequence. Umber et  al. (2016) successfully identified infectious 
and noninfectious BSV alleles using derived cleaved amplified polymorphic 
sequences (dCAPS). These studies suggest that these markers can be used early 
in the breeding process as diagnostic markers for eBSV-free B genome hybrids 
that will greatly enhance breeding efforts. While the progress shown by these 
early efforts is promising, markers associated with traits of economic importance 
need to be validated in broader germplasm pools over multiple years to ensure 
that they will prove to be reliable and stable and that genotypic predictions at the 
early stages of screening will be highly correlated with plant phenotypes at full 
maturity under field conditions.
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7.6.1.2  �Linkage, Association Mapping, and Genomic Selection

Genetic linkage maps provide opportunities for gene identification and a mechanism 
for understanding the inheritance pattern of both qualitative and quantitative traits. 
Mapping requires appropriate plant populations of known structure derived from 
parents that differ significantly in traits of interest, a set of markers segregating in 
the given population that provides substantial coverage of all chromosomes, and the 
careful collection of phenotypic data from multiple years and preferably locations. 
Linkage mapping has not gained significant practical application in banana breed-
ing. This could be attributed in part to limitations inherent in marker technologies 
and analysis (Foolad 2007; Pillay et al. 2012), to previously described chromosomal 
abnormalities in banana that inhibit recombination and to contribute ambiguous 
assignment of marker location. To date, principally F1 and F2 diploid populations 
have been utilized due to difficulties associated with developing double haploid or 
recombinant inbred lines in banana.

The first genetic mapping population in banana was reported in 1993 (Fauré 
et al. 1993) and consisted of 92 F2 progeny (AA) derived from an F1 hybrid (SFB5) 
of the cross “SF265” (CIRAD-IRFA II.04.20.004.020) × “banksii” (CIRAD-
IRFA II.04.01.004.001). Seventy-seven loci consisting of RAPDs, isozymes, and 
restriction fragment length polymorphisms (RFLPs) were mapped onto 15 linkage 
groups spanning 606 cM. Segregation distortion was associated with 36% of the 
mapped loci and was biased toward the “banksii” parent. Hippolyte et al. (2010) 
published a more saturated map using an F1 diploid “AA” population created from 
a cross between “Borneo” and “Pisang Lilin.” The map was constructed using 426 
markers (SSR and DArT). Separate maps were constructed for markers that segre-
gated from each of the heterozygous parents, and a synthetic map was constructed 
that spanned 11 linkage groups and represented 1197 cM. Three regions of this 
synthetic map were inconsistent between the two parents and were attributed by 
the authors to structural rearrangements. Subsequent mapping projects have also 
noted such incongruities, and while these suggestions are supported by cytogenetic 
evidence such as multivalent pairing (Shepherd 1999), much work needs to be 
done to verify this hypothesis and determine the extent that such phenomenon 
occurs across Musa spp. Mbanjo et al. (2012) produced the most recent map utiliz-
ing an F1 population consisting of crosses between 6142-1 × 8075-7 and 6142-
1-S × 8075-7. Two maternal (6142-1 and 6142-1-S) and one paternal (8075-7) 
maps were generated using diversity array technology (DArT), SSR, and allele-
specific PCR (AS-PCR) markers. As with other maps, considerable (41%) 
segregation distortion was observed at marker loci.

Association mapping has been proposed as an alternative to conventional linkage 
mapping. In this strategy, a panel of genotypes from unrelated population (or a 
population with known genetic substructure) is utilized to identify associations 
between molecular markers that are in linkage disequilibrium with genetic loci 
affecting phenotypes. Molecular markers that are distributed throughout the genome 
such as single nucleotide polymorphisms (SNP) are preferred for genome-wide 
association studies (GWAS). Sardos et  al. (2016) demonstrated the technique  
by assembling a GWAS panel of 104 AA accessions using 5544 SNP markers 
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derived from genotyping by sequencing (GBS) and publicly available phenotypic 
data on parthenocarpy. The study identified 13 genomic regions associated with 
parthenocarpy, and multiple candidate genes in these regions corresponded with 
putative growth regulators and genes associated with gametophyte development and 
female sterility in other plant species.

Genomic selection (GS) is a form of marker-assisted selection that utilizes high-
density molecular markers such as SNPs to provide coverage of the whole genome, 
ensuring that all quantitative trait loci (QTL) are in linkage disequilibrium with at 
least one marker (Hayes and Goddard 2010). GS estimates the genomic breeding 
value of individual genotypes in a large segregating population utilizing one of sev-
eral GS models (Meuwissen et al. 2001). GS is less concerned with the identifica-
tion of individual QTL as it is with developing appropriate models to enhance 
selection efficiency. As the cost of generating marker data becomes increasingly 
more affordable, GS has become an attractive alternative to many breeding pro-
grams (Lorenz et al. 2011; Crossa et al. 2010). Currently, efforts are underway to 
evaluate GS as a strategy to improve banana by generating appropriate breeding 
models for the improvement of EAHB (Nyine et al. 2016).

7.6.1.3  �Estimating Genetic Diversity and Evolutionary Events

Estimates of genetic diversity determine to a large extent the potential of plant 
improvement that can be anticipated and can also provide guidance to breeders as to 
the appropriate parents to use in breeding schemes. Estimates based on phenotypic or 
morphological characters have long been used in banana (Karamura 1998), but often 
these estimates can be biased by environmental influences as well as the sometimes 
complimentary and polygenic nature of underlying genetic factors. Molecular mark-
ers avoid these issues as they are highly heritable and have supplemented or replaced 
the usage of such measurements in most plant species where they are available. In 
banana, several classes of molecular markers have been used to estimate diversity 
among populations of varying size representing regional collections and breeding 
program germplasm. These include RFLPs (Jarret et  al. 1993; Bhat et  al. 1995), 
RAPDs (Bhat et al. 1995; Crouch et al. 2000; Pillay et al. 2001; Ude et al. 2003; 
Nyine and Pillay 2011), AFLPs (Ude et al. 2002, 2003; Noyer et al. 2005; Wang et al. 
2007; Opara et al. 2010), SSRs (Kaemmer et al. 1997; Crouch et al. 1999; Tenkouano 
et al. 1999; Noyer et al. 2005; Creste et al. 2004; Hippolyte et al. 2012; Kitavi et al. 
2016; Karamura et al. 2016), sequence-related amplified polymorphisms (SRAPs) 
(Wei et al. 2011; Valdez-Ojeda et al. 2014), DArT (Risterucci et al. 2009), and meth-
ylation-sensitive amplification polymorphism (MASP) (Noyer et al. 2005).

Estimates of genetic diversity generated from these studies vary with the class 
and number of markers used and with the genotypes selected for inclusion in any 
given study, but a few generalized observations can be made: (1) Diversity esti-
mates based on phenotypic measurements are often poorly correlated with molecu-
lar estimates (Crouch et  al. 2000); (2) despite considerable phenotypic or 
morphological variation among regional Musa landraces, they tend to have limited 
genetic variation when assayed with molecular markers. For example, East African 
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Highland bananas (EAHBs) have been classified into five clades (clone sets) based 
on their end use and morphological distinctiveness (Karamura 1998). Studies 
focusing on EAHB using both RAPDs and SSR markers, however, found limited 
evidence to support the significant variation either within or between these clades 
(Pillay et al. 2001; Kitavi et al. 2016; Karamura et al. 2016). This led to the sugges-
tion that EAHB arose from a single hybridization event that has subsequently been 
acted on by a series of somatic mutations and influenced by natural and directed 
selection leading to many distinct cultivars. Presumably, the finite numbers of 
markers used are unable to distinguish among the clades. Utilizing different classes 
of molecular markers can sometimes reveal variation in populations where it has 
not been previously noted. In plantain landraces of West Africa, RAPD, SSR, and 
amplified fragment length polymorphism (AFLP) markers displayed few polymor-
phisms (Crouch et al. 2000). However, when HpaII and MspI methylation-sensitive 
amplified markers were used, polymorphism (MSAP) profiles revealed three clus-
ters (Noyer et al. 2005) and a genetically distinct subset of plantains from Cameroon 
(Ude et al. 2003).

Molecular markers have played important roles in determining the evolutionary 
history of cultivated banana and establishing links to diploid progenitors. Whether 
the breeder utilizes an evolutionary or reconstitutive approach to banana improve-
ment (discussed in a previous section) plays a vital role in effectively combining 
novel resistance traits with quality characteristics desired by growers. Perrier et al. 
(2011) detail the available molecular, archaeology, genetic, and linguistic evidence 
for this important aspect of breeding. Of particular interest to the dessert banana 
industry has been the observation that East African diploid bananas appear to have 
played an important evolutionary role in the development of “Cavendish” and “Gros 
Michel,” the most widely used cultivars that have dominated the banana export 
industry over the past century (Raboin et al. 2005; Risterucci et al. 2009).

7.7  �Conclusions

While progress has been made toward genetic improvement since the first formal 
programs were established almost a hundred years ago, in some aspects the breed-
ing of banana is still in its infancy when compared to the improvement of other 
important staple crops. In no small part, this is due to the physical and reproductive 
constraints of the plant itself, but there is room for optimism as these constraints 
appear to be neither absolute nor prohibitive. Molecular markers, the availability of 
additional genomic resources, and ongoing studies elucidating the floral and repro-
ductive biology of banana hold great promise for the next hundred years of banana 
improvement.

Genetic engineering has not been discussed in this chapter, but the early work in 
this arena also suggests that it also has the potential to make an important contribu-
tion to Musa improvement through the introduction of genetic factors not found 
within cultivated or wild Musa germplasm (Tripathi et al. 2012).
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Further work is needed on predicting the performance and combining ability of 
male and female parents in Musa improvement. Tenkouano et al. (2012) reported 
the significance of additive genetic effects on expression of bunch weight, fruit 
filling time, fruit length, plant height, and number of leaves and nonadditive effects 
for suckering behavior and fruit circumference in 3× hybrids obtained from plan-
tain derived 4×–2× crosses. They further suggested that maternal general combin-
ing ability (GCA) accounted for the additive genetic variation for plant height and 
number of leaves, while paternal GCA effects accounted for fruit filling time, 
bunch weight, and fruit length. On the other hand, specific combining ability 
(SCA) effects were observed for all traits, except fruit filling time, suggesting that 
additional genetic gain could be achieved through recombinative heterosis for such 
traits. They concluded that increased bunch weight and faster cycling are inherited 
from the 2× male parent, while plant height, number of leaves, and suckering 
behavior are inherited from the 4× female parent which should guide parental 
selection for 4×–2× crossbreeding. More of this information is needed to effi-
ciently guide the decision-making efforts of breeders and allow them to allocate 
limited resources.

Finally, in the popular press, there has been considerable alarm in recent years as 
to the future of banana in the face of an evolving pathogen (Foc TR4) that threatens 
the production of much of the world’s dessert banana production. In some ways, the 
economic damage that this pathogen will likely cause can be viewed as self-inflicted 
in nature. The export industry has demonstrated an overdependence on monoculture 
and complacency in regard to breeding that has significantly contributed to creating 
an environment conducive to the selection and spread of novel pathogenic races. 
This is a lesson that should have been learned more than a half century before when 
a similar threat was encountered by a different race of the same pathogen. Banana 
breeding efforts to improve the industry standard “Gros Michel” were curtailed or 
sidelined when a suitable replacement (“Cavendish”) was selected from existing 
stock. Hopefully, the current crises will provide an impetus and serve as a reminder 
to all that proactive breeding programs are the most efficient and cost-effective 
frontline defense against current and evolving threats to production.
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Chapter 8
Oil Palm (Elaeis guineensis)

Brian P. Forster, Baihaqui Sitepu, Umi Setiawati, Eddy S. Kelanaputra, 
Fazrin Nur, Heru Rusfiandi, Safrina Rahmah, Jennifer Ciomas, 
Yassier Anwar, Syamsul Bahri, and Peter D.S. Caligari

8.1  �History of Oil Palm Cultivation

Oil palm, Elaeis guineensis, Jacq’s name, comes from the Greek word elaion  
meaning oil. Oil palm has its origins in the African continent. Our knowledge of the 
early history of oil palm (Elaeis guineensis Jacq.) cultivation is poor and mainly 
based on records of journeys and explorations in Africa (Rees 1965; Zeven 1965). 
Portuguese exploration and trade on the West African coast began in 1434, followed 
by the Dutch and English about 150 years later. The first record of what may be the 
oil palm is that of Cadamosto (1435–1460; cited in Crone 1937), who wrote: ‘There 
is to be found in this country a species of tree bearing red nuts with black eyes in 
great quantity, but they are small’. With respect to an oil used for food, he wrote ‘[It] 
has three properties, the scent of violets, the taste of our olive oil and a colour which 
tinges the food like saffron, but is more attractive’. Duarte Pacheco Pereira men-
tions palm groves near Liberia during his voyage of 1506–1508 and trade in palm 
oil (azeite de palma) near Forcados in Nigeria. Later records also mention palm 
wine. Opsomer (1956) may be credited as providing the first official description of 
oil palm and giving the origin as West Africa (Fig. 8.1).

In Southeast Asia, mainly in Indonesia, Malaysia, Thailand and Papua New 
Guinea, the history of the oil palm cultivation can be traced to just four Dura palms 
planted at the Bogor Botanical Garden, Java, Indonesia (Hartley 1988; Taniputra 
et al. 1987). The African origins of these palms are not clear or how they reached 
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Indonesia. Rutgers et al. (1922) suspected that seedlings from Amsterdam were dis-
patched at the same time as the ones from Mauritius (Bourbon) in February 1848 by 
D T Pryce, but they may all have come from Amsterdam in March 1848. The 
descendants from these four palms have been used in various breeding programmes, 
starting with AVROS (Algemene Vereniging van Rubberplanters ter Oostkust van 
Sumatra), Banting (Malaysia) and Dami (Papua New Guinea). The first commercial 
oil palm planting in SE Asia was at Sungai Liput Aceh, Sumatra, Indonesia, in 1911. 
The last of the four-foundation palm trees at Bogor died in 1992 (after reaching 
30–35 m and being struck by lightning), and all that remains of them are botanical 
specimens (leaves) housed at the Herbarium Bogoriense in Bogor, West Java, 
Indonesia. Pamin (1988) reported that offspring of the original Bogor palms were 
planted in Medan in 1975.

In 1884, oil palm was planted in Deli, Sumatra, Indonesia, as ornamental plants 
on tobacco plantations. The first commercial plantings began in 1911 (Taniputra 
et al. 1987) with plantations set up by A Hallet in Sungai Liput (Aceh, Sumatra) and 
Pulau Raja (Asahan, Sumatra) and by K. Schadt in Tanah Itam Ulu, North Sumatra. 
The key to production success was the introduction of the pollinating weevil in 
1981, Elaeidobius kamerunicus, which provided good fruit set (see Sect. 8.3).

The development of oil palm plantations on a large scale began in 1920s, both in 
Africa (DR Congo) and SE Asia (Indonesia and Malaysia) (Corley and Tinker 
2003). This development was supported by activities in agronomy, crop protection, 

Fig. 8.1  Monument of 
150 years of oil palm, 
Bogor Botanical Garden, 
Java, Indonesia
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plant selection and plant breeding. In DR Congo, the work was pioneered by the 
Institut National pour l’Etude Agronomique du Congo Belge (INEAC) and in 
Indonesia by the Algemene Vereniging van Rubberplanters ter Oostkust van Sumatra 
(AVROS). In Malaysia oil palm plantations were developed by the Department of 
Agriculture (Corley and Tinker 2003).

Serious breeding activities were initiated by AVROS in the 1920s in Sumatra, 
Indonesia. These focused on Deli × Deli Dura crosses and crossing Deli Dura with 
imported materials from Africa (Corley and Tinker 2003). Experimental trials were 
planted in Sungei Pantjur and Polonia, Sumatra. Dura materials planted at Deli, 
Sumatra, are well known as Deli Dura and have been used widely around the world 
as female parents in breeding and commercial production as they have good fruit 
traits, e.g. thick oil-bearing mesocarp (60% of the fruit) and hence high oil content 
(Corley and Tinker 2003).

Other Deli Dura lines from Malaysia are characterised by short plant stature, 
termed ‘dumpy’ (Sparnaaij et al. 1963); these have a thick trunk diameter and slow 
growth (Rosenquist 1985). SOCFINDO (a major oil palm company based in 
Indonesia) also conducted selections of Deli Dura at Mopoli and Bangun Bandar in 
Sumatra (Pamin et al. 1990). Another significant Dura population was developed by 
London Sumatra (LONSUM) and planted in Gunung Melayu in 1919, also in 
Sumatra (Rosenquist 1985; Corley and Tinker 2003). LONSUM also introduced 
Dura and significantly Pisifera selected breeding material from Dami, Papua New 
Guinea. The Dami Dura breeding material was selected in a magnesium-deficient 
environment where there was selection for high leaf (frond 17) magnesium content, 
low crown disease incidence, high fruit/bunch ratio and high yield.

A famous Pisifera genotype in oil palm breeding is Sungai Pantjur 540 (SP 540) 
which provides good combining ability with Deli Dura in producing high yielding 
commercial thin-shelled Tenera. SP 540 was part of a seed transfer from the Eala 
Botanical Garden, DR Congo, to Yangambi, DR Congo, in 1922 (Pamin et al. 1990); 
the seed giving rise to SP 540 was derived from a Django Tenera palm, which 
played an important role in the breeding programmes at Yangambi, DR Congo. 
Other significant sources of Pisifera are from populations from Nigeria: Calabar and 
La Me material.

The selection of oil palm in Nigeria began with a survey of 800 palms consisting 
of various forms and types, grown at Calabar, Nigeria, from 1912 to 1916 (Hartley 
1988). The virescent fruit-type trait (see Sect. 8.8) was found in these selection 
activities (first reported by Smith 1929, in Corley and Tinker 2003). The virescens 
gene controls fruit colour which changes from green to yellow as opposed to the 
wild-type nigrescens in which fruits change from black to red during ripening. 
Exploitation for the virescens gene is currently being carried out by several oil palm 
research centres as the green-yellow colour change allows better selection for ripe 
bunches than black-red.

La Me populations were obtained from selections made by M. Houard between 
1924 and 1930  in Bingerville, Ivory Coast (Hartley 1988; Cochard et  al. 2000; 
Corley and Tinker 2003). The Institut pour Recherche sur les Huiles et Oleagineux 
(IRHO; replaced by CIRAD-CP, Centre de Cooperation International en Recherche 
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Agronomique pour le Développement – Culture perennes) conducted germplasm 
exchanges between various stations, IRHO, Ivory Coast, Benin and DR Congo 
(Rosenquist 1985; Corley and Tinker 2003).

Shell thickness is a major trait in oil palm breeding and is a monogenic trait con-
trolled by the Sh gene (Beirnaert and Vanderweyen 1941, see Sect. 8.8). This gene 
is of huge economic significance in the change from Dura to high yielding Tenera 
fruit types as the preferred commercial material. The Tenera fruit type has an oil 
yield increase of 30% over Dura (Hardon et al. 1987; Corley and Lee 1992).

8.1.1  �Basic Crop Facts

Oil palm is the most important oil crop in the world with annual yields from eight 
to ten times greater per hectare than its nearest rivals, oilseed rape/canola and 
soybean. Oil palm is a crop of the humid tropics and rings the globe 20° from the 
equator; plantations are among the most profitable land uses in the humid tropics 
(Sayer et  al. 2012). The crop produces two oils from its fruit: crude palm oil 
(CPO) from the fleshy mesocarp and kernel oil from the seed. Oil palm accounts 
for over 35% of global edible oil production (Basiron 2007; Corley 1998; Corley 
and Tinker 2003). In 2005 expanding oil palm plantations accounted for over 8.5 
million hectares; by 2010 palm oil production was estimated at 30.4 million 
tonnes and is predicted to reach 200 million tonnes by 2050 (Barcelos et al. 2015). 
Population growth along with increasing demand for low-cost, high-quality oil 
has driven up oil palm production, notably in Malaysia and Indonesia. Palm oil is 
a tropical crop and is harvested continuously, thus supporting a reliable and stable 
global market. However, yield per land area, although high relative to other oil 
crops, has remained largely static over the past decade at about 3–4 tonnes crude 
oil and kernel oil per hectare per year (FAO statistics) with increased planting 
areas accounting for increased production. The loss of rainforest to oil palm plan-
tations is a serious concern to environmentalists and is an additional factor driving 
greater efficiency in the oil palm industry (Sheil et al. 2009; Pye and Bhattacharya 
2013). Current yields of palm oil range from 2 to 10 tonnes/hectare/year; how-
ever, early physiological studies (Corley 1983; Corley and Lee 1992) estimate 
that 18 t/ha/year may be achieved.

Cloning of superior palms has been one approach suggested to increase the yield 
of oil palm. The basic concept is to identify high-performing individuals and to 
clone these for commercial production. The oil palm plant does not branch and has 
only one meristem (see Sect. 8.3); thus, vegetative propagation via conventional 
propagation methods (cuttings/budding) is not possible. However, oil palm can be 
clonally propagated using tissue culture methods (see Sect. 8.11), and in vitro meth-
ods have been developed to produce commercial clonal planting materials. Yields of 
11–12 t/ha/year have been reported from clones (Soh et al. 2006, 2009). There are 
however serious concerns in clonal propagation of oil palm, reviewed by Soh (1986) 
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and Nelson et al. 2009 (see Sect. 8.11). Chief among these is the unreliability in 
selecting the ortet (with the genetic potential for high yield) for cloning, as this is 
influenced by the ortet’s environment. Also somaclonal variation induced by tissue 
culture can lead to physiological defects (see Sect. 8.11), and there are major chal-
lenges in scaling up production/distribution for the oil palm industry which is often 
operating in remote locations. Therefore, breeding and seed production remain the 
main tools for oil palm improvement.

The main products of oil palm are crude palm oil (CPO) and palm kernel oil 
(PKO). CPO is obtained from mesocarp extraction of oil palm fruit. Generally, the 
mesocarp contains up to 65% oil (Hartley 1988; Corley and Tinker 2003). With 
respect to quality, palm oil is generally composed of about 43% palmitic acid, 39% 
oleic acid, 5% stearic acid and other essential fatty acids such as myristic acid (Siew 
2002). Oil palm is the richest plant source for pro-vitamin A and vitamin E (Barcelos 
et al. 2015). The kernel is the endosperm part of the palm seed which is protected 
by a shell (endocarp). The kernel generally contains 47–52% oil (Hartley 1988; 
Corley 1998) of high quality. Palm kernel oil contains 44–50% lauric acid, 15% 
myristic acid and other essential fatty acids (Corley and Tinker 2003). Together with 
coconut oil, PKO is the world’s largest source of lauric acid (Sambanthamurthi et al. 
2000).

Recent data (2015) indicates that India is the largest consumer of palm oil 
(absorbing 28% world CPO products), followed by Europe (around 22%) and China 
(22%). The world’s largest CPO exporter is Indonesia with a market share of 53%, 
followed by Malaysia at 38%, with Papua New Guinea, Benin, Guatemala and other 
countries collectively accounting for 9% (Foreign Agriculture Service/USDA 
2015).

As stated earlier, oil palm is a tropical crop grown between latitudes 20°N and 
20°S. Within this tropical belt, it can be grown in a wide range of environments, 
topographies and soil types, but high yields require a minimum and well-distributed 
rainfall of 1800–2000 mm per year and sunshine of up to 2000 h per year (Hartley 
1988). Areas with high rainfall up to 5000 mm per year may still be suitable but 
require freely draining soils and/or drainage systems. Basic agronomy of oil palm 
involves palm spacing, normally in a 9 × 9 × 9 m triangular design which results in 
about 143 palms/ha (Alvarado et al. 2007). Palm spacing may vary depending on 
topography and frond length. Optimal spacing is designed to maximise land use, 
reduce the incidence of overlapping fronds and maximise light interception and soil 
nutrient uptake (Hartley 1988). However, if compact palms are planted, a density of 
200 palm/ha may be reached (Alvarado et al. 2007). Plantations have a generation 
life span of 20–35 years when palms reach 13 m in height, but increasingly the stand 
per hectare, usually as a result of disease losses, often dictates the replanting date in 
certain environments.

Fertiliser use is a major part of oil palm agronomy. Intensive cultivation depletes 
soil nutrients which need to be replenished as fertiliser, the major components of 
which are nitrogen, phosphorus, potassium and magnesium. Nitrogen and phospho-
rus are closely correlated to oil palm production; the correct combination of both 
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can increase production up to 20% (Soon and Hong 2001). Nitrogen can also affect 
the absorption of phosphorus (Tampubolon et  al. 1989), while potassium can 
increase the number and weight of bunches. Magnesium has a major role in the 
metabolism of phosphate and is a major constituent of chlorophyll and thus 
photosynthetic efficiency (Rankine and Fairhurst 1999). Approaches to determine 
fertiliser use efficiency are described by Goh (2011). There is no doubt that agron-
omy has had, and continues to play, a major role in oil palm production. However, 
new cultivars are needed to break through yield barriers. Breeding is expected to 
produce new cultivars with greater yield potential, but to realise this potential tai-
lored agronomic practices will be needed.

Oil palm plantations are often large and grown on an industrial scale; however, 
oil palm is also an important smallholder crop and this also needs to be considered 
for breeding. It is a highly profitable crop and its cultivation has alleviated poverty 
and improved livelihoods of millions of people (Sayer et al. 2012).

8.2  �Biology of Oil Palm

Oil palm, Elaeis guineensis Jacq., is classified under the family Palmae in the order 
Palmales, subfamily Arecoideae, in the tribe Cocoseae and the subtribe Elaeidinae. 
The Arecoideae form the largest subfamily of the Arecaceae and have been classi-
fied into 112 genera (Dransfield et al. 2005).

Oil palm is a perennial plant and is relatively long-lived and can reach an age of 
more than 100 years. Under favourable climatic conditions, the single apical meri-
stem is active continuously, producing a new leaf primordium approximately every 
2 weeks in mature palms and every 9 days at the juvenile stage (Corley and Gray 
1976). It is a C3 plant and stores photosynthates (carbohydrates) in the trunk. Oil 
palm is monoecious, i.e. produces separate male and female inflorescences on the 
same palm in an alternating cycle of variable duration depending on genetic fac-
tors, age and particularly environmental conditions (Dransfield and Uhl 1998; 
Adam et  al. 2005, 2011). The alternating cycle is a mechanism which places 
restrictions on self-fertilisation, thus promoting cross-fertilisation, maintaining 
heterozygosity and avoiding inbreeding depression (the expression of deleterious 
homozygous alleles).

Inflorescences (flower bunches) are formed throughout the year in an acropetal 
sequence in the leaf axils and are produced continually once the plant has passed the 
juvenile stage (Dransfield and Uhl 1998; Adam et al. 2005). Each inflorescence is a 
compound spike carried on a stout peduncle (stalk) of about 30–45 cm in length. 
The spikelets are arranged spirally on a central rachis (stem) in a similar manner to 
the arrangements of the leaves. Male inflorescences are usually the first to be pro-
duced and visible typically 32–36 months after seed germination.

The ovule (female gametophyte) consists of a nucellus and two integuments 
that are attached to it by the funiculus. The nucellus represents the megasporan-
gium, in which a meiocyte undergoes meiosis forming four megaspores. Only one 
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of the four develops into an embryo sac (the megagametophyte). The mature 
embryo sac contains eight nuclei, organised into seven cells. These include one egg 
cell, associated with two synergid cells (together they form the egg apparatus), a 
large fused central cell with two nuclei and three antipodal cells at the opposite end 
to the egg apparatus. The embryo sac is classed as a polygonum type, resulting 
from one megaspore (Kajale and Ranade 1953), although adoxa types have also 
been reported in oil palm (de Poerck 1950). The integuments around the embryo 
sac form a micropyle, a narrow canal through which a pollen tube grows into the 
nucellus and enters the embryo sac via a degenerate synergid (Endress 2011). One 
of the two sperm cells conveyed by the pollen tube fertilises the egg cell resulting 
in the zygote, and the other fuses with the central cell, forming the endosperm, thus 
affecting double fertilisation.

Microspore (male gametophyte) development in oil palm can be divided into 
seven stages: pollen mother cell (PMC), tetrad, empty, starch-filled, late to uninu-
cleate, binucleate and mature pollen. Meiosis of a PMC results in a tetrad of four 
uninucleate microspores conjugated to each other. The nuclei of these uninucleate 
microspores then undergo asymmetrical mitosis resulting in binucleate microspores 
comprising a vegetative nucleus and a generative nucleus. Oil palm pollen matures 
and is shed at the binucleate stage. In binucleate species, both the vegetative and 
generative nuclei of a mature pollen grain travel together along the pollen tube at 
pollination (pollen germination on the stigma of female flowers). During this migra-
tion, the generative nucleus undergoes a second mitotic division to produce two 
sperm cells one of which is normally associated with the vegetative nucleus and, 
along with the other sperm cell, form the male germ unit inside the pollen tube 
(Nasution et al. 2009).

Inefficient pollination was a problem in the early days of oil palm cultivation 
and resulted in poor fruit set, bunch failure and yield loss. Assisted pollination 
(hand pollination) was practiced to overcome this problem, before it was realised 
that oil palm was primarily insect pollinated and not wind pollinated. The introduc-
tion of the pollinating weevil from Africa, Elaeidobius kamerunicus, in 1981 suc-
ceeded in eliminating the problem of low fruit set (Syed et al. 1982). Elaeidobius 
kamerunicus is dependent on the male oil palm inflorescence as a breeding site. 
Adult weevils lay eggs in anthesing male inflorescences and consume oil palm pol-
len. The larvae live on and consume the decomposing male inflorescence and 
pupate within the spikelets of the flowers, emerging as adults about 10 days later 
(Tuo et al. 2011).

The oil palm fruit is a drupe with a spherical, ovoid or elongated shape. The 
pericarp is composed of the exocarp (external layer, skin), mesocarp (outer pulp that 
contains oil) and endocarp (a hard shell that encloses the kernel). The kernel con-
sists of the embryo and endosperm which is packed with kernel oil and other food 
reserves for the embryo. According to the shell thickness, the fruit type can be 
divided into three forms: Dura (thick-shelled), Pisifera (shell-less) and Tenera (thin-
shelled with a fibre ring) (Fig. 8.2). At maturity the fruit is shed.
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8.3  �Genetics of Oil Palm

Oil palm is a diploid species with a genome consisting of 16 pairs of chromosomes 
(2n = 2× = 32). Oil palm chromosomes are relatively small, and the genome con-
tains around 3.7 pg DNA, which in sequencing terms equates to about 3.4 × 109 base 
pairs (Rival et  al. 1997; Srisawat et  al. 2005). DNA sequencing of the oil palm 
genome has revealed extensive genetic duplication indicating that oil palm evolved 
from a tetraploid species (Singh et  al. 2013b). Odd ploidy constitutions such as 
haploids (n = 16 chromosomes), triploids (3n = 48) and tetraploids (4n = 64) have 
been reported, but these are rare and suffer from sterility. Aneuploids having odd 
chromosome numbers (more or less chromosomes than the normal euploid comple-
ment of 32 chromosomes) have also been reported (Nasution et al. 2013). Although 
ploidy and aneuploid genetic stocks have been used widely in genetic studies and 
breeding of other species, e.g. wheat, these genetic stocks are an underdeveloped 
resource in oil palm breeding, with the exception of haploids (see Sect. 8.10). Most 
breeding efforts exploit normal diploid germplasm with some inclusion of material 
from diverse geographic sources (Wening et al. 2012a).

Oil palm is an outbreeder and therefore highly heterozygous. Artificial self-
pollination is possible, but repeated rounds of selfing (to produce homozygous 
lines) may result in inbreeding depression (weak plants) (Hardon 1970; Dumortier 
et  al. 1992). However, in certain more selected breeding materials, inbreeding 
depression has not been expressed, and this has been explained because deleterious 
recessive genes have already been largely screened out. Probably the main reason 
inbred lines have not been developed and tested is the long generation time (mini-
mum of 5 years, although many breeding programmes will have a generation time 
of at least 10 years). Therefore a programme of eight self-generations would take a 
minimum of 40 years.

The first high-density genetic map of oil palm was developed by Billotte et al. 
(2005) using simple sequence repeat (SSR, also known as microsatellites) DNA 
markers. Genetic maps continue to be developed in oil palm and now contain sev-
eral types of markers (see Sect. 8.9.4).

Fig. 8.2  Fruit type of oil palm (a) Dura, thick-shelled; (b) Tenera, thin-shelled with a fibre ring; 
(c) Pisifera no shell with traces of a fibre ring around the kernel
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The oil palm genome was sequenced and published by Singh et al. (2013a); 
this is a key step forward in oil palm genetics, the development of functional 
genomics (assigning genes to functions) and discovering new sequence-based 
DNA markers. The first sequence-based markers are now available for shell thick-
ness, virescent fruit and mantled fruit (https://www.orionbiosains.com/about-
orion; see Sect. 8.9.4).

8.4  �Germplasm

Commercial oil palm planting material worldwide is mainly produced from a 
restricted genetic base, limited mainly to the genetic variation present in the Deli 
Dura and AVROS Pisifera parental lines. This contrasts with the recommendation 
frequently made in the literature to increase the genetic diversity of planting materi-
als. Diversity of material is often unique to an oil palm seed supplier and exploited 
for specific purposes, e.g. ASD’s main goal has been to increase oil palm productiv-
ity by increasing oil and kernel content, while at the same time reducing vegetative 
growth (Sterling and Alvarado 2002).

In recent years, in addition to increasing yield, breeding objectives aim to over-
come problems in production in oil palm plantations, major targets include:

	1.	 High palm product (crude palm oil and kernel oil) yielding material per unit area
	2.	 Low vegetative vigour, e.g. high harvest index
	3.	 Pest and disease (Fusarium oxysporum wilt in Africa and Ganoderma in SE 

Asia) tolerance
	4.	 Good performance over a wide range of environments or selection for specific 

environments
	5.	 Easy harvesting (see section on novel traits) and the developed for future mecha-

nisation, e.g. high yield per harvester
	6.	 Specific bunch and oil characters for vertically integrated plantation companies 

which will lever greater value from refining

The genetic base needs to be broadened to realise these goals. As a result, many 
breeding companies and research stations around the world have taken part in germ-
plasm collections from the centre of diversity of the species in Africa (Nigeria, 
Cameroon, Angola, Ghana and Tanzania).

Breeding in oil palm started in Nigeria with a very limited genetic base, using 
Dura (D) material to make D×D crosses for commercial Dura seed production and 
planting. Later the genetics of shell thickness was understood, and Pisifera pollen 
parents were used to produce Tenera genotypes from Dura × Pisifera crosses, as 
Tenera thin-shelled fruits give higher oil yields than the Dura thick-shelled fruit. 
There is therefore interest in exploring and exploiting genetic variation in Dura, 
Pisifera and Tenera material.
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8.4.1  �Dura

8.4.1.1  �Deli Dura

Although it is believed that all Deli Dura descended from only four progenitor 
palms planted in Bogor, Indonesia, the population of Dura expanded to several mil-
lions before systematic breeding programmes started in the 1850s. Several countries 
carried out independent breeding programmes, for example: Indonesia at Gunung 
Bayu, Pabatu, Dolok Sinumbah, Marihat Baris, Mopoli/Bangun Bandar and Gunung 
Melayu; Malaysia at Serdang Avenue, Elmina, Ulu Remis and Johor Labis; and the 
Ivory Coast at Dabou (Rosenquist 1985). Descendants of the four Dura progenitors 
were planted in the Deli district of Sumatra in 1915 and later introduced into differ-
ent breeding programmes in Indonesia, Malaysia and Papua New Guinea (Sterling 
and Alvarado 2002).

8.4.1.2  �Other Dura Populations

Other Dura populations have been developed from the following germplasm 
sources:

Angola: The main advantage offered by the Angola population when used as a 
female progenitor is reduced stem growth rate. However, a disadvantage is that 
bunch production is less than in the Deli Dura materials. Angola germplasm 
combines well when used as female parents with Ekona and Mardi pollen.

Bamenda: Although not extensively tested, the Bamenda population exhibits great 
potential in relation to bunch production. Annual bunch yields for Bamenda × 
AVROS progenies are about 200 kg/plant/year with reduced stem growth and 
acceptable bunch composition. This translates to a high commercial potential of 
over 1 tonne of oil per hectare per year over conventional standards.

Kigoma: DxP progenies obtained from Kigoma as female with several male geno-
types showed a high bunch and oil yield potential, very similar to Tenera materi-
als derived from Deli Dura. This is particularly pronounced when the male 
source is from Mardi or AVROS origins. In addition, vegetative growth is lower 
in Tanzanian derivatives than in those of Deli origin.

Other uncommon sources of Dura: An experiment planted in 1990 in Santo Domingo 
de los Colorados, Ecuador, showed that the Deli and Deli × Angola Dura female 
lines and the Ekona male lines were very precocious (early flowering); the best 
specific combinations were the Deli × Yangambi and Kigoma × Ekona.

8.4.2  �Pisifera

Given that Pisifera palms are normally female sterile, it is impossible to evaluate 
their yield production performance from phenotypic individual palm data. The only 
direct measurements that can be obtained from Pisifera trees are morphological and 
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leaf mineral content. The most commonly recorded traits are leaf area index, stem 
growth rate, leaf length, leaf emission rate and magnesium content (Breure 1982). 
The strategy has therefore often been to select the progenies, i.e. progeny test the 
Pisifera, and on the basis of the performance of their Tenera sibs. Pisifera can be 
selected from progeny of Tenera × Tenera crosses or Tenera × Pisifera crosses. 
However, there are fertile Pisifera and therefore Pisifera × Pisifera crosses are pos-
sible if a fertile Pisifera is used as the female (Chin 1982, 1988, 1995). However, 
fertile Pisifera have not been widely used in oil palm breeding programmes, and this 
may be because there was a perception that fertile Pisifera transmitted thicker shells 
to their Tenera progenies (Menendez and Blaak 1964); another downside is the dif-
ficulty in germinating Pisifera seed using conventional methods.

Thus, selection is usually based on progeny testing to gain estimates of general 
and specific combining ability. This is currently the only reliable criterion to decide 
the genetic potential of individual Pisifera, with the aim of selecting them as male 
parents for commercial oil palm seed production. However, the commitment to test-
ing candidate Pisifera for commercial seed production is justified as a single Pisifera 
has the annual potential to produce sufficient pollen to produce several million seed 
per year (Dumortier and Konimor 1999). ASD has been phenotyping progeny from 
its original introduced D’jongo-derived sources of male parents since 1969 (Sterling 
and Alvarado 2002). Although phenotyping is important, it is expected that progeny 
testing will include genotypic selection in the near future as markers for specific 
traits, including shell thickness becoming established.

There are no reports of fertile Pisifera being planted on a commercial scale, and 
it would seem that this could only be achieved currently by the production of fertile 
Pisifera clones because of the difficulty of working with material with no shell in 
the nursery. Working with shell-less material would require careful handling to pre-
vent high emergence losses caused by fungal infection.

8.4.3  �Tenera

Since Pisifera palms are often sterile, the development of Tenera populations is 
the best way to produce new Pisifera germplasm. Selfing of Teneras will produce 
Dura (Sh/Sh), Tenera (Sh/sh) and Pisifera (sh/sh) genotypes in a 1:2:1 ratio, 
respectively.

The most famous TxT progeny was that which produced SP 540 at Sungai 
Pantjur (originating from D’jongo, Eala, DR Congo). This palm was selfed to pro-
duce the progeny Pol 820 in 1931. In 1973 RISPA repeated the selfing of SP 540 
and produce another generation of three progenies, all of which were planted at 
Aek Pantjur, Indonesia, in 1973. The Pisifera descendants from this are now used 
as males in commercial seed production by RISPA, Lonsum (through Dami mate-
rial) in Indonesia, by Banting in Malaysia and by Dami in Papua New Guinea 
(Rosenquist 1985).
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8.4.4  �Inbred Lines

Inbreeding is the mating of individuals that are related, the most extreme form being 
selfing. Oil palm is a naturally outcrossing species, but controlled selfing is possible 
by storing pollen and using this to pollinate subsequent female bunches from the 
same palm. However, oil palm suffers from inbreeding depression, which can be 
evident in early generations. Selfed Tenera in Southern Zaire showed degeneration 
at the seedling stage, giving poor germination and irregular or deformed seedlings, 
while at Yangambi two selfed progenies gave bunch yields of 33 percent less than 
normal (outcrossed materials). In Nigeria, comparisons between selfed and crossed 
material showed reduce cumulative yields of the selfed materials by 13–14%. Data 
from the Ivory Coast also showed strong inbreeding yield depression (Gascon et al. 
in Hartley 1988).

In general, it has been found that inbreeding reduces yield but has a greater effect 
on bunch weight than on bunch number. However, there have been many instances 
of individual selfings showing little or no inbreeding depression, while in other 
cases inbreeding has tended to concentrate on either good characters (e.g. dumpi-
ness) or bad characters (e.g. orange spotting and crown disease). The fact that there 
are large yield differences between selfed progenies suggest that some specific 
genes or genomic regions play a role in inbreeding depression (Rosenquist 1984).

Despite the difficulties of inbreeding, the development of inbred lines has been 
pursued in oil palm as these lines represent more homozygous genotypes that can be 
exploited in genetic studies and the production of F1 hybrids (see Sect. 8.10).

8.4.5  �Germplasm Acquisition and Collections

The need for extensive germplasm collection to broaden the genetic base of oil palm 
has become an imperative for oil palm breeding. One of the first organisations to 
start collecting oil palm from its natural centre of diversity was the West African 
Institute for Oil Palm Research (WAIFOR) based in Nigeria. Progress was inter-
rupted by World War II, but collection was resumed in 1952. Collections were made 
from the Calabar, Aba and Ufuma regions of Angola starting in 1911, and the mate-
rial was introduced to breeding programmes. In 1926 WAIFOR received Deli mate-
rial from SOCFIN-Tanjung Genting and from AVROS, Malaysia. Later, Deli 
material was also received from Serdang Centre Experimental Station, Malaysia, 
and IRHO (Richardson and Alvarado 2003). More recently collections were carried 
out in a wider range of environments, e.g. the highland areas of Afikpo in Ebonyi 
State, Nigeria. Afikpo lies between latitude 5053′N and longitude 7056′E (Cochard 
et al. 2009; Okwuagwu 2011).

In 1973, Malaysia under the work of PORIM (currently known as MPOB) started 
collecting wild material from Africa and initiated surveys to collect oil palm genetic 
material from the entire centre of origin in Africa. Wild oil palm can be found in 
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Nigeria, Cameroon, DR Congo, Tanzania, Madagascar, Angola, Senegal, Gambia, 
Sierra Leone, Guinea and Ghana; all of these countries were explored (Rajanaidu 
and Jalani 1994).

Major oil palm collections were established at the Ghana Oil Palm Research 
Institute, as this was a research station of WAIFOR. Breeding programmes started 
in Ghana in 1967 using these materials. Recent collections were made in the north-
ern Ghanaian regions of Vogoni Korri Nadowli, Vogoni Korri Forest Nadowli, Bugri 
Corner Koka Bawku, Saaka Bawku and Damango Canteen Bredi Farm (Oykere-
Boateng et al. 2008; Sapey et al. 2012). In 2010 oil palm companies in Indonesia 
formed a consortium to collect materials from Cameroon.

Oil palm collections are typically maintained as living palms. Although oil palm 
is long-lived, trees will die eventually and living collections take up a lot of space. 
Conservation programmes can now exploit genetic fingerprinting techniques to 
reduce the amount of redundancy (duplication of genes) in collections. Oil palm 
may also be conserved as pollen, which may be stored for 10–20 years in a vacuum 
at −20 °C. Cryopreservation is also available in oil palm (see Sect. 8.11).

8.5  �Crossing Approaches

8.5.1  �Pollen Collection and Storage

Pollen is collected from isolated male flower bunches (Fig. 8.3). Inflorescence isola-
tion usually takes place when one third of the spathe has opened. Frond spines 
should be removed (cleaned) and fronds bent downwards for easier manipulations. 

Fig. 8.3  Male inflorescence selection and isolation
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The spathes are cut open with a knife and sprayed with formalin (2 ml/L water) to 
kill any insects present.

Double terylene bags are used to isolate the male inflorescence. Ideally, the inner 
bag should be new and modified with the insertion of a pipe leading to a small plas-
tic bag in one corner for pollen collection. The second bag is normally a previously 
used terylene bag. Insecticide granules are placed inside a cotton wool wad and 
placed round the inflorescence stalk. Old/used terylene bags are applied as an outer 
protective layer and tied with rubber rope. More than 8 days are then required for 
complete anther dehiscence (pollen shedding). If the male inflorescence undergoes 
anthesis in less than 9 days, the male inflorescence must be rejected as the legiti-
macy of the pollen cannot be guaranteed. Pollen remains viable for at least 6 days 
after release from the anther (Hardon and Turner 1967). The isolated male inflores-
cence is normally harvested when one third of the flowers of the inflorescence are 
open/anthesing. Flowers start to open from the base of the spikelet and usually all 
flowers will open within 2 days.

The anthesed male inflorescence is stored in a hot room (34–39 °C) for about 
18 h to allow all flowers to open and shed pollen into the bottom corner of the inner 
bag fitted with a collecting bag. After storage in the hot room, the male inflorescence 
is hand beaten to allow all the pollen to fall downwards for collection. The pollen 
collected is sieved in a sterile box to separate the pollen from debris; the purified 
pollen sample is then put in glass ampoules, freeze-dried and vacuum-packed. The 
vacuumed pollen samples are stored in a freezer below 0 °C.

8.5.2  �Measuring Pollen Viability

Pollen samples are normally taken at two stages for viability testing: before process-
ing and after processing/storage. The first step is the preparation of the pollen ger-
mination medium (10 g sucrose are dissolved in 100 ml distilled water). The solution 
is cooled and 15 drops of 5% boric acid added.

Pollen samples are collected using the tip of a needle and stirred into a drop of 
the liquid culture medium on a microscope slide. A coverslip is then added. The 
sample is incubated at 34–37 °C for about 3 h and then examined under a micro-
scope. The percentage viability (germinated pollen) is then calculated.

8.5.3  �Isolation of the Female Inflorescence

Female flower bunch development is monitored prior to isolation (Fig. 8.4). The 
outer and inner spathes are removed, and the female inflorescence is sprayed with 
2% formalin to kill any pollen and insects present. A wad of cotton wool containing 
insecticide is then tied to the stalk.
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After cleaning (removal of the spathes from the inflorescence), the female inflo-
rescence is isolated using double terylene bags. The inner bag is new, and the outer 
bag is normally a recycled old one. At least 8 days are needed until the female inflo-
rescence is receptive, fully opened flowers. If the female inflorescence becomes 
receptive in less than 9 days, the female inflorescence must be rejected as uncon-
trolled pollination may have occurred.

8.5.4  �Pollination

Pollination is normally carried out in the morning when the flower’s nectar is visi-
ble. All tools used for pollination are sterilised using 96% alcohol. Prior to pollina-
tion the area around the isolated female inflorescence is sprayed with insecticide. 
Pollen for pollination is mixed with talcum powder usually in a ratio of 0.03–0.2 g 
pollen (for pollen with >80% viability) with 1  g talcum powder). Pollination is 
affected by blowing the pollen/talc preparation into the bag by piercing a hole in the 
bag window, and the pollination may be carried out on two consecutive mornings to 
achieve maximum fruit set. The isolation bag is then shaken to help distribute the 
pollen over the whole inflorescence. The bag is resealed and a label recording the 
dates and parents is attached. At 21–25 days after pollination, the terylene bag is 
removed. The bunch is inspected for success (fruit set) 60–67  days after 
pollination.

Fig. 8.4  Female inflorescence selection and isolation
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8.5.5  �Commercial Tenera (Dura × Pisifera) Production

Dura palms are used as seed/female palms, and the Pisifera are used as male/pollen 
palms. Pollen from selected commercial father palms is collected on a routine basis 
and stored ready for use. The crossing process is the same as that described above, 
but may include more rigorous procedures to ensure quality of the commercially 
produced seed, e.g. high pollen viability and legitimacy testing.

The seed production programme requires selected Dura and Pisifera. The Dura 
selection is based on progeny performance by DxP progeny trials (see Section on 
Trials). The Pisifera selection is based on individual Pisifera through Pisifera testing 
trials (see Sect. 8.9).

Most oil palm seed producers in the world use Deli Dura as mother palms, since 
they guarantee offspring with superior bunch and fruit characteristics. There are 
some research stations in Africa that do not use Deli Dura lines as female parents, 
because major objectives are to obtain Fusarium oxysporum wilt resistance and 
drought tolerance. Methods in seed production are described in Sect. 8.12.

8.5.6  �Elaeis oleifera

Elaeis oleifera (E.o.) is a palm species originating from South America (Corley and 
Tinker 2003). Oil produced by E. oleifera contains greater oleic acid and linoleic 
than oil from Elaeis guineensis (E.g.) (Mohd Din et al. 2000). Oil of E. oleifera is 
often considered healthier because of its higher percentage of unsaturated fatty 
acids. Hybrids from E.g. × E.o. crosses have been planted for their resistance to fatal 
yellowing (Turner 1981) and their higher unsaturated oil properties.

Progeny from interspecific crosses between E.o. × E.g. are also expected to poses 
low height increment and short fronds (Escobar 2004). There have been various 
backcrossing programmes of hybrids to E.g. but the backcross generations show 
reversion back to E.g., and the desirable traits of unsaturated oil, low height incre-
ment and low vegetative growth are rapidly lost (Chin 1993; Oboh 1993 and Din 
and Rajanaidu 2000).

ASD Costa Rica has marketed compact palm cultivars and clones which were 
developed from an open pollinated hybrid between E.o. and E.g. (Alvarado et al. 
2007), which had a short-trunked character but were low yielding. Sunilkumar 
et  al. (2015) reported that hybrids of E.o. × E.g. had trunk heights of around 
210  cm 12  years after planting and that the height trait was highly heritable. 
Some backcross progenies have been found with short stature and have compa-
rable yields compared to conventional crossbreeding of E.g. (Escobar 2004; 
Alvarado et al. 2007) even though E.o. traits were lost through the backcrossing 
cycle.
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8.6  �Breeding Approaches

8.6.1  �Recurrent Selection

The specific combining ability of a cross cannot be assessed without testing the 
progeny of that particular cross. In order to select for specific combining ability, a 
large number of cross comparisons must be made. Ideally a pair of lines that differs 
widely in gene frequencies at all loci that affect the character and show dominance 
is needed. It should be possible to build up these genetic differences by selection; 
thus, instead of the differences of gene frequencies being produced by the random 
process of inbreeding, they would be produced by the directed process of selection. 
This would be both more effective and more economical. Furthermore, both general 
and specific combining ability (GCA and SCA) would be selected simultaneously 
in a recurrent selection scheme.

Recurrent phenotypic selection tends to be more effective than mass selection. 
The basic outline of this process is illustrated in Fig. 8.5. A population is created 
by cross-pollination between two (or more) populations to create a base population. 
A large number of plants are grown from the base population, and a subsample of 
the most desirable phenotypes are identified and harvested as individual plants. 
These selected plants are randomly mated to produce a new improved population. 
This process is repeated a number of times.

The number of cycles performed will be determined by the desired level of 
improvement required over the base population, the initial gene frequency of the 
base population and the heritability of the traits of interest in the selection process. 
Recurrent phenotypic selection has been shown to be effective but mainly in cases 
where there is high heritability of the characters being selected for (e.g. some dis-
ease and pest resistance) and in species with short (annual) life cycles. The tech-
nique is less effective where traits have a lower heritability such as yield or quality 
traits (Brown and Caligari 2008).

Results of recurrent selection in oil palm by Socfindo at Aek Loba showed 
genetic progress of around 14% for oil production (selection of the best 8% of 

Base Population

Select ‘Best’ 
individual

Improved Population

Fig. 8.5  Basic recurrent 
phenotypic selection 
scheme
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crosses). However, given the highly additive nature of the transmission of production 
traits, by basing selection on the GCA of the parents, and even with a low selection 
rate (16%), it is possible to predict greater progress (17–18%, see also Durand et al. 
2011).

Other trial results estimate 18% improvement in oil production after the first two 
cycles of recurrent selection. In the Ivory Coast, certain commercial plots planted 
between 1962 and 1972 were replanted from 1983 onwards with seed material 
obtained from the second recurrent cycle. Progress of 24% on average was seen for 
bunch production (Cochard et al. 1993).

Selection by IRHO in their recurrent selection programme involved a varied 
set of parameters in addition to yield traits. This included improvement of resis-
tance to vascular wilt disease, reduction in height increment, ease of harvesting 
and an increase in unsaturated fatty acid content in the oil (Gascon et  al., in 
Hartley 1988).

8.6.2  �Early Mass Selection

There are great genetic differences in the material used for breeding in Africa com-
pared to SE Asia since commercial establishment in the 1920s. The approach to 
improvement in the two regions has been different. In Africa, the poor quality of 
Dura fruit was apparent, and there was some hesitance in breeding for Tenera palms 
before the establishment of high-quality Tenera material. In SE Asia, the relatively 
high quality of Dura (emanating from the Deli ornamentals originally used as ave-
nue trees) tended to confine very early work to mass selection in providing seed for 
further planting. In 1922 AVROS affirmed that the Deli type must remain as the 
standard oil palm for Sumatra until superior lines were bred (from newly imported 
materials). Under these circumstances, the general procedure was mass selection to 
provide progenies for extensive plantings, but that separate breeding programmes 
should be established to exploit outstanding individuals and exotic germplasm.

8.6.3  �Dura Breeding

Seed gardens in SE Asia are now composed of Deli Dura female palms, but in 
Africa Deli Dura are not used automatically because of their susceptibility to vascu-
lar wilt disease. African Dura are being developed to match Deli Dura in terms of 
yield.

A number of plantation companies started oil palm breeding programmes inde-
pendently of each other. The Marihat Research Station (RISPA) has an excellent 
history of oil palm breeding in Indonesia (see Sect. 8.2). In 1927 SOCFINDO estab-
lished a Deli Dura breeding programme by planting legitimate progenies from 
selected palms at Mopoli, North Sumatra, Indonesia, and comprised 1859 oil palm 
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trials. In 1920s in Malaysia, various Dura breeding programmes were carried out by 
the Department of Agriculture, Elmina selections, Guthrie Chemara, Banting and 
others (Rosenquist 1985).

Prior to its introduction in Costa Rica, the Deli Dura germplasm had undergone 
continuous selection and improvement since the early 1900s, first in Indonesia and 
later in Malaysia. Thus, the Deli Dura population introduced to Costa Rica was 
already improved compared to the original Deli Serdang population. This was also 
evident for the introductions to Indonesia that came from Dami, Papua New Guinea, 
as these had undergone two selection cycles from the original Banting and Ulu 
Remis breeding populations. The whole process guarantees the genetic stability and 
production potential of the female population and their descendants during the pro-
cess of commercial seed production. The Dura breeding programme in ASD Costa 
Rica used various materials from Angola (from Bamenda, Kigoma and Yangambi 
regions). These materials were used in intra- and interpopulation crossings to 
develop superior Dura (Sterling and Alvarado 2002).

8.6.4  �Pisifera Breeding

Because of their female sterility, Pisifera generally cannot be selected directly; 
instead, they are selected indirectly through progeny testing. In this scheme a num-
ber of provisionally selected Pisifera are crossed with several Dura. An additional 
reason for progeny testing is to confirm that the female-sterile palms are truly 
Pisifera as occasionally sterile Dura and Tenera can occur, and it is of course essen-
tial that these are recognised and eliminated from the seed production. After prog-
eny testing, the best Pisifera are identified and selected as male parents for seed 
production. However, shortage of male inflorescences and hence of pollen may limit 
their use (Corley and Tinker 2003; Sterling and Alvarado 2002).

8.6.5  �Mutation Breeding

Mutation breeding has proven to be a valuable tool in crop improvement with over 
3000 officially released mutant cultivars in over 200 crop species (IAEA mutant 
database, http://mvgs.iaea.org). However, the list of mutant cultivars does not 
include any in oil palm, which is the only major crop (and the only oil crop) not to 
be improved by mutation breeding. Mutation breeding has been considered by 
Ishikawa et al. (2012). Mutation breeding generally aims to improve an elite line or 
superior cultivar for a given trait, e.g. yield, quality, disease resistance, pest resis-
tance, tolerance to abiotic stress, etc., and offers a shortcut in the breeding process. 
Mutants may be induced by biological, chemical or physical mutagens though the 
latter, and especially gamma irradiation, has had the greatest impact in plant 
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breeding with over 60% of mutant cultivars being developed from gamma ray treat-
ments (Bado et al. 2015). Mutation breeding is a non-GM method that has been 
accepted and practiced as a conventional breeding method for many decades; the 
first mutant cultivar was a chlorina mutant in tobacco, released in 1936 in Indonesia 
(then the Dutch East Indies). Recent reviews and methods in plant mutation breed-
ing can be found in Shu et al. (2012) and Bado et al. (2015).

In 1977 Dr. Wonky Appiah (Director of Oil Palm Research Institute, OPRI, 
Ghana) initiated work on mutation breeding in oil palm in collaboration with the 
Ghana Atomic Energy Commission (GAEC). The main purpose at the time was to 
use gamma treatments to promote germination of seed and pollen. However, a con-
sequence was that OPRI produced the first induced mutant population (M1) in oil 
palm. Since most mutations are recessive and since M1 plants often suffer from 
chimeras and physiological disorders, it is normal practice to develop M2 and sub-
sequent generations to screen for heritable mutant traits (Ukai and Nakagawa 2012; 
Prina et al. 2012). Oil palm takes 3–5 years to flower from planting a seed, i.e. at 
least 3–5 years to produce the M2 from the M1. The Ghana M1 population currently 
represents a unique resource for oil palm improvement. Pollen collection and stor-
age of M1 palms re-established at OPRI in 2010. Subsequent work involved self-
pollination to produce M2 generations and M2 seedling screening began in 2014. 
This work was supported by the International Atomic Energy Agency (IAEA) and 
Sumatra Bioscience. The irradiation treatments used in 1977 were relatively low for 
mutation induction purposes (dosage 1–5 Krad or 10–50 Gy), and in general the M1 
palms appeared phenotypically normal. However, this may not necessarily be a set-
back as some desirable mutant traits, e.g. semi-dwarfism, are often present in rela-
tively high frequencies (Forster et al. 2012), and mutant traits are expected to emerge 
in the near future.

Traits of interest, such as those required for mechanical harvesting (virescent 
fruit, long bunch stalks, fruit abscission, etc.), may be screened for at maturity in the 
M2 populations. Other traits of interest to Ghana are Fusarium wilt resistance and 
drought tolerance. In other parts of the world, target traits include Ganoderma resis-
tance and improved oil quality (it should be noted here that oil palm is the only oil 
crop where oil quality has not been improved by mutation breeding (Vollmann and 
Raean 2010).

In addition to phenotypic screening, genotypic methods could be developed to 
screen mutants for desired traits. This is now more feasible in oil palm as the genome 
has been sequenced and genes of interest are being discovered, e.g. shell thickness, 
virescent and mantled fruits (see Sect. 8.11). In addition, analogues in other species, 
e.g. genes involved in oil biosynthesis, may be exploited to seek new variation for 
oil quality improvement and novel oils. Oil palm mutation breeding is in its infancy, 
but the enhanced capacity to detect and screen for mutations is likely to encourage 
more mutation breeding projects in oil palm, including gene editing technology. It 
is expected that mutation induction methods will be optimised and new mutant pop-
ulations developed in oil palm (see Sect. 8.13).
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8.7  �Target Traits for Breeding

8.7.1  �Fruit Type

Oil palm fruit types are mainly based on shell (endocarp) thickness and fruit colour. 
Shell thickness is controlled by a major gene, Sh. The gene for shell thickness was 
first reported in the Belgian Congo in the early 1940s (Beirnaert and Venerweyan 
1941); depending on the genetic constitution, three phenotypes are produced:

•	 Dura: which has a thick shell, thin mesocarp and a relatively large kernel. The 
mesocarp has a rich oil content. Dura are generally used as female parents in oil 
palm hybridisations. The Dura genotype is Sh/Sh (homozygous dominant).

•	 Pisifera: this type has a thin shell or no shell, the mesocarp is relatively thick and 
the small kernel is surrounded by traces of a fibre ring. The mesocarp has a low 
oil content. Pisifera are generally used as male parents in crossing programmes. 
The Pisifera genotype is sh/sh (homozygous recessive).

•	 Tenera: a hybrid of Dura and Pisifera. The fruit is characterised by a thick meso-
carp and a large kernel surrounded by a thin shell with a fibre ring. The mesocarp 
has a high oil content. The Tenera genotype is Sh/sh (heterozygous).

Abnormal fruits, mantled fruits, are a concern in oil palm. Mantled fruits are the 
result of a physiological disorder which has mainly been seen as a result of soma-
clonal variation This is a serious concern for the oil palm business and is discussed 
later (see Sect. 8.11).

Oil palm fruit colours include virescent, nigrescent and albescent types (Hartley 
1988; Singh et al. 2014). The most common fruit type generally planted is nigres-
cent: deep violet to black when immature and red when ripe. Virescent types are 
relatively uncommon; here the fruit is green and turns orange when ripe. There is 
currently great interest in virescent fruit as the colour change at maturity is more 
distinct than nigrescent fruits; thus, the harvesting of ripe fruit bunches (and thereby 
high oil content) is simplified. The virescens gene (Vir) is dominant and is a natural 
mutant allele of nigrescens (Singh et al. 2014). Albescent fruit is white at maturity, 
the mesocarp lacks carotene and oil content is low; currently, albescence is of little 
interest to breeders (Corley and Tinker 2003).

8.7.2  �Vegetative Growth/Flowering Time

Oil palm like many tree crops has a long juvenile stage, 3–5 years from germina-
tion to flowering. Modern cultivars start to produce flowers 24  months after 
planting seedlings. The ancestral Dura planted in Bogor were reported to take 
4 years to flower from planting (Hartley 1988). Although there has been selection 
for precocity, the underlying genetics is not understood. Oil palm produces sepa-
rate male and female inflorescences (monoecious); these are formed in each 
frond axil.
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Sex ratio is of concern as harvestable products (fruits) arise from female bunches. 
It is known that long dry seasons favour the formation of male flowers (Corley and 
Tinker 2003). Other stresses, e.g. excessive pruning, can also diminish the number 
of female inflorescences and thereby yield (Adam et  al. 2011; Hartley 1988). 
Currently, there is little information on the genetic controls of male/female flower 
production in oil palm, and as yet there is no variation identified for this trait and 
consequently no breeding work.

8.7.3  �Yield

As discussed above, oil palm yield is linked to flowering, which in turn is influenced 
by the environment and by agronomic practices. Yield in oil palm is often discussed 
in terms of fresh fruit bunch (FFB, Cock et al. 2014). Bunch analysis is a major 
activity from which yield and yield components (CPO, PKO, etc.) are derived. CPO 
content of cultivars ranges from 22% to 30% and about 5% kernel oil (Berger 1983; 
Sambanthamurthi et al. 2000; Cadena et al. 2013). In order to obtain good data on 
yield and yield components, it is important that bunches are fully ripe when har-
vested and that harvesting techniques are standardised (Rao et al. 2001). Yield is a 
polygenic trait, controlled by many genes (Corley and Tinker 2003) and thus more 
challenging to breed for.

8.7.4  �Quality, Fruit and Kernel Oil

In addition to fatty acids, palm oil contains many nutrients such as vitamin E, 
tocopherols, tocotrienols and carotenoids (Gibon et al. 2007; Dauqan et al. 2011) 
that function as antioxidants (Tang et al. 2015). Red (crude) and yellow (refined) 
palm oil contain about 1 g tocopherol and tocotrienol in 1 kg of oil; these protect the 
oil from oxidation at high temperatures such as deep-frying and other cooking pro-
cesses, resulting in healthier food (Schroeder et al. 2006).

Palm oil quality is generally determined by the content of deleterious free fatty 
acids (FFAs); this is because FFAs are very easily oxidised (Maizura et al. 2008). 
FFA content increases shortly after the bunch is harvested (Corley and Tinker 
2003). FFA increases with fruit damage caused by bruising, e.g. falling to the 
ground during harvest as well during transport to mills (Arifin and Ai 1989). FFA 
increases with time and therefore rapid processing is required to minimise FFA 
content. FFA content rises due to the activity of endogenous lipase enzymes 
(Morcillo et  al. 2013). Low lipase activity is therefore of interest in breeding 
(Maizura et al. 2008).
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8.7.5  �Diseases

Prior to the World War II, oil palm was regarded as being free from any serious 
disease, but minor diseases included crown disease, bud rot and stem rot (Hartley 
1988). Today, stem rot in SE Asia and wilt in Africa have become major disease 
concerns. Stem rot disease is caused by the soilborne fungus Ganoderma boni-
nense; wilt disease is caused by the soilborne fungus Fusarium oxysporum 
(Turner 1981). In 2003 stem rot disease was reported to cause up to 30% yield 
losses; today, this can be up to 80% (Corley and Tinker 2003; Flood et al. 2000; 
Virdiana et al. 2011). At first, the disease was restricted to old palms and had 
little impact on yield (Turner 1981). But today, the disease is more common and 
attacks occur earlier in younger palms, resulting in significant yield losses (Flood 
et  al. 2000). Disease symptoms are similar to drought, i.e. leaf spears fail to 
open, turn brown and die (Ariffin et al. 2000; Corley and Tinker 2003). This may 
be due to stem decay preventing water flow. In the end, Ganoderma fruiting 
brackets appear on the trunk, and the palm dies or is uprooted by the wind. 
Currently, the disease is managed by agronomic practices such as removal of 
remnants of the previous crop, treatment with antagonists (e.g. Trichoderma 
spp.) and in worst cases replanting (Virdiana et al. 2011). There is a search for 
genetic sources containing Ganoderma resistance/tolerance for breeding. Some 
partial resistance is available in contemporary breeding materials (Setiawati 
et  al. 2010). Progenies derived from La Me material are reported to have low 
Ganoderma infection rates (Turnbull et al. 2014), and Idris et al. (2004) reported 
that DxP progenies derived from Congo × Cameroon material possessed partial 
resistance to Ganoderma. Screening methods rely on seedling responses to soil 
inoculated with the disease (usually Ganoderma-infected rubber wood blocks), 
followed up by field trials.

Wilt disease is mostly found in parts of Africa, particularly West Africa. This 
disease causes wilting, stunting and death (Turner 1981). Fusarium oxysporum is a 
soilborne fungus (Flood 2006) and will attack and enter plants through their roots 
and then enter and thrive in the xylem (Hubert and Sekou 2004). Flood and Mepsted 
(1990) described the symptoms of wilt disease. In a severe attack, plant death can 
occur rapidly, within 2–3 months after the first symptoms appear. Several factors, 
such as age, the crop cycle and the level of vulnerability of planting material, deter-
mine the severity of the symptoms (Hubert and Sekou 2004).

Various approaches have been taken to overcome wilt disease, e.g. various agro-
nomic practices and breeding. Ntsomboh-Ntsefong et  al. (2015) reported two 
Fusarium-tolerant progenies in material from Cameroon (with short stature). 
Ngado-Ebongue et al. (2013) found that progenies derived from crossing Ekona × 
Ekona and Ekona × Binga showed tolerance to wilt disease. As mentioned earlier 
interspecific crosses between Elaeis guineensis and Elaeis oleifera are also of inter-
est in breeding disease-resistant planting materials.
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8.7.6  �Height

Oil palms can reach a height of about 40 m. Height is influenced by environmental 
factors, but has a strong genetic component. Palm height is closely related to the 
productivity of the palm and is a limiting factor in oil palm cultivation, with palms 
becoming too tall to harvest after 20 years.

Genetic variation exists for palm stature, e.g. short-trunked oil palms, Pobe 
dwarf and Dumpy types (Rosenquist 1985; Luyindula et al. 2005). However, these 
types are also associated with low yield, and there is a breeding challenge to pro-
duce a new type of oil palm which combines high yield with short stature to extend 
the economic life of oil palm plantations. Today, most plantations are felled 
20–25 years after planting (Corley and Tinker 2003) when trees become too tall to 
harvest. Dwarfism and semi-dwarfism may be induced by mutation breeding (see 
Sect. 8.10).

8.7.7  �Frond Length

Frond length, and hence canopy width, has an impact on palm spacing or plantation 
density and thus harvest potential. Frond length of most contemporary oil palm 
cultivars is between 5 and 9 m, for which the optimum number of plants is around 
143 palm/ha. Higher densities, e.g. 186 palm/ha, can lead to increased abortion of 
female inflorescences (due to stress) and reduced yield (Breure et al. 1990).

Theoretically, a reduction of 1 m in frond length would allow an increase in palm 
density to 170/ha. A reduction of 2 m would allow 200 plants per hectare (Alvarado 
et al. 2007). In theory, an increase in density from the standard of 143 to 160 palm/
ha could provide a 12% yield increase (Alvarado et al. 2007).

8.7.8  �Mechanical Harvesting

Much of the work in oil palm plantations is manual. One of the jobs that needs a 
large work force is bunch harvesting; this is both inefficient and incurs large labour 
costs. Mechanised harvesting is therefore of interest (Nelson et al. 2006). There are 
a number of traits that could be exploited to aid the development of mechanised 
harvesting.

Bunch stalk length (Fig. 8.6): Currently most commercial palms have a short 
bunch stalk. A longer stalk would be more amenable to mechanical harvesting as it 
would be easier to cut the bunch off. Genetic variation exists for long bunch stalk 
and this being developed in many research stations and breeding programmes 
(Priwiratama et al. 2010). The colour change provided by virescent and late fruit 
abscission are other traits of interest in breeding for palms that may be harvested 
mechanically.
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8.7.9  �Biofuel

World demand for energy is expected to increase and oil palm has potential as a bio-
fuel crop (Nagi et al. 2008). Interest in new and more diverse oil palm products is also 
of interest, and a wide market for oil palm products provides greater stability for pro-
ducers. One such emerging market for palm oil is as a biofuel (Mekhilef et al. 2011).

Additional sources of biofuel from oil palm other than that derived from CPO 
include bioethanol, bio-methanol, bio-briquettes, hydrogen and pyrolysis oil. Empty 
fruit bunches and palm press cake are oil palm by-products that contain cellulose 
that may be fermented to produce bioethanol (Shuit et al. 2009; Piarpuzan et al. 
2011; Guitierrez et al. 2009). The oil palm trunk also has a high sugar content which 
may be tapped as a source for bioethanol production (Corley and Tinker 2003; 
Kosugi et al. 2010).

8.8  �Field Trialling and Selection

8.8.1  �Field Trials

In order to evaluate germplasm and material generated by breeding, breeders will 
normally carry out field trials. Field trials are designed to evaluate and screen/select 
for various traits including:

	1.	 Yield
	2.	 Parent selection (Dura and Pisifera)
	3.	 Progeny testing
	4.	 Suitability for production in different locations
	5.	 Resistance/tolerance to pests and diseases
	6.	 Specific characters (novel traits), e.g. ease harvesting, long stalk and late 

abscission

Fig. 8.6  Bunch stalk length variation: (a) long stalk; (b) medium stalk; (c) short stalk
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Oil palm breeding trials are usually planted using standard statistical designs 
(completely randomised or randomised complete block design) with various plot 
sizes and shapes; 8 or 16 palm plots are common in order to reduce bias caused by 
inter-palm competition.

Field trials take into account the crossing scheme. Once the crossing programme 
is completed, successful crosses can be evaluated. Field sites are selected which are 
homogenous in terms of soil fertility, drainage and topography, and for disease test-
ing, e.g. Ganoderma trials, the area should be infected with the pathogen. Once the 
field site has been selected, the layout of field planting is set up based on the trial 
design. Individual palms of a progeny are planted into the right plot location and 
tagged to allow identification for subsequent scoring.

A palm census will normally be carried out 1 year after planting with the aim of 
replacing any dead/missing palms with equivalent material. Thus a reserve of seed-
lings is normally kept in the nursery. A number of standard traits are recorded from 
the field trial; these may be divided into:

	(a)	 Yield: bunch number, bunch weight
	(b)	 Growth: frond weight, frond length, leaf area, height, diameter
	(c)	 Pest and disease: Ganoderma, Fusarium wilt
	(d)	 Genetic disorders: crown disease
	(e)	 Bunch characters: oil/bunch ratio, kernel/bunch ratio, kernel oil
	(f)	 Oil quality: fatty acid profiles

Performance in different environments is achieved by replicating trials in a num-
ber of environments and thus also allowing progenies to be selected for more mar-
ginal environments and those that are adapted to a number of environments.

In oil palm breeding, there is a difficulty in knowing the genotype for shell thick-
ness as this is only apparent at maturity (phenotypic screening) and will segregate 
differently depending on the cross. Thus TxT crosses give 1D:2T:1P; TxP will seg-
regate 1T:1P; and TxD/DxT will segregate 1D:1T. It would be desirable to plant out 
plots containing only D, T or P genotypes, and since Ps are sterile, it would be 
preferable to remove these completely from yield trials. Today the genotype for 
shell thickness can be easily screened for using genetic markers taking DNA sam-
ples from seedling plants; thus D, T and P determinations can be made prior to field 
planting (see Sect. 8.9.4).

8.8.2  �Bunch Analysis

Methods for analysing oil content in oil palm fruit bunches were set up at the West 
African Institute for Oil Palm Research (WAIFOR) in the early 1960s (see Rao et al. 
1983 in Blaak et al. 1963). Over time, modifications have been made to improve the 
process (Blaak 1970; Rao et al. 1983; Junaidah et al. 2011).

Bunch and oil analysis activities begin with the harvesting of bunches according 
to ripe harvesting criteria. They are then weighed and fruit type determined (Dura, 
Tenera or Pisifera) by visual assessment. The bunch is then chopped up to separate 
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the spikelets from the stalk. The stalk and a sample of spikelets are then weighed 
and the number of fruit per spikelet determined. The number of parthenocarpic and 
undeveloped fruits is noted and the total fruit set number determined.

A sample of 30 fruits is weighed and scraped to separate the mesocarp from the seed 
(nut). The mesocarps and seeds are weighed separately and dried in an oven at 105 °C 
for 24 h. Seeds are then dried in an oven for 8 h for Tenera seeds and 10 h for Dura seeds.

After drying according to standards, the dried mesocarp is cooled before grinding 
and sieving. After sieving, the mesocarp samples are dried in an oven for 30 min. A 
sample is then treated with an organic solvent such as hexane for 24 h to extract the oil.

The dried seeds are cracked open to separate the kernels and shells. There is 
normally one kernel per seed, but up to four can be encountered, but very rarely. The 
total kernel weight is obtained before and after drying.

Data are gathered for mesocarp/fruit (M/F) , oil/dry mesocarp (O/DM), shell/
kernel (S/K), shell/fruit (S/F), oil/bunch (O/B) and kernel/bunch (K/B) ratios. These 
data are very useful to breeders in making selections.

8.8.3  �Nursery Screening

Some traits can be screened for in the nursery. These include crown disease (a phys-
iological disorder of young plants) and Ganoderma tolerance/resistance (see above). 
With respect to Ganoderma, germinated seeds are placed into plastic bags filled 
with soil in which a Ganoderma-infected rubber wood block is placed (Breton et al. 
2009). Symptoms of the disease are then scored.

8.8.4  �Genotypic Screening

Screening may be divided into two main classes: phenotypic and genotypic. 
Phenotypic indicators include morphological markers, e.g. flower colour, plant 
height, flowering time, etc., and also biochemical markers such as protein and iso-
zyme variation (usually detected by protein banding patterns in gels). For plant 
breeding purposes, any marker system that is cheap and reliable is good, but there 
has been a massive development in DNA markers in recent years (Moose and 
Mumm 2008). DNA markers can be used to detect specific gene alleles either by 
linkage to the gene of interest or directly in detecting allelic (sequence) variation 
among alleles. DNA can also be used to fingerprint the genetic background. Thus, a 
breeder attempting to transfer a disease resistance gene into an elite genotype may 
wish to deploy markers for the disease resistance gene but also use genetic finger-
printing so that he/she protects the elite genetic make-up as much as possible.

Genetic markers have huge potential for oil palm not least because many com-
mercially important traits are those of mature plants (shell thickness, fruit colour, oil 
content, etc.), and without genetic markers, it would take at least 5  years from 
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sowing to assess and select the desired types. Using the marker technologies, 
breeders are able to make selections in the laboratory. Genotypic selection allows 
plants to be selected before they are planted in the field. For example, these tests can 
be done on nursery plants. Other traits of interest are listed in Sect. 8.8. Several 
marker systems are available, but a major bottleneck in genotyping is DNA extrac-
tion, and for breeding purposes, this usually involves several hundred individuals. 
DNA can be extracted using kits in automated or semiautomated systems or more 
tediously via manual preparations. Over 100 individual DNA extractions can be 
performed routinely in a day in designated laboratory. The major disadvantages of 
automated systems are that they are expensive to set up and run.

The release of the oil palm reference genome sequence in 2013 (Singh et  al. 
2013a) was a major step forward in the development of DNA markers for oil palm 
breeding. For some important traits, e.g. shell thickness, virescent fruit and mantled 
fruit commercial kits and services are becoming available (https://www.orionbio-
sains.com/about-orion).

8.9  �Hybrid Breeding

8.9.1  �Introduction

F1 hybrids have been shown to produce spectacular yields compared to conventional 
cultivars. Success has been achieved in a number of outbreeding species, and F1 
hybrids are major goals for many plant breeding programmes. The prime example 
is maize, which like oil palm is a monoecious crop. F1 hybrids in maize have pro-
duced a sixfold increase in yield. Although oil palm is an obvious candidate to 
benefit from F1 planting materials, it has lagged far behind due to an inability to 
produce the homozygous parental lines required for F1 hybrid breeding. However, it 
is estimated that F1 hybrid oil palm would yield up to six times that of current aver-
age yields, i.e. from 3  tonnes crude palm oil/hectare/year (FAO statistics) to 
18 tonnes/hectare/year, thus allowing a significantly reduced planted area to obtain 
the same yield. The parental homozygous lines may be produced by inbreeding, but 
as described above, this is a long process taking 20–30 years to produce the F5 
generation (about 97% homozygous). A more attractive option is to produce homo-
zygotes via doubled haploidy, the production of doubled haploids from haploids. 
Unfortunately, the standard in vitro methods of haploid production, such as pollen 
or microspore culture, used widely in other crops (Maluszynski et al. 2003) have 
proven recalcitrant in oil palm. A major breakthrough came with the discovery that 
haploid seedlings occurred naturally in oil palm albeit at extremely low frequencies 
and can be identified effectively (Nelson et  al. 2009). Prescreening of ‘off-type’ 
seedlings (source material), the application of DNA markers (zygosity testing) and 
flow cytometry (ploidy detection) can be used to boost haploid production levels 
that rival that of other crops.
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Haploids (Hs) are the precursors of doubled haploids (DHs), and their conversion 
to DHs may be spontaneous or induced. Tissue culture methods have been used to 
affect in vitro genome doubling in a range of crop plants (Maluszynski et al. 2003; 
Touraev et al. 2009). The doubling of haploid genomes creates completely homozy-
gous lines in one step, from which parents may be selected for subsequent commer-
cial F1 hybrid seed production. Not all parental DH combinations will result in 
hybrid vigour (heterosis), and as in maize, desired parental combinations need to be 
identified. Genotypic analysis can aid the determination of heterotic groups. Since 
contemporary commercial oil palm has thin-shelled fruits (Tenera) and is produced 
by crossing thick-shelled (Dura) with shell-less (Pisifera) types (see Sect. 8.12), 
DHs need to be produced in both shell fruit types to produce F1 Tenera cultivars, and 
again these types can be identified using DNA markers (see Table 6.1). The processes 
used to produce Hs, DHs and F1 hybrids in oil palm are novel; they are based on the 
detection of naturally occurring haploids and do not involve GMO technology.

8.9.2  �The Importance of F1 Hybrids

F1 hybrids are important in agriculture as they display hybrid vigour and heterosis 
(Jones 1997; Coors and Pandey 1999), which can be harnessed in raising yields. 
This has been a successful approach in many crops, notably maize, pepper, rice, rye, 
sorghum, sugar beet and sunflower (Coors and Pandey 1999). Heterosis is brought 
about by crossing two homozygous, but contrasting parental lines, which produce 
uniform, heterozygous F1 progeny. Completely homozygous lines are ideal parents, 
and these can be obtained most conveniently through doubled haploidy. The starting 
materials for doubled haploids are haploids. Haploids are plants which carry the 
gametic rather than the normal sporophytic chromosome complement. Thus, nor-
mal oil palms are diploid with a chromosome complement of 2n = 32; a haploid 
plant has the chromosome complement of n = 16 (which is the normal number for 
gametic cells, such as the sperm and egg). Haploid plants in themselves are of little 
interest in plant breeding as they are usually weak, non-viable and sterile. However, 
the doubling of the haploid chromosome complement to form DHs duplicates the 
genetic constitution (to restore the usual diploid ploidy level) and produces com-
pletely homozygous (genetically pure) lines. In inbreeding species, e.g. barley, rice 
and wheat, DH lines are true breeding, stable and uniform and can be developed 
directly and rapidly as cultivars for commercial exploitation. DHs are also used as 
parents to produce commercial F1 seed. With the right parental pairing, the progeny 
of two DHs maximises heterozygosity and can result in hybrid vigour and a marked 
increase in yield. The F1 progeny is also uniform, which allows the development of 
optimal agronomic practices, which in itself has led to remarkable yield increased 
in other outbreeding crops, notably maize (Crow 1998; Duvick 2001; Troyer 1991). 
Seed of F1 cultivars is sold at a premium (which in part reflects its costlier produc-
tion), and since it must be produced for each crop sowing, it creates a lucrative 
market for F1 seed producers. F1 hybrids are therefore highly prized to both the 
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producers and the growers, and methods for converting crops to F1 hybrids are of 
major interest. F1 hybrids have been developed in many crops (Brown and Caligari 
2008). Recent examples include rice (commercialisation started in 1996 in China, 
see Li et al. 2009), rye (hybrid rye now occupies about 70% of the rye hectarage in 
Germany, see Geiger and Miedaner 2009 for a review on rye breeding) and most 
recently wheat, barley and triticale (Longin et al. 2012). The possibility of convert-
ing oil palm into an F1 hybrid crop became feasible only recently with the discovery 
of haploids and their detection using high-throughput biotechnologies (Nelson et al. 
2009, Nasution et al. 2013).

8.9.3  �Haploid/Doubled Haploid Techniques

Haploids occur naturally and have been reported in many species; however, the 
frequency is very low (about 1 in 100,000 seedlings) and has often been considered 
too low for practical purposes. The history of H/DHs in plant breeding and genetics 
began with the report of A. D. Bergner in 1921 (referred to in Blakeslee et al. 1922) 
that haploid plants could be found in Jimson weed, the first in a higher plant. 
Similar discoveries were made soon after in other angiosperms (reviewed by 
Kimber and Riley 1963). Chase (1952) is generally regarded as being the first to 
exploit Hs and DHs in plant breeding (of maize): the haploids were produced via 
parthenogenesis (Chase 1949). A major step forward came with the discovery that 
haploids could be generated from cultured anthers (Guha and Maheshwari 1964), 
and today in vitro methods are used routinely in breeding of a range of crop plants 
including maize (Touraev et al. 2009; Geiger and Gordillo 2010). Haploids can be 
artificially produced in large numbers using a range of methods that stimulate 
gametic cells to develop into embryos and/or plantlets. Today, the main methods of 
H/DH production are (1) wide crossing in which aberrant pollination/fertilisation 
results in egg cells developing into haploid embryos and (2) the culture of male or 
female gametic cells and tissues such as microspores, anthers and ovules in which 
normal development (into pollen and egg) is diverted into H/DH embryo produc-
tion. These methods have been exploited in the development of protocols in over 
200 plant species ranging from Aconitum to Zingiber (Maluszynski et al. 2003). 
The impact of doubled haploidy in plant breeding has been reviewed by Forster 
and Thomas (2005); the mechanisms involve are not fully understood but discussed 
in Touraev et al. (2009).

8.9.4  �Early Attempts in F1 Hybrid Production in Oil Palm

The commercial oil palm crop is Tenera (thin-shelled) and is produced as hybrids 
from Dura (thick-shelled) and Pisifera (no-shell) crosses (see Sect. 8.12). Seed pro-
duction of Tenera types for commercial planting is a major business. The crop is 
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therefore heterozygous and like maize is monoecious and open pollinated. Thus oil 
palm is well set up to be developed as an F1 hybrid crop. As a consequence, there 
has been considerable interest in developing homozygous lines as parents for F1 
hybrid production in oil palm. F1 hybrids can be achieved in maize by crossing 
inbred lines (produced by several rounds of artificially imposed self-pollination (see 
Sect. 8.7). This has been attempted in oil palm in several countries, such as Indonesia, 
DR Congo, Nigeria and Malaysia (Corley and Tinker 2003; Nelson et  al. 2009; 
Wening et  al. 2012a), but has largely been abandoned as oil palm suffers from 
inbreeding depression (many seedlings are weak and sterile), and the timescale in 
reaching homozygosity is daunting (15–40 years, due to the fact it takes 3–5 years 
from sowing a seed to getting the first seed of the next generation). In addition, this 
would need to be done for both Dura (female) and Pisifera (male) lines, if commer-
cial Tenera F1s are to be produced. Pooni et al. (1989) proposed a compromise, i.e. 
the production of superior lines and second cycle hybrids by inbreeding and selec-
tion. The superior parental lines are derived from F2 or F3 generations, i.e. only 
partially inbred, which would take 10–15 years to develop, and have up to 75% 
homozygosity. However, this idea would become redundant if doubled haploidy 
could be achieved in this timescale.

8.9.5  �Haploid Screening in Oil Palm

There have been several attempts to apply haploid induction biotechnologies to 
oil palm, e.g. anther and microspore culture, but no haploid plants have yet been 
produced using these methods (Jones 1989; Dunwell et  al. 2010; Kumar and 
Sparajanbabu 2013). Alternative methods have therefore been sought. Given the 
fact that haploids occur naturally, including in other palm species, e.g. coconut 
(Whitehead and Chapman 1962), it was surmised that haploid seedlings may be 
found in oil palm and that these may look morphologically different from normal 
diploid seedlings. Thus, ‘off-type’ seedlings that are normally discarded in com-
mercial seed production were screened; these included twin seedlings, poor radi-
cle and/or shoot emergence and low vigour. The frequency of haploids in 
‘off-type’ seedlings is about 1 in 1000 (Nelson et al. 2009). Seed of commercial 
Tenera is sold pregerminated with a quality controls for normality and unifor-
mity, and so discarded ‘off-type’ seed could be readily screened for haploids. 
Such screens began in 2004 and involved the selection of a range of ‘off-types’ 
for homozygosity using genetic markers and ploidy using flow cytometry and 
chromosome counts using microscope (Nelson et al. 2009; Dunwell et al. 2010). 
The discovery that spontaneous haploids did occur in oil palm was exciting and 
the screening process was scaled up, such that by 2009 over 95 million germi-
nated seeds were screened with 1184 haploid seedlings being identified from 
124,094 ‘off-types’ (Nelson et  al. 2009; Dunwell et  al. 2010). The ability to 
screen for haploids among the abnormal seedlings greatly increased the effi-
ciency of haploid detection. This is currently the only reported method of 

8  Oil Palm (Elaeis guineensis)



272

producing haploid plants in oil palm. Since haploids were screened in seedlings 
from commercial seed production and breeding crosses (Nelson et  al. 2009), 
which covered a wide range of genotypes (Wening et al. 2009, 2011, 2012b), the 
haploid screen is thought to be relatively genotype independent, and haploids 
include both Dura and Pisifera types. Another major step forward was the deploy-
ment of high-throughput flow cytometry.

A high-throughput flow cytometry method for ploidy determination in oil palm 
has been developed (Nasution et al. 2013). This allows the analysis of about 1000 
samples per day per flow cytometer and the detection of 1104 haploids from 386.787 
‘off-type’ seedlings in a 4-year period from 2006 to 2010. This level of haploid 
production rivals other methods used in plant breeding in other crops. The method 
is practical in oil palm as there is an abundant supply of seeds and seedlings, but 
may also be applicable to other species that produce large amounts of seed.

Haploids of oil palm can be detected reliably in bulks made up of four to five indi-
viduals; root samples from four to five ‘off-type’ seedlings are bulked and chopped up 
in commercial Cystain®UV Ploidy solution with the addition of dithiothreitol (DTT) 
and polyvinylpyrrolidone (PVP), which are required to reduce the accumulation of sec-
ondary metabolites, such as phenols which interfere with the ploidy analysis. The prepa-
rations are then incubated in the dark at 5 °C and filtered. The suspension obtained is 
stirred vigorously and presented for flow cytometry. The analysis per sample takes about 
1 min. In cases where a haploid peak is detected in the output histogram, the materials 
comprising that bulk are analysed individually to identify the haploid seedling.

8.9.6  �Doubled Haploid Production in Oil Palm

Haploids in themselves are of little value in breeding as they tend to be weak and 
sterile. Their value is as a precursor to DHs, and therefore methods of doubling the 
chromosome complement are needed. This can be done in vivo or in vitro. Methods 
for doubling haploid plants of oil palm were investigated by Mienanti et al. (2009). 
These included submerging roots of haploid seedlings in a solution containing col-
chicine at various concentrations (2.5–10 mM) for 5 h. Various wetting agents and 
plant hormones were also investigated. Leaf materials from fronds emerging after 
treatment were sampled for ploidy determination. Most treatments resulted in n/2n 
chimeras. The addition of the plant hormone, gibberellic acid (GA3), was found to 
be beneficial and resulted in up to 100% doubled cells in some cases.

Spontaneous doubling has been reported (Iswandar et al. 2010) during embryo-
genesis of callus cultures of oil palm using haploid plants as ortets and applying 
standard tissue culture methods for oil palm clonal production (see Sect. 8.11). 
Flow cytometry of embryogenic tissue cultures showed the presence of both haploid 
and doubled haploid cells. In some cases, completely doubled haploid ramets were 
regenerated suggesting that doubling occurred during the first rounds of mitoses in 
embryo development. However, fertile DHs have not yet been reported.
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8.9.7  �Prospects for F1 Hybrid Production in Oil Palm

Breakthroughs in oil palm biotechnology over the past decade have delivered hap-
loids and doubled haploids. The stage is now set for F1 hybrid production. As yet 
there have been no reports of DHs flowering and thus no reports of inter-DH cross-
ing to produce F1 hybrids. Once fertile Dura and Pisifera DHs become available, 
crossing investigations can be initiated to determine the best parental combinations 
(possible existence of heterotic groups) and pave the way for the commercial pro-
duction of F1 hybrid oil palm cultivars with superior yields. This provides unrivalled 
opportunities of increasing yield per plantation with the real potential of relieving 
pressure on forest conversion.

Since parental stocks, manual pollination and seed nurseries are already part of 
Tenera commercial seed production (see Sect. 8.12), the conversion to F1 hybrid 
commercial seed production is relatively straightforward as it only requires a change 
to Dura and Pisifera DH parental lines. The F1 seed can be produced in large num-
bers and from a range of crosses. Growers will have access to a greater choice of 
seed, which is not subject to the potential of flowering abnormalities, e.g. mantled 
fruit, which are associated with clonal production (see Sect. 8.10).

8.10  �Tissue Culture

Production of individual palms through conventional breeding is time consuming in 
perennial crops, including oil palm, as this can take more than 20 years. Clonal 
propagation through tissue culture was introduced as an option in speeding up and 
scaling up the production of specific selected palms. Tissue culture allows mass 
propagation of elite individual palms which express desirable traits; plants regener-
ated from tissue culture (ramets) are effectively clones of the donor plant (ortet). 
The first oil palm tissue culture started in 1960s and achieved initial success in the 
mid-1970s (Straritsky 1970; Rabéchault et al. 1970; Jones 1974). This led to more 
extensive research on oil palm tissue culture (Corley et al. 1979). However, the oil 
palm industry suffered a great disaster in the mid-1980s as many clones produced 
from tissue culture, when planted in the field, exhibited sterility due to malforma-
tion of flowers, commonly known as ‘mantled’, which was undetectable until the 
planted ramets began to flower and fruit about 3–5 years after planting (Durand-
Gasselin et al. 1993, Fig. 8.7). The abnormality is a result of somaclonal variation 
(an epigenetic change caused by tissue culture) which leads to deficient stamen 
development and poor or incomplete fruit formation (Ho et al. 2009; Konan et al. 
2010). Length of time in culture (particularly the callus phase), propagation meth-
ods, genotype or ortet type and concentration of plant growth regulators are some 
factors thought to generate variation in tissue culture (Pierik 1987). The oil palm 
industry is still extremely cautious about tissue cultured palms because of the risk 
of somaclonal variation. There have been great efforts to reduce/eliminate this in 
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tissue culture-produced plants (ramets). A significant aid in this respect is the use of 
genetic markers to identify affected plants (see Section on Genetic Markers).

Since oil palm has only a single growing point (apical meristem), clonal propa-
gation can only be done via tissue culture techniques in which ramets may be pro-
duced by regeneration or somatic embryogenesis. These techniques involve several 
stages: explant sampling, callus production, regeneration or embryogenesis, embry-
oid multiplication, shoot development, rooting and acclimatisation (Fig. 8.8) . This 
whole process takes 2–4 years depending on genotype and culture conditions.

8.10.1  �Explant Sampling and Callus Induction

Various types of palm tissues can be used as explants, e.g. zygotic embryos, shoot 
meristems, young leaves from in  vitro germinated seedlings or from nursery 
palms, immature leaves from adult palms, inflorescences, apical meristem and 
roots. The most commonly used material is young leaf spears from selected adult 
palms, which can provide thousands of explants (leaflet pieces) and give higher 
rates of ramet production (Rajanaidu et al. 1997). After the spears are harvested, 
the leaves are disinfected under a flow of sterile air and cut into small 1 cm2 frag-
ments, which are used to inoculated media plates containing specific nutrients and 
hormones. Callus induction occurs on MS (Murashige and Skoog 1962) medium 
supplemented with vitamins, casein hydrolysate and plant hormones (mostly 

Fig. 8.7  Examples of abnormal fruits: (a) abnormal spikelet with abnormal fruits; (b–f) abnormal 
(mantled) fruit with supplementary carpels (1–5 carpels), compared to (g) normal
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auxin), e.g. 2,4-dichlorophenoxyacetic acid (2,4-D) and naphthalene acetic acid 
(NAA) and with or without activated charcoal, which controls hormone effects 
and removes inhibitors and toxins from the medium. The cultures are maintained 
in dark conditions at 27 ± 1 °C (90% relative humidity). The first calli emerge 
from leaf fragments after 6–8  weeks of culture. Three types of callus may be 
induced: nodular, friable and fast-growing callus; nodular calli are preferred for 
shoot/embryo initiation.

8.10.2  �Clonal Production and Multiplication

Nodular calli induced from leaf segments are transferred onto solid media with 
lower concentrations of hormones to stimulate callus differentiation into embryo-
like structures or somatic embryos (Duval et al. 1995). Additional cytokinin such as 
6-benzylaminopurine (BAP), kinetin and 2-ip at relatively low concentrations may 
be needed in embryo production. Cultures are maintained in lit culture rooms with 
a 12/24 h photoperiod at 27 ± 1 °C and 50–60% relative humidity. Friable callus is 
preferred in setting up liquid embryogenic suspension cultures (de Touchet et al. 
1991; Teixiera et al. 1995). The friable calli are maintained on liquid media contain-
ing low concentration of 2,4-D, under dark condition (27 ± 1 °C) on rotary shakers 
(140 rpm). Somatic embryos are induced after transfer to a hormone-free medium 
and transferred onto a solid medium (de Touchet et al. 1991). Fast-growing callus 
(FGC) can be induced when explants are cultured on media with high auxin concen-
trations (Smith and Thomas 1973; Hanower and Pannetier 1982). FGCs have a very 
high growth rate and composed of dispersed clumps of meristematic cells; once 
embryogenesis is initiated, it can be intense (Duval et al. 1995). However, FGCs 
have been identified as a source of ‘mantled’ somaclonal variation (Rival et  al. 
1997). Multiplication of embryoids is done by transferring embryogenic calli onto 
a proliferation medium and subcultured at 8-week intervals. In liquid suspension 
culture, the embryos with the desired size are sieved out every 4 weeks and trans-
ferred onto fresh solid media.

Explant

Fast-
growing 
callus

Nodular 
callus

Friable 
callus

Somatic 
embryos

Embryo 
multiplication

Shoot 
development

Suspension 
culture

Root 
development

Acclimatization 
prior to planting

Fig. 8.8  Oil palm tissue culture scheme through callus, embryogenesis and plantlet development
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8.10.3  �Shoot Development and Rooting

Embryogenic cultures may produce new adventitious somatic embryos depending 
on the genotype. The addition of BA (a cytokinin) into the medium can enhance 
shoot development of somatic embryos derived from cell suspension culture 
(Aberlenc-Bertossi et al. 1999). Histological observations show the development of 
the embryogenic axis (shoot apex and root pole) after BA treatment. Embryos may 
be maintained on shoot development medium for four to six cycles of 8 weeks each 
using the same medium composition. When plantlets are 6 cm, they may be trans-
ferred into tubes for root induction.

8.10.4  �Acclimatisation

Rooted plantlets of 10–12 cm are washed with sterile water and treated with the 
auxin, indolebutyric acid (IBA), solution before transfer to planting trays containing 
an inert mixture of sand, coir dust, peat fibre and vermiculite in equal portion. The 
plantlets are placed in a shade house at a temperature of 27–30 °C. The plantlets are 
then covered with a plastic sheet to provide 75% shade and maintain a relatively 
high humidity, 90%. After 3–4 weeks, the shade and humidity are gradually reduced 
to 50% by removing the plastic cover, and the plantlets are kept for few months to 
harden off (Soh et al. 2009).

8.11  �Seed Production

Following commercial breeding procedures described above, harvested bunches 
from seed gardens are sent to seed production facilities for processing. Seed is usu-
ally sold germinated for immediate nursery planting, and seed producers need to 
supply customers with thousands of germinated seed with a well differentiated plu-
mule and radicle. Typically, plantation companies will buy seed lots of 5000–50,000 
seed per consignment, while small holder farmers will often prefer to buy seedlings 
for field planting. Seed producers are therefore involved in high-throughput seed 
delivery. In marketing terms, the main qualities of commercial seed sales are:

	1.	 High and early yield potential
	2.	 Low Dura contamination
	3.	 Disease resistance (Fusarium oxysporum in West and Central Africa)
	4.	 Good nursery performance – low percentage of ‘off-types’

Oil palm seeds do not germinate immediately because of an operculum which 
blocks the embryo from expanding and emerging from the germ pore. Usually, 
seeds are heat treated for 40–80 days (Alang 1982), and increase moisture content 
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results in the embryo being able to overcome the physical operculum barrier. Various 
seed producers of oil palm in the world have various methods to achieve high and 
uniform germination rates with a short a period as possible and to guard against 
fungal infection during storage. Variation in procedures probably reflects different 
germination requirements for different genetic materials. In seed production, the 
term ‘seed’ refers to a propagule for sale and nursery planting; botanically, this 
‘seed’ is a ‘nut’ comprising of the true seed (embryo and endosperm) protected by 
a hard shell (endocarp).

The process depicted in Fig. 8.9 and described below encompasses the main fea-
tures in producing germinated seed for commercial sale. It is also used by breeders 
to generate seedlings from crosses for progeny testing, trialling and further 
breeding.

Isolation
Selected female flowers from proven Dura mother palms grown in a seed garden are 
isolated as described above (see Section on Commercial crossing).

Pollination
The isolated female inflorescence is pollinated with pollen collected from proven 
Pisifera palms (details above; see Section on Commercial crossing).

Harvesting
Fruit bunches that have reached the age of approximately 150 days or have one 
loose fruit are harvested and transported to the processing site. The bunch label is 
retained until the bunch is received. A circular area around the mother palm must be 
kept clear of lose fruits before bunches are cut down to avoid contamination from 
other palms.

Chopping and fermentation
Bunch chopping is done to separate the spikelets from the stalk. Spikelets then fer-
mented for approximately 4 days to loosen the fruits naturally for ease in subse-
quent de-pulping.

Fig. 8.9  Seed production scheme
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Detaching fruits
Fruits which remain attached to spikelets after the fermentation period are detached 
manually.

De-pulping
Fruits are placed in a de-pulping machine to separate the mesocarp from seed (nut). 
A vertical de-pulping machine that was first designed by Escobar (1980) is now 
widely used.

Scraping
Once seeds are separated from their mesocarps, the remaining fibres must be 
removed to reduce fungal infection. Seeds are then cleaned by washing.

Treatment and air-drying before storage in a cool room
The cleaned seeds are usually soaked in a disinfectant and then soaked in a fungi-
cide and detergent/surfactant to remove surplus oil. Some seed production units 
may also use a bactericide. The seed lots are then dried for 24 h at ambient tempera-
ture in drying racks exposed to a good air flow.

Slow air-drying
Seeds undergo a slow and gentle air-drying process in drying racks for 24 h at a tempera-
ture of 19–23 °C; this equilibrates seed moisture content to 17–20% prior to storage.

Cooling and storage
Before entering the cold room, if storage is required, the seeds are placed into plas-
tic trays or polythene bags and may be stored for 6 months with minimal loss in seed 
viability provided there is no significant infection. Longer periods of storage are 
also possible but for commercial seeds, usually it would not be extended beyond 
6 months. Periodic inspections are carried out to ensure good sanitation is main-
tained, and any fungus-infected seeds are removed and destroyed. The remaining 
healthy seeds should be treated with fungicide and placed into a clean plastic tray or 
bag to continue storage. During storage, water condensation inside the trays or plas-
tic bags must be dried out to prevent fungal infection.

First soaking
Before heating, seeds need to be soaked in clean water, usually for 5 days with daily 
water changes.

Treatment and air-drying before heating
After soaking, the seeds are washed with running water for about 2 min and then 
treated with detergent and fungicide by soaking. The seed is then dried in drying 
racks for 24 h. After 24 h, samples are taken to check seed and kernel moisture 
content with a target of 18–20%. Samples may also be taken to test embryo viability 
testing. Percentage viability is then calculated; under good systems, this should nor-
mally be greater than 90%.

Heating
Seeds with the target moisture content are placed in a hot room (at about 40 °C) or 
are resoaked or dried for a longer period. During the heating period, seeds are 
sprayed with distilled water. Seeds are also checked for fungal attack. Seed weights 
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may be taken every 20 days to ensure seed moisture remains in the required range. 
Fungal infected or rotten seeds are removed and the remaining healthy seeds are 
treated with a fungicide. After fungicide treatment, the seeds are dried and returned 
to the hot room to continue the heating process.

Second soaking
After 40–60 days, the seeds are removed from the hot room and soaked for a second 
time to increase the moisture content and aid the seed imbibition process.

Treatment and air-drying before germination
Seeds that have been soaked are washed and given a fungal and bacterial treatment; 
they are then dried and checked for moisture content (22%), before entering the 
germination room. Samples are also taken to check embryo viability before starting 
the germination process and to estimate germination percentage.

Germination
Treated seeds are moved to a germination room for up to 60 days, usually at ambient 
temperature. Seeds are checked regularly for germination with the emergence of a 
plumule and radicle. Generally, seeds start to germinate 5–7 days after entering the 
germination room and selection can start 2–3 days later. Seeds must be inspected 
continually for germination and fungal infection.

Germinated seed selection
Seed producers usually have a minimum target germination of 80% or more. Quality 
control measures are used for commercial production, and usually the maximum 
length of plumule and radicle are 1.5  cm and 2  cm, respectively. Abnormal and 
fungal infected seeds are removed and destroyed. Seeds that have not germinated 
may continue in the germination room. Generally, seeds are selected after 3–5 days 
with further selections up to 60 days. Seeds that do not germinate after 60 days are 
usually destroyed (Fig. 8.10).

8.12  �Biotechnology

The interdisciplinary approach of breeding and biotechnology offers unique oppor-
tunities to improve the versatility and utility of oil palm. Biotechnological 
approaches applied to oil palm breeding have increased substantially in importance, 

Fig. 8.10  Germinated 
seeds ready for sale
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not only in micropropagation (see Sect. 8.11) but also in marker-assisted selection 
(see Sect. 8.9.4), and have the potential to enhance physiological and molecular 
studies linking phenotype to genotype, e.g. the expression of genes controlling 
flowering, abscission, disease resistance, etc.

Molecular biology provides powerful tools for genetic investigation in disease 
(Tan et al. 2013; Al-Obaidi et al. 2014), inflorescences sex determination (Adam 
et  al. 2007, 2011) and genetic mapping. Singh et  al. (2013a) analysed genome 
sequences of E. guineensis and drafted a genome sequence of E. oleifera that pro-
vided insights into oil biosynthesis genes and their regulators. The same workers 
identified mutations in the Sh gene that specify the different fruit forms found in the 
oil palm (Singh et al. 2013b), which led to genetic characterisation of Dura, Tenera 
and Pisifera seedlings (Reyes et al. 2015). However, there are many more genes of 
interest that need to be discovered, for instance, those related to yield, quality, 
height, resistance to drought, wind or pest and disease, as well as genes controlling 
novel traits related to mechanical harvesting (see Sect. 8.8).

Major recent advances in the use of DNA markers in oil palm include those for 
shell thickness determination, fruit colour and epigenetic mechanisms underlying 
the mantled somaclonal variation in clonally micropropagated oil palms (see Table 
6.1). Desired genotypes from segregating population can now be selected in oil 
palm, and this provides a new tool for plant breeding (Cros et al. 2015). There will 
be increased utility and application for these methods as more genes of interest are 
discovered and exploited in breeding.

Currently oil palm is a completely GM-free crop. Recent studies showed the 
possibility of improvement of oil quality (Tranberger et al. 2011; Morcillo et al. 
2013) by modification of Elaeis fatty acid biosynthesis pathways (Montoya et al. 
2013, 2014). Transgenic oil palms with improved fatty acid profiles may be pro-
duced for specific food and industrial use, but this has yet to be taken up as it means 
confronting sensitive issues faced by producers, processors and end users in accept-
ing genetically modified (GM) oil palm. The USA considers the technology to be 
safe, while in Europe there is a strong movement that considers genetically modi-
fied organisms (GMOs) to be potentially harmful and unacceptable as food crops. 
GM crops are considered unsafe by some groups as they claim there is a lack of 
knowledge in biological consequences of the technique; thus, GMO crops are sub-
ject to stringent regulations. Some parties may never accept GMOs, despite good 
safety and environmental credentials, but the views of the general population and 
environmentalists are less clear and may gradually change through time and as 
methods become more sophisticated and benign. In this respect, new techniques in 
gene editing are becoming interesting as several countries do not classify this as a 
GM technique.

Potential new products from oil palm include polyhydroxyalkanoate (PHA, poly-
mers with diverse plastic-like properties) and polyhydroxybutyrate (PHB, a biode-
gradable plastic). At present, bacterial fermentation is used for production (Urtuvia 
et al. 2014), but production of PHA from plants such as oil palm (Tilbrook et al. 
2011) is feasible (Masani and Parveez 2008; Zhang et al. 2013; Parveez et al. 2015).
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8.13  �Future Prospects and Outlook

Oil palm is a major world crop and will remain the number one oil crop for the 
foreseeable future. The prospects for oil palm improvement through plant breeding 
are extremely bright as there is immense scope for both conventional and new 
breeding practices.

Conventional breeding relies on access to genetic variation, and although this has 
been a bottleneck in the past, rich germplasm resources have been assembled 
through cooperation between major oil palm-producing countries (SE Asia) and 
countries with primary, wild-type germplasm (West and Central Africa). In other 
crops, such as wheat and rice, access to new genetic variation, especially genes for 
semidwarf stature, ushered in massive increases in yield which stabilised food secu-
rity, the ‘Green Revolution’. The germplasm available to breeders has never been so 
great. And in addition to tapping natural variation, mutation induction programmes 
have been initiated in oil palm; these promise to produce desired traits directly into 
elite lines, thus speeding up the breeding process and providing new plant forms and 
products. With the development of cryopreservation in oil palm, these genetic stocks 
no longer need to be maintained as living palms, which take up vast areas of land, 
but may be stored in the laboratory.

Traditional breeding has been carried out using phenotypic selection, typically 
from observations and data collection from field trials. With the advent of genetic 
markers, breeding can now be carried out via genotypic selection whereby DNA of 
progeny are screened for markers associated with genes of interest; thus, shell thick-
ness determinations can be made prior to field planting saving both time (it takes 
3–5 years to first bunch production for phenotyping from seed germination) and 
space (sterile Pisifera can be eliminated from yield trials). A significant break-
through in respect to genomic selection is the development of whole genome 
sequencing of oil palm. This now facilitates the identification of genes controlling 
traits of interest and at the same time provides genomic tags for detection. In addi-
tion to using DNA diagnostics for target traits (aggressive breeding), widespread 
DNA markers can be used to monitor the genetic background, thus allowing the 
selection of genetic backgrounds known to be important for successful cultivar per-
formance (defensive breeding).

There are many traits that can now be targeted for future oil palm improve-
ment, and it is impossible to predict all that will emerge as important, but they will 
most certainly include traits for yield (including hybrid vigour) in terms of bunch 
production but more importantly increases in % oil, disease (Fusarium and 
Ganoderma) resistance, mechanical harvesting (smaller bunches, fruit colour, 
long bunch stalk, late and low individual fruit abscission), material for more mar-
ginal environments and oil quality (product diversification, oils for specific end 
users). Input use efficiency is clearly a complex of physiological systems but all 
with a genetic base that can now be delved into and exploited. The higher yield 
will probably be partially achieved by increasing harvest index, and increasing 
yields per hectare may be achieved by planting smaller palms at higher den-
sity and via F1 Hybrid cultivation.
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If weather patterns continue to change, e.g. resulting in dry spells being normal 
in environments where traditionally there has been no water deficit, then selecting 
material for such environments will become a priority, and increasing yields with-
out also increasing the monthly peaks (and troughs) of bunch production will 
become an issue.

There are currently principally two serious diseases that threaten the oil palm 
industry, Fusarium oxysporum and Ganoderma boninense. There are also a few 
insect pests that often threaten oil palm plantations but with informed approaches 
can be kept under control. The current oil palm planting practices are an issue: the 
planting of large continuous areas of oil palm with successive replanting with no 
rotation, fallow or break crop has to be changed, but as part of an integrated man-
agement approach, the planting of commercial material with levels of resistance/
tolerance will become increasingly important. It is becoming accepted throughout 
the industry that it is pointless fighting against the biology but a need to work with 
it. The use of integrated management is thus becoming more and more one that is 
seen as being essential.

A general activity in breeding is the capture of both phenotypic and genotypic 
data from individuals of progeny from crosses made. These datapoints are now 
numbered in the hundreds of thousands and will continue to grow. Data storage 
therefore requires large computing capacity, and data evaluation will require skills 
in bioinformatics, which is becoming established as a central new tool in plant 
breeding.

Future challenges for oil palm breeders are to produce new cultivars that give 
higher yield per unit land area, per worker and per unit area of water which meet 
new market demands and are more sustainable and environmentally friendly, and so 
doing do not just continue the economic viability of this crop but also create a truly 
more sustainable and environmentally friendly oil palm industry. Meeting standards 
for this ‘Evergreen Revolution’ can only be realised by investment in research and 
development.
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Chapter 9
Sugarcane (S. officinarum x S. spontaneum)

Marvellous Zhou

9.1  �History of Cultivation

Sugarcane has been cultivated for thousands of years, beginning in the prehistoric 
era (Ming et al. 2006). Sugar was mainly produced from three Saccharum species. 
S. officinarum was the main species grown in New Guinea, S. barberi in India and 
S. sinense in China. The species S. barberi was distributed from India to various 
countries in the Middle East, the Mediterranean and the New World in the late four-
teenth century. S. officinarum, also known as noble cane, was the main sugar-
producing species and is characterised by thick stalks with high-sucrose content and 
only found under cultivation in the tropical regions of the world. The rediscovery of 
the S. officinarum clones in the eighteenth century provided the basis of commercial 
production of sugarcane in many countries (Berding et al. 2004) and led to rapid 
spread of sugar industries in the tropical and subtropical regions (Ming et al. 2006).

Sugarcane is a plant that accumulates high sucrose content in its stalk. Sugarcane 
is a perennial grass that does not tolerate severe frosts. Sugarcane centre of origin is 
in Southeast Asia around New Guinea where farmers chewed sugarcane plant for its 
sweet juice (Barnes 1964). The earliest known sugar production began in Northern 
India. Sugarcane cultivation spread to tropical and subtropical regions of the world. 
Currently, sugarcane is grown in south-western Europe, Africa, Asia, Australia, the 
USA, Mexico and Southern America (FAOSTAT 2014). Most of the world’s sugar-
cane is grown between 22°N and 22°S and some up to 33°N and 33°S of the equator 
extending from tropical to subtropical zones.

Brazil is the largest producer of sugar with countries like China, India and 
Pakistan within the top five producers. Sugarcane cultivation plays a significant role 
in the economy of many countries. Brazil, India and China are prominent producers 
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of sugar, while India and China are major consumers of sugar, and these three coun-
tries control the world markets (Gopinathan 2010). Approximately 70% of the 
world sugar is from sugarcane and 30% from sugar beet. Sugarcane is also becom-
ing a major biofuel crop with ethanol being produced from sugarcane juice, while 
the residual fibre can be burned to generate electricity (Leal et al. 2013).

9.2  �Biology

The ability of the sugarcane plant to produce and accumulate high sucrose content 
in the stems has made it a major crop for sugar production (Alexander 1985). 
Several studies on sugarcane morphology (Artschwager 1925, 1930, 1940, 1951; 
van Dillewijn 1952) provide comprehensive description of the plant. Sugarcane has 
the C4 pathway of photosynthesis (Hatch 2002). The C4 pathway provides a highly 
efficient mechanism of converting carbon dioxide to carbohydrates.

The only time sugarcane is propagated from true seed is during plant breeding. 
During propagation in commercial planting and testing stages in plant breeding, the 
crop is planted from vegetative material. The vegetative propagation provides a 
stable genetic makeup with no recombination after crossing.

The sugarcane plant is made up of the roots, stalks, leaves and flowers (van 
Dillewijn 1952). The roots form the underground portion of the plant and are used 
to anchor the whole plant. The roots are divided into anchor roots that provide sup-
port for the plant and superficial roots that are largely used for extracting nutrients 
and water from the soil (Barnes 1964).

After germination, the plant forms shoots and tillers. The tillers develop into 
stalks where sugar is stored during photosynthesis. Tillering and number of stalks 
per plant vary across genotypes and form the basic yield component for cane yield. 
The stalk is made up of the node and internode. The node is where the leaves attach 
to the stalk and also the location of the buds. The internode is located between the 
nodes and is made up of large storage tissue for sucrose. The buds are located at the 
base of each internode and are the growing point from where the plant shoot emerges 
at planting.

The major components of the sugarcane leaf are the sheath, midrib and leaf blade 
(Nelson 2011). The leaf sheath wraps around the stalk and is attached at the node 
and acts as an anchor for the leaf blade. The blade is attached to the leaf sheath and 
grows on either side of the midrib. The leaf midrib is made up of thick tissues and 
offers support or anchorage to the leaf blade. The leaf sheath and blade sizes vary 
across genotypes. The leaf sheath is sometimes loosely attached in some genotypes 
that are referred as self-thrashing.

Flower induction in sugarcane is controlled by photoperiod. During flowering, 
the sugarcane plant apical meristem changes from vegetative to reproductive (van 
Dillewijn 1952; Moore 1971; Clements 1975). After the transition, the formation of 
leaves ceases and the sugarcane flower develops, signalling the end of vegetative 
growth. The flower will eventually emerge in May to August in the Southern 
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Hemisphere. The biology of flowering in sugarcane represents a significant con-
straint to its breeding efforts, and in order to address its needs of a narrow photope-
riod and temperature range, most sugarcane breeding programmes have developed 
either very specialised crossing stations, sometimes far away from breeding activi-
ties and commercial planting, or sophisticated chambers or greenhouse-like infra-
structure to control temperature and photoperiod. Both approaches add significant 
expenses and logistic complexity to sugarcane breeding programmes.

9.3  �Genetics

Saccharum species have a complex genome and are characterised by high levels of 
polyploidy. Several species make up the Saccharum complex. These include 
Saccharum officinarum, Saccharum spontaneum, Saccharum robustum, Saccharum 
barberi, Saccharum sinense and Saccharum edule. The chromosome numbers vary 
across species. The chromosome number of S. officinarum is 2n = 80 with a basic 
chromosome number of 10. Saccharum spontaneum has a chromosome number of 
2n = 40–128 (Sreenivasan et al. 1987), with a basic chromosome number of eight or 
ten. Saccharum robustum is a diverse sugarcane species that grows in the wet trop-
ics and is known to have 2n = 60 and 2n = 80 chromosome numbers. Saccharum 
barberi and S. sinense are thought to be intergeneric hybrids produced by inter-
breeding of other species. Saccharum barberi has a chromosome number of 
2n = 111–120 and S. sinense have 2n = 80–124 chromosomes (Daniels and Roach 
1987), and both are speculated to be hybrids of Saccharum spp. complex. Saccharum 
edule is a cultivated species thought to be a product from introgression of S. offici-
narum or S. robustum with other species. The chromosome number of S. edule is 
2n = 60–80 with prevalent aneuploidy. Modern cultivars are made up of 70–80% of 
chromosomes derived entirely from S. officinarum, and 10% to 20% are from S. 
spontaneum, with 10% to 20% recombinations (Grivet et al. 1996; D’Hont et al. 
1996; Piperidis and D’Hont 2001). The modern cultivar range in chromosome num-
bers from 90 to 130.

Modern sugarcane hybrids are polyploids made up of two genomes. The two 
genomes that have contributed to modern hybrids are S. officinarum and S. sponta-
neum. S. officinarum is the source of sugar, while S. spontaneum is the source of 
genes for wide adaptability and disease and pest resistance. S. spontaneum is found 
in almost all continents and is widely adapted to several environments including 
deserts, swamps and hot and cold environments. As a result, S. spontaneum is a 
source of genes for wide adaptability to modern sugarcane commercial hybrids. S. 
officinarum is found only in Papua New Guinea, its centre of origin. In its centre of 
origin, S. officinarum is found in gardens where it has been cultivated for centuries. 
Additionally, very few clones of S. officinarum exist, and all are found under domes-
tication. In contrast, S. spontaneum is found in all continents and in the wild. Several 
clones of S. spontaneum exist in the wild and in wild species collections of several 
breeding programmes.
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Sugarcane polyploidy ranges from 8 to 14 copies of chromosomes, with indi-
vidual chromosomes and alleles in varying numbers. The genome of modern sugar-
cane cultivars is highly polyploid (~12×), characterised by frequently unbalanced 
number of chromosomes which is also known as “aneuploidy” (D’Hont 2005). Its 
size and complexity represent a major challenge for the isolation of agronomical 
important genes (Sreenivasan et al. 1987). The nature of polyploidy varies with sug-
arcane species. For example, S. edule is a form of aneuploidy. S. officinarum is not 
a simple polyploid, and it is both allopolyploid and autopolyploid which behaves 
like a diploid (Stevenson 1965).

9.4  �Germplasm Intra- and Interspecific

Sugarcane germplasm is made up of Saccharum complex and related species. The 
Saccharum complex is made up of S. officinarum, S. spontaneum, S. robustum, S. 
sinense, S. barberi and S. edule. Other related species include Erianthus, Miscanthus, 
Narenga and Sclerostachya (Daniels and Roach 1987). Two species, S. spontaneum 
and S. robustum, are found growing in the wild. The other four species, S. officina-
rum, S. barberi, S. sinense and S. edule, are only found under cultivation. Therefore, 
the truly wild Saccharum are S. spontaneum and S. robustum, while the rest are 
largely cultivated species. S. officinarum was cultivated for centuries in New Guinea, 
while S. barberi was cultivated in India and S. sinense was cultivated in China. S. 
officinarum was used widely for sugar production and originated from New Guinea 
and Melanesian or Polynesian islands (Brandes 1958; Mukherjee 1957). Some sci-
entists believe S. officinarum evolved from S. robustum (Grivet et al. 2006). The low 
fibre and low impurities in juice of S. officinarum make it a suitable source of genetic 
material for developing cultivars for commercial sugar processing.

Interspecific hybridisation between S. officinarum and S. spontaneum and further 
backcrossing to S. officinarum in a process known as nobilisation produced most of the 
modern sugarcane cultivars (Price 1963). Two to three backcross cycles to S. officina-
rum produced genotypes with high sucrose content. Recent introgression breeding has 
continued to utilise S. officinarum as a donor parent. Erianthus genus has attracted a lot 
of interest among sugarcane breeders because of its ability to impart resistance to pests 
and diseases. Resistance to borers and white grubs (Mukunthan and Nirmala 2002) has 
been reported in research. Miscanthus has also attracted interest in recent years as a 
source of genes for biomass breeding for second-generation ethanol production.

9.5  �Crossing Approaches

Crossing approaches used are aimed at increasing genetic diversity of commercial 
traits. The crossing approaches aim to maximise potential of additive genetic effects 
for the several traits of commercial importance. Therefore, parent selection 
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identifies those genotypes that possess high breeding values. The breeding value of 
parents is determined using progeny data obtained from family plots in the early 
stages of clonal selection plots (Aitkin et al. 2009). Only parents known to have 
high breeding values are selected for planting in crossing facilities. The parental 
genotypes are classified in populations or groups, and each group is made up of 
genotypes that possess high breeding values of the required traits. Parent selection 
then selects individual genotypes from these groups which are then subjected to 
photoperiod treatment in matching treatments. Because of variable flowering and 
days to flowering in subtropical countries such as South Africa, crossing between 
groups with known desirable trait combinations helps achieve better cross combina-
tions than aiming for predesigned biparental crosses.

At SASRI, the selected parents are planted in six photoperiod treatments, three 
in the photoperiod house and three in the glasshouse. The photoperiod treatments 
are designed to have early, mid- and late flowering each for the photoperiod house 
and glasshouse. The early flowering treatment in the photoperiod house is matched 
with an early flowering treatment in the glasshouse. Each genotype is planted to 
at least six plants in each target photoperiod treatment to ensure the probability of 
recovering a flower for crossing. The photoperiod house is used for generating 
male parents, while the glasshouse is used for generating female parents. Male 
parents are expected to excel in the production of pollen and should possess at 
least 30% pollen viability measured using iodine pollen stain. The photoperiod 
house is used for producing male parents because there is better control of tem-
perature, humidity and light to induce flowering as well as maintain pollen viabil-
ity. The female parents are expected to produce very little pollen, less than 30%. 
Further, female parents should have very low levels of selfing. Selfing is tested by 
collecting seed from a flower that has not been cross-pollinated and determining 
the amount of viable seed compared to another flower that has been cross-polli-
nated. High level of selfing is undesirable in female parents. The photoperiod 
treatment allocation is based on knowledge of data collected from previous geno-
type flowering time. Early flowering genotypes in the glasshouse are designed to 
produce female flowers to be crossed with early flowering male flowers from the 
photoperiod house.

The glasshouse also acts as a crossing facility at SASRI. The glasshouse is sub-
divided into compartments where crosses are made. The compartment acts as a 
barrier to prevent pollen contamination between adjacent crosses. During crossing, 
the male plant is placed above the female plant in the compartment. Every morning 
between 6 and 8 AM, the male flower is gently shaken to allow the pollen to be 
released and drift downwards to the female anthers below to facilitate crossing. The 
temperature in the glasshouse is maintained between 18 and 25 °C, and humidity is 
maintained above 70%, the optimum temperature and humidity for pollen 
development and viability. After 2 weeks from crossing, pollen shedding reduces 
significantly, and the female plant is then transferred to a ripening area under the 
same temperature and humidity control to facilitate seed development, maturity and 
ripening. The matured seed is harvested, dried and stored in vacuum-sealed bags at 
−20 °C until required for sowing. The male plant is discarded.
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Three mating designs are commonly used at time of crossing in sugarcane. These 
are biparental crosses, melting pot and male only. With biparental crosses, one female 
genotype is crossed with one male genotype. This mating design provides greatest 
genetic control as the source of pollen is known. This design also provides better 
evaluation of parental genotypes. The second mating design used is the melting pot 
where several male plants from different genotypes are used to pollinate a single 
female plant. The source of pollen remains unknown. This type of design can be used 
with, for example, at least two male genotypes that possess several desirable traits 
required from the progenies but not possessed by the female parent. The design has 
also been used during introgression breeding where several male genotypes are 
crossed to a single female with desirable background genetic makeup. The seed is 
collected from the female parent and the male plants are discarded. The third cross-
ing design is the male only. With male only, at least two male genotypes that both 
produce high pollen are allowed to outcross and exchange pollen. Seed is harvested 
from both plants. The pollen source is unknown particularly when more than two 
parents are involved. This design is used to sample different cross combinations. The 
melting pot and male only are sometimes combined during crossing. In this case, 
several male plants donate pollen to a female plant as well exchange pollen among 
themselves. Seed is collected from the female plant as well as the male plants.

9.6  �Breeding Approaches

Sugarcane being a clonal plant limits the breeding schemes that can be applied. 
However, since the beginning of the modern error  of sugarcane breeding, a few 
breeding schemes have been used successfully, and new schemes continue to evolve 
in future. Backcross breeding has been applied in early days of nobilisation (Price 
1963). During backcross breeding, S. officinarum clones (female parent) were 
crossed with S. spontaneum (male parent) to produce F1 progenies. The progenies 
were evaluated, and selected progenies backcrossed to S. officinarum as the female 
parent to produce BC1 population. The objective of backcrossing was to eliminate 
undesirable S. spontaneum genes and increase desirable genes from S. officinarum 
such as high sucrose content and low fibre. The progenies were further evaluated 
and selected. The selected progenies were then again backcrossed to S. officinarum 
to produce BC2 populations. The process is repeated until the progenies have high 
sucrose content with good traits from S. spontaneum such as wide adaptability, high 
ratooning ability and pest and disease resistance.

The second breeding scheme used has been the proven cross and proven parent 
system. This breeding scheme was used to evaluate crosses and parents (Skinner et al. 
1987). The proven cross was implemented by evaluating the number of advanced 
genotypes across the different stages of a breeding programme. Crosses that produced 
the highest numbers of advanced genotypes across stages were classified as proven 
crosses and were repeated several times, and more seedlings were raised from these 
crosses for further selections. In the same system, parents that produced proven 
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crosses were also considered as proven parents and were used more frequently in 
future crosses. The advantage was that very little statistics other than advancement 
numbers were used to determine proven cross and proven parents. Major advances in 
several breeding programmes were made using the proven cross system (Heinz and 
Tew 1987; Skinner 1982; Sukarso 1986). However, the disadvantage was that it took 
years to have advancement data and quantify the value of proven crosses and parents. 
Further, because of the method of collecting data, bias towards few families also 
occurred because the so-called proven cross continued to be planted in large numbers 
at the expense of testing new crosses and parents creating a potential to limit introduc-
tion of new genetic diversity in breeding programmes (Walker 1963).

In recent years, family evaluation and selection has created a new breeding 
scheme that evaluates families or crosses using objective data (Jackson and McRae 
1998; Kimbeng and Cox 2003; Pedrozo et al. 2011; Zhou 2014). With family evalu-
ation, progenies from a family are planted in replicated family plots. Data collected 
are analysed to determine elite families from where selection for elite progenies is 
focused. The same data used for family evaluation are also used to evaluate the 
parents that produced the families. Breeding value which is the ability of a parent to 
produce elite families is estimated from the family data. The advantage of family 
evaluation is that new families can be objectively compared to known elite families 
using objective data and a statistic. With respect to parent evaluation, breeding val-
ues of new parents are also compared to those of known parents to determine their 
value in breeding programmes. The bias associated with proven cross and parent is 
significantly reduced, and new crosses and parents get evaluated objectively.

Another breeding scheme adopted is introgression breeding. A lot of interest in 
sugarcane introgression breeding has increased to broaden genetic diversity of breed-
ing and selection populations (Berding and Roach 1987; Jackson et al. 2014). Greater 
interest to introgression with S. spontaneum, Erianthus and Miscanthus has increased. 
S. spontaneum, because of its wide genetic diversity emanating from the wide diver-
sity of clones from diverse centres of origin, has been exploited to diversify the 
genetics of commercial breeding populations (Berding and Roach 1987; Hale et al. 
2010, 2014). The diversity being exploited is expected to increase the adaptability 
range of future commercial cultivars, create high biomass cultivars for bioenergy 
(Wang et al. 2008) and increase pest (Jackson and Dunkelman 1974; White et al. 
2001) and disease resistance (Koike 1980; Hale et  al. 2010; Costet et  al. 2012). 
Erianthus genus introgression is being used to tap into its high levels of pest and 
disease resistance and high biomass production (Jackson and Henry 2011). Several 
breeding programmes have incorporated these introgression breeding schemes.

9.7  �Traits

In sugarcane, traits of economic importance include cane yield, sucrose content, 
yield stability and ratooning ability, pest and disease resistance, early maturity and 
agronomic characteristics. The importance of the different traits varies widely 
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across different environments. Cane yield is the primary trait that is important to the 
sugarcane grower and determines the quantity of raw material supplied for sugar 
processing. Another commercially relevant trait is the tonnage of sugar per hectare. 
Generally, growers prefer high cane yield. Associated with cane yield is the yield 
stability, which is the ability of a cultivar to produce high yield across different 
environments such as soil types, management, seasons and weather-determined 
growing conditions. High yield stability provided sustainability for the sugarcane 
grower (Zhou and Shoko 2012a). Ratooning ability refers to the practice used in 
sugarcane growing where several crops are harvested from the same planting (Zhou 
and Shoko 2012b). With ratooning, after harvesting, the underground stems produce 
shoots and roots and regrow to produce the next crop. In extreme cases, some culti-
vars such as NCo310 (Donovan 1996) and NCo376 (Nuss 2001; Zhou 2004) are 
known to have produced high cane yield after more than 35  years of sugarcane 
ratooning. Ratooning significantly increases sugarcane production economics 
because it costs significantly less to maintain a crop than to plant and establish. The 
expensive land preparation required and sourcing vegetative planting material that 
is bulky and costly to deliver to the planting field all add to the value of ratooning in 
sugarcane production. Therefore evaluation and selection for ratooning require that 
field trials be harvested for more than two ratoon crops in variety development trials 
in South Africa.

Sugar is the product that is marketed in sugarcane production. Sugar yield is a 
product of cane yield and sucrose content. Therefore breeding for high sucrose con-
tent is another important objective in sugarcane (Lingle et al. 2010). High sucrose 
content cultivars that produce high cane yield increase economics of sugarcane pro-
duction. Sucrose content is also associated with crop maturity. Cultivars that mature 
early and those that accumulate high sucrose content during unfavourable growing 
conditions are more desirable. During cultivar evaluation, sucrose content is also 
tested from 4 months before the targeted month of harvesting to determine maturity 
trends and curves that are in turn used to guide time of harvest of the cultivar when 
recommended for release. When sugarcane is grown further away from the process-
ing factories, it is more efficient to transport per unit of sugar produced to high-
sucrose cultivars for processing. High-sucrose cultivars also increase factory 
processing efficiency because it is more efficient to extract sugar than in low-sucrose 
cultivars. High-sucrose cultivars also possess low fibre, further reducing the loss of 
sugar in waste fibre during processing.

Pest and disease reduce yield and quality by damaging the plant in the field. In 
South Africa, the major pest is Eldana saccharina (eldana) stem borer (Atkinson 
and Nuss 1989; Rutherford 2015). The stem borer causes significant losses in yield 
and quality by tunnelling the internodes and feeding of the nutrients in the plant tis-
sues. It is the larvae stage of the borer that causes economic damage. Chemical 
control of the larval stage is impossible because the larvae stay and feed inside the 
stalk. Therefore chemical control is only possible for the adult moth which emerges 
from the stalk. As a result, repeated chemical sprays are required to target repeated 
adults emerging from the stalk.
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In South Africa, the major diseases of sugarcane are mosaic (Sugarcane mosaic 
virus), smut (Sporisorium scitamineum.), rusts (Puccinia melanocephala; Puccinia 
fulvous; Puccinia kehnii), ratoon stunting disease (Leifsonia xyli) and pokkah boeng 
(Fusarium spp.). Smut causes the plant to produce spindly stalks that are not mill-
able resulting in yield losses. The infected plants produce smut whips that carry and 
spread billions of spores that further infect adjacent plants increasing the infection 
and losses to smut. While smut can be controlled by chemical dipping at planting 
and rouging smut-infected stalks before they spread disease, resistant varieties form 
an important part of integrated disease management. Mosaic infects the plant 
through aphids and infects the leaves resulting in reduced growth of plants and loss 
of yield. Leaf rusts include brown and tawny rust in South Africa. Orange rust, 
although not present in South Africa, is spreading to most sugarcane-growing 
regions. Rusts that infect leaves cause death of leaf tissue, reducing the photosyn-
thetic area which leads to loss of yield. Breeding for these diseases provides the 
most effective control measure. The outbreak of orange rust in Australia and Brazil 
resulted in a major shift in cultivars and significant efforts to breed for resistance. 
Recent outbreak of smut in Australia resulted in intensive breeding for smut resis-
tance. These outbreaks caused major panic and yield losses but also highlighted the 
impact of breeding for resistance in sugarcane.

9.8  �Field Trialling and Selection Approaches

Sugarcane breeding starts with crossing to generate variability and is followed by 
several field selection and testing stages. Several breeding programmes across the 
world have adopted different field selection and testing stages. However, the overall 
aim of these stages is to identify clones with superior combinations of commercial 
traits and to test their adaptability in the target environments for commercial pro-
duction. In general, all breeding programmes start with seedlings germinated from 
true seed. The populations of seedlings undergo selection through several stages 
until fewer and most adapted genotypes with desirable commercial potential are 
identified and recommended for release. In this review, the field trialling and selec-
tion approaches used at the South African Sugarcane Research Institute (SASRI) 
breeding programmes will be described. Where possible, references will be made to 
similarities and differences with other breeding programmes.

The SASRI breeding programmes have five stages starting with seedlings 
(Table 9.1). True seeds for all breeding programmes are germinated in a glasshouse 
located at Mount Edgecombe research station in Durban. Crosses made from elite 
parents are selected for sowing. Crosses tested in previous trials that have shown 
potential are selected for planting in large numbers to generate populations for 
selecting commercial genotypes. Additionally, crosses made from test parents are 
planted in small numbers to test their commercial potential.

Before sowing, trays are prepared with three layers made up of the bottom layer 
of concrete stones, followed by a layer of sieved river sand and then a top layer of 
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peat moss. Peat moss is a decomposed plant material with very high organic matter. 
The fuzz seed of the selected crosses is sown on the top layer of peat moss. The fuzz 
is manually spread by hand on the layer of peat moss. The spread fuzz is then cov-
ered with a layer of peat moss. The sown seen is taken into a glasshouse and laid on 
rails and then watered regularly. The temperature in the glasshouse is maintained 
between 30 and 35 °C for optimum germination. The seed starts germinating after 
36 h. After 1 week from sowing, seedlings are counted to determine the germina-
tion. The seedlings are then taken outside the glasshouse for further growth and 
hardening. At 5 weeks after germination, the seedlings are shipped to the respective 
breeding stations for transplanting into bricks.

The germination estimates are used to generate experimental designs for the 
seedlings to be transplanted into bricks. The seedling numbers in a tray (made up of 
one cross) are divided by three. Each set of seedlings in a tray is randomly assigned 
to one of three replicates to generate a randomised block design. This design is used 
to plant seedling in bricks and is carried across the next stages (1, 2, 3) where indi-
vidual genotypes are not replicated.

Each brick is made up of six holes, each hole being 5 cm wide by 5 cm long and 
5 cm deep. The bricks are laid on a concrete slab. The plant material is made up of 
a mixture of sand, topsoil and compost in a 1:1:1 ratio. Each seedling in a cross is 
planted in a hole. Seedlings from a plot within a replicate will be from an individual 
cross. After transplanting, the seedlings are watered three times a day using an auto-
mated irrigation system. NPK fertiliser is applied in a ratio of 5:1:5 every week to 
replenish the nutrients leached by frequent irrigation. The uniform soil media pro-
vide for uniform growth of seedlings. At this stage, the crosses of families are evalu-
ated for growth vigour and diseases. The most frequently observed disease is brown 
rust. Seedlings showing symptoms of brown rust are discarded from the seedling 
nursery, a form of selection. The seedlings are left in the nursery for 9 months until 
they form internodes and stalks that are at least 1 m long. The 1 m stalks per seed-
lings are harvested and bundled together for transplanting in the field (Table 9.1).

In stage 2 (mini-lines), the 1 m stalks are planted in 1 m long plots spaced 1 m 
apart within the row and 1.1–1.5 m apart between two adjacent rows. The rows are 
set up in a tramline fashion where two adjacent rows are followed by an unplanted 
row. The unplanted row provides access to the plots for data collection and assess-
ment during visual selection. The seedlings in the field are managed like commer-
cial crops. Therefore the first field stage in the breeding programme is planted like 
clonal crops. The mini-lines are left to grow until crop maturity for each of the 

Table 9.1  Stages of the SASRI breeding programmes

Stage Description Genotypes Plot size Replication

1 Seedlings 250,000 1 plant Families replicated
2 Mini-lines 175,000 1 row × 1 m Families replicated
3 Single lines 20,000 1 row × 8 m Families replicated
4 Observation 2000 2 rows × 8 m Three replication per genotype
5 Variety trial 125 5 rows × 8 m At least 3 reps and 5 locations
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breeding programmes. During growth, regular inspections are done, and incidences 
of diseases such as smut, mosaic, rust, pokkah boeng are recorded. At crop maturity, 
the first 20 mini-lines in each plot are used to collect data. The total number of stalks 
for each mini-line is counted; the height of the mini-line and the diameter of three 
representative stalks are measured. The stalk parameters are used to estimate the 
cane yield of each mini-line using an empirical formula (Miller and James 1974; 
Gravois et al. 1991; Chang and Milligan 1992). One stalk each is randomly sampled 
from each of the first 20 mini-lines in a plot and bundled together. Each stalk is 
assessed for eldana entry and exit holes, and the number of stalks with eldana entry 
and exit holes is recorded. The bundles are analysed for quality parameters such as 
Brix and sucrose and fibre content at the sucrose laboratory. The data for yield, qual-
ity, eldana and disease scores is analysed for family effects. Families that possess 
the best combinations of yield, quality, eldana and disease scores are identified from 
where visual selection of genotypes with desirable commercial potential is focused. 
More genotypes are selected from families with higher potential.

Stage 3 (single lines) is planted from genotypes selected from stage 2. Each 
genotype is planted to 1 row by 8 m long spaced 1.1–1.5 m between rows, depend-
ing on the agro-ecological region. After every 20 genotypes, a control cultivar is 
planted. The crop is managed in a similar way like a commercial sugarcane crop. 
During crop growth, disease inspections and scores are recorded regularly for all the 
important diseases. At crop maturity, the number of stalks is counted, plant heights 
are measured at three positions in the plot and stalk diameter is measured from three 
random stalks. These measurements are used to estimate cane yield using empirical 
formula (Miller and James 1974; Gravois et al. 1991; Chang and Milligan 1992). 
Twelve random stalks are randomly chosen from each plot and used to estimate 
quality parameters from the sucrose laboratory. These 12 stalks are also examined 
for eldana entry and exit holes, and the number of bored stalks is recorded. The data 
is analysed using logistic regression procedures in SAS to estimate selection predic-
tion (Zhou 2013). Genotypes with optimum combinations of the commercial traits 
are selected using analysis output and visual field assessment for further testing.

Stage 4 (observation variety trials) is planted from elite genotypes selected from 
stage 3. Each genotype is planted to three replications. The designs used are incom-
plete block designs because of the large number of genotypes as well as the desire 
to control field variability. Alongside the trial, a propagation plot of each genotype 
included in the trial is planted. The trials are managed in a similar way to commer-
cial crops. During crop growth, the trials are regularly inspected for diseases. At 
crop maturity, harvesting involves cutting and weighing each plot separately. The 
cane is weighed using a hydraulic operated and tractor-mounted scale. Twelve stalks 
are randomly picked from each plot and sent to the laboratory to determine quality 
parameters. Twenty stalks from each plot are randomly chosen and split. The 
number of internodes on each stalk is counted. The number of internodes with 
eldana entry and exit holes is counted and recorded and used to estimate percentage 
of eldana bored internodes. The data is collected in the plant and ratoon crop. The 
data collected is subjected to combined analysis of plant and first ratoon and used to 
determine the genotypes that possess the best combination of commercial traits. The 
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genotypes that possess the best combination of desirable traits must also produce 
high yields in both plant and first ratoon crops. The selected genotypes are planted 
in the final stage of testing.

Stage 5 (variety trials) is planted to the elite genotypes with the greatest chance of 
achieving commercial potential. Each trial is designed using incomplete block designs 
to increase efficiency of accounting for field variability. Each trial is planted at three 
replications. Each trial series is planted at five locations to sample the variations in the 
agro-ecological regions for differences in soil type and other production conditions. 
The genotypes are tested for genotype by environment interaction (GxE) and wide 
adaptability. The trial data are collected in the plant, first and second ratoon crops to 
measure ratooning ability. The same set of genotypes is planted in eldana, smut and 
mosaic screening trials to determine reaction to pest and diseases for commercial 
recommendation. Data for cane yield, quality, eldana and diseases is collected as for 
observation variety trials. The combined analysis across trials and ratoons is used to 
identify the most adaptable genotypes that are recommended for release as cultivars.

9.9  �Tissue Culture and Clonal Production

The only stage in sugarcane breeding planted from true seed is the seedling stage. 
All other stages are propagated from vegetative cuttings from the stalks. Therefore 
stages 2, 3, 4 and 5 are planted from vegetative material. As a result, no genetic 
recombination occurs after crossing. In each breeding cycle, only one opportunity 
for genetic recombination exists at crossing.

Tissue culture has also been used to accelerate propagation of cultivars. Tissue 
culture has been adopted in several countries including South Africa because it 
facilities propagation of large numbers of plants in a very short time. Tissue culture 
also provides the ability to produce disease-free plantlets for commercial seed cane 
production and allows the movement of disease-free planting materials over large 
distances at lowest cost as plantlets. However, the capital equipment and expertise 
to have a fully functioning laboratory are high for small breeding programmes.

9.10  �Seed Production and Marketing

In sugarcane, there is very limited controlled seed production and marketing. The 
most critical seed cane is the initial seed cane source after a variety has been 
released. After release, because of the vegetative nature of the plant propagation, 
most sugarcane growers propagate their own seed cane material for their commer-
cial plantings. However, there are some fundamental procedures that are recom-
mended to ensure good quality seed cane and limit the spread and movement of 
pests and diseases as well as ensure good establishment required to guarantee good 
and sustainable commercial yields.
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Firstly, two major stages of commercial seed cane production are recognised. 
These are foundation and commercial seed cane source. The foundation seed cane 
is propagated from seed cane material that has been hot water treated. Hot water 
treatment is used to control and eliminate ratoon stunting disease, a bacterial disease 
of sugarcane that causes yield reduction in ratoon crops. Hot water treatment also 
kills eldana larvae, further ensuring eldana-free plant material. The hot water-
treated vegetative material is planted into a nursery. This nursery will provide seed 
cane for planting the commercial nursery. The commercial nursery acts as a source 
of seed cane for commercial plantings. Seed cane marketing is localised as growers 
exchange seed cane among themselves.

9.11  �Biotechnology

Advances in biotechnology have produced several new technology and techniques 
that will increasingly be applied in plant breeding. Molecular breeding is increas-
ingly being used to supplement and complement conventional sugarcane breeding. 
Plant breeders and molecular biologists are increasing exploring mechanism and 
methods of integrating molecular techniques with conventional breeding. In sugar-
cane breeding, the applications of molecular technology particularly DNA markers 
have been in fingerprinting clones for precise identification (Pan 2010). DNA mark-
ers have also been used for determining hybrids after crossing and the parents of 
progenies (D’Hont et al. 1995). The application of DNA markers in genetic diver-
sity studies (Alwala et al. 2005; Arro et al. 2006) has aided in importation of new 
clones as well its utilisation.

Progress in marker trait association studies (Zhou et al. 2012) and QTL studies 
(Alwala et al. 2009) has shed light on potential identification of markers for future 
applications in marker-assisted selection. Despite the wide range of research on 
genetic linkage maps (Alwala et al. 2008; Aitken et al. 2007), most of the markers 
identified have proved not useful for application in marker-assisted selection. One 
of the reasons is the limited genetic coverage of markers derived from linkage maps 
constructed from biparental crosses. Recently, genome-wide association studies 
have offered potential for identifying potential markers that have potential for 
application in marker-assisted selection. Markers associated with eldana damage 
are being explored and have offered potential. However, these markers are still at 
the validation stage and require further testing in larger and independent 
populations.

Genetic markers such as Bru1 gene (Daugrois et al. 1996) have been applied in 
several breeding programmes (McCord and Migneault 2016) where they have 
helped quantified the level of brown rust resistance genetic background in breeding 
populations. But more markers are required that cover several important economic 
traits. Genomic selection offers exciting potential in the future and is expected to 
increase estimation of breeding values of parents as well as predict genetic gains for 
traits under selection.
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9.12  �Future Prospects and Outlook

The greatest challenge facing sugarcane breeding is achieving sustainable increase 
in cultivar genetic gains (Edme et al. 2005; Zhou and Gwata 2016; Burnquist 2013). 
Currently, sugarcane achieves some of the lowest genetic gains compared to other 
crop species (Burnquist 2013). The long breeding cycles in sugarcane limit the abil-
ity to accelerate genetic gains. Because sugarcane is a clonally propagated crop, the 
only opportunity to create genetic recombinations occurs at crossing. All subse-
quent stages of cultivar development are propagated from vegetative material with 
no further opportunity for genetic recombination.

Family evaluation has been proved to increase efficiency of breeding programmes 
in several studies (Jackson and McRae 1998; Kimbeng and Cox 2003; Pedrozo 
et al. 2011; Zhou 2014). However, the greatest challenge facing several sugarcane 
breeding programmes has been the ability to collect data required to evaluate fami-
lies. Further, collecting this data for several traits of commercial importance has 
created challenges. The cost of data collection and the equipment required such as 
automatic weighing machines are expensive and in certain parts of the world are not 
locally manufactured and available. Coupled with data collection for family evalu-
ation, data analysis techniques are limited particularly for resource-poor breeding 
programmes with limited access to statisticians and biometricians as well as the 
software required to efficiently perform the analysis. Future developments of data 
collection methods and equipment that allows measurements from large popula-
tions would enhance family evaluations.

Parent evaluation using family data has faced similar challenges to family evalu-
ation. Future outlook should focus on data analysis to estimate breeding values of 
genotypes. Incorporating genealogy data (Aitkin et al. 2009) in estimates of breed-
ing values is known to increase the accuracy of estimates. However, software and 
training for the analysis is limited and largely unavailable to some breeding pro-
grammes where expertise is limited or unavailable. Developing these analytical 
skills will increase efficiency of several sugarcane breeding programmes.

Introgression breeding to tap the genetic diversity that exists in wild species of 
sugarcane is expected to increase the genetic diversity of breeding and selection 
populations and ultimately produce cultivars with wider genetic diversity. However, 
introgression efforts are limited and sometimes impeded by the inability to synchro-
nise flowering between wild species and commercial-type clones. This phenomenon 
is more complex in subtropical countries where sugarcane does not flower naturally 
every year. Further, introgression is also limited by the limited availability of wild 
germplasm collections. Future outlook of introgression can be improved through 
subtropical breeding programmes performing their crossing in tropical countries on 
contract. Further, increase in sharing of wild germplasm will benefit diversifying 
breeding germplasm across several sugarcane breeding programmes.

Genetic diversity of breeding, selection and cultivar populations is required to 
provide genes required to cope with increase in pests and diseases of sugarcane. In 
recent years, pests such as yellow sugarcane aphid, thrips, mites, chilo  (Chilo 
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sacchariphagus), eldana, sugarcane borer (Diatraea saccharalis) and Mexican rice 
borer (Eoreuma loftini) have spread into new environments and spread within envi-
ronments to cause more economic damage to commercial crop. Diseases such as 
tawny rust and orange rust are spreading across the sugarcane areas increasing yield 
losses in commercial crops. It is through preserving the diversity of populations that 
allow breeding programmes to develop future varieties that possess resistance to 
sustain commercial production.

Marker identification and marker-assisted breeding will provide valuable tools to 
increase efficiency of sugarcane breeding. Firstly, identifying robust markers that can 
predict trait performance is required. Genome-wide association studies offer poten-
tial to increase genome coverage in search of markers and genes associated with 
important commercial traits. Efficient markers will increase genetic gains of breed-
ing for traits such as pest and disease resistance. However, the challenge is collecting 
accurate and sufficient phenotype data particularly for cryptic pests such as eldana 
that are manpower intensive to quantify damage. Mechanisms to make such data col-
lection efficient and fast will increase accuracy and availability of data required for 
marker identification, validation and testing in large breeding populations.

Determining and tracking population and cultivar genetic gains is required in the 
future to ascertain the efficiency of breeding programmes. Quantifying these genetic 
gains also provides the breeders with mechanism to validate the appropriateness and 
effectiveness of breeding programmes. Genetic gains also provide a measure of the 
value or return on investment in breeding programmes. They also guide investors in 
breeding programmes to invest more resources with a reasonable projection of the 
economic future value that can be derived. Estimates of genetic gains can also be 
used to solicit funding for breeding programmes because they can help put mone-
tary future value associated with genetic resources.

Niche breeding is expected to further provide opportunity for increasing genetic 
gains in breeding programmes. Niche breeding means genetic resources are directed 
and deployed in specific environments where maximum genetic gains can be 
achieved. Further, niche breeding means smaller breeding programmes per 
environment that will be adequate to achieve the needs. Further, because of small 
populations, shortening breeding programmes will be possible. Shortening breeding 
programmes is also known to accelerate genetic gains and increase the transmission 
of benefits from breeding programmes to growers and communities. Further, such 
breeding programmes because of expected increased efficiencies will also lead to 
reduced costs of breeding programmes and therefore a higher return on investment.
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