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Abstract  Genetic diversity keeps the soil fertile, recycles all nutrients, and cleans 
the air and water. The richer the genetic baggage, the higher shall be the capac-
ity to fight different fungi, virus, or bacteria. Like other essentials, rubber is an 
industrial commodity that is indispensable to humans with more than 55,000 vivid 
products made from it. Hevea, rubber originated in Amazon, where 1652 plants 
belonging to 107 species in 37 different families are found in about 630 m2. 
Hevea—rubber originated in such a biologically diversified environment. From 
the story of the first transfer of rubber seeds from Brazil to Asia, it is difficult to 
evaluate how narrow the genetic base initially was for what has now become the 
“Wickham” domesticated population. Much importance was conferred to a small 
number of 22 seedlings disseminated from Singapore to Malaysia after 1876, and 
the original Wickham stock was collected in only one Brazilian site, Boïm, on the 
Western banks of the Tapajoz River. Though generation wise assortative mating as 
the prime breeding tool was applied to these accessions and Wickham collection, 
much genetic variation could not be tapped for commercial purpose. The molec-
ular marker systems (all three generations markers) are being applied in Hevea 
rubber. Of these, SNPs are the new generation markers used for Marker-Assisted 
Selection (MAS). A saturated linkage map of Hevea brasiliensis has been accom-
plished and the whole genome size was calculated as 6 × 108 base pairs. Selection 
was indirectly toward nuclear DNA polymorphism, while evolving modern clones. 
mtDNA of Wickham clones has lesser variation because their female progenitors 
are all primary clones (either PB 56 or Tjir 1). Chloroplast genomes are suffi-
ciently large and complex to include structural and point mutations that are use-
ful for evolutionary studies from intraspecific to interspecific levels. Populations 
were subjected to several rounds of controlled crossing that further narrowed the 
diversity. But the strategy followed by the breeders to select only the desirable 
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genotypes and to reject the unwanted ones (without assessing the utility other than 
yield) is the main reason that reduced diversity. Much work at the molecular level 
had been carried out like for Tapping Panel Dryness, latex production, defense 
genes and alike. Setting up of a molecular library for Hevea and scientists working 
worldwide contributing to this library will be a good option to study and document 
molecular diversity.

Keywords  Genetic erosion  ·  Hevea rubber  ·  Allied species  ·  Amazon  ·  
mtDNA  ·  cpDNA  ·  Molecular diversity  ·  Breeding  ·  Trees

6.1 � Introduction

Nearly 10,000 different plant species have been used by humans for food and fod-
der production since the agriculture began 12,000 years ago (Wadley and Martin 
1993). Farming first began in the Fertile Crescent, which stretches from Israel 
north to southeast Turkey and then curves southeast to the Persian Gulf (Zeder 
2008). (see http://www.ngdc.noaa.gov/paleo/ctl/10k.html for further details). 
However, agriculture was invented independently in other parts of the world as 
well. World population was only five million then, which is seven billion today. 
But as of now, just 150 crops feed most human beings on the planet, and just 15 
crops provide 90 % of food energy—wherein, wheat, rice, maize, and potato alone 
provide 60  % (Xu 2010; Ji et  al. 2013). Most of a crop’s varietal diversity has 
been lost through genetic erosion due to extensive cultivation of a few so-called 
high yielding varieties. In these species, a combination of genes defines the char-
acteristics of species morphology and their capacity to interact with the world. The 
gene content and diversity among plant species are intriguing. The total amount 
of genes differs as in bacteria with as many as 1600 genes (Cole et al. 2001) and 
mammals with 30,000 (Waterston et al. 2002). Among flowering plants, rice has 
41,000 genes (Sterck et al. 2007), with Paris japonica having the biggest genome 
(Pellicer et al. 2010). This genetic baggage is passed through each generation and 
causes a species to evolve ways and means to confront with natural selection.

Genetic diversity plays a crucial role in the stability of our ecological system. 
Every species fulfills a role in the earth’s biosphere and assures ecological sur-
vival. By this, biodiversity keeps the soil fertile, recycles all nutrients, and cleans 
the air and water. The richer the genetic baggage, the higher shall be the capac-
ity to fight different fungi, virus, or bacteria. It is the diversity of genetic baggage 
that makes natural extinction so rare. Basically, biodiversity provides everything 
humans need to survive like food, fresh air, clean water, clothing, medicine, wood, 
and various raw materials for industrial uses. A rich ecological environment is 
indeed very complex, and is impossible for humans to recreate. Genetic erosion 
is wiping out millions of years of evolution and a loss in biodiversity is irrepa-
rable. In recent years, there is a fillip which contests that Genetically Modified 
Organisms (GMOs) can bring in genetic diversity. With the advent of transgenic 

http://www.ngdc.noaa.gov/paleo/ctl/10k.html


2356  Genetic Diversity and Erosion in Hevea Rubber

plants, the problem of gene flow that may turn as a cause for ecological risk stems 
special significance (Hammer and Teklu 2008). This contention requires ample 
debate.

Genetic erosion is the loss of genetic diversity—often magnified or accelerated 
by human activities. In native plant populations, genetic erosion results from habi-
tat loss and fragmentation, but it also can result from a narrow genetic base in the 
original collections or by practices that reduce genetic diversity. The loss of bio-
logical diversity has been measured traditionally by frequency of species extinc-
tions. In general, genetic erosion is loss of genetic diversity within a species. It 
can represent the loss of entire populations genetically differentiated from others, 
the loss or change in frequency of specific alleles within populations or over the 
species as a whole, or the loss of allele combinations. Quite often, cultivation of a 
limited number of high-yielding genotypes can also lead to genetic erosion.

6.2 � Genetic Diversity in Hevea Rubber

Like other essentials, rubber is an industrial commodity that is indispensable to 
humans with more than 55,000 vivid products made from it. The para rubber tree, 
the Euphorbiaceous Hevea brasiliensis (Willd. ex A. Juss.) Müll Arg, is the chief 
contributor to natural rubber production worldwide (Priyadarshan and Clément-
Demange 2004). Rubber is synthesized in over 2500 plant species, confined to 
300 genera of seven families: Euphorbiaceae, Apocynaceae, Asclepiadaceae, 
Asteraceae, Moraceae, Papaveraceae, and Sapotaceae (Backhaus 1985; Lewinsohn 
1991; Cornish et al. 1993). At least two fungal species (Lactarius deceptiva and 
Peziza sp.) are also known to make natural rubber (Stewart et  al. 1955). The 
Euphorbiaceae family is extremely diverse and considered to be polyphyletic 
(Webster 1994). Much of the diversity of the center of origin (Amazon basin, 
Brazil) is being lost due to extensive deforestation (Fig. 6.1).

Today, the Amazon River is the most voluminous river on Earth, (eleven times 
the volume of Mississippi) that drains an area equivalent in size of United States. 
Every day, up to 500 billion cubic feet of water (5,787,037 cu ft/s) flows into the 
Atlantic. The Amazon River Basin is home to the largest rainforest on Earth. The 
basin covers some 40  % of the South American continent and includes parts of 
nine South American countries, viz., Brazil, Bolivia, Peru, Ecuador, Colombia, 
Venezuela, Guyana, Suriname, and French Guiana. The Amazon basin consists 
of enormous trees, some exceeding a height of 100  m, with an incredible num-
ber of species growing side by side in the greatest profusion arranged in different 
strata. For example, in Manaus (Brazil), 1652 plants belonging to 107 species in 
37 different families were found in about 630 m2. Ducke (1941) estimated 2500 
tree species and as many as 100 arboreal species have been counted on a single 
acre of forest with hardly any one of them occurring more than once. Papers of 
Seibert (1947) and Schultes (1945) further confirm this enormous diversity. Latest 
analysis suggests that lowland Amazonia harbors 3.9 ×  1011 trees and ~16,000 
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tree species (Steege et  al. 2013). According to the mathematical model used in 
the study, roughly 6,000 tree species in the Amazon have populations of lesser 
than 1000 individuals, which automatically qualifies them for inclusion in the 
International Union for Conservation of Nature (IUCN) Red List of Threatened 
Species. The problem is that these species are so rare that scientists may never 
find them. The Amazon forest has a strikingly layered structure. The canopy of 
sun-loving giants, soar to as much as 40 m above the ground and a few, known as 
emergents, rise beyond such canopies, frequently attaining heights of 70 m. Their 
straight, whitish trunks are covered with lichens and fungus. A characteristic of 
these giant trees is the buttresses, or basal enlargements of their trunks, which pre-
sumably help stabilize the top heavy trees during infrequent heavy winds. Further 
characteristics of the canopy trees are their narrow, downward-pointing “drip-tip” 
leaves that easily shed water. Flowers are inconspicuous. Among the canopy spe-
cies, prominent members include the rubber tree (H. brasiliensis), the silk cotton 
(Ceiba pentandra), the Brazil nut (Bertholletia excelsa), the sapucaia (Lecythis), 
and the sucupira (Bowdichia). Many creatures, including monkeys and sloths, 
spend their entire lives in this sunlit canopy.

The Amazon basin covers a surface area of 4,100,000 km2 (1,583,000 square 
miles), of which around 3.4 million km2 (1.3 million square miles) are presently 
forested (Schroth et al. 2004). Accounting for parts of the Amazon outside Brazil, 
the total extent of the Amazon is estimated at 8,235,430  km2 (3,179,715 square 
miles). By comparison, this is equivalent to the land area of the USA (including 
Alaska and Hawaii) which is 9,629,091 km2 (3,717,811 square miles). In total, the 
Amazon River drains about 6,915,000 km2 (2,722,000 square miles), or roughly 
40 % of South America (Schroth et al. 2003).

Fig. 6.1   Loss of diversity in the centre of origin (Amazon basin, Brazil) due to extensive deforestation
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Amazonian evergreen forests account for about 10  % of the world’s terres-
trial primary productivity and 10  % of the carbon stores in ecosystems (Melillo 
et al. 1993)—of the order of 1.1 × 1011 t of carbon (Tian et al. 2000). Amazonian 
forests are estimated to have accumulated 0.62 ±  0.37  t of carbon ha−1  year−1 
between 1975 and 1996 (Tian et al. 2000). Fires related to Amazonian deforesta-
tion have made Brazil one of the top greenhouse gas producers. Brazil produces 
about 300 million tons of CO2 a year; 200 million of these come from logging and 
burning in the Amazon. Despite this, Brazil is listed as one of the lowest per capita 
(rank 118) in CO2 emissions according to the US Department of Energy’s Carbon 
Dioxide Information Analysis Center (CDIAC).

From the story of first transfer of rubber seeds from Brazil to Asia (Dean 
1987; Baulkwill 1989), it is difficult to evaluate how narrow the genetic base ini-
tially was for what has now become the “Wickham” domesticated population. 
Much importance was conferred to a small number of 22 seedlings disseminated 
from Singapore to Malaysia after 1876; but a significant part of the Wickham 
seedlings which germinated in Kew Gardens was then sent to Ceylon (now Sri 
Lanka), raised and disseminated to different countries, especially India (Fig. 6.2). 
However, it must be underlined that the original Wickham stock was collected in 
only one Brazilian site, Boïm, on the Western banks of the Tapajoz River, not far 
from Santarem. All these contentions are debatable (Thomas 2001). Directional 
selection applied to such populations for more than a century, and the limitation of 
the low fruit-set in Hevea probably further contributed to reduce the genetic base. 

Fig. 6.2   Voyage of Hevea rubber to East Asia
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Genetic diversity can now be compared to that of the available wild Amazonian 
populations by use of molecular genetic markers (MGMs).

The “Wickham” population developed in Asia and issued from the collection of 
seeds in Brazil by Wickham in 1876, has been the basis for rubber domestication 
and was reputed to have a narrow genetic base.

This justified the organization of other collections and transfers of wild germ-
plasm from Amazonia to the main rubber producing countries, mainly for H. 
brasiliensis but also for allied species. Moreover, Ford and Firestone in Latin 
America, as well as Brazilian research contributed to create a stock of selected 
“Amazonian” and “Wickham × Amazonian” germplasm (F, FX, MDF, FDR, IAN, 
and IAC clones).

Many other introductions from Brazil to Asia and also Africa were carried out 
between 1876 and 1974, including some species different from H. brasiliensis 
(Dijkman 1951; Brookson 1956; Baptist 1961; Wycherley 1968; Hallé and Combe 
1975; Nicolas 1976; Ong et al. 1983; Tan 1987; Ong and Tan 1987). All collec-
tions were quantitatively rather limited, especially for non-brasiliensis species.

Since the introduction of rubber to southeast Asian countries by Wickham and 
Cross in 1877 through Kew Botanic Gardens, there have been attempts to collect 
new material and increase the genetic diversity. Between 1945 and 1982, at least 
10 collections from Brazil (mostly Rondonia) were undertaken (Gonçalves et al. 
1982). During 1951–1952, 1614 seedlings of five Hevea species (H. brasiliensis, 
H. guianensis, H. benthamiana, H. spruceana, and H. pauciflora) were introduced 
in Malaysia (Tan 1987). Seeds of different Hevea species were also imported 
from the Schultes Museum at Belem, Brazil in 1966 to Malaysia. In Sri Lanka, 
11 clones of H. brasiliensis and H. benthamiana and 105 hybrid materials were 
imported during 1957–1959, through collaboration of USDA, IAN (Brazil), and 
Liberia. Many of these clones were later given to Malaysia which were used for 
further breeding programs at RRIM (Tan 1987). It is very evident that Hevea rub-
ber was evolved because of evolution spanning over thousands of years. Today, the 
cultivation of Hevea rubber spans several continents and new environments that 
are both ideal and with constraints (Priyadarshan 2003) (see Table 6.1).

6.2.1 � IRRDB Explorations

With the initiatives taken up by the International Rubber Research and 
Development Board (IRRDB), 64,734 seeds, 1413  m of budwood from 194 
high-yielding trees and 1160 seedlings were collected during 1981 from Acre, 
Rondonia, and Mato Grosso states of Brazil, from 60 different locations spread 
to 16 districts (Nicolas 1981; Nouy 1982; Tan 1987; Simmonds 1989). Of this, 
37.5 % of the seeds went to Malaysia and 12.5 % to Côte d’Ivoire while half of 
the collections were retained in Brazil. The clonal selections were brought to 
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Table 6.1   Climatic features of rubber growing countries

Sources www.britannica.com; www.worldatlas.com; www.wmo.ch; www.usda.gov; www.iwmi.org

Country General climate

Brazil Range: equatorial, tropical, semi arid, high land tropical and sub tropical. Annual 
average temperature in the Amazon region is 22–26 °C Brazil is in the south of 
the equator, seasonal changes are vice-versa compared to north of the equator. 
Plateau of Sao Paulo is non-traditional area for rubber

China Extremely diverse, tropical in south to sub arctic in the north, with great climatic 
differences resulting from the monsoon, the expanse of the land mass, and the 
considerable differences in altitude. Typhoons are prudent in southeast China 
between July and September. China is a non-traditional zone for rubber

Côte d’Ivoire Tropical along coast, semi arid in far north; three seasons—warm and dry 
(November to March), hot and dry (March to May), hot and wet (June to 
October); Three main climatic regions: the coast, the forest and the savannah. 
Low rainfall areas in north (less than 1300 mm) are non-traditional experimental 
zone for rubber

India Tropical monsoon type with winter (November to January), Summer (March to 
May), southwest monsoon season (June to Sept.) and post monsoon or northeast 
monsoon season (Oct. to Dec.). Most of the rainfall brought by southwest mon-
soon. Because of the geographical diversity of India, regional climate conditions 
in the extreme north, east and west vary from the general conditions given here. 
Specific areas of west, east and northeast are non-traditional for rubber

Indonesia Tropical, climate even all year around. Heavy rainfall usually between Dec. and 
Jan. The equatorial position of the country makes opposite climates in the north 
and the south

Liberia Tropical; hot, humid; dry winters with hot days and cool to cold nights; wet, 
cloudy summers with frequent heavy showers.

Malaysia Tropical, annual southwest (April to October) and northeast (October to 
February) monsoons

Nigeria Varies; equatorial in south, tropical in center, arid in north. Two principal wind 
currents affect Nigeria; the harmattan, from the northeast, is hot and dry and 
carries reddish dust from the desert and causes high temperatures during the day 
and cool nights. The southwest wind brings cloudy rainy weather

Sri Lanka Tropical monsoon; northeast monsoon (December to March); southwest mon-
soon (June to October)

Thailand Tropical; rainy, warm, cloudy southwest monsoon (mid-May to September); dry, 
cool northeast monsoon (November to mid March); southern isthmus always hot 
and humid. North and northeast areas are non-traditional for rubber

Vietnam Tropical in south; monsoonal in north with hot, rainy season (mid-May to mid 
September) and warm, dry season (mid-October to mid March). Diverse range 
of latitude, altitude and weather patterns produces enormous climatic variation. 
North Vietnam like China has two basic seasons: a cold humid winter from Nov. 
to April, and warm, wet summer for the reminder of the year. The northern prov-
inces share the climate of the north, while the southern provinces share the tropi-
cal weather of the south. South Vietnam is relatively warm. Central highlands 
and the coastal regions are non-traditional areas for rubber

http://www.britannica.com
http://www.worldatlas.com
http://www.wmo.ch
http://www.usda.gov
http://www.iwmi.org
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Malaysia and Côte d’Ivoire after quarantine measures (of one year in Guadalupe 
Island) for South American Leaf Blight (SALB—Microcyclus ulei). IRRDB sup-
ports germplasm centers based in Malaysia and Côte d’Ivoire to conserve these 
materials. After the establishment of two IRRDB Germplasm Centres in Malaysia 
and Côte d’Ivoire, other IRRDB member countries were supplied with budwood 
from this material according to their request. Malaysia alone established 8900 
seedlings and 109 clones from this exploration (Pushparajah 2001). Crosses 
between Wickham and Amazonian accessions could introduce more variation. 
Breeding at Institut de Recherches sur le Caoutchouc en Afrique (IRCA), Côte 
d’Ivoire, under the auspices of CIRAD, involve utilization of Amazonian acces-
sions (Clement-Demange et al. 1998).

The field evaluation of this wild Amazonian germplasm showed that the 
latex yield was as low as about 10 % of GT1, one of the most cultivated clones. 
Attempts to improve it through Wickham  ×  Amazonian crosses resulted in 
recombinants with a still low yield, ranging between 30 and 50 % of the level of 
GT1, probably due to the important genetic gap lying between the two popula-
tions. Conversely, a wide variability was found within these crosses for growth, 
enabling the selection of very vigorous Wickham × Amazonian clones. A clear 
difference in branching habit could be observed between accessions from Acre 
and Rondonia, which more often have tall trunks with poor branching located at 
high height, and those from Mato Grosso, which display abundant branching at 
low height. Obviously, this wild Amazonian germplasm is bearing an important 
genetic burden in terms of unfavorable alleles. From the evaluation of the IRRDB 
1981 germplasm in Côte d’Ivoire, a working population of 287 accessions was 
selected, taking into account genetic diversity but mainly based on yield; the aver-
age yield level of this population is estimated at 36 % of the level of GT1 (Nicolas 
et  al. 1988; Clément-Demange et  al. 1998). Four genetic groups of this popula-
tion could be the base of a population pre-breeding work aimed at improving their 
yield level before testing them by crossing with the Wickham population.

In 1995, an expedition was launched by RRIM to collect rubber seeds from 
Brazil. From this collection, about 50,231 seedlings were planted in Malaysia, 
including allied species (RRIM Annual Report 1997; MRB Annual report 1999). 
In order to enlarge genetic variability of Hevea, some research was carried out 
on mutation breeding (Ong and Subramaniam 1973; Markose et  al. 1977), and 
on polyploidization of the 2n = 36 H. brasiliensis species’ (Mendes and Mendes 
1963; Shepherd 1969; Zheng et  al. 1980, 1981). An artificial triploid has been 
produced by crossing a diploid and a tetraploid (Saraswathyamma et  al. 1988). 
Naturally occurring triploids have been reported (Nazeer and Saraswathyamma 
1987). The existence of some putative genetically dwarf or semi-dwarf genotypes 
was mentioned (Ong et  al. 1983); H. camargoana would have a dwarf growth 
habit (Gonçalves et al. 1982). It was attempted to associate some MGMs with the 
dwarfing trait (Venkatachalam et al. 2004).
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6.3 � Hevea as a Species Complex

The genus Hevea is basically comprised of 10 species: H. brasiliensis, H. guianen-
sis, H. benthamiana, H. pauciflora, H. spruceana, H. microphylla, H. rigidifolia, 
H. nitida, H. camporum, and H. camargoana (Webster and Paardekooper 1989; 
Wycherley 1992; Schultes 1990). All species originated in Brazil. Seven species 
are found in the upper Rio Negro region, considered to be the centre of origin of 
the genus. H. brasiliensis is found in Southern areas outside of this centre, in the 
upper Rio Madeira, where five other species are represented. It has generally been 
assumed that the species are freely inter-compatible (Seibert 1947; Baldwin 1947). 
Pires (1981) observed natural hybrids of H. camargoana ×  H. brasiliensis, and 
Gonçalves et  al. (1982) analyzed progenies issued from hand pollination from 
this type of crossing. Consequently, Hevea species might be considered as a spe-
cies complex, due to the absence of a strict barrier to recombination between spe-
cies. Many efforts led to the identification of certain types which were formerly 
presented as other possible species. H. paludosa was identified in Brazil by Ule 
in 1905 and is often considered as an eleventh species (Gonçalves et  al. 1990; 
Priyadarshan and Gonçalves 2003). An elaborate description of taxonomical and 
botanical aspects of Hevea has been reviewed by Schultes (1977, 1987, 1990) and 
Wycherley (1992).

All Hevea species have 2n  =  36 chromosomes, with the exception of one 
triploid clone of H. guianensis (2n =  54) and the existence of one genotype of 
H. pauciflora with 2n =  18 (Baldwin 1947; Majumder 1964). Although Hevea 
behaves as a diploid, it is believed to be an amphidiploid (2n = 36; x = 9) that 
stabilized during the course of evolution. This contention is supported by the 
observance of tetravalents during meiosis (Raemer 1935; Ong 1975; Wycherley 
1976). In situ hybridization studies revealed two distinct 18S-25S rDNA loci and 
one 5S rDNA locus, suggesting a possible allotetraploid origin with the loss of 5S 
rDNA during the course of evolution (Leitch et al. 1998). But locus duplications 
are infrequent in Hevea genome, and they could have occurred due to chromo-
somal modifications posterior to the polyploidization event (Seguin et  al. 2003); 
consequently, the two unknown ancestral genomes of Hevea would have strongly 
diverged (Priyadarshan and Clément-Demange 2004; Priyadarshanet al. 2008).

The species are inter-crossable (Clement-Demange et  al. 2000). Schultes 
(1977) and Wycherley (1992) refer the readers to excellent reviews on this sub-
ject. The taxonomic considerations from 1874 to 1970 delineated the genus with 
several species at different occasions. Though even 24 species were considered 
during 1906, the species concept crystallized with nine species in 1970 (Schultes 
1977). A tenth species, H. camargoana was added during 1971 (Schultes 1987). 
Brazil considers 11 species including H. paludosa (Pires 1973; Goncalves et  al. 
1990). Three botanists shall be considered principal workers on species delinea-
tion—Baldwin, Seibert, and Schultes—who during their classical exploratory 
studies contributed significantly toward the botany of Hevea. A Harvard University 
Gazette Archives says “Schultes’ field work, conducted mostly in the Colombian 
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Amazon beginning in 1941, made him a leading voice in the field and one of the 
first in the 1960s to warn about destruction of the rainforests and disappearance of 
their native people” (see www.harvard.edu).

A summary of the salient features of different species of Hevea is presented 
in Table  6.2. All species have 36 chromosomes (2n =  36 x =  9). H. brasilien-
sis behaves as an amphidiploid (Ong 1979). However, this contention is disputed 
at the molecular level. In situ hybridization studies revealed two distinct 18S-25S 
rDNA loci and one 5S rDNA locus (Leitch et al. 1998), suggesting a possible allo-
tetraploid origin with the loss of 5S rDNA during the course of evolution. Hence, 

Table 6.2   Allied species of the genus Hevea—occurrence and features

Species Occurrence Notable features1

H. benthamiana Muell.-Arg. North and West of Amazon for-
est basin, upper Orinoco basin 
(Brazil)

Complete defoliation of leaves
Medium size tree
Habitat: swamp forests

H. brasiliensis (Willd. ex. A. 
de. Juss.) Muell.-Arg.

South of Amazon river (Brazil, 
Bolivia, Ecuador, Peru)

Complete defoliation of leaves
From medium to big tree size
Habitat: well drained soils

H. camargoana Pires Restricted to Marajo island of 
Amazon river delta (Brazil)

Possibility of natural hybridi-
zation with H. brasiliensis 
from 2 to 25 m tree height
Habitat: seasonally flooded 
swamps

H. camporum Ducke South of Amazon between 
Marmelos and Manicoré rivers 
tributaries of Madeira river

Retain old leaves until new 
leaves appear. Maximum  
2 m tall
Habitat: dry savannahs

H. guianensis Aublet Throughout the geographic 
range of the genus (Brazil, 
Venezuela, Bolivia, French 
Guyana, Peru, Colombia, 
Surinam, Ecuador)

Retain old leaves until new 
leaves and inflorescences 
appear. Grows at higher alti-
tudes (1100 m MSL) Medium 
size tree
Habitat: well drained soils

H. microphylla Ule Upper reaches of Negro river 
in Venezuela. It is not found 
in other region of geographic 
range of the genus

Complete defoliation of leaves. 
Small trees. They live on 
flooded area (igapós)
Habitat: sandy or lateritic 
soils

H. nitida Mart. ex Muell.-Arg. Between the rivers Uaupes and 
Icana tributaries of the upper 
Negro river (Brazil, Peru, 
Colombia)

Inflorescences appear when 
leaves are mature. Small to 
medium size trees (2 m)
Habitat: quartzitic soils

H. pauciflora (Spr.ex Bth.) 
Muell.-Arg.

North and West of Amazon 
river (Brazil, Guyana, Peru). 
Distribution discontinuous due 
to habitat preferences

Retain old leaves until new 
leaves and inflorescences 
appear. No wintering. Small to 
big size trees
Habitat: well drained soils, 
rocky hill sides

(continued)

http://www.harvard.edu
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as long as a potential ancestor with 2n = 18 is unknown, rubber tree will be con-
sidered as an amphidiploid. The genus Hevea could eventually be considered as a 
species complex.

6.3.1 � Distribution of Allied Species

The distribution of allied species of Hevea is wide among the countries of South 
America (Fig. 6.3a, b). Hevea species are indigenous to Bolivia, Brazil, Colombia, 
French Guiana, Guayana, Peru, Surinam, and Venezuela. All species occur in 
Brazil, the center of origin. Four species have been found in Colombia and three 
occur in Venezuela. Two occur in Bolivia and French and British Guyanas. H. 
guianensis is the most widely adapted species (Fig.  6.3a) (Priyadarshan and 
Goncalves 2003). These species of Hevea were evolved in Amazonian forests over 
100 thousand years ago (Clement-Demange et al. 2000). It is pertinent that species 
adaptation to a particular area is as per climatic and edaphic requirements. Species 
like H. camporum, H. paludosa and H. rigidifolia shows only limited adaptation. 
The specific adaptation needs to be closely studied, with reference to climatic and 
edaphic factors, when clones are to be developed for new environments especially 
for marginal areas. It is worthwhile to note that except H. benthamiana (F 4512, F 
4542), none of the other species has been actively utilized for the improvement of 
rubber tree.

After Wycherley (1992), Schultes (1977), Goncalves et al. (1990), Pires (1973) and Brazil (1971)
1Wintering characteristics mentioned here has a bearing on the incidence of fungal diseases espe-
cially secondary leaf fall (Oidium) since retention of older leaves may make the tree ‘oidium 
escape’. Dwarf types are desirable of the possible wind fastness. All species are diploid (2n = 36) 
(Majumder 1964), and are crossable among themselves (Clement-Demange et al. 2000)
2Pires (1973) considered 11 species including H. paludosa; Brazil (1971) considers 11 species

Table 6.2   (continued)

Species Occurrence Notable features1

H. rigidifolia (Spr. ex Bth.) 
Muell-Arg.

Among Negro river and its 
affluents. Uaupes and Içana 
rivers (Brazil, Colombia and 
Venezuela)

Retain old leaves even 
after inflorescences appear. 
Small tree from savannahs. 
Sometime tall, with small 
crown on the top
Habitat: well drained soils

H. spruceana (Bth.) 
Muell.-Arg.

Banks of Amazon, Rio Negro 
and lower Madeira (Brazil)

Retain old leaves until new 
leaves and inflorescences 
appear. Flowers reddish pur-
ple. Medium size tree
Habitat: muddy soils of islands

H. paludosa Ule2 Marshy areas of Iquitos, Peru Small leaflets, narrow and 
thin in the fertile branches; up 
to-30 m height
Habitat: marshy areas
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6.4 � Molecular Diversity and Genomics

The association between DNA sequence variation and heritable attributes has 
helped to define variations in plants at the molecular level. However, identifica-
tion and utilization of recombinants with desirable traits is time consuming and 
laborious in rubber due to long generation time and larger size of the crop. With 

Fig. 6.3   The distribution of allied species of Hevea among the countries of South America
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the advent of DNA markers, localization of desirable traits has become routine. 
The molecular marker systems can be broadly classified into three viz., first gen-
eration (RFLPs, RAPDs and modifications); second generation (simple sequence 
repeats—SSRs, Amplified Length Polymorphism—AFLPs) and third generation 
markers (Expressed Sequence Tags—ESTs, Single Nucleotide Polymorphism—
SNPs) (Gupta et al. 2001). Of these, SNPs are the new generation markers used 
for Marker-Assisted Selection (MAS). All marker systems, except SNPs have been 
applied in Hevea to facilitate identification and characterization of genes (Saha 
and Priyadarshan 2012). Recently, a saturated linkage map of H. brasiliensis has 
been accomplished (Lespinasse et al. 2000a). Efforts were on for breeding Hevea 
at the molecular level ever since Low and Bonner (1985) characterized nuclear 
genomes containing 48 % of most slowly annealing DNA (putative single copy) 
and 32 % middle repetitive sequences with remaining highly repetitive or palin-
dromic ones. Also, the whole genome size was calculated as 6 × 108 base pairs.

Low and Bonner (1985) characterized Hevea nuclear genome as containing 
48  % of slowly annealing DNA (putative single copy) and 32  % middle repeti-
tive sequences with remaining highly repetitive or palindromic DNA. The whole 
nuclear genome size was first estimated as 6 ×  108 base pairs. Estimation with 
flux cytometry demonstrated 1.9 × 109 base pairs for H. brasiliensis, H. bentha-
miana, H. guianensis, H. pauciflora, and H. spruceana (Seguin et al. 2003). The 
evolution of cytoplasmic genome was slower, due to the lack of genetic recombi-
nation through meiosis. The estimated mean molecular size of chloroplast DNA 
(ct DNA) is 152 kb (Fong et  al. 1994). Differentiation of the genus into species 
appears to be linked with the evolution of the Amazonian forest over the last one 
hundred thousand years. Alternations of humid and semi-arid periods responsible 
for the forest extension or fragmentation resulted in the formation of forest islets. 
These are assumed to have become zones of protection and differentiation under 
local selection pressures.

Seguin et  al. (2003) proposed a general organization of H. brasiliensis germ-
plasm with 6 genetic groups: group 1 made up with the two districts AC/T 
(Tarauaca) and AC/F (Feijo) in the western part of Acre, and with the Calima 
component of the Schultes collection; group 2 made up with the three districts 
AC/B (Brasileia), AC/S (Sena Madureira), and AC/X (Xapuri) in the eastern part 
of Acre; group 3 made up with the six following districts of Rondonia: RO/A 
(Ariquemenes), RO/C (Calama), RO/CM (Costa Marques), RO/J (Jaru), RO/JP 
(Jiparana), RO/OP (Ouro Preto), the district MT/VB (Vila Bella) of Mato Grosso, 
and accessions Madre de Dios Firestone (MDF) from the Firestone collection in 
Peru; group 4 made up with three districts MT/A (Aracatuba), MT/C (Juruena), 
and MT/IT (Itauba) of Mato Grosso, and the district RO/PB (Pimenta Bueno) of 
Rondonia; group 5 made up with the Palmira component of the Schultes collec-
tion; and group 6 made up with the domesticated Wickham population (Fig. 6.4). 
Even if no prediction can be made about the progenies of crosses between these 
groups, they can be used as a base for managing the genetic variability in the long 
term and organizing the recombination process. Methodological researches have 
been carried out in order to select the genotypes for making up a collection of 



246 P.M. Priyadarshan

reduced size of the Amazonian germplasm, representative of the predominant part 
of the total variability of this germplasm, according to the concept of “core collec-
tion” (Hamon et al. 1998). The germplasm characterization and diversity analysis 
studies coordinated by CIRAD were funded by the European Union from 1985 to 
1997. On the contrary, Lekawipat et al. (2003) used 12 microsatellite markers to 
detect DNA polymorphism among 108 accessions of H. brasiliensis including 40 
Wickham clones and 68 wild accessions (1981 Amazonian accessions). Genetic 
similarity values between genotypes calculated from all the microsatellite mark-
ers were used to produce a dendrogram of the relationship among accessions, 
using the unweighted pair-groups method with arithmetic average. A total of 170 
alleles were detected. The number of alleles ranged from 5 to 21, with an average 
of 14 alleles per marker. The results clearly demonstrated that wild accessions are 
more polymorphic than cultivated Wickham clones and could be divided into three 
clusters, depending on the geographical origin of collection areas such as Acre, 
Rondonia, and Mato Grosso state. Despite the narrow genetic basis of Wickham 
clones, their high level of polymorphism could be detected.

Fig. 6.4   Molecular genetic grouping of Amazonian accessions (after Besse et al. 1994)
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6.4.1 � Gene Flow and Paternity Identification

Pre-breeding of the Amazonian genetic groups was considered based on recom-
bination through seed gardens. For methodological purposes, one seed garden 
made up with 50 Amazonian genotypes and GT1 clone, planted at CNRA (Côte 
d’Ivoire) was subjected to the analysis of gene flux and paternity identification 
with isozymes and microsatellites (Blanc et al. 2001; Lidah 2005). Paternity iden-
tification with microsatellites was carried out with the Cervus software (Marshall 
et al. 1998). A high level of confidence was found for paternity identification car-
ried out with eight microsatellite markers. The distribution of the contribution of 
the different genotypes to pollination was found highly unequal, with four geno-
types accounting for 40 %, 14 genotypes accounting for 80 %, and 25 genotypes 
accounting for 95 % of the total fertilization of the seed garden. The variation of 
selfing rate was assessed among the genotypes with an average of 5  %, and no 
selfing was found on GT1 as expected for a male-sterile clone. The isolation of 
the seed garden was confirmed since no allele other than those belonging to the 
parental population was found. The efficiency in paternity identification which is 
made possible by microsatellites suggests the new possibility to exercise selection 
on seedlings raised from natural pollination and to identify paternity a posteriori 
only on the best trees. Here, male-sterile clones GT 1 and BPM 24 can be used to 
ensure cross-pollination.

6.4.2 � Breeding Without Breeding (BwB)

The classical breeding methods used by tree breeders rely on pre-determined 
mating designs. El-Kassaby et  al. (2006) has introduced a scheme of Breeding 
without Breeding (BwB) that allows the assemblage of full-sib (FS) and half-sib 
(HS) families from seed orchards’ naturally pollinated offspring without conduct-
ing any crosses. This scheme circumvents artificial mating, focusing instead, on 
a subset of randomly sampled, maternally known but paternally unknown off-
spring to delineate their paternal parentage. This method calls for highly informa-
tive molecular markers (e.g., SSRs), for pedigree reconstruction (El-Kassaby and 
Lstibůrek 2009). SSRs are now in a development stage in Hevea rubber (Garcia 
et al. 2011; Li et al. 2012). But this situation shall improve with time. In Hevea, 
well organized breeding orchards that permit pollen from only hetero-neighbors 
can be subjected for raising such FS and HS families. A three-dimensional hetero-
neighbors’ layout, as proposed by Simmonds (1986), can be well suitable for such 
an exercise (Fig.  6.5). This can be used for both breeding FS offspring and for 
collection of polyclonal seeds. For this, large polyclonal orchards are necessary 
that can produce thousands of seeds every year. Alternately, a clone evaluation gar-
den laid under completely randomized design (CRD) can also be used for collect-
ing HS seeds. Such HS families shall be raised in closer spacing (2–3 m) that can 
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be subjected for yield screening upon attainment of 50 cm girth. A mistake usu-
ally being committed by the breeders is to select the early yielding genotypes and 
reject the ones that are yet to be tapped. This exercise has indirectly culminated in 
the selection of clones with faster girth increment that reduces gestation period. 
However, a point to be remembered here is that the left over set may contain high-
yielding recombinants, which may attain maturity a little late. While exercising 
clone selection, both early yielding and late yielding clones are a necessity, to pre-
sent before the planters an array of clones with vivid attributes to choose from. If 
SSRs that are linked to QTLs for high yield can be used, then, the exercise can 
minimize screening process to a great extent. In this way, this method allows the 
capture of 75–85 % of the genetic response to selection attained through conven-
tional programs without the need to do any controlled pollination or possibly no 
experimental field testing: both considered to be the most resource-demanding 
activities in breeding programs. The selections borne out of these HS evaluations 
can be further confirmed through clonal nursery trials following line RBD with 
a reference clone. Simultaneously, these selections can be propagated and given 
for block trials in government owned areas with a reference clone. In this way, a 
quick derivation of clone can be achieved. For all this, DNA profiles of all avail-
able clones is a prerequisite to ascertain the parentage.

6.4.3 � Genetic Mapping

The availability of numerous MGMs (Molecular Genetic Markers) led to the 
development of genetic linkage mapping based on the analysis of the percent-
age of crossing-over between the loci of two markers during meiosis (a genetic 
and not a physical distance), and the ranking of the different loci on the different 
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Fig. 6.5   A three dimensional hetero-neighbours’ layout for breeding orchard (after Simmonds 
1986)
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chromosomes of one species. Due to the heterozygotic nature of rubber clones, 
the construction of genetic linkage maps in Hevea requires specific methodology. 
Unlike annual crops, a cross between two heterozygous parents in Hevea can yield 
information up to four alleles, which are segregated further. The first comprehen-
sive genetic linkage map of H. brasiliensis has been built recently, mainly by use 
of RFLP markers but also AFLPs, microsatellites and isozymes (Lespinasse et  al. 
2000a). This was accomplished through a double pseudo-test cross as per the meth-
odology of Grattapaglia and Sederoff (1994) and a map was constituted separately 
for each parent. Further, homologous markers segregating in both parents were 
ascertained and consensus map prepared. The parents used were PB260 (PB5/51 
PB49) and RO38 (F4542 AVROS363). F4542 is a clone of Hevea benthamiana spe-
cies. The F1 synthetic map of 717 markers was distributed in 18 linkage groups (LG) 
corresponding to the 18 chromosomes. This comprised of 301 RFLP, 388 AFLP, 18 
microsatellite and 10 isozyme markers. The genetic length of the 18 chromosomes 
was fairly homogeneous, with an average map length per chromosome of 120 cm. 
Many AFLP markers were seen in clusters, which were attributed as reduced recom-
bination frequency regions. Though the RFLP markers were well distributed all over 
the 18 LG, these were insufficient to saturate the map. AFLPs and a few micros-
atellites together contributed to saturating the map. A partially nonrandom arrange-
ment of duplicate loci observed in RFLP profiles indicate that they have homology 
descending from a common ancestor (Lespinasse et al. 2000a). The origin of such 
duplications is still unknown and H. brasiliensis continues to behave as a diploid.

In yet another study, Souza et al. (2011) found 603 microsatellite markers, with 
309 of them (51 %) showing polymorphism. Chi-square test was carried out on the 
genotyping polymorphic loci showed that 110 loci followed a segregation ratio of 
1:1, 28 followed a ratio of 1:2:1 and 87 (38.7 %) followed a ratio of 1:1:1:1. The 
map consists of 225 markers, distributed in 23 LG and 2471.2 cm in length with 
an average genetic distance of 11 cm between adjacent markers. The largest group 
has 215.9 cm (18 markers) and the smallest has 2.71 cm (2 markers). This reflects 
a real polymorphism in a FS cross.

Genetic linkage maps associated to phenotyping studies (field evaluation of the 
genotypes) can generate phenotypic comparisons between a huge number of classes 
of alleles and lead to the identification of QTLs. The research developed on the 
cross PB260 ×  RO38 was targeted to understanding the genetic determinism of 
the resistance of this cross to SALB, first with manual infection at the laboratory 
level (Lespinasse et al. 2000b). Eight QTLs, with one predominant on linkage group 
g13, were identified for resistance in RO38 map through Kruskel-Wallis marker-
by-marker test and interval mapping method (Lander and Botstein 1989; Oojen van 
et  al. 1992). The F1 consensus map confirmed results obtained in parental maps. 
It was further rationalized that the resistance alleles of RO 38 have inherited from 
its wild grandparent (H. benthamiana) and no favorable allele came from AVROS 
363, the Wickham parent. Eight different QTLs for five strains of fungus were found 
available in RO38, with specificity of resistance to different strains. Field evalua-
tion against the pool of Microcyclus strains available in French Guyana was car-
ried out under the real infestation conditions, and it confirmed the presence of the 
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predominant QTL in g13 previously found under controlled infestation (Le Guen 
et al. 2003). Then it was shown that this major QTL was no more efficient against 
two widely virulent and highly aggressive strains; for one of them, another QTL 
located on the linkage group g12 was able to reduce the aggressiveness. This genetic 
mapping and QTL approach is currently being continued with other crosses for ana-
lyzing the genetic determinism to different sources of South American Leaf Blight 
(SALB) resistance. Research for identifying and cloning the real genes responsible 
for this QTL in linkage group g13 is undertaken at CIRAD in the framework of the 
building of a bacterial artificial chromosome (BAC) bank and of a physical map of 
the rubber tree genome based on the clone RO38 that inherited the resistance trait 
from F4542. Among other applications, this will make possible the search for the 
DNA fragments bearing the QTL g13 and the development of the “chromosome 
walking” technique towards genes associated with QTL g13 on these fragments. 
This physical map with a high density of MGMs (fine mapping) will also allow one 
to assess the stability of linkage between the neighboring genetic markers.

Mantello et  al. (2012) studied new genomic microsatellite markers developed 
and characterized in H. brasiliensis and evaluated their transferability to other 
Hevea species. They constructed di- and trinucleotide-enriched libraries. From 
these two libraries, 153 primer pairs were designed and initially evaluated using 
nine genotypes of H. brasiliensis. A total of 119 primer pairs had a good amplifi-
cation product, 90 of which were polymorphic. A total of 46 polymorphic markers 
were characterized in 36 genotypes of H. brasiliensis. The expected and observed 
heterozygosities ranged from 0.1387 to 0.8629 and 0.0909 to 0.9167, respectively. 
The polymorphism information content (PIC) values ranged from 0.097 to 0.8339, 
and the mean number of alleles was 6.4 (2–17). The microsatellites were also 
tested in six other Hevea species. The percentage of transferability ranged from 
82 to 87  %. Locus duplication was found in H. brasiliensis and also in five of 
other species in which transferability was tested. Six other species from the genus 
Hevea (H. guianensis, H. rigidifolia, H. nitida, H. pauciflora, H. benthamiana and 
H. camargoana) being two different genotypes of H. pauciflora, were used to eval-
uate the transferability of the markers. All loci were tested under the same PCR 
conditions used for H. brasiliensis. Of the 46 loci tested, 40 (87 %) were amplified 
for H. guianensis and H. pauciflora—(112CNSG), 39 (85 %) were amplified for 
H. camargoana, H. nitida and H. pauciflora—(116CNSG), and 38 (82 %) were 
amplified for H. benthamiana. This high percentage of transferability may be use-
ful in the evaluations of genetic variability and to monitor introgression of genetic 
variability from different Hevea species into breeding programs.

6.4.4 � Expressed Genes in Hevea

Lekawipat (2004) performed a genetic diversity analysis of H. brasiliensis germ-
plasm over 66 Amazonian and 40 Wickham accessions, by use of non-expressed 
MGMs (12 microsatellites) and also 17 markers of expressed genes (Single Strand 
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Confirmation Polymorphism—SSCP, based on PCR and the secondary conforma-
tion structure of single strand DNA on non-denaturing acrylamide gel, aimed at 
mutation detection in expressed genes). It was found that microsatellites could detect 
higher polymorphism than gene specific primers of SSCP in rubber accessions. 
SSCP markers could not differentiate the Wickham and the Mato Grosso accessions.

In reproductive biology, rubber flower and inflorescence development have 
been characterized; one important gene regulating flower induction and devel-
opment (leafy/floricaula) was cloned and its expression was analyzed and local-
ized by in situ hybridization (Dornelas and Rodriguez 2005). In post-germination 
changes in rubber seeds, proteomics (2D-Page and mass spectrometry methods) 
were implemented for examining the changes in protein expression from the 
mature seed to the germinated seed (Wong and Abubakar 2005). NMR spectros-
copy was used for characterizing cassiicolin, the toxin of Corynespora (Barthe 
et al. 2007). Suppression Substractive Hybridization (SSH) technique is currently 
widely implemented between different couples of mRNA samples for the produc-
tion of molecular resources by Real-Time-Polymerase Chain Reactions (RT-PCR) 
in the form of substracted cDNA libraries. SSH is enormously useful in addressing 
the issues related to Tapping Panel Dryness (TPD). Although a great deal of effort 
has been made to study TPD in rubber tree, the molecular mechanisms underly-
ing TPD remain poorly understood. Identification and systematic analyses of the 
genes associated with TPD are the prerequisites for elucidating the molecular 
mechanisms involved in TPD. Li et  al. (2010) made an attempt to decipher the 
intricacies of TPD with the help of SSH. To identify the genes related to TPD in 
rubber tree, forward and reverse cDNA libraries from the latex of healthy and TPD 
trees were constructed using SSH method. Among the 1106 clones obtained from 
the two cDNA libraries, 822 clones showed differential expression in two librar-
ies by reverse Northern blot analyses. Sequence analyses indicated that the 822 
clones represented 237 unique genes; and most of them have not been reported 
to be associated with TPD in rubber tree. The expression patterns of 20 differ-
entially expressed genes were further investigated to validate the SSH data by 
reverse transcription PCR (RT-PCR) and real-time PCR analysis. According to the 
Gene Ontology (GO) convention, 237 unique genes were classified into 10 func-
tional groups, such as stress/defense response, protein metabolism, transcription 
and post-transcription, rubber biosynthesis, etc. Among the genes with known 
function, the genes preferentially expressed were associated with stress/defense 
response in the reverse library, whereas metabolism and energy in the forward one. 
Systematic analyses of the genes related to TPD suggest that the production and 
scavenging of reactive oxygen species (ROS), ubiquitin proteasome pathway, pro-
grammed cell death and rubber biosynthesis might play important roles in TPD.

MicroRNAs (miRNAs) are set of RNAs that are induced by abiotic stress 
and regulate gene expression by targeting the cleavage or translational inhibition 
of target messenger RNAs. Gébelin et  al. (2013) studied sequences of miRNAs 
expressed in latex cells to identify TPD-related putative targets. Deep sequencing 
of small RNAs was carried out on latex from trees affected by TPD using Solexa 
technology. The most abundant small RNA class size was 21 nucleotides for TPD 
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trees compared with 24 nucleotides in healthy trees. By combining the LeARN 
pipeline, data from the Plant MicroRNA database and Hevea EST sequences, 19 
additional conserved and four putative species-specific miRNA families were 
identified that were not found in previous studies. The relative transcript abun-
dance of the Hbpre-MIR159b gene increased with TPD. This study revealed a 
small RNA-specific signature of TPD-affected trees. Both RNA degradation and 
a shift in miRNA biogenesis are suggested to explain the general decline in small 
RNAs and, particularly, in miRNAs.

Collection of Expressed Sequence Tags (ESTs, or small and partial 5’-end-
sequences of expressed genes) that are related with varied metabolic aspects 
are developed to study genes expressed in latex cells (Garcia et  al. 2011; 
Triwitayakorn et al. 2011; Li et al. 2012; Salgado et al. 2014; Cubry et al. 2014). 
Entries of these banks are compared with public databases of already known genes 
for identifying the putative functions of the corresponding genes. These EST 
banks will also create the way for macro- or microarray-based studies of Hevea 
gene expression. The ‘Latex Lambda Triplex’ EST-cDNA library (Ko et al. 2003) 
published in the EMBL/GenBank databases (858 entries) showed that about 16 % 
of the database matched ESTs encoding rubber biosynthesis-related proteins. 
Rubber biosynthesis-related genes appeared to be expressed at the maximum, fol-
lowed by defense-related genes and other protein-related genes (Han et al. 2000). 
Another EST bank was developed from a latex cDNA library in Malaysia (Chow 
et al. 2001), with a current number of more than 10,000 entries. Published DNA 
sequences of the latex allergens were matched against these ESTs, thereby indi-
rectly providing a ranking of the allergens depending on their concentration in the 
latex. More than 1000 ESTs matched with the sequences of rubber elongation fac-
tor (REF, or Hev.b.1) and small rubber particle protein (SRPP, or Hev.b.3).

Genes responsible for the synthesis of rubber transferase, the key enzyme 
for polymerisation of polyisoprene (natural rubber), appears to be among the 
most abundantly expressed genes in the latex (Cornish and Xie 2012). By using 
sequence information from the conserved regions of cis-prenyl chain elongating 
enzymes that were cloned earlier, Asawatreratanakul et  al. (2003) isolated and 
characterized cDNAs from H. brasiliensis for a functional factor participating in 
natural rubber biosynthesis. Sequence analysis revealed that all of the five highly 
conserved regions among cis-prenyl chain elongating enzymes were found in 
the protein sequences of the Hevea cis-prenyltransferase. Northern blot analysis 
indicated that the transcript(s) of the Hevea cis-prenyltransferase were expressed 
predominantly in the latex as compared with other Hevea tissues. Hevein, a 
chitin-binding protein, one of the defense proteins that play a crucial role in the 
protection of wound sites from fungal attack, is also involved in the coagulation 
process; it belongs to a multigene family, and the specificity of its expression in 
the latex is under investigation (Broekaert et al. 1990; Pujade-Renaud et al. 2005). 
Nearly 12.6 % of the proteins available in the latex are defense related (Han et al. 
2000). Among 200 distinct polypeptides (Posch et al. 1997), mainly three rubber 
synthesis-related genes are expressed in the latex: REF (Dennis and Light 1989; 
Goyvaerts et al. 1991), hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) 
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(Chye et  al. 1992), and SRPP (Oh et  al. 1999). The most abundantly expressed 
gene is REF (6.1 %) and then SRPP (3.7 %) (Han et  al. 2000). References and 
partial or full-length sequences of these cloned genes can be found in the EMBL/
GenBank databases.

Unlike photosynthetic genes, transcripts involved in rubber biosynthesis are 
20–100 times greater in laticifers than in leaves (Kush et al. 1990). On the other 
hand, transcripts for chloroplastic and cytoplasmic forms of glutamine synthetase 
are restricted to leaves and laticifers, respectively (Kush et  al. 1990), indicating 
thereby that the cytoplasmic form of G. synthetase plays a decisive role in amino 
acid metabolism of laticifers. The transcript levels of hydrolytic enzymes viz., 
polygalacturonase and cellulase, might be taken as indicators for a better devel-
opment of the laticifers. Genes expressed in the latex of Hevea can be divided 
into three groups based on the proteins they encode: (1) defense-related proteins 
such as hevein, chitinase, β-1,3-glucanase, and HEVER; (2) rubber biosynthesis-
related proteins such as REF, HMGR (hydroxymethylglutaryl-coA reductase) and 
hydroxymethylglutaryl-coA synthase (HMGS), cis-prenyltransferase (CIS), gera-
nylgeranyl diphosphate (GGPP) synthase, small rubber particle protein (SRPP), 
isopentenyl diphosphate (IPP) isomerase; and (3) latex allergen proteins such as 
Hev.b.3, Hev.b.4, Hev.b.5, Hev.b.7. Biological functions of the allergenic proteins 
are largely unknown (Oh et al. 1999).

Mantello et al. (2014) performed RNA sequencing (RNA-seq) of H. brasilien-
sis bark on the Illumina GAIIx platform, which generated 179,326,804 raw reads 
on the Illumina GAIIx platform. A total of 50,384 contigs that were over 400 bp 
in size were obtained and subjected to further analyses. A similarity search against 
the non-redundant (nr) protein database returned 32,018 (63 %) positive BLASTx 
hits. The transcriptome analysis was annotated using the clusters of orthologous 
groups (COG), GO, Kyoto Encyclopedia of Genes and Genomes (KEGG), and 
Pfam databases. A search for putative molecular marker was performed to identify 
SSRs and SNPs. In total, 17,927 SSRs and 404,114 SNPs were detected. Finally, 
we selected sequences that were identified as belonging to the mevalonate (MVA) 
and 2-C-methyl-D-erythritol 4-phosphate (MEP) pathways, which are involved in 
rubber biosynthesis, to validate the SNP markers. A total of 78 SNPs were vali-
dated in 36 genotypes of H. brasiliensis. This new dataset represents a powerful 
information source for rubber tree bark genes and will be an important tool for the 
development of microsatellites and SNP markers for use in future genetic analyses 
such as genetic linkage mapping, quantitative trait loci identification, investiga-
tions of linkage disequilibrium and marker-assisted selection.

6.5 � Nuclear versus Cytoplasmic Genetic Diversity

Besse et al. (1994), using 92 clones of Amazonian origin and 73 Wickham clones 
did an assessment of RFLP profiles. Interestingly, accessions of Brazil Amazonia 
could be categorized into genetic groups according to their geographic origin 



254 P.M. Priyadarshan

(Acre, Rondonia, Mato Grosso). On the other hand, cultivated clones conserved 
relatively high level of polymorphism, despite narrow genetic base and continu-
ous assortative mating and selection. As expected, polymorphism is very pru-
dent among allied species of Hevea. A comparison of isozyme analysis (Lebrun 
and Chevallier 1990) with DNA markers showed much similarity (Besse et  al. 
1994). Identification of all Wickham clones could be done with 13 probes asso-
ciated with restriction enzyme Eco RI (Besse et  al. 1993). The cultivated clones 
are genetically close to the Mato Grosso genotypes. Rondonia and Mato Grosso 
clones are more polymorphic as per RFLP data (Besse et al. 1994). A Rondonia 
clone (RO/C/8/9) showed eight specific restriction fragments and a unique malate 
dehydrogenase (MDH) allele, indicating this clone is of interspecific origin. Such 
molecular markers are useful in rubber tree breeding since no distinct morphologi-
cal traits exist. Mitochondrial DNA (mtDNA) polymorphism was analyzed in 345 
Amazonian accessions, 50 Wickham clones and two allied species (H. benthami-
ana, H. pauciflora) (Luo et al. 1995). While the variation in wild accessions was 
considerable, the cultivated clones formed only two clusters.

6.5.1 � Potentiality of mtDNA

The aforesaid observations amply indicate that the selection was indirectly 
towards nuclear DNA polymorphism, while evolving modern clones. Luo et  al. 
(1995) argue that the geographic specificity towards nuclear and mtDNA polymor-
phisms are due to great level of genetic structuring among natural populations in 
the Amazon forests in relation to hydrographic network. In wild accessions, seed 
dispersal and selection are as per the environmental conditions. If this is true, 
we observe that much of the variations produced in the natural habitat are being 
lost due to selection pressure of environmental factors. This is a matter of con-
cern since the wild accessions have not rendered much contribution in evolving 
high yielding clones so far, after introduction to other parts of the globe. On the 
other hand, Wickham clones exhibited high nuclear DNA polymorphism, perhaps 
due to breeding under different climates. It is presumable that the nuclear genome 
has been forced to enhance variation to suit the diverse hydrothermal situations 
of newly introduced areas, resulting in selection of rightly adapted clones under 
a given environment. mtDNA of Wickham clones has lesser variation because 
their female progenitors are all primary clones, naturally bred under the similar 
environmental conditions of Malaysia and Indonesia. These clones were intro-
duced later into India and Sri Lanka for further breeding programmes. Moreover, 
cytoplasmic donors for most of the improved clones are either PB 56 or Tjir 1 
(Fig. 6.6). While the cytoplasm of PB 56 is transferred through PB 5/51, the cyto-
plasm of Tjir 1 was through RRII 105, RRIM 600 and RRIM 605. In conventional 
breeding systems followed in rubber, the best parents of one generation are used 
as parents for the next cycle of breeding (Simmonds 1989). Obviously, this is the 
reason for the mtDNA profile showing only two clusters. A possible explanation 
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for greater polymorphism in mtDNA in wild accessions is that they must have 
been evolved through interspecific hybridization. mtDNA polymorphism in wild 
accessions needs to be exploited fully. A molecular survey of available Amazon 
accessions and isolation of competent molecular variants in their progeny are the 
possible exercises that would give meaningful results.

Plant mitochondrial genomes encode tRNAs, rRNAs, proteins and ribo-
somal proteins and range in size from 200  Kb in Brassica hirta (Palmer and 
Herbon 1987) to 2.74  Mb in Cucumis melo (Rodríguez-Moreno et  al. 2011). 
Mitochondrial genome expansion in land plants is primarily due to large intergenic 
regions, repeated segments, intron expansion and incorporation of foreign DNA 
such as plastid and nuclear DNA (Turmel et al. 2003; Bullerwell and Gray 2004). 

Fig. 6.6   Cytoplasmic donors for improved clones (PB 56 or Tjir 1)
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Accumulation of repetitive sequences in plant mitochondrial genomes cause fre-
quent recombination events and dynamic genome rearrangements within a species 
(Chang et al. 2011; Allen et al. 2007). Several mutations by gene rearrangement 
of the mitochondrial genes were found associated with cytoplasmic male steril-
ity (CMS) such as the T-urf13 gene in maize (Dewey et  al. 1981), pcf gene (a 
fusion of atp9 and cox2 portions) in petunia Young and Hanson 1987), cox1 in 
rice (Wang et al. 2006) and mutations in ATPase subunits in sunflower (Laver et al. 
1991) and Brassica (Landgren et al. 1996). RNA processing also plays an impor-
tant role in controlling CMS as evidenced in orf355/orf77 (atp9) and T-urf13 in 
maize (Gallagher et al. 2002; Dill et al. 1997). With the development of next gen-
eration sequencing (NGS) technologies, new strategies have been used to obtain 
plant mitochondrial genomes. A combination approach of shotgun and paired-end 
NGS sequencing from non-enriched whole genome DNA libraries have been suc-
cessfully used to obtain the mitochondrial genomes.

Clone BPM 24 exhibits CMS, inherited from the variety GT 1. Shearman et al. 
(2014) constructed the rubber tree mitochondrial genome of a cytoplasmic male 
sterile variety, BPM 24, using 454 sequencing, including 8 kb paired-end librar-
ies, plus Illumina paired-end sequencing. They further annotated this mitochon-
drial genome with the aid of Illumina RNA-seq data and performed comparative 
analysis. Shearman et  al. (2014) then compared the sequence of BPM 24 to the 
contigs of the published rubber tree, variety RRIM 600, and identified a rearrange-
ment that is unique to BPM 24 resulting in a novel transcript containing a portion 
of atp9 (Fig. 6.7). The novel transcript is consistent with changes that cause CMS 
through a slight reduction to ATP production efficiency. The exhaustive nature 
of the search rules out alternative causes and supports previous findings of novel 
transcripts causing CMS.

6.5.2 � Potentiality of cpDNA

Chloroplast genomes are sufficiently large and complex to include structural and 
point mutations that are useful for evolutionary studies from intraspecific to inter-
specific levels (Neale et  al. 1988; McCauley 1992; Graham and Olmstead 2000; 
Provan et  al. 2001). Since the first complete chloroplast (cp) genome sequence of 
liverwort (Marchantia polymorpha) was reported in 1986 (Ohyama et  al. 1986), 
more than 150 chloroplast genomes have been sequenced and characterized thus 
disclosing an enormous amount of evolutionary and functional information of 
chloroplasts. In chloroplasts, transcripts undergo a series of RNA processing steps 
such as intron splicing, polycistronic cleavage, and RNA editing. RNA editing is a 
mechanism to change genetic information at the transcript level by nucleotide inser-
tion, deletion or conversion (Bock 2000; Knoop 2010). The chemical composition 
of natural rubber is cis-polyisoprene, a high-molecular weight polymer formed from 
sequential condensation of isopentenyl diphosphate (IDP) units catalyzed by the 
action of rubber transferase (Cornish 2001). IDP is also an important intermediate 
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for biosynthesis of essential oils, abscisic acid, cytokinin, phytoalexin, sterols, chlo-
rophyll, carotenoids and gibberellins (Chappell 1995a; McGarvey and Croteau 1995; 
Lichtenthaler et al. 1997; Cornish 2001). There are two IDP biosynthesis pathways: 
the MVA pathway which occurs in cytosol (Chappell 1995b); and the 1-deoxy-D-
xylulose 5-phosphate/2-C-methyl-Derythritol 4-phosphate (MEP) pathway which 
occurs in plastids (Lichtenthaler 1999; Ko et al. 2003). One approach to improving 
rubber production in H. brasiliensis would be to engineer chloroplasts and modify 
metabolic flux to produce more biosynthetic intermediates. The availability of the 
complete chloroplast genome sequence should also facilitate the chloroplast trans-
formation technique. The improved transformation efficiency and foreign gene 
expression can be achieved through utilization of endogenous flanking sequences 
and regulatory elements (Birch-Machin et al. 2004; Maliga 2004; Tangphatsornruang 
et  al. 2010). Transformation of chloroplast genome offers a number of advantages 

Fig.  6.7   Annotated representation of the rubber tree mitochondrial genome (after Shearman 
et al. 2014)
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over nuclear transformation including a high level of transgene expression, polycis-
tronic transcription, lack of gene silencing or positional effect and transgene contain-
ment (Daniell et al. 2002; Maliga 2002, 2004; Bock 2007). Tangphatsornruang et al. 
(2011) reported the complete chloroplast genome sequence of rubber tree as being 
161,191 bp in length including a pair of inverted repeats of 26,810 bp separated by 
a small single copy region of 18,362 bp and a large single copy region of 89,209 bp. 
The chloroplast genome contains 112 unique genes, 16 of which are duplicated in 
the inverted repeat. Of the 112 unique genes, 78 are predicted protein-coding genes, 
four are ribosomal RNA genes and 30 are tRNA genes. Relative to other plant chlo-
roplast genomes, Tangphatsornruang et al. (2011) observed a unique rearrangement 
in the rubber tree chloroplast genome: a 30-kb inversion between the trnE(UUC)-
trnS(GCU) and the trnT(GGU)-trnR(UCU). A comparison between the rubber tree 
chloroplast genes and cDNA sequences revealed 51 RNA editing sites in which 
most (48 sites) were located in 26 protein-coding genes and the other 3 sites were in 
introns. Phylogenetic analysis based on chloroplast genes demonstrated a close rela-
tionship between Hevea and Manihot in Euphorbiaceae.

Shotgun genome sequencing of H. brasiliensis using pyrosequencing technology 
revealed the complete chloroplast genome sequence (Tangphatsornruang et al. 2011). 
Gene content and structural organization of the rubber tree chloroplast genome is 
similar to that of M. esculenta, with an exception of the 30-kb fragment rearrange-
ment. By comparing the rubber tree chloroplast genes and the cDNA sequences, the 
distribution and the location of RNA editing sites in the chloroplast genome could be 
determined (Tangphatsornruang et  al. 2011). The phylogenetic relationships among 
angiosperms, based on ct DNA sequences including those of the rubber tree ct DNA 
provided a strong support for a monophyletic group of the eurosid I and demonstrated 
a close relationship between Hevea, Manihot, Jatropha and Populus in Malpighiales.

As a synthesis of these diversity studies, good relationships were found 
between the results issued from the different genetic markers. Even if the contri-
bution of isozymes is important by itself, molecular markers provided important 
clarifications for the distinction of different groups. There would be no barrier to 
migration of Hevea genes within the Amazonian basin. However, the wideness of 
the area and the limited dispersion of Hevea seeds allowed the preservation of the 
current structure, which is assumed to have initially resulted from the fragmenta-
tion of the Amazonian forest during the pleistocene period, according to the refuge 
theory presented by Haffer (1982). Moreover, the Hevea germplasm genetic struc-
ture clearly appears as geographically structured in relationship with the hydro-
graphic network of the Amazonian forest, which confirms the role of rivers and 
inundated zones in the transport of seeds and dissemination of the species (Besse 
et al. 1993; Luo et al. 1995; Seguin et al. 1996). The mtDNA of Wickham popu-
lation has lesser variation since their female progenitors are restricted to a very 
small set of primary clones. Cytoplasm donors for most of the improved clones are 
either PB56 or Tjir1. Obviously, this is the reason for the mtDNA profile show-
ing only two clusters (Priyadarshan and Gonçalves 2003). Possible explanation for 
greater polymorphism in mtDNA of wild accessions is that many might have been 
evolved through interspecific hybridization.
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6.6 � Conclusions and Prospects

As said earlier, genetic erosion can result from a narrow genetic base in the origi-
nal collections or by practices that reduce genetic diversity. That the original 22 
seedlings of Wickham collection, as it is believed till date, is the base popula-
tion from which the day-to-day Hevea clones were evolved had been genetically 
narrow to enrich the Hevea gene pool. In addition, these populations were sub-
jected to several rounds of controlled crossing that further narrowed the diversity. 
Moreover, the strategy followed by the breeders to select only the desirable gen-
otypes and to reject the unwanted ones (without assessing the utility other than 
yield) is the main reason that reduces diversity. Concerted efforts to infuse the 
Amazonian germplasm through controlled crossings never met with enriching the 
diversity as desired as expected. This is because selection was, and is always been 
in favor of higher yield only. Preserving other genotypes/entries can not be accom-
plished due to space constraints unlike annual species. This drawback needs to be 
addressed resolutely if the diversity of Hevea rubber is to be increased. Genetic 
diversity not produced or preserved is equivalent to genetic diversity lost. The total 
number of clones is not more than hundred that are being cultivated world wide 
for natural rubber production.

Molecular characterization of Hevea has not been done systematically. Only 
molecular diversity of Amazonian accessions and a few clones had been studied 
to an extent. A very systematic study of all Hevea clones at molecular level is 
appreciable, since the wisdom of understanding differences in morphological and 
molecular diversity has accumulated of late. QTL mapping is yet another area that 
needs to be undertaken with international coordination. As mentioned in this arti-
cle, much work at the molecular level had been carried out like for TPD, latex pro-
duction, defense genes and alike. Only growth related traits have been attempted 
for QTL mapping (Souza et  al. 2013). But a sincere and systematic effort to tie 
up other variations with QTLs for yield had not been done so far. This exercise is 
difficult but not impossible. This systematic exercise can only elucidate the intrica-
cies underlying diversity of Hevea rubber. Such an exercise can lead to setting up 
of a molecular library for Hevea and scientists working worldwide can contribute 
to this molecular library. The deposition of microsatellites, SSRs and ESTs is not 
enough, but a library that includes genes for QTLs is most warranted. The contri-
bution of Rahman et al. (2013) on gene sequencing of Hevea is a sincere and sys-
tematic step towards this. The attempts of Saldago et al. (2014) did transcriptome 
analysis in Hevea. Such investigations with modern methodologies are encourag-
ing, since utilization of such technologies almost rarely happens in tree research. 
This tempo needs to be accelerated further, should there be a comprehensive gene 
library for Hevea rubber.

One of the early contributors to the science of plant genetic resources, Harlan 
(1970) remarked: ‘The varietal wealth of the plants that feed and clothe the world 
is slipping away before our eyes, and the human race simply cannot afford to loose 
it’, and he also predicted a ‘genetic wipe out of centers of diversity’ (Harlan 1975). 
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Genetic wipe out has not really happened but the modern varieties have replaced 
traditional varieties or land races. One of the primary duties of a Plant Breeder 
is to evolve, document and manage genetic diversity. As such, there are no land 
races in Hevea rubber, but only modern clones. In this context, how much genetic 
diversity is getting conserved, cataloged and utilized and how much genetic ero-
sion happens are the options left to one’s own wisdom.
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