‘ oy 7@&1&@ e
T 20 o) | @V*Q\"’A"’M Kol ﬁvum YLWI :

W,gewﬂ’ﬁbﬁﬂ & °<w"9w W mpo B, 2000,

Mr;posium on Oil Palm Genetic Resources and Utilizationi Z1-220

THE GENETIC DIVERSITY OF THE AMERICAN OIL PALM, ELAEIS OLEIFERA

(KUNTH), CORTES REVEALED BY NUCLEAR RFLP MARKERS

Barcelos E.", P. Amblard?, J. Berthaud® and M. Seguin®
ABSTRACT

he Restriction Fragment Length Polymorphism (RFLP) technigue was used to assess the
netic diversity, its organization and the genetic relationships among 36 American oil palm
laeis oleifera (Kunth), Cortés] populations from Brazil, Peru, French Guyana, Surinam,
rth of Colombia and Central America, covering a large part of the natural distribution of the
ecies. Polymorphism in 241 accessions was revealed with 37 nuclear cDNA probes and

ibmitted to Factorial Analysis of Correspondences (FAC), cluster analysis and population
onetics analysis (F-statistics). The genetic diversity of E.oleifera is strongly structured by
bgraphica/ origin, with 4 groups clearly distinguished: Brazil, Surinam/French Guyana.
rth of Colombia/Central America and Peru. Within the Amazon basin, there is a moderate
ucture that corresponds to the major tributaries of the Amazon river. From the 37
lymorphic RFLP probe/enzyme combinations used, 19 probes (51%) presented simple
striction profiles, with 1 or 2 bands per plant’ suggesting a single locus with different
éles, allowing allelic co-dominant coding for them. This led to the identification of 59
eles for all 19 loci. Three rare alleles, with frequencies lower than 5%, were present in the
azilian populations, -while no other allele was found to be rare or very frequent (>95%) in
whole species, nor in any of the sub-geographic groups. Very low levels of
7ymorphism and heterozygosity were observed in the non-Brazilian groups:
rinam/French Guyana, north of Colombia/Central America and Peru, with some of these
ing even monomorphic and completely homozygous for the studied RFLP locus. A high
netic diversity was detected in E. oleifera by RFLP nuclear analysis, with a mean of 3.1
eles in the 19 loci and H Nei = 0.404. These values are higher than the genetic diversity
imated for African E.guineensis by using the same probes over 51 accessions covering a
)ad area of the distribution of this species, and is higher also than in other perennial

ecies studied elsewhere. ‘

ywords: RFLP, genetic diversity, population genetics, tropical perennial species, Elaeis
oleifera. '
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INTRODUCTION

The oil palm (Elaeis guineensis Jacq.) is an African species that is widely cultivated in
most humid tropical regions of Africa, East Asia and the Americas, and represents the second
most important source of vegetable oil. Palm oil is widely used in a variety of edible products,
with more than 18 million tons being traded worldwide in 1996 (FAO, 1998)

Although oil palm has the highest productivity among the major cultivated oil crops,
commercial varieties have a narrow genetic base due to the reStricted number of ancestral
.progenitors (HARTLEY, 1988; SIMMONDS, 1993; HARDON, 195; YUAN, 1996). The major
oil palm breeding programs are facing various challenges at present, and broadening the genetic
base is a high priority for meeting many of these. New varieties should present disease
resistance, low trunk growth and better oil quality.

Oil palm breeders have been interested in the wild species E. oleifera for a long time.
The first introduction of this species to the African oil palm research centers dates to 1927
(VANDERWEYEN, 1949). More recently, important genetic resources of this species were
collected and distributed to the most important oil palm research centers, where they are used in
various ways according to the problems faced by local oil palm breeders (LE GUEN, 1991).

Elaeis oleifera is found exclusively in humid tropical America. With E. guineensis. it
constitutes the genus Elgeis. They are cytologically very similar and fertile interspecific hybrids
are easily obtained (HARTLEY, 1988). Elaeis oleifera presents many interesting agronomic
traits, such as resistance to some important diseases and pests, slow trunk height growth and high
unsaturated fatty acid content. All these characteristics are desirable in oil palm commercial
varieties, so hybridization is used to transfer these traits, since the direct use of this species is
limited by its very low oil yield (HARDON, 1969; VALLEJO, 1975; MEUNIER, 1976:
AMBLARD, 1995).

Elaeis oleifera is distributed from southern Mexico to the central Brazilian Amazonia

- where it is found from just west of the mouth of the Tapaj6s river in the east up to
Ecuador in the west (MEUNIER, 1975). Most populations are located near river margins and in
flooded areas, in general in more open and sunny habitats. In some regions, such as along the
margins of the Madeira River in Brazil, populations are frequently found growing on higher and
drier areas with good soil fertility. This type of soil, locally called “terra preta do indio™ is very
restricted. and considered to be anthropogenic (BARCELOS, 1986). Plants of E. oleifera do not
found grow in the forest (MEUNIER, 1975).

Genetic resources of E. oleifera are still poorly characterized. Little is known about the
organization of genetic variability in the species, especially the level of genetic diversity present.
and no comparisons exist between populations from geographically distant origins, such as
Colombia. Peru, Suriname or French Guyana. In the early 1980s, an important survey of E.
oleifera genetic resources was carried out in Brazilian Amazon (ANDRADE, 1982; PACHECO,
1982; MEUNIER, 1982). The genetic variability of this material was evaluated using isoenzymes
(GHESQUIERE, 1987), but little information was obtained at the population level, while the
genetic variability were slightly structured according to the major amazon rivers.

The information at population level has important implications for both germplasm
utilization and genetic resources conservation. A preliminary study by Jack et al. (JACK, 1995)
identified species polymorphism in Elaeis using low-copy nuclear RFLP probes but on a very
restricted number of accessions and markers. In this study the genetic variability and its
structuration at species, region and population levels is intended.




MATERIAL AND METHODS

Plant material and DNA extraction

Two hundred and forty one plants of E. oleifera, representing 32 ‘populations” from
Brazilian Amazonia and one ‘population’ each from Peru, French Guyana, Surinam and Central
America (Table 1) were studied. These ‘populations’ are representative of the natural
distribution of the species (Fig.1). Each plant corresponds to a seed collected directly from a wild
_population.

In this study, a ‘population’ corresponds to a group of plants growing naturally in the
surveyed areas. Two or more collection sites were grouped to constitute a *population,” in order
to obtain a more representative size and a more accurate statistical analysis. This grouping was
done after a preliminary genetic analysis of the plants from each collection site if there was no or
very low genetic divergence for the loci analyzed and if the collection sites were geographically
close. According to this grouping criteria, the Central America ‘population’ represents plants
from northwestern Colombia, Panama, Costa Rica and Nicaragua. The French, Guyana
population represents two collection sites and the 32 Brazilian populations represent 33
collection sites dispersed throughout Amazonia (Table 1).

X Leaf samples were harvested from plants growing at oil palm research stations in Brazil
(Embrapa, Manaus) and Cdte d’Ivoire (IDEFOR, Abidjan), where large germplasm collections
exist. Total DNA was extracted from 3g of fresh or 1g of lyophilized leaves, using the CTAB
protocol from Gawel and Jarret (GAWEL, 1991).

RFLP procedures

Total DNA of a sub-set of 6 to 10 plants representing the different geographic origins
were digested with 10 restriction enzymes and used to constitute test blots in order to screen
RFLP probes for the present study. One hundred ninety homologous and heterologous probes
were hybridized onto these test blots (data not shown).

Total DNA of each plant was digested with the selected restriction enzymes. Blots were
prepared using 8 ng of total restricted DNA from each plant. To account for possible migration
distortions, molecular weight markers of 24.8 kb and 1.5 kb, obtained from Kpn I restricted A
phage DNA, were added to each restricted genomic DNA sample just before loading onto the
gels. These marker bands were revealed when necessary by adding **P-adCTP labeled A phage
DNA to the RFLP probes. Raoul (Appligene) molecular weight marker was also run once per
comb.

Restriction fragments were separated by electrophoresis in 0.8% agarose gels (20 x 24
cm) in 1X TBE buffer, for 16 h at 1.5 V.em™ and then transferred onto nylon membrane
(Hybond N™, Amersham), by alkaline blotting (SOUTHERN, 1975). Probes were labeled with
*2P_adCTP using the Amersham Megaprime® commercial kit. Pre-hybridization, hybridization
and washes were performed according to Hoisington (HOISINGTON, 1992) . Membranes were
then exposed to X-ray film, using two intensifying screens at -80°C for 3 days for homologous
probes and up to 10 days for heterologous probes. Each membrane was re-used 10 times or
more, after stripping with boiling 1% SDS and agitating at 65°C for 30 minutes on a shaker after
each utilization.

RFLP probes

A total of 108 homologous E. guineensis cDNA anonymous probes (TREGEAR, 1997)
and 82 heterologous nuclear cDNA probes were screened on test blots for their capacity to give
clear hybridization signals and clear polymorphic RFLP patterns. The heterologous probes were
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from rice (CATO, 1996; KURATA, 1994), oat. maize, barley (GARDINER. 1993.) and coconut
(LEBRUN, 1995).

Data analysis

The RFLP fragments or bands were scored in two ways: 1) binary: each band was scored
as presence vs. absence for all pairs of probe/enzyme combinations; 2) allelic: bands were scored
as alleles for a selected set of probe/enzyme combinations producing simple and clear profiles.
Since genetic segregation analysis was not done, the allelic hypothesis-was based on the fact that

"RFLP mapping results showed that 68% of cDNA probes detecting RFLP in Elageis sp. reveals
only one locus, which behaves like a diploid species presenting 2n=2x=32 (MAYES, 1997). The
banding pattern presented by two interspecific E. oleifera x E. guineensis F1 hybrid individuals
included in this study as controls and their parents also support this assumption. In these cases.
alleles present in a given accession were visually identified and received a number ranging from
1 to n, n being the total number of alleles per locus identified over all genotypes. Heterozygous
genotypes were recorded when displaying two different levels of bands.

The organization of genetic variability was visualized by performing a multi-variate
Factor Analysis of Correspondences (FAC). FAC is based on CHF distance, where markers and
genotypes both contribute to the definition of the different factors (BENZECRI, 1973). This
analysis was performed on the allelic matrix data, where each allelic variable was scored as: 0 =
absence of the allele; 1 = presence in a heterozygous state; 2 = presence in a homozygous state.
FAC was also performed on the dominant binary data set after disjunction of the binary matrix
data. Application of the FAC algorithm on a disjunctive matrix is also called Multiple
Correspondence Analysis (MCA). This analysis was performed using algorithms in the ADDAD
software package (LEBEAUX. 1985). With this analysis, robust associations between variables
and genotypes are detected, revealing any linkage disequilibrium among these variables and the
population. The most informative data are represented on the first two axes, showing the relevant
structure of the genetic diversity.

The genetic diversity revealed by RFLP markers was estimated by using the allelic data
set at the population level with the classical parameters of population genetics: mean number of
alleles per locus, effective number of alleles (Crow and Kimura in (HARTL, 1988), percentage
of polymorphic loci, Nei's genetic diversity — HNei (NEL 1978), and allelic richness (EL
MOUSADIK, 1996; HURLBERT, 1971).

The effective number of alleles [Ae = 1/(1-H Nei)] estimate was based on the frequency
of different alleles detected in a population. Considering that different distributions of allele
frequency can result in the same homozygosity, estimate of the effective number of alleles.
assuming all alleles equally frequent, allows the comparison of populations presenting a different
allelic constitution (HARTL, 1988) . ’

The allelic richness is defined as the number of different alleles found in a fixed sample
size. The estimation of allelic richness allows comparison of the allelic diversity in populations
presenting different sample sizes. Allelic richness was computed by using the rarefaction method
described by Hurlbert (HURLBERT, 1971) for ecological diversity studies with unequal sample
size, using the formula proposed by El Mousadik and Petit (EL MOUSADIK, 1996)

Using the RFLP allelic data, the structure of genetic diversity was evaluated (F statistics)
by estimating Wright's fixation index (Fis) based on heterozygote deficiency, which is a measure
of the deviation from the Hardy-Weinberg equilibrium and indicates the direction of this
deviation. Partitioning of total genetic diversity into.within-population and between-population
components was also assessed by using Wright’s fixation indices. (WRIGHT, 1978). The F-
parameters (Fis, Fst, Fit) were computed using Fstat software (GOUDET, 1994). Tests of
significance were performed on Fis values using the permutations procedure (ROUSSET, 1995)
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proposed in the Fstat software. Divergence among populations or groups of populations
was evaluated calculating similarity indices and distances, using allelic co-dominant markers.
Dendrograms elaborated with Nei’s unbiased genetic distances (NEI, 1978) were also used to
visualize possible organization of the genetic diversity among more groups. Distance matrix
were calculated using BIOSYS software (SWOFFORD, 1981) and trees were built using ABCD
software (CIRAD software). )

RESULTS
RFLP polymorphism

From a set of 190 heterologous and homologous cDNA probes screened on test blots, 29
homologous and 8 heterologous probes presenting strong and easy to score polymorphic bands
were retained for further analysis. The origin of the selected heterologous probes was rice (5
probes - 4 from Cornell University/USA and 1 from RGP/Japan), maize (2 probes - from
Missouri University) and coconut (1 probe from CIRAD CP, France).

The RFLP pattern detected with all 37 selected cDNA probes were first scored as bands.
A total of 248 bands were retained for FAC statistical analysis, with no missing values. An
average of 6.6 bands was revealed per probe over all individuals. The number of polymorphic
bands per geographic group (Brazil, Peru, French Guyana, Surinam, north of Colombia and
Central America) is presented in Table 2.

From the 37 polymorphic probe/enzyme combinations used, 19 probes (51%) presented
simple restriction profiles, with 1 or 2 bands per plant (Figure 1), suggesting a single locus with
different alleles. This lead to the identification of 59 alleles for all loci (Table 3). The mean
number of alleles per locus was 3.10 and the mean number of effective alleles was 1.68. Allele
distribution per geographic group is presented in Table 3. Three rare alleles, with frequencies
lower than 5%, were present in the Brazil group. No other allele was found to be rare or very
frequent (>95%) in the whole species, nor in any of the geographic group. Very low levels of
polymorphism and heterozygosity are observed in the non-Brazilian groups. French Guyana and
Central America groups are even monomorphic and completely homozygous in the allelic co-
dominant study, the few polymorphic probes in these groups being unscorable as co-dominant
loci.

Genetic variation and structure at the species level

The first two axes of the FAC using the 59 alleles data set represented 46% of the total
variation (data not show) and showed a strong geographical structuring, with 4 groups clearly
distinguished: Brazil, Surinam/French Guyana, Central America and Peru. The Brazilian group
was clearly separated from the others by the first axis of the FAC, which explains 26% of total
variation. The FAC using binary bands gave similar results (Figure 2), except that some
polymorphism was revealed in Central America and Surinam plants, and the French Guyana and
Surinam plants are more differentiated. The structuring revealed by these two FACs are similar
and the variability explained by the first axis of both analysis is also equivalent. The grouping
revealed by FAC analysis was used to estimate genetic parameters, based on the assumption that
they represent natural groups.

Nei’s (NEI, 1978) genetic distance estimates (Table 4) between these groups varied from
0.005 to 1.182, with a mean 0.695. The populations from Surinam and French Guyana were
undifferentiated. as suggested by the FAC results. Cluster analysis (Figure 3) confirmed that the
Brazilian grouping is distant from all other groups, with French Guyana-Surinam, Peru and
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Central America being equidistant from each other, with a similar distance of around 0.60,
Differences between E. oleifera groups are in the same order of magnitude as differences
berween E. oleifera and E. guineensis (BARCELOS, 1998).

The Nei's genetic diversity (NEL 1978) was HNei = 0.404 for E. oleifera (Table 3). The
genetic variation within E. oleifera was analyzed considering the 5 geographical groups: Brazil.
Peru, French Guyana, Surinam and Central America. The Brazilian group, the best represented in
this analysis with 177 individuals, was the only one presenting considerable diversity (HNei =
0.245), with 2.42 alleles per locus, while the other groups ‘were highly or completely

“homozygous (Table 3).

The fixation index (WRIGHT, 1978) calculated for E. oleifera (Table 3) revealed a
strong divergence from Hardy-Weinberg equilibrium (Fis = 0.75), suggesting significant
structuring within the species as shown by the FAC . Most of the variability detected was due to
the divergence between the 5 groups considered (Fst = 0.736).

Genetic variation at population level in the Brazilian group

Considering the group of Brazilian plants as a whole, a genetic diversity of HNei = 0.245
was detected. The HW disequilibrium (Fis = 0.450) was highly significant, suggesting the
existence of some structuring within this group.

A FAC was performed on the Brazilian group with RFLP nuclear allelic co-dominant
markers. The first two axes (Figure 4) represented 33% of the total variability and showed some
genetic structuring related 1o the fluvial pattern in Amazonia. The FAC results performed with
nuclear RFLP binary data were in accordance with the allelic co-dominant FAC results, showing
the same structuring, but with the first two axes representing only 20% of total variability (data
not shown). The concordance between these results suggests that the selection of a subset of loci
by RFLP multi-allelic scored can be considered a unbiased sample of the overall RFLP diversity.

Overal. the 32 Brazilian populations presented an average of 1.4 alleles per locus and per
population, with values ranging from 1.1 to 1.8 allele per locus (Table 5). The percentage of
polymorphic loci averaged over all populations was 38%, with the values varying from 11% to

3%, and average Nei genetic diversity was 0.160, ranging from 0.026 to 0.297 (Table 35). The
effective number of alleles ranged from 1.03 for the more homozygous populations, up to 1.42
for the more polymorphic ones (Table 5). Allelic richness averaged 0.380, and ranged from
0.079 to 0.693. while a total allelic richness of 1.079 was revealed for E. oleifera as a whole
(Table 35).

The fixation index (Fis) revealed a significant Hardy-Weinberg disequilibrium in 86% of
studied populations, with most populations (64%) presenting a heterozygote deficiency, but 7 out
of 32 (22%) presenting a significant excess of heterozygotes (Table 5). Thirty-five  percent
(Fst = 0.353) of the total variability revealed by nuclear RFLP over 19 loci and 45 alleles was
due to the difference among these 32 populations, suggesting some structuring within this group,
as also revealed by the FAC results.

The genetic distances between Brazilian populations using nuclear RFLP allelic data
calculated and cluster analysis (data not shown) revealed that the genetic diversity within this
group is weakly structured, despite an HNei = 0.245. The relatively small genetic differentiation,
averaging 0.06 among all populations, indicates that this diversity is due more to intra-
population variability (Fst = 0.35). Nevertheless, the relations among these populations are
clearly explained by the main rivers in the region (Figure 5).

Indeed. there is a positive relationship between clustering among plants, as shown on
FAC (Figures ). or-among populations, as shown on distance analysis (Figure 4), and the
localization on the same river. The exceptions were 3 populations (BSO, DEM, MAN) along the
Madeira river. which clustered separately from other populations along the same river (Figure 5).
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DISCUSSION

Genetic variability of E. oleifera was estimated through nuclear RFLP analysis scored as
(a) multi-allelic or allelic co-dominant markers and (b) bi-allelic or dominant binary markers.
The results were highly concordant in presenting the same genetic diversity structuring,
suggesting that the allelic co-dominant coding interpretation used is acceptable despite the lack
of segregation studies. By scoring as dominant binary markers, more probes could be utilized
and more diversity was revealed within some groups, while multi-allelic scoring had the
“advantage of allowing estimation of population genetic parameters.

E. oleifera genetic diversity

A high genetic diversity was detected in E. oleifera by RFLP nuclear analysis, with a
mean of 3.1 alleles in the 19 loci and HNei = 0.404. These values are higher than the genetic
diversity estimated for African E. guineensis by isoenzymes analysis using 15 loci over 51
accessions covering a broad area of the distribution of this species, with a mean 2.2 alleles per
locus and a HNei of 0.262. (GHESQUIERE, 1985).

Compared to other tropical species, genetic diversity in E. oleifera is much higher than in
cocoa (Theobroma cacao), another Amazonian perennial with a similar geographical
distribution. RFLP analysis of 43 loci in 155 accessions of cocoa revealed only 1.8 alleles per
locus and an HNei = 0.28. Like E. oleifera, cocoa accessions originating from French Guyana
also presented a very low genetic diversity (HNei = 0.065), with only 1.1 alleles per locus
revealed by RFLP analysis (LERCETEAU, 1997).

Hevea brasiliensis, another Amazonian species with a more restricted geographical
distribution, is genetically slightly more variable than E. oleifera, with 3.9 alleles per locus and a
genetic diversity of HNei = 0.45 as revealed by isoenzyme analysis of 13 loci in 183 Amazonian
accessions (HAMON, 1998) The genetic diversity revealed by RFLP in the same accessions,
based on 25 putative loci, was equivalent to that with isoenzymes (BESSE, 1994 SEGUIN.
1996) Carapa procera, another tropical forest tree with a similar geographical distribution.
presented 1.7 alleles and a genetic diversity of HNei = 0.20 on the 15 loci of 225 accessions
analyzed by isoenzymes, over a restricted part of its distribution in French Guyana (DOLIGEZ,
1997).

Isoenzyme studies performed on 38 species of tropical forest trees from different genera
revealed in average of 1.9 alleles per locus and a genetic diversity of HNei = 0.19 (HAMRICK.
1992). The genetic diversities presented by E. oleifera, Hevea brasiliensis and Carapa procera
are much higher than these average values estimated for other perennial tropical species.

Our results with Brazilian populations of E. oleifera presenting the highest genetic
variability in the species invalidate the hypothesis of Ghesquiére et al. (GHESQUIERE, 1987),
who supposed that most of the E. oleifera species diversity should be found in Central America
or Guyanas.

Genetic structure at the species level

The strong spatial genetic structuring at the species level revealed by the FAC reflects an
important genetic differentiation among these groups, as indicated by the Fst value of 74%. The
Fst value (Table 6) found for E. oleifera is much higher than other values found for population
differentiation in tropical perennial species, which vary between 10 and 12% (LOVELESS.
1992). This high value can be attributed mainly to the presence of specific alleles in each group
and to the high level of allele fixation in French Guyana, Peru and Central America (Table 3).

For the Brazilian populations, the Fst value calculated from the allelic data set was 35%,
indicating variability within this region due to inter-population differentiation. Even within
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Brazil, the Fst is still much higher than the values of 10-12% found for tropical perennial species
in general (HAMRICK, 1992; LOVELESS, 1992) . Two tropical perennial species, cocoz
(LERCETEAU, 1997) and Hevea brasiliensis (SEGUIN, 1996), also presented high Fst values
(23% and 25%, respectively), in an equivalent geographical area. The level of genetic
differentiation between populations presented by these three species, suggesting that Amazonijan
perennial tree diversity is structured differently than other tropical perennial trees (LOVELESS.
1992). : -
The very low genetic diversity found in French Guyana, Surinam and Central America
" populations, with all or nearly all loci being homozygous, was unexpected for an almost strictly
allogamous species like E. oleifera, suggesting that one or several recent bottleneck events
occurred in these areas. The presence of group specific alleles suggests significant genetic drift
experienced by populations, followed by an ancient interruption of gene flow among these
groups, raising the possibility of an historical discontinuity in the distribution of this species in
the American continent.

Genetic structuring at the Brazilian population level

The estimation of Hardy-Weinberg equilibrium deviations at the population level by the
fixation index (Fis) indicates that 62% of the Brazilian populations presented an heterozygote
deficit (Fis > 0), 22% of the populations had excess heterozygotes (Fis < 0), and only 16% were
in Hardy-Weinberg equilibrium. The heterozygote deficiencies may be due to different causes.
such as the Wahlund effect, due to artificial grouping of individuals from populations differing
in allelic frequency or allele composition; sampling bias; selective environmental factors
favoring homozygotes, such as mating among closely related individuals and occasional self
pollination events. In the present study, some populations were artificially created in order to get
sufficient numbers for genetic analysis, which could account for these Wahlund effect results.
The heterozygote excess in adult natural populations is commonly reported in isoenzyme studies
(Bush and Smouse, 1992 cited by (DOLIGEZ, 1997) and could also reflect a better fit of the
heterozygous individuals. The reduced sample size for some populations could also effect the
HW deviation, as there is a greater chance of sampling bias.

Genetic diversity of 124 plants of the same Brazilian origins of E. oleifera, as revealed by
14 isoenzyme loci, presented an He = 0.271 and 2.04 alleles per locus (GHESQUIERE, 1987),
which is similar to the present RFLP allelic results (He = 0.245 and 2.4 alleles per locus). The
main difference between the results from the isoenzyme analysis and the present RFLP study is
that isoenzyme revealed more genetic diversity in the BR 174/Rio Branco region, while RFLP
analysis identified the upper Solimdes River region as presenting more genetic diversity.

Among the populations from the Rio Madeira which were collected on
anthropogenic soils, three populations (BSO, DEM. MAN) clustered together outside of their
geographical group when analysis was performed with RFLP allelic data. This suggests that
these populations could have a recent anthropogenic origin via introduction of seeds from other
regions, in this case from the Manaus or the Rio Negro regions. When performing analysis with
RFLP markers scored as bands, only one population (MAN) of this group clustered outside of its
geographical group (Figure 4). .

The AGU population, in spite of being geographically close to Manaus, was isolated
from all other groups in the analysis performed with allelic co-dominant RFLP markers (data not
shown), but clustered in its geographical group when analysis was done with the RFLP binary
bands data set. Furthermore, this population was one of the most homozygous among all the
Brazilian populations (Table 5) and its genetic divergence could be a consequence of its allelic
poverty.
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The IGV population is the most western Brazilian population, located in the region of the
upper Solimdes River near the Peruvian border and is genetically closest to the Peruvian
population, suggesting some gene flow between them. It is the most divergent population among
all the Brazilian populations.

The Mangenot population (MGT) is the first E. oleifera population from Brazil
introduced into the ex-IRHO network in the 1960s. It is certainly from Brazil, but is of unknown
origin. Our analysis was unable to relate it to one of the Brazilian populations studied.

The genetic differentiation among the Brazilian populations is due mainly to the variation

“in allelic frequency. Inter-population divergence was found to be more important when
populations located along different rivers are compared. but considerable divergence can also be
found between more distant populations along the same river (Figure 4), as is the case of the
Solimées River. This suggests an important role for rivers in gene flow within E. oleifera in
Brazil. Unfortunately, no information is available on gene flow and seed dispersal for this
species, but considering that E. oleifera seed normally cannot float, other dispersion mechanisms
must exist, such as transport on other floating objects. The same mechanisms involved in the
dispersal of African E. guineensis, such as toucans, rodents and, more recently, humans
(ZEVEN, 1967; Schnell, 1946, cited by (MALEY, 1998) can be hypothesized to be involved in
the American species. Human action may have been especially important, as 1) amerindians used
it (?) as an oil source for painting, skin protection, lighting and, probably, food, and 2) because
rivers were the main means of transport in Amazonia.

The population differentiation in E. oleifera could be attributed to various factors, such
as population discontinuity, limited pollen gene flow (restricted by high air moisture and
entomophilous pollination), and relatively limited seed dispersal compared to the magnitude of
geographic distances in Amazonia.

The RFLP analysis revealed two different levels of genetic differentiation in the £.
oleifera germplasm studied. The first is at the scale of the continent, where complete
reproductive isolation for long periods resulted in very strong group divergence. The continuous
distribution of this species from Central America to Peru, through Brazil and the Guyanas. is
reported by some authors (MEUNIER, 1975). Nevertheless, large discontinuities in this
distribution have been reported between Central and South America (HENDERSON, 1995).
Additionally, the Andes and the Guyana plateau constitute geographic barriers that help explain
the observed genetic divergence between Central America and the Guyanas. In contrast, there are
no geographic barriers between Brazil and Peru, and the genetic differentiation of the Peruvian
population is due to unknown ecological or biological factors. Limited seed and pollen
dispersion in this region could also result in the divergence between these populations.

One intriguing fact is that the geographical distribution of this species does not reach
lower Amazonia, although suitable ecological conditions for its growth are present. The genetic
discontinuity between the French Guyana/Surinam and Brazilian populations could be the result
of a drier corridor between these two regions during the Pleistocene (SERVANT, 1997), which
limited expansion into this geographical area.

The genetic diversity of Elaeis oleifera and its structuring revealed in this study will
certainly enhance the use and conservation of its genetic resources, as well as help plan new
germplasm collections for this species in Amazonia.
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Table 1 - Accessions of £. olejfera used in the RFLP genetic diversity studies

. B 1
Groups Country of origin Foints of Population Number of accessions
collect
Brazil Brazil 59 32 177
i Colombia 5 16
Costa Rica 3 1 9
Central -
America Nicaragua 1 4
Panama 8 14
French
Guyana French Guyana 2 1 10
Surinam Surinam 2 1 6
Peru Peru 1 1 )
Total 81 36 241

' see “Material and Methods for details
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Table 2 : Gene diversify (Nei, 1973) revealed by 248 nuclear RFLP
bands on 241 E. oleifera accessions.

Group Sample Number of polymorphic fragments Diversity”
‘ Size Total Specific
E. oleifera 241 248 0,225
& Brazil 177 186 33 0,157
French Guyana 10 36 4 0,035
Central America 43 35 6 0,040
Peru 5 27 8 0,037
Surinam 6 24 3 0,029
- Ngi diversity index at intra group level (Nei, '1973)
Table 3 : Genetic variability by groups of E. oleifera revealed by nuclear RFLP
co-dominant markers over 19 loci.
S Number of Polymorphic Number of Alleles Nei Fis
Group Accessions locus - % Per group Per locus Effective Fixed Specific_Diversity”
E.oleifera 241 100 59 3,10 1,68 0 0,404 0,75™
~ Brazil 177 74 46 2,42 1,32 5 24 0,245 0,45
* French Guyana 10 0 19 1,00 1,00 19 5 0,000 -
Central America 43 0 19 1,00 1,00 19 4 0,000 -
Peru 5 10 20 1,10 1,03 18 3 0,029 .0,09**
' _Surinam 6 5 20 1,10 1,03 18 5 0,026  0,33**
*Nei, 1978 = significatif at 99% level (Prob Fis/Fst/Fit ho >0.0002) by aliele permutation within samples
Table 4 : Genetic divergence among E. oleifera groups revealed by Nei's

unbiased genetic distance and Fst based on nuclear RFLP alleles

Group Brazil French Guyana Central America Peru Surinam

Brazil e 0,721 0,718 0,625 0,704

French Guyana 1,182 bainiainll 1,000 0,980 0,344

- Central America 0,854 0,642 bty 0,994 0,993

o Peru 0,654 0,637 0,617 aialaialal 0,944
Surinam 1,113 0,005 0,596 0,651 il

Nei's Unbiased Genetic Distance - Below diagonal
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Table 5 - Genetic diversity of E/ais oleifera revealed by nuclear RFLP analyses

as co-dominant and dominant markers,

Co-dominant markers

Dominant markers

Pop Sample polymorphic Alleles Allelic HNei's Fi Polymorphi Neij's diversi
size locus - % per locus effective Richness Diversity* s locus - % index*=
1 ITA 10 42 1.5 1.18 0.352 0.149 0.121**= 35 0.116
2 CAL 9 37 1. 1.21 0.441 0.171 0.671**= 33 0.112
3 AGU 4 11 1.1 1.03 0.079 0.026 0.000 ns 18 0.056
4 MAN 5 58 1.7 1.39 0.636 0.278 0.500*** 36 0.131
5 LIB 5 63 1.8 1.42 0.693 0.297 0.462**= 37 0.134
6 DEM 3 47 1.7 1.40 0.684 0.284 0.437> 23 0.093
7 IGA 4 37 1.4 1.24 0.402 0.192 0.200*** 22 0.087
8 MAT 4 37 1.4 1.19 0.378 0.160 -0.083* 17 0.063
9 SHE 5 47 1.5 1.23 0.428 0.189 0.062 ns 30 0.116
10 ITP 3 37 1.4 1.22 0.368 0.179  -0.368** 16 0.064
11 BAC 4 37 1.4 1.20 0.359 0.169 -0.105 16 0.069
12 SEV 6 32 1.4 1.16 0.326 0.140  0.136**~ 27 0.105
13 BAL 6 42 1.5 1.18 0.395 0.155 0.101 > 29 0.108
14 NES’ 5 16 1.2 1.08 0.167 0.074 0.158**= 23 0.089
15 SSE 4 32 1.4 1.17 0.336 0.148 -0.182** 17 0.063
16 ALA 4 16 1.2 1.04 0.118 0.039 0.000 ns 17 0.059
17 AMA 4 42 1.5 1.26 0.453 0.205 0.258** 25 0.099
18 CRI £ 37 1.4 1.12 0.274 0.104 0.143%** 21 0.067
19 ENS 6 42 1.6 1.23 0.454 0.187 -0.137** 25 0.095
20 BSO 4 47 1.5 1.30 0.494 0.233 0.297*= 24 0.095
21 MAU 5 32 1.3 1.15 0.278 0.129 0.020 ns 25 0.089
22 BRA 3 16 1.2 1.08 0.158 0.077 0.600*** 14 0.057
23 BRB 4 32 1.3 1.16 0.235 0.135 0.032 ns 19 0.078
24 BRC 13 32 1.4 1.10 0.189 0.085 0.326**= 27 0.086
25BCS 7 47 1.5 1.24 0.444 0.194 0.478**= 32 0.117
26 AVE 6 37 1.4 1.19 0.371 0.157  -0.193* 25 0.098
27 IAC 5 42 1.5 1.21 0.417 0.171 0.084** 23 0.086
28 ACA 2.9 42 1.4 1.28 0.421 0.221 0.154**= 22 0.092
29 IGV 5 58 1.7 1.33 0.607 0.247 0.116* 37 0135
30 TEF 4.9 47 1.5 1.21 0.386 0.172 0.082*** 35 0.136
31 LMI S 26 14 1.12 0.288 0.110 -0.171** 27 0.095
32 MGT 3 37 1.4 1.20 0.421 0.168  0.077=~ 16 0.059
Brazil 177 74 24 1.32 0.633 0.245 0.450** 74 0.184
E. oleifera 241 100 3.1 1.68 1.079 0.404 0.750* 100 0.267

* HNei (Nei, 1978)

** “significatif at 99% (Prob Fis/Fst/Fist no >0=

“* Nei diversity index (Nei, 1973)
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Figure 2 : FAC performed on 59 RFLP alleles revealed in 19 loci

on 241 Elaeis oleifera accessions.
First plane (Axis 1-2) representing 46% of overall variability.
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Figure 3 : FAC performed on 248 nuclear RFLP dominant markers

revealed by 37 cDNA probes on 241 accessions of

Elaeis oleifera.
First plane (Axis 1-2) representing 41% of total variability
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IV - Résultats

: 1 - E. oleifera (Projet d’article 1}
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gure 4 : FAC performed with 45 RFLP alleles over 19 loci on 153 accessions

of E. oleifera from Brazil. Plane 1-2 representing 33% of overall variability.

* non active individuals
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Relationships among E. oleifera populations. UPGMA tree based on Nei’s unbiased genetic distances




