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Abstract
The American oil palm [Elaeis oleifera (Knuth) Cortés] has pronounced impor-
tance in oil palm breeding programs. Here, a germplasm bank (GB) of E. oleifera
plants collected in the Amazon rainforest in Brazil was submitted to single
nucleotide polymorphism (SNP) marker identification, selection, and use, aim-
ing to characterize genetic diversity and population structure and to design a core
collection (CC). Five hundred and fifty-three plants from 206 subsamples, col-
lected at 19 localities spread throughout six geographic regions, were submitted
to genotyping-by-sequencing analysis. A set of 1,827 high-quality SNP markers
was then selected and used to run the genetic diversity and population struc-
ture analysis. The genetic diversity found is of moderate degree, and probably
only a small portion of the species diversity is represented in the collection. The
possible reason for that is the collecting strategy used, which collected subsam-
ples only around the most prominent watercourses in the region. The average
degree of genetic differentiation among subsamples is very high, indicating the
presence of high interpopulation differentiation. The collection showed a low
level of endogamy. The low average gene flow found indicates that genetic isola-
tion caused by drift is occurring, and there is a need to review the conservation
strategy. A set of 245 SNPs distributed throughout all 16 chromosomes was used
to design CC based on maximizing the strategy of diversity. The optimal adjust-
ment of the validated parameters, maintained while taking fewest subsamples,
led to the choice of a model containing 20% of the entire collection as the ideal
to form the CC.

Abbreviations: AMOVA, analysis of molecular variance; CC, core collection; GB, germplasm bank; GBS, genotyping-by-sequencing; PCoA, principal
coordinate analysis; PIC, polymorphic information content; RAPD, random amplified polymorphic DNA; SNP, single nucleotide polymorphism; SSR,
simple sequence repeat; UPGMA, unweighted pair group method with arithmetic mean; WC, whole germplasm collection.
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1 INTRODUCTION

The American oil palm [Elaeis oleifera (Kunth) Cortés],
popularly known in Brazil as caiaué, is widely distributed
in the central and northern regions of South America,
which is the region from which it originated (Barcelos
et al., 2015; Ooi, Barcelos, Muller, & Nascimento, 1981). It
spreads widely in the Brazilian Amazon rainforest, located
in the northwestern part of the country. This species has
strategic importance to oil palm breeding programs in
Brazil and elsewhere, as it has many desired agronomic
traits to be incorporated in the genome of the African oil
palm (E. guineensis Jacq.) (Barcelos et al., 2015). Among the
most desired traits, one can list slow growth, resistance to
some oil palm diseases, and better oil quality in terms of
low acidity (España et al., 2018; Rios, da Cunha, Lopes, &
da Silva, 2012).
InBrazil, a collection ofE. oleiferanative germplasmwas

established based on a series of expeditions in the Brazilian
Amazon rainforest organized by Embrapa and the Center
de Coopération Internationale at Rechecher Agronomique
pour le Développment (CIRAD) in the early 1980s. Since
then, Embrapa studies the extension and organization of
the genetic diversity sampled to establish this germplasm
bank (GB). This type of knowledge is necessary to define
strategies for the breeding program for the development of
superior American oil palm genotypes, as well as of inter-
specific hybrids between this species and the African oil
palm (Barcelos et al., 2015).
Previous studies using molecular markers have indi-

cated that the genetic diversity of the Brazilian GB of
caiaué is more restricted than the one found in the African
oil palm.However, these studies based on a limited amount
of molecular markers (14 polymorphic loci out of 11 enzy-
matic systems, 37 restriction fragment length polymor-
phisms [RFLPs], 96 random amplified polymorphic DNA
markers [RAPDs], and 19 simple sequence repeats [SSRs],
respectively) (Arias, González, Prada, et al., 2015; Barce-
los, 1998; Ghesquière, Barcelos, Santos, & Amblard, 1987;
Moretzsohn et al., 2002). More recently, new studies have
applied microsatellite markers (SSRs) to study genetic and
phenotypic diversity and population structure, and even
to establish core collection (CC) of the American and
African oil palms (Arias, González, Prada, et al., 2015;
Arias, González, & Romero, 2015; Bakoumé et al., 2015;
Chee Chun et al., 2018; Khomphet, Eksomtramage, &
Duangpan, 2018; Natawijaya et al., 2019; Zhou, Xiao, Xia,
& Yang, 2015).
A CC is the result of a selection process that produces a

subset of accessions from a GB, containing as much of the
genetic diversity of that germplasm collection with mini-
mal redundancy (Brown & Spillane, 1999; Odong, Jansen,

van Eeuwijk, & van Hintum, 2013). When using molecular
data in the development of a CC, the strategy most prefer-
ably used is to maximize diversity while reducing the size
of the subset of accessions to be maintained in the field for
a long period (Odong et al., 2013; Xu et al., 2016). Producing
a CC is a logistic and strategic decision to reduce the main-
tenance cost of germplasm and to delimit more represen-
tative subsamples of interest in the breeding program for
characterization purposes. Arias, González, Prada, et al.
(2015) and Arias, González, and Romero (2015) applied
microsatellite markers to generate CCs for E. oleifera and
E. guineensis, respectively.
Nowadays, new generation sequencing (NGS) technolo-

gies are available that allow the genotyping of an indi-
vidual using thousands of molecular markers distributed
throughout the entire genome at low cost (Chung, Choi,
Jun, & Changsoo, 2017; Poland & Rife, 2012). Here, we
report a genotyping-by-sequencing (GBS) study using 206
out of the 246 subsamples that make up the entire E.
oleifera GB maintained by Embrapa (Rios et al., 2012);
each subsample represents a half-sibling family. This
study was performed based on the GBS technology of
the DArTSeq platform (www.diversityarrays.com). Single
nucleotide polymorphism (SNP) markers were identified,
selected, and applied to characterize the genetic diversity
and population structure, and to design a CC.

2 MATERIALS ANDMETHODS

2.1 Plant material and genomic DNA
extraction

In this study, we used plants from the Brazilian E. oleifera
GBat the RioUrubuExperimental Station–EmbrapaWest-
ern Amazon, located 140 km fromManaus, in the munici-
pality of Rio Preto daEva, Amazonas, Brazil (2◦35′ S, 59◦28′
W; 200 m asl). The climate of this municipality is tropical,
and according to the classification of Köppen and Geiger,
it is Af–tropical rainforest climate (https://en.climate-data.
org/). The average temperature is 27.3 ◦C,with amaximum
average of 28.2 ◦C in September and a minimum of 26.9 ◦C
in the first quarter of the year. The annual average rela-
tive humidity is 85%, and the total insolation is 1,940 h. The
average rainfall is∼2,300mmyr−1. According to the Brazil-
ian classification of soils, the soil in this area is a yellow
Latosol with a very clay texture 2:1 (dos Santos et al., 2011).
We sampled 553 plants from 206 different subsamples

(half-sibling families) collected from 19 distinct locali-
ties spread throughout six distinct geographic regions in
the states of Amazonas and Roraima (Figure 1, Supple-
mental Table S1). Each subsample had between one and

http://www.diversityarrays.com
https://en.climate-data.org/
https://en.climate-data.org/
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F IGURE 1 Geographic distribution of the localities where all 553 plants of Elaeis oleifera, from the germplasm bank (GB) at the Embrapa
Western Amazon Research Institute, were collected. Plants were originally collected at six distinct geographic regions in the Brazilian Amazon
forest, throughout 19 localities and 59 micro-localities. Regions (localities): Rio Solimões (1 = Benjamin Constant, 2 = Tonantins, 3 = Tefé,
4 = Coari, 5 = Anori, 6 = Manacapuru), Rio Negro (7 = Barcelos, 8 = Acajatuba, 9 = Moura), Manaus (10 = Caldeirão, 11 = Iranduba, 12 =
Careiro), RioMadeira (13=Manicoré, 14=Novo Aripuanã), Caracaraí (15a= BR174-KM157, 15b= BR174-KM365, 15c= BR174-KM490/500, 16=
Perimetral Norte-Vila Moderna), and Rio Amazonas (17 = Autazes, 18 = Amatari, and 19 =Maués )
Map Source: www.difusora24h.com.

three plants sampled. Fresh leaves collected from individ-
ual trees in the field were stored at −80 ◦C until DNA
extraction. Total DNA was extracted according to a mod-
ified cetyl-trimethyl ammonium bromide (CTAB) proto-
col (Doyle & Doyle, 1990). The quality and quantity of the
extracted DNA were checked using NanoDrop (Thermo
Scientific) and further confirmed on 0.8% agarose gel run
in TBE (Tris-borate-EDTA) buffer at 80 V. Samples with a
260/280nm≥ 1.8were treatedwithRNAse, diluted to equal
concentration (100 ng μl−1), and submitted for genotyping
by the DArTseq method to DArT.

2.2 Genotyping by DArTseq technology

Genotyping-by-sequencing analysis of the 553 E. oleifera
plants was performed using DArTseq Technology (Sansa-

loni, 2012). Genomic representation of the set of samples
was generated by digesting the genomic DNA with a
combination of two restriction enzymes, BstNI (CCWGG)
and PstI (CTGCAG), and ligating PstI barcoded adapters to
identify each sample. Equimolar amounts of amplification
products from each sample were pooled by plate and
amplified by c-Bot (Illumina) bridge polymerase chain
reaction (PCR), followed by fragment sequencing on
Illumina HiSeq 2000 (www.illumina.com), single-end
100 bp. The PstI adaptor includes a sequencing primer
so that all generated tags were always read from the PstI
restriction site.
The resulting sequences were filtered and allocated to

their respective datasets, the barcodes were removed, and
the sequences were trimmed at 69 bp (5 bp restriction site
plus 64 bases with a minimum Q score of 10). Virtually
identical reads (i.e., less than three polymorphisms) were

http://www.illumina.com


PEREIRA et al. 3215Crop Science

combined so that one or more SNPs in the read did not
confuse the analysis. In parallel, a low coverage consen-
sus sequence was generated to be used as a reference in
the discovery of SNPs by aligning the 69-bp reads using the
Bowtie program version 0.12 (Langmead, Trapnell, Pop, &
Salzberg, 2009).

2.3 Genetic diversity and population
structure analysis

Agroup of 5,511 high-quality SNPmarkers generated by the
DArT pipeline was filtered based on call rate (>0.90) and
minor allele frequency (>0.05), and the number of mark-
ers reduced to 1,827. Then, this set of 1,827 SNP markers
used to run the genetic diversity and population structure
analysis.
DARwin software version 6.0.14 (Perrier & Jacquemoud-

Collet, 2006) was used to calculate the pairwise dissim-
ilarity coefficient matrix from allelic data, applying the
simple matching index (Schlee, 1975), 80% of minimal
proportion valid data for each unit pair, 1,000 bootstraps,
and pairwise allele deletion. The pairwise dissimilar-
ity coefficient matrix generated was used to perform a
principal coordinate analysis (PCoA), and to construct a
hierarchical clustering tree, also using DARwin 6.0.14.
Descriptive statistics analysis related to population

diversity performed using GenAlEx software version 6.5
(Peakall & Smouse, 2012). Analysis of molecular variance
(AMOVA) (Excoffier, Smouse, & Quattro, 1992), using the
software GENES (Cruz, 2013), performed on the partition
of total genetic variation between regions, and localities
within or from different regions. The significance levels for
the components of variance calculated using the criterion
of 1,000 permutations.
Structure software version 2.3.4 (Pritchard, Stephens,

& Donnelly, 2000) used to analyze population structure,
based on the Bayesian model. The population structure
classified in clusters (K), following its genetic similarities.
The number of K tested varied from 1 to 10, with 10
interactions each (Evanno, Regnaut, & Goudet, 2005;
Falush, Stephens, & Pritchard, 2003; Pritchard et al.,
2000), using the Bayesian hierarchical clustering method,
based on the hierarchical Bayesian clustering algorithm,
thus allowing to build a hierarchy of partitions (dendro-
gram) based on the criterion of the maximum a posteriori
probability of each partition (Iwayama & Tokunaga, 1995).
The number of steps for the burning length was 10,000,
and Markov chain Monte Carlo (MCMC) was 100,000.
To define the number of genetic groups (most probable
K), we used the criteria proposed by Evanno et al. (2005),
using Structure Harvester software version 0.6.93 (Earl &
vonHoldt, 2012).

2.4 Development and evaluation of core
collections

The 1,827 previously selected SNPs were submitted to anal-
ysis by the PowerCore software (Kim et al., 2007), and
500 SNP markers were selected accordingly to the highest
Shannon diversity index generated. After aligning the 500
SNPs against the E. guineensis reference genome (Singh
et al., 2013) using the BLASTN tool (standard parameters),
we filtered those present only in regions unique to the
genome, and of at most two gaps per sequence. A group
of 245 SNPs was then obtained and used for the design of
nuclear collections for E. oleifera.
For the development of CCs, both MSTRAT (Goues-

nard et al., 2001) and PowerCore (Kim et al., 2007) soft-
ware were applied. One hundred independent replicates
and 100 interactions tested for eachmodel generated when
using MSTRAT. The composition of the chosen model was
selected based on the highest Shannon diversity index.
PowerCore used with a heuristic and a random search
(Kim et al., 2007).
To calculate the genetic parameters and to assess

separately the level of diversity captured in the entire
germplasm collection, as well as for each one of the CC
models evaluated, we applied PowerMaker software ver-
sion 3.25 (Liu & Muse, 2005). The genetic parameters
used to evaluate the CCs were the total number of alle-
les (NA), polymorphic information content (PIC), observed
heterozygosity (HO), expected heterozygosity (HE), and
Shannon diversity index (Sh).
The genetic structure was evaluated using GenAlEX 6.5

(Peakall & Smouse, 2012), using the PCoA calculated from
Nei’s genetic distance matrix (Nei, 1972) of all 553 plants
(representing the entire collection), in comparison with
each one of the CC models generated. To compare the
diversity between all CC models, and within them as well,
an AMOVA analysis was performed using GenAlEX 6.5
and was calculated using a PhiPT (analogue of Fst, fixation
index) with 999 permutations (Supplemental Table S2).

3 RESULTS

3.1 Genetic diversity and population
structure analysis

TheAMOVA results show that the genetic variability in the
Brazilian GB of E. oleifera occurs mostly among individu-
als in a locality (60.7874%), followed by regions (21.2267%)
and localities and region (17.9859%) (Table 1). The average
dissimilarity estimated was 0.271, ranging from 0.020 to
0.367. The highest one was seen among two individuals
from Rio Madeira (Manicoré-Manicoré) and Caracaraí
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TABLE 1 Analysis of molecular variance (AMOVA) for 553 Elaeis oleifera individuals, representing 19 localities grouped in six
geographic regions from the Brazilian Amazon rainforest, through 1,827 single nucleotide polymorphism (SNP) markers

Source df SS MS
Estimated
variation Variation P

%
Regions 5 3,103,784.0402 620,756.808 4,651.1743 21.2267 **

Localities/regions 13 845,152.8644 65,011.7588 3,941.0528 17.9859 **

Individuals/localities 534 7,112,700.7047 13,319.6642 13,319.6642 60.7874 **

Total 552 11,061,637.6094 20,039.1986 21,911.8914 100.0 –

Note.MS, medium square; SS, sum of squares.
**Significant at the .01 probability level.

(BR174-KM490), whereas the lowest was between two
individuals from Rio Amazonas—both from Autazes-
Quirimiri A (data not shown). The Rio Madeira region,
with the highest number of individuals (159), was the
one with the highest average diversity (2,179,577.8679).
The Caracaraí region, on the other hand, had the lowest
diversity (625,635.5849), probably because it has the small-
est number of individuals (53). The Rio Negro, Manaus,
Rio Amazonas, and Rio Solimões regions had average
diversity of 765,831.5079, 1,392,968.0421, 1,432,145.0989,
and 1,561,695.4674, respectively; and 63, 95, 91, and 92
individuals, respectively.
Barcelos, with only two individuals, is the location with

the lower average diversity (398), followed by Manaca-
puru (10,841.3333) and Benjamin Constant (13,867.6667),
both with three individuals. The average diversity for
the remaining localities was 58,759.6667 for Transcal
(six individuals), 99,968.5556 for Anori (nine), 160.180
for Perimetral Norte (18), 171,345.75 for Tonantins (12),
177,258.9444 for Caldeirão (18), 205,353.4286 for Tefé (14),
261,127.1053 for Nova Aripuanã (19), 321,509.7241 for
Acajatuba (29), 356,315.375 for Moura (32), 414,190.1071 for
Autazes (288), 427,082.0968 for Amatari (31), 439,854.6286
for BR174 (35), 472,611.5938 for Maués (32), 762,932.9259 for
Coari (54), 943,159.1029 for Careiro (68), and 1,808,944.7
for Manicoré (140).
In the graphical representation of the PCoA, shown in

Figure 2, one can see that there is a higher consistency
for grouping in the Rio Solimões, Rio Madeira, Rio Negro,
and Caracaraí regions, whereas the other two remaining
geographic regions show a bigger dispersion pattern. The
graphic dispersion of 206 subsamples (data not shown)
and of 553 plants, obtained by PCoA method using the
Jaccard’s dissimilarity coefficient, presented the same
grouping pattern, but with more consistency for the latter
due to the bigger number of samples in the analysis. These
results show that the groups have a strong relationship
with the region from where their constituents were
collected. The two first principal components account for

34.61% of the total variance for the 553 plants, being 25.17%
for Axis 1 and 9.44 for Axis 2.
The hierarchical clustering tree was generated using the

DARwin 6.0.14 software (unweighted pair group method
with arithmetic mean [UPGMA], threshold equality of
0%), when using the set of 1,827 high-quality SNP mark-
ers, and divided these 553 plants into two major branches
(Figure 3). The neighbor-joining method was applied to
construct a radial unrooted tree, which is presented as
Supplemental Figure S1. The Madeira/Solimões branch
encompasses 137 individuals from Rio Madeira (86.16% of
the total number of individuals from this region) and 90
from Rio Solimões (94.74%). The Rio Madeira region was
represented by a total of 159 plants in this study, with
140 from the Manicoré and 19 from the Novo Aripuanã
families. All but one of the 19 Novo Aripuanã plants did
not assemble to the Madeira/Solimões branch; instead, it
assembled in the Rio Amazonas sub-branch. On the other
hand, the main branch encompasses all but six individu-
als from the remaining four geographic regions, together
with almost all plants from Novo Aripuanã (Figure 3). All
three plants from Manacapuru in the Rio Solimões region
assembled in themain branch, more specifically in the Rio
Negro sub-branch. All 53 plants from Caracaraí assembled
in themain branch; therewas a sub-branch specific for this
region composed by 47 out of the 53 plants (Figure 3). All
but two of the 63 plants from the Rio Negro region assem-
bled in the main branch. A sub-branch specific for the Rio
Negro region can also be seen in Figure 3. Most of the 91
plants from Rio Amazonas assembled in a specific sub-
branch for this region; however, all plants from Amarati-
São Sebastião and Maués-Bom Jardim assembled in a dif-
ferent sub-branch of the main branch, together with most
of the Manaus plants.
Results from the descriptive statistics analysis are

shown in Table 2. The average number of alleles per
loci (A) was 1.311. The lowest A was found in Benjamin
Constant (1.130), in the Rio Solimões region, and Barcelos
(1.155), in the Rio Negro region. The highest A was found
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F IGURE 2 Principal components analysis (PCoA), based upon geographic regions, generated by means of the DARwin 6.0.14 software
when using a set of 1,827 high-quality single nucleotide polymorphism (SNP) markers for 553 individuals from the Brazilian germplasm bank
(GB) of Elaeis oleifera

in Nova Aripuanã (1.421), in the Rio Madeira region, and
Maués (1.410), in the Rio Amazonas region. The observed
heterozygosity (Ho), which shows the proportion of indi-
viduals that are heterozygous at a given locus, showed an
average of 0.177, and localities Novo Aripuanã (0.237) and
Anori (0.225) presented the populations with the highest
Ho values. Caldeirão, Manacapuru, Anori, Benjamin
Constant, and Barcelos show negative fixation indices (f),
which can indicate excess of heterozygous individuals in
the populations found in these localities (Table 2). The
highest f was found in BR174 (0.270), from the Caracaraí
region. The average f for all 19 localities evaluated
was 0.070, which shows an overall relatively low level
of endogamy.
The average degree of genetic differentiation (FST)

observed among the 19 subsamples was 0.326 (Table 3),
which is considered very high and an indication of the
presence of high interpopulation differentiation (Wright,
1978; Yeh, 2000). The average correlation between gametes
that unite to produce the individuals (FIT), relative to the
gametes of the whole germplasm collection, was 0.372;
although the average inbreeding coefficient (FIS) estimated
was 0.088 (Table 3). The FIS and the fixation index (f), seen

in Table 2, showed similar behavior, showing once more
that the GB of E. oleifera from the Amazon rainforest in
Brazil has a generally low level of endogamy.
The results obtained using the Structure Harvester soft-

ware show that the K = 2 and K = 3 models were the best
ones to explain the population structure of the E. oleifera
whole germplasm collection (Figure 4). The number of
groups has varied betweenK= 2 andK= 4when analyzing
all 19 populations (Figure 5). TheK= 3modelwas accepted
as the best one to explain the genetic structure of the E.
oleifera populations. These results suggest strong genetic
interpopulation differentiation.

3.2 Designing core collection for Elaeis
oleifera from the Brazilian rainforest

Out of the 500 SNP markers selected accordingly to the
highest Shannon diversity index, only 245 (or 49%)mapped
against the genome of E. guineensis and were conse-
quently used for designing the CC. They were distributed
throughout all 16 chromosomes, ranging from 5 to 31 SNPs
per chromosome. The highest number of SNPs, 31, was
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F IGURE 3 The hierarchical clustering tree generated bymeans
of the DARwin 6.0.14 software (unweighted pair group method with
arithmetic mean [UPGMA]method, threshold equality of 0%), when
using a set of 1,827 high quality single nucleotide polymorphism
(SNP) markers for 553 individuals from the Brazilian germplasm
bank (GB) of Elaeis oleifera

mapped to chromosome 1, whereas the smallest number
was mapped to chromosomes 15 and 16, five each (data not
shown).
Six models of the CC were evaluated in this study (MS1,

MS2, MS3, MS4, MS5, and MS6), containing 6.7, 10, 19.7,
23, 25, and 50% of the entire collection (WC) size, or 37, 55,
109, 127, 138, and 276 individuals, respectively. These mod-
els were generated by the MSTRAT software (Gouesnard
et al., 2001), whereas the CCs established by the Power-
Core software (Kim et al., 2007) were composed of 26 (PC1)
and 16 (PC2) individuals (random and heuristic searches,
respectively).
All models tested in this present study presented 100%

of the alleles found in the WC (Table 4). The MS6 model
was the only one to have a higher PIC value (0.356),
whereas MS4 and MS5 had similar PIC values (0.355), and

the remaining models had lower values (between 0.351
and 0.354) than the one from the WC (0.355). All mod-
els presented expected heterozygosity (He) larger than its
respective observed one (Ho). The PC1 model had the
highest Ho value, 0.314, and MS5 had the lowest one,
0.273. The observed heterozygosity in all models was big-
ger than the one in the WC. On the contrary, only MS6
had expected heterozygosity larger than the one in the
WC, 0.464 (Table 4). The Shannon’s diversity index (H)
for the entire collection was 0.693, whereas it ranged from
0.677 to 0.692 for the different models tested, increasing
in value as the number of individuals per model increased
(Table 4).
Regarding the six geographic regions where the E.

oleifera germplasm was collected, all CC models tested
did maintain at least one individual per region (data not
shown). The MS3 model presented the following distribu-
tion of individuals by geographic region: Manaus (19%),
Rio Amazonas (13%), Rio Solimões (20%), Rio Negro (13%),
Caracarai (10%), and Rio Madeira (25%). Rio Madeira, the
regionwith themost individuals in theWC, and Caracaraí,
the region with fewest, maintained this proportion in PC2,
MS3, and MS6 models.
None of the individuals was present in all eight models

tested, whereas four individuals were present in seven out
the eight models. However, 209 individuals were present
only in one of the models tested. Only the PC1 model
presented one individual per subsample; for the others,
the number of subsamples with more than one individual
ranged from 1 to 79 (data not shown).
The AMOVA results showed that all molecular variation

(100%) is within models, and none was between models
(Table 5). When considering each model, it ranged from
1.96 to 35.33%. The higher genetic variation belongs to the
MS5 and MS6 models, with 17.63 and 35.33%, respectively,
whereas PC1 presented the smallest one, 1.96%.
The PCoA results showed that all CC models tested

were representative of what concerns the distribution of
the entire collection (Figure 6). For the different clusters,
there was an average of 46.17% for the genetic variation.
Only the PC1 model did not present more than one indi-
vidual per subsample, possibly due to the reduced size of
this model (16 subsamples). For the other models, the vari-
ation in the number of subsamples with more than one
individual was from 1 to 79. This result may indicate that
there is considerable genetic variability within subsamples
of the same population. Models with the smallest number
of individuals, such as PC1, PC2, and MS1, were able to
satisfactorily represent the distribution of the entire collec-
tion, with subsamples spread in all quadrants of the PCoA
(Figure 6).
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TABLE 3 Wright’s F statistics and the number of migrants per
generation (Nm) for 19 localities in the Brazilian Amazon rainforest
where Elaeis oleifera were collected

Parametera Avg. SD
FST 0.326 0.004
FIS 0.088 0.004
FIT 0.372 0.005
Nm 0.801 0.030

aFST, Degree of genetic differentiation; FIS, inbreeding coefficient; FIT, the cor-
relation between gametes that unite to produce the individuals, relative to the
gametes of the total population; Nm, gene flow.

4 DISCUSSION

4.1 Genetic diversity and population
structure of the Brazilian Elaeis oleifera
germplasm bank

Although it is not produced commercially, the American
oil palm has pronounced importance to oil palm breeding
programs in Brazil and elsewhere (Rios et al., 2012).
Accordingly to Barcelos, Amblard, Berthaud, and Seguin
(2002), there are four distinct genetic groups of E. oleifera:
Brazil, French Guyana/Surinam, Peru, and the north
of Colombia/Central America. There are already a few
interspecific hybrids between the commercially available
African and American oil palm and the Brazilian genetic
group of E. oleifera is parental to most of them—Manicoré
(BRS Manicoré from Embrapa, and [Mangenot × Man-
icoré] × La Mé from PalmElit SAS), Manaus (Amazon
from ASD Costa Rica), and Coari (Coari × La Mé, Coari ×
Yangambi) (Rios et al., 2012).
The average dissimilarity found in this study (0.271) is

slightly lower than that previously found by Moretzsohn

et al. (2002) (0.325). There are a few differences between
these two studies that we must consider. First, the amount
and type of molecular marker used (96 RAPD vs. 1,827 SNP
markers), the number of plants (individuals, 175 vs. 553),
and the number of localities (populations, 13 vs. 19). In
Moretzsohn et al. (2002), the caiaué accessions grouped
into three main branches, based on the UPGMA method;
the third (and biggest) branch (Group III) had the major-
ity of the accessions of RioMadeira (84%) andRio Solimões
(70%). In the present study, the Madeira/Solimões branch
encompasses 86.16% of the total number of individuals
from Rio Madeira and 94.74% of the total number of indi-
viduals fromRio Solimões. These differences in percentage
between Moretzsohn et al. (2002) and our study, specifi-
cally regarding the Madeira/Solimões branch, are proba-
bly due to the difference in the number of individuals used.
While they used 57 and 13 accessions fromRioMadeira and
Rio Solimões, respectively, we used 159 and 95. Besides, our
study had three localities from the Rio Solimões that were
absent from theirs (Benjamin Constant, Coari, and Man-
acapuru), which together added more 58 plants to the Rio
Solimões population.
When comparing the two other branches (Groups I

and II) from Moretzsohn et al. (2002) and the main one
from the present study, it is clear that Group II is equiv-
alent to the Caracaraí population. The main differences
appeared when comparing the remaining sub-branches of
the main branch with Group I (Moretzsohn et al., 2002).
In the present study, the populations making up these sub-
branches (Rio Negro, Manaus, and Rio Amazonas) were
better separated from each other than in Group I (Moretz-
sohn et al., 2002). Besides the differences in the number of
individuals and populations used in this study, we have to
consider that the number of markers may have favored the
identification of additional similarities between subsam-
ples imperceptible when using a limited amount of them.

F IGURE 4 Average values for (a) rate of change of the likelihood distribution (mean ± SD) calculated as L′(K) = L(K) − L(K − 1), (b)
absolute value of the second-order rate of change of the likelihood distribution (mean ± SD) calculated as |L′′(K)| = |L′(K + 1) − L′(K)|, and
(c) likelihood distribution (mean ± SD) with the most likely number of populations (K) for 10 repetitions of simulation using the Structure
software, with the K = 1–10 for the whole germplasm collection (WC)
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F IGURE 5 Genetic structure ofElaeis oleifera populations from 19 localities, spread throughout six regions in the BrazilianAmazon forest,
using the Structure Harvester software, with (a) K = 2, (b) K = 3, and (c) K = 4 for the whole germplasm collection (WC)

Our results show that the genetic diversity in the E.
oleifera is of moderate degree, and it corroborates with pre-
vious results found by Barcelos et al. (2002) who, when
evaluating genetic diversity in populations of the species,
identified four major groups also related according to geo-
graphic region: Brazil, FrenchGuyana/Surinam, Peru, and
the north of Colombia/Central America. Similar results
were found by Araya, Alvarado, and Escobar (2011) when
characterizing the genetic diversity of the E. oleifera GB
from the Agricultural Services & Development (ASD) in
Costa Rica using eight microsatellite markers. Rios et al.
(2012), based on the study of phenotypic characteristics,
also reported the existence of variability among the sub-
samples of E. oleifera in the GB from Brazil. The present
study focused on the discovery of the extent of the genetic
diversity of this group of individuals from Brazil.
Independent of the higher consistency for grouping only

to four out of six regions (Rio Solimões, Rio Madeira,
Rio Negro, and Caracaraí), it was possible to separate all
six regions (Figure 2). These results contrast with those
obtained by Moretzsohn et al. (2002) and may be related
to two factors: (a) the sampling amplitude (comprising
206 subsamples belonging to six distinct regions and thus
a sampling of 84% of the entire GB) and (b) the use of
a higher marker density allows us to sample previously
untapped regions of the genome, contributing to different
estimates of dissimilarity.
The plants used in this study, which make up the E.

oleifera GB from Brazil, come originally from a few seeds
collected from a small number of matrices. The found-

ing effect may explain the grouping pattern seen in Fig-
ure 3, and associated with it the phenomenon of gene
flow through four main watercourses (Rio Solimões, Rio
Negro, Rio Madeira, and Rio Amazonas), one long high-
way (Caracaraí region), and a region where three of the
watercourses join resulting in a new water course (Man-
aus). These results also indicate that probably only a small
portion of the species diversity is represented in theGB as a
result of the collecting strategy used, which collected sub-
samples only in the regions of the most prominent water-
courses in the region. To increase the diversity of the col-
lection and making use of these data, one strategy would
be to collect new subsamples in distant regions of the rivers
(less subject to anthropic and founder effect), prioritizing
the sampling of a large number of subsamples and individ-
uals from these subsamples (Escobar, 1981).
According to Mitton (2013), population structure is the

pattern of genetic variation among populations and is pro-
duced by the joint action of gene flow, genetic drift, and
natural selection. The population genetic structure anal-
ysis has been based on principles underlying Wright’s F
statistics (Wright, 1978). The fixation index (ƒ) is one of the
most important parameters in population genetics, as it
measures the balance between homozygous and heterozy-
gous in populations. The average f found in this study to all
19 localities evaluated was 0.070, which shows an overall
low level of endogamy (Table 2). The explanation for pop-
ulations that contain more loci in homozygosis and fewer
in heterozygosis must be associated with the reproductive
system and/or genetic drift. The fact that entomophilous



3222 PEREIRA et al.Crop Science

TABLE 4 Genetic parameters evaluated for the whole germplasm collection (WC) and for the different core collection models of Elaeis
oleifera from the Brazilian Amazon rainforest: PC1 (2.9% of the WC), PC2 (4.7%), MS1 (6.7%), MS2 (10%), MS3 (19.7%), MS4 (23%), MS5 (25%),
and MS6 (50%)

Parametera WC PC1 PC2 MS1 MS2 MS3 MS4 MS5 MS6
NI 533 16 26 37 55 109 127 138 276
NS 206 16 25 35 52 86 105 108 197
NA 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
PIC 0.355 0.351 0.351 0.352 0.352 0.354 0.355 0.355 0.356
HO 0.271 0.314 0.289 0.275 0.277 0.274 0.280 0.273 0.282
He 0.463 0.457 0.456 0.458 0.459 0.461 0.463 0.462 0.464
H 0.693 0.677 0.683 0.687 0.689 0.691 0.691 0.691 0.692

aNI, number of individuals; NS, number of subsamples; NA, total number of alleles; PIC, polymorphic informative content; Ho, observed heterozygosity; He,
expected heterozygosity; H, Shannon’s diversity index.

TABLE 5 Analysis of molecular variance (AMOVA) for different models of core collection of Elaeis oleifera from the Brazilian Amazon
rainforest

Source df SS MS Variation
%

Between models 7 1,703,687 234.384 0.0
Within models 776 194,324,048 250.418 100
PC1 15 3,812,438 254.163 1.96
PC2 25 6,286,346 251.454 3.23
MS1 36 9,004,324 250.120 4.63
MS2 54 13,519,527 250.362 6.96
MS3 108 27,052,679 250.488 13.92
MS4 126 31,729,339 251.820 16.33
MS5 137 34,262,884 250.094 17.63
MS6 275 68,656,511 249.660 35.33
TOTAL 783 196,027,735 – 100.00

Note. MS, medium square; SS, sum of squares.

pollination is the most important method of pollination in
Elaeis spp. (Meléndez&Ponce, 2016) could explain, in part,
the overall relatively low level of endogamy found in this
study, whereas population size and/or genetic drift could
explain the negative fixation index found in some subsam-
ples (Table 2).
A high gene flow between populations will make them

indistinguishable, meaning that if gene flow were unop-
posed by other forces, the populations connected by gene
flow would ultimately share the same alleles at the same
frequencies (Mitton, 2013). According to Wright (1978),
when the average gene flow value is less than one, it shows
genetic isolation; the average gene flow estimated for theE.
oleifera GB from Brazil was 0.801, which is considered low
(Table 3). This value may be an indication that genetic iso-
lation caused by drift is occurring, and there is a need to
review the conservation strategy for this species. The gene
flow value calculated from the genetic divergence reflects

the gene flow that occurred over a long period (Smouse &
Sork, 2004). The estimate does not indicate whether gene
flow is occurring in a given reproductive event but calcu-
lates the levels of gene flow that must have occurred to
produce the observed patterns of genetic structure. Natural
selection can oppose the homogenizing effect of gene flow,
sustaining genetic differences among populations linked
by gene flow (Mitton, 2013). Genetic drift and gene flow,
besides selection, can change allele frequencies in a popu-
lation; it is an error to assume selection will always drive
populations toward themost well-adapted state (Andrews,
2010; Sork, 2015).
The results obtained using Structure Harvester soft-

ware suggest strong genetic interpopulation differentiation
among the 19 populations from the E. oleifera GB from
Brazil (Figure 5). It is possible to notice that the native pop-
ulations of E. oleifera from Brazil used in this study have
a moderate diversity, a fact confirmed by the statistical
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F IGURE 6 Principal coordinate analysis (PCoA) for the whole germplasm collection (WC) of Elaeis oleifera with each one of the eight
core collection models tested (PC1 [4.7% of the WC], PC2 [2.9%], MS1 [6.7%], MS2 [10%], MS3 [19.7%], MS4 [23%], MS5 [25%] and MS6 [50%])

analyses of genetic diversity, and that these populations
have a clear genetic structure as shownbyWright’sF statis-
tic and structured by Bayesian analysis, as well as show the
results of effective population size (Nm). There is genetic
variability between and within populations, which can be
explored for conservation, commercial exploitation, and
selection for application in genetic improvement of the
species and provide a broad viewof the structure as awhole
to facilitate future applicability of breeders (Ithnin, Teh, &
Ratnam, 2017; Natawijaya et al., 2019; Osorio-Guarín et al.,
2019).

4.2 Core collection for Elaeis oleifera
from the Brazilian rainforest

For the genetic parameters evaluated in this study, there
was little change from those presented by the eight models
of nuclear collections tested to that obtained for the entire
collection. Besides, all modelsmaintained subsamples rep-
resenting the six regions of the state of Amazonas from
where the GB accessions were collected.
The genetic parameters evaluated did not vary drasti-

cally for the models generated by the methods of MSTRAT
(Gouesnard et al., 2001) and PowerCore software (Kim
et al., 2007) (Table 4). The M strategy (Shoen & Brown,
1993) can efficiently select subsamples and accessions that
maximize the genetic diversity presented by the entire col-
lection, and evidence suggests that it is capable of main-
taining diversity genetics and allelic for the different CCs
generated, when used with molecular markers (Marita,

Rodriguez, & Nienhuis, 2000). The implementation of
this strategy by MSTRAT software allows the alleles to be
selected interactively, maintaining the diversity by allelic
richness criteria in the analysis. In contrast, PowerCore
software uses a search using a heuristic algorithm that can
represent all alleles identified by molecular markers and
all classes of phenotypic observations in the development
of CCs.
All eight CC models tested in this study maintained

100% of the SNPs alleles from the entire collection
(Table 4). The M strategy (Shoen & Brown, 1993) is capa-
ble of maintaining diversity genetics and allelic for the dif-
ferent CCs generated, when used with molecular mark-
ers (Marita et al., 2000). However, maintaining the total
number of alleles in a CC is not always possible depend-
ing on the species or the dataset. In wheat (Triticum aes-
tivum L.), only 98% of the alleles remained in the nuclear
collection (Balfourier et al., 2007). Belaj et al. (2012), using
microsatellite markers for the construction of a CC inOlea
europaea L., obtained an average reduction of 10% in the
total amount of alleles in the entire collection for the five
CC models generated.
The He values were higher than those obtained for the

HO index in all models tested (Table 4). This can be related
to a high number of homozygotes as a result of the inbreed-
ing effect in some populations. It can also be the result of
a sampling effect in the entire collection.
The AMOVA results showing that all molecular vari-

ation is within and not between models was expected
due to the close genetic composition between the models
(Table 5). deOliveira et al. (2014) obtained similar results in
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cassava (Manihot esculentaCranz) also using SNPmarkers,
with 0.30 and 99.70% of the variation between and within
the models, respectively.
The PCoA calculated from Nei’s genetic distance matrix

(Nei, 1972) for the WC, in comparison with each one
of the models generated, showed that all of them were
representative of the WC, showing an average explana-
tion of 46.17% for the genetic variation; however, this
value decreased as the number of subsamples increased
in the tested model (Figure 6). The PCoA analysis is an
exploratory method that assists in the elaboration of more
concrete hypotheses based on the data collected, and it
shows evidence that is related to the level of explanation
for the existing genetic relationships (Mingoti, 2005). Our
results showed that for all models plotted against the WC,
most individuals are dispersed in the panel, representing
subsamples in the four quadrants of the graphic dispersion
(Figure 6).
In general, a CC can be 10% of the original size, which

represents ∼70% of the diversity of the original collection
(Brown & Spillane, 1999). However, different percentages
can be accepted due to fact that the stabilization of the CC
depends on several factors, such as the size of the original
collection, the quality of the data collected for the charac-
terization, the assessment of the stratification of the orig-
inal collection, and the sampling strategy used (Cochran,
1977). A good CC incorporates the maximum of the diver-
sity of the species with a minimum of redundancy in the
smallest possible size to facilitate the manipulation of it
(Brown & Spillane, 1999; Odong et al., 2013).
Recently, Arias, González, Prada, et al. (2015) analyzed

the phenotypic and genetic diversity of accessions of caiaué
from Brazil, Peru, Ecuador, and Colombia to select those
individuals who would form a CC representing the max-
imum allelic diversity. These authors used 37 plants from
two regions in Brazil—Coari, and Manaus, which are rep-
resented in our—and demonstrated that 100% of the alle-
les and 100% of the genetic diversity found in that material
could be included in a sample of roughly 34% of the initial
collection. By using a much higher number of plants (553)
and a much bigger group of markers (245 SNPs distributed
throughout all 16 chromosomes), it is possible to see in the
present study that an even smaller percentage of plants can
generate the same results.
The E. oleifera GB has ∼4,000 plants conserved in 29 ha

at the Rio Urubu Experimental Station (Rios et al., 2012).
The maintenance of such a GB in a field in the heart of
the Amazon rainforest has several economical and logistic
constraints, keeping the collection at constant risk. Despite
the genetic diversity present in the caiaué (Barcelos, 1998;
Ghesquière et al., 1987; Moretzsohn et al., 2002; and this
study), its exploitation by the breeding program is still inef-

fective. Only 20% of the subsamples in the BAG underwent
characterization, and most of the additional characteriza-
tion and evaluation necessary are no longer possible con-
sidering the age of the plants.
Creating a caiaué CC in Brazil is relevant for both the

scientific and technological development of the oil palm
industry in Brazil. Designing a CC for this species would
also reduce the cost of the necessary studies to be car-
ried out by Embrapa and partners for this important and
strategic native species. The MS3 model had a Shannon
diversity index of 0.691, remaining very close to the one
evaluated for the entire collection (0.693). Besides, the
other genetic parameters evaluated showed little variation
(Table 4). Thus, the MS3 model that retains 19.7% of the
total individuals of the WC is the most appropriate choice
to generate an E. oleifera CC at Embrapa. By maximizing
genetic diversity and reducing the number of genotypes,
the MS3 collection can facilitate studies of variability and
correlationwithmorphological traits of agronomic interest
to the breeding program developed at Embrapa. The MS3
model presented the following distribution of individuals
by geographic region: Manaus (19%), Rio Amazonas (13%),
Rio Solimões (20%), Rio Negro (13%), Caracarai (10%), and
Rio Madeira (25%). However, it is known from such stud-
ies with different species that the genetic diversity of a CC
can be better achieved when molecular data are used in
conjunction with phenotypic data (Balfourier et al., 2007;
Belaj et al., 2012).
There is a high similarity between the genomes of E.

oleifera and E. guineensis, so it might be possible to transfer
the SNPs developed in this study to assess the genetic diver-
sity and establishment of core collection in E. guineensis.
The presence of common alleles could occur due to the
genetic proximity between these two species.
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