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Abstract. The present study evaluated an interspeciﬁc backcross two (BC2) population of oil palm, which was segregating for fatty acid
composition (FAC). The purpose of this study was to construct a high-density genetic map for the population, which could be used to
anchor the Elaeis guineensis (EG5) and E. oleifera (O7) genome builds and determine the physical positions of the quantitative trait loci
(QTLs) associated with FAC. A high-density SNP-based and SSR-based linkage map was successfully constructed for an E. guineensis 9 E. oleifera BC2 population. The genetic map had 16 linkage groups spanning 1618.4 cM with 1252 markers (1152 SNPs and 100
SSRs). The physical location of the markers were determined through sequence similarity search against EG5 and O7. The majority of
markers (81.2%) showed map order consistent with their corresponding position on EG5. In total, 1218 markers were also anchored to 683
scaffolds in O7. This study for the ﬁrst time compared the genetic map of the BC2 population with that of a published E. oleifera 9 E.
guineensis (O9G) interspeciﬁc F1 hybrid, which revealed 433 common markers (34.6%). More importantly marker order was generally
consistent in both maps. The published EG5 facilitated orientating the mapped markers in the present BC2 map as well as in the O7
scaffolds. Major QTLs associated with iodine value (IV) and palmitic acid (C16:0) content, localized on chromosome 3 and linoleic acid
(C18:2) content localized on chromosome 2 of EG5 were also for the ﬁrst time positioned on the O7 build, revealing the corresponding
position in the E. oleifera genome likely inﬂuencing FAC in hybrids and backcrosses.
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Introduction
The oil palm (Elaies guineensis) is a perennial allogamy
diploid (2n = 2x = 32) from tropical Africa with a genome
of *1.8 9 109 bp (Singh et al. 2013). Since the 1900s, it
has been commercially planted, mainly in Southeast Asia for
its oil(s). It is the most productive oil crop in the world, and
Malaysia produced 19.92 Mt of palm oil from 5.81 Mha in
2017 (Kushairi et al. 2018).
There is another species of genus Elaeis, E. oleifera, from
Latin America, where the genome size is similar to that of E.
guineensis (Singh et al. 2013). The oil is much less saturated
(high iodine value) (Hardon et al. 1985; Choo and Yusof
1996) and the palm length is much shorter than E. guineensis

(Hartley 1988). Introgression of the good characters of E.
oleifera into E. guineensis has long been the Holy Grail for
oil palm breeders. The species cross readily (Hardon and Tan
1969) with the hybrid offspring inheriting the tolerance to
disease, such as fatal yellowing (also known as lethal bud
rot), as well as reduced height and more liquid oil (Corley
and Tinker 2016), and once it was a dream to commercially
plant the hybrid of both species in lieu of E. guineensis
(Camillo et al. 2014). Although, the dream has largely
passed, especially in Southeast Asia, because of difﬁculty in
getting decent yields from the hybrids, but the idea still
tantalizes. Thus, some breeders have persisted, beckoned by
the advances in molecular technology. In the previous conventional breeding, the nucleus was largely inviolate,
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sacrosanct from manipulation, thus crossing A and B will
just recombine the parental genes, both good and bad in the
offspring. The main problem is yield. E. oleifera is a very
low-yielding variety and crossing to E. guineensis merely
improves some traits but the hybrid largely remains low
yielding, where the beneﬁt(s) from E. oleifera is not worth
the loss(es). Backcrossing to E. guineensis will quickly
improve the yield but just as quickly loose the good E.
oleifera traits until it is back to square one. It is, of course,
possible, but lottery-like, for only the good genes, not the
bad, to be transferred to the offspring.
In recent years, molecular markers have been applied to
hasten breeding (Jena and Mackill 2008; Chen et al. 2017;
Yadav et al. 2017). Genetic maps are constructed and
quantitative trait loci (QTL) analysis are used to identify
markers linked to the traits of interest. Thus, only the desired
genes from E. oleifera can be transferred to E. guineensis,
eschewing the others. Accurate high-density genetic maps
will facilitate the marker-trait association. A consensus map
of the economically important melon (Cucumis melo L.) has
been constructed from eight independent maps, and facilitated comparative QTL analysis (Diaz et al. 2011). A highdensity cotton map was built from 186 recombinant inbred
lines (RILs) of an interspeciﬁc cross between Gossypium
hirsutum TM-1 and G. barbadense 3-79, generating equivalent recombination frequencies in its At-subgenomes and
Dt-subgenomes (Yu et al. 2012). A SNP-based and SSRbased genetic map of cassava (Manihot esculenta Crantz)
was also constructed and localized on scaffolds of the cassava draft genome sequence (Rabbi et al. 2012).
For oil palm, efforts for the construction of genetic
linkage maps and QTL analysis started two decades ago
(Mayes et al. 1997; Rance et al. 2001) using various DNA
markers, e.g. restriction fragment length polymorphism
(RFLP) and ampliﬁed fragment length polymorphism
(AFLP). Subsequently, microsatellites, also known as
simple sequence repeat (SSR) markers, were used for the
construction of genetic maps and localizing the QTLs of
important agronomic traits (Billotte et al. 2005; Singh et al.
2009; Billotte et al. 2010; Montoya et al. 2013; Jeennor
and Volkaert 2014; Montoya et al. 2014; Ting et al. 2014).
A 4.5K customized Illumina SNP array was ﬁrst applied in
oil palm by Ting et al. (2014) for the construction of a
linkage map of a selected E. oleifera 9 E. guineensis
(O9G) interspeciﬁc F1 hybrid. In recent years, SNP
markers either ﬂanking or within candidate genes that
potentially affect the traits of interest were developed (Lee
et al. 2015; Pootakham et al. 2015). A higher density SNP
genotyping array (SNPs-OP200K) was reported and used
for detection of QTLs for selected bunch components (Teh
et al. 2016; Kwong et al. 2016). More recently, Gan et al.
(2017) constructed genetic linkage maps of two closely
related oil palm populations using high density SNP and
DArT markers, with SSR markers as anchor loci which
allowed the identiﬁcation of markers closely linked to the
‘Shell-thickness’ (Sh) gene.

The release of E. guineensis (EG5) and E. oleifera (O7)
genome builds by Singh et al. (2013) provided an opportunity to determine the physical position and orientation of
markers from genetic mapping (Cochard et al. 2015) and
for association studies (Kwong et al. 2016; Teh et al.
2016). The genome builds have also facilitated assembly of
the Dura oil palm genome (Jin et al. 2016) and alignment
of the DArTseq marker sequence tags (Gan et al. 2017). In
fact, *75% of the SSR markers from the Deli and Angola
oil palm genetic maps were successfully placed collinearly
on EG5 (Cochard et al. 2015) and 72.6% of the DArTseq
markers in the integrated map of two closely related populations aligned to the palm’s 16 chromosomes (Gan et al.
2017). The oil palm genome sequence was also used to
determine the syntenic relationships between the date,
coconut and oil palms (Mathew et al. 2014). Most of the
analyses were carried out using EG5, the E. guineensis
build, as indicated above. To our knowledge, the O7 build
has not yet been explored simply because previous studies
focussed on populations derived from E. guineensis. In this
study, an interspeciﬁc BC2 of E. guineensis and E. oleifera
was used to construct a genetic linkage map using informative SNP and SSR markers. The mapped markers were
linked to their physical positions in the EG5 and O7
genome builds, apart from comparisons with the O9G F1
hybrid by Ting et al. (2014). Alignment of the genetic map
with both the genome builds and previous genetic maps
provide an assessment of the quality of the genetic map.
Maps of high density and quality are essential for QTL
analysis (Bai et al. 2016), and the genetic map constructed
in this study was also applied to identify genomic regions
associated with parameters that reﬂect its fatty acid
composition.

Materials and methods
Plant materials and DNA extraction

The BC2 population (BC2: 2.6-5-30.82) used in this study
consisted of 80 palms. Figure 1 shows it’s pedigree and
genesis. First, the F1 interspeciﬁc hybrid was obtained from
crossing an E. guineensis La Mé tenera 907/TT10/3.22
(female parent, a self of tenera palm L2T) with Colombian
E. oleifera 79/44-12/6.61 (male parent). One of the F1
hybrids (palm 983/2.4-4.3/15.90) was then crossed with
another E. guineensis (palm T128) to produce the backcross
one (BC1). A selected BC1 (palm 335/5.2-5/23.96) was
further backcrossed to E. guineensis (palm 320/TT113/
22.32, a self of palm T128).
To genotype the BC2 population, its female parent (Palm
320/TT113/22.32) and grandparent (Palm 983/2.4-43/15.90)
were unfortunately not available. Thus, the two siblings of
palm 320/TT113/22.32, i.e. palms 316/TT113/22.32 and
318/TT113/22.32, were sampled in lieu to reconﬁgure it’s
genotype. The BC2 was planted in June 2000 at United
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Figure 1. Genesis of BC2 mapping population BC2-2.6-5.

Plantations Berhad in its Jenderata Estate, Teluk Intan,
Perak, Malaysia.
Total genomic DNA was extracted from the spear leaves
(stored at –80°C) harvested from all palms of the population,
and its male parent (335/5.2-5/23.96) and the two siblings
using a modiﬁed CTAB method (Doyle and Doyle 1990).
DNA quality and quantity were checked using a Multiskan
GO UV/VIS spectrophotometer and 1% agarose gel electrophoresis as described by Rahimah et al. (2006).
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Figure 2. Example of SNP clustering using GenomeStudio software. Samples are represented by dots. Clusters of like genotypes
are encircled by ellipses, where red and blue indicate homozygous
groups and purple, the heterozygous groups. Dark shaded areas
around each ellipse indicate the regions where genotype scores are
assigned for each cluster.

described by Ting et al. (2013). GeneScan LIZ 500 was
used as a size standard. The genotype conﬁgurations and
notations of the segregating SSR markers followed the
nomenclature of Ritter et al. (1990) and Billotte et al.
(2005).

SNP genotyping

A total of 4451 oil palm customized SNPs, or OPSNP3 were
developed from the genomic sequences that mapped
uniquely to the E. guineensis genome assembly (Ting et al.
2014). The customized SNPs were used to genotype the BC2
mapping population using Illumina’s Inﬁnium II assay
platform, the method described by Ting et al. (2014). The
SNPs were scored using the GenomeStudio software based
on genotype clustering as aa, ab and bb (ﬁgure 2). In
addition, the P5 genome build was mined for 40 candidate
SNP markers (SNPE) ﬂanking numerous genes linked with
fatty acid and oil biosynthesis followed by genotyping using
the MassArray iPlex platform. The SNPs were scored as
described in Ting et al. (2016).
SSR genotyping

A total of 788 SSR primers were screened for polymorphism on the mapping population with all the informative
SSR primers genotyped. The PCR was carried out as per
Ting et al. (2013). The forward primer was tailed with the
M13 sequence (50 -CACGACGTTGTAAAACGAC-30 ). A
maximum of four PCR products were labelled with ﬂuorescent dye (NED-, 6-FAM-, VIC- and PET-M13). The
denatured sample was then fragmented and size called on
the ABI3100 genetic analyzer (Applied Biosystems, UK)
and genotyping of the polymorphic SSR was carried out as

Data analysis and linkage map construction

The SSR data were incorporated into the informative SNP
dataset for the construction of a linkage map. Linkage
phases of the markers were determined and linkage analysis was performed using the JoinMap4.1 software (Van
Ooijen 2006). All the markers were tested for their goodness of ﬁt (v2 test). Those with missing data (C 5%) and
showing segregation distortion (P \ 0.0001) were excluded, following the criteria of Singh et al. (2009). A
recombination frequency (rf) of B 2.0 was used to determine the linkage groups (LGs) and Haldane’s mapping
function applied to convert the map distances to centiMorgan (cM). Individual parental maps were constructed
and subsequently integrated using the maximum likelihood
mapping algorithm for cross-pollinated populations with
the nearest neighbour stress (NN Stress) value \ 3 cM.
Default mapping parameters were as follows: spatial sampling thresholds of 0.100, 0.050, 0.030, 0.020 and 0.010,
chain length of 1000 and stopping criterion of 10,000 with
the cooling control parameter of 0.001. The linkage map
was visualized graphically using MapChart 2.2 (Voorrips
2002). Naming and orientation of the LGs were based on
the EG5-pseudo-chromosome (Singh et al. 2013). The
assignment of subgroups (‘a’ or ‘b’) to their LGs was
based on comparison of the common markers in the O9G
F1 hybrid linkage map (Ting et al. 2014).
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Comparison to the published oil palm reference genomes,
EG5 and O7 scaffolds, and comparison with the O3G
interspeciﬁc F1 hybrid linkage map

Markers were mapped to the published reference genomes of
E. guineensis (EG5) and E. oleifera (O7) by BLASTN
alignment of the SNP and SSR ﬂanking sequences with
default parameters to obtain their genomic positions. The
criteria considered best were a sequence similarity of [ 90%
identity and an E-value of 0. We also compared our genetic
linkage map to the published O9G interspeciﬁc F1 hybrid
linkage map (Ting et al. 2014).

Marker distribution, genetic vs physical maps and estimation
of recombination rates

The estimated recombination rate (cM/Mb) for E. guineensis
(EG5) was calculated by dividing the genetic length of the
linkage map in cM by the physical length of the chromosome in Mb. The genetic positions (in cM) of the linkage
map were plotted against the physical positions (in Mb) to
obtain the recombination curves for EG5 using a cubic
spline method as in the Marey Map (executed in R, http://
cran.r-project.org) (Rezvoy et al. 2007; Siberchicot et al.
2017).

Measurement of iodine value (IV), palmitic acid content
(C16:0), linoleic acid (C18:2) and QTL analysis

MPOB’s test method (PORIM 1995) was applied to carry
out the iodine value (IV), palmitic acid (C16:0) and linoleic

acid (C18:2) measurements. Approximately 15–20 fruits per
palm were randomly obtained from a ripe bunch, and the
mesocarp oil was extracted and converted into fatty acid
methyl esters (FAMEs), and FAMEs were analysed by gas
chromatography (GC) as described by Christie (1989). In
this study, a total of 58 palms could be sampled for oil
analysis. Unfortunately, the others either had succumbed to
disease or did not produce any bunch during the two years of
sampling.
QTL analysis was performed for IV, C16:0 and C18:2,
using the interval mapping function in the MapQTL6.0
software (Van Ooijen 2009) with default parameters. The
95% genomewide (GW) signiﬁcance threshold for each trait
was determined by the permutation test, with 1000 permutations. The markers within the QTL conﬁdence interval
identiﬁed by Ting et al. (2016) for the same traits and that
reproduced in present study were mapped to the oil palm
genome builds (EG5 and O7) (Singh et al. 2013) to identify
the physical position of the markers linked to the QTLs.

Results
Phenotypic variation in the plant materials

The BC2 palms analysed in this study were segregating for
IV, C16:0 and C18:2 content. The individual palms in the
population showed wide distribution for these three traits,
which were measured as 57.9–71.6% (SD = 3.0),
28.9–39.0% (SD = 2.4) and 8.2–18.6% (SD = 2.1), respectively (table 1). All traits showed signiﬁcant normal distribution (P \ 0.05) when tested with Shapiro–Wilk test
(SPSS 16.0). The relationship between the IV, C16:0 and

Table 1. Summary of IV, C16:0 and C18:2 measured for QTL analysis in the BC2 population (2.6-5-30.82).

BC2 population

2.6-5 (n = 58)

Female parent (selfed
T128)
E. guineensis

Male parent (BC1)
GxO hybrid (F1) 9 T128

320/TT113/22.32

335/5.2–5/23.96

2.6-5-30.82

Trait

Mean (% ± SD)

Variance

Range (%)

IV
C16:0
C18:2

63.5 (± 3.02)
35.3 (± 2.36)
12.5 (± 2.13)

9.11
5.58
4.54

57.9–71.6
28.9–39.0
8.2–18.6

Table 2. Summary of numbers of markers and segregation of SNP and SSR markers used for BC2 linkage mapping.
No. of polymorphic alleles
Segregating parent
1

2
3

T128
(female parent)
BC1
(male parent)
Both parents
Both parents

Segregation ratio
1:1

1:2:1
1:1:1:1
Subtotal

Segregation type

SNP

SSR

Subtotal

Percentage (%)

\lm9ll[

243

39

282

17.1

\nn9np[

1023

115

1138

69.2

\hk9hk[
\ef9eg[

184
–
1450

11
30
195

195
30
1645

13.7
–
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Figure 3. Genotype conﬁguration and distribution of segregating marker loci in the BC2 mapping population.

C18:2 content was evaluated using Pearson’s correlation
analysis. As expected, signiﬁcant negative correlation was
observed between C16:0 content and IV (r = – 0.61). The
correlation between C16:0 and C18:2 (r = – 0.08) was not
signiﬁcant, which is similar to the observation made by
Rajanaidu et al. (1983). A positive correlation was observed
between IV and C18:2 (r = 0.63).
Marker polymorphism

Both OPSNP3 and SNPE arrays had high call rates and the
polymorphic SNPs also showed good allelic clustering (with
98% call rates in SNPM and 85% in SNPE). In addition, of
the 788 SSRs tested, 195 were informative in the BC2
mapping population. In total, we obtained 1645 polymorphic
markers, 1450 SNPs and 195 SSRs (table 2). The polymorphic rates observed for SNP and SSR were 32.3% and
24.7%, respectively. The SNP and SSR allele patterns
showed three genotype conﬁgurations as deﬁned by Ritter
et al. (1990) and Billotte et al. (2005), with one to three
alleles segregating in the cross. The genotype conﬁguration
showed proﬁle numbers 1, 5 and 8 (ﬁgure 3). A total of 507
and 1363 markers were scored for T128 and BC1 parent,
respectively. Majority of the markers (1228, 78%) were
inherited in a Mendelian manner (P B 0.05) indicating their
suitability for use in constructing the genetic map.
The majority (69.2%) of the polymorphic markers were
heterozygous in their male parent (335/5.2–5/23.96) and only
17.1% segregated in the female parent (320/TT113/22.32).
We also observed 225 markers (13.7%) cosegregating in both
the parents involving two and three alleles (\hk9hk[ and
\ef9eg[). Repeated backcrossing results in allelic proportions that skew towards the recurrent parent (BC2 with allelic
parental proportions of 87.5:12.5) (Getz 2018) and will generally increase the genetic similarity with the recurrent parental type [palm 320 (Sibs genotype)]. However, the ratio
observed was 17.1:69.2, vastly discrepant.

supplementary material at http://www.ias.ac.in/jgenet/), followed by the integrated map where 1252 (1152 SNPs and 100
SSRs) markers were successfully mapped on 16 LGs (LGs).
Two LGs were split into two subgroups: LG1 (LG1a, LG1b)
and LG15 (LG15a, LG15b). The smallest LG covered
23.9 cM (LG1b), followed by 37.6 cM (LG9) while the map
distance for the longest LG was 212.7 cM (LG4). Together,
the 18 LGs resulted in a total map length of 1618.4 cM with an
average distance between adjacent markers of 1.3 cM.
Detailed information for each LG is summarized in table 1 in
electronic supplementary material. The sequences information of the SNP and SSR markers is available at genomsawit
website (http://genomsawit.mpob.gov.my).
Mapping BC2 map to the reference genomes for E. guineensis
(EG5) and E. oleifera (O7)

Of the 1252 markers from the BC2 map, 1017 (81.2%) were
successfully aligned to the 16 pseudo-chromosomes of EG5
with only minor discrepancies, while 191 (15.3%) were
mapped to random scaffolds. A few LGs contained a small
number of markers (2.2%) from more than one pseudochromosome (data not shown in map). All the LGs were also
assigned to the EG5 pseudo-chromosomes (ﬁgure 2, a–p in
electronic supplementary material).
The markers mapped to the BC2 population were also
anchored to 683 scaffolds (2.2%) of the E. oleifera (O7) genome
build. The distribution of scaffolds per linkage group was
uneven with LG4 anchoring the largest number (84) and LG1b
the fewest (three). These results indicated that the LGs can
potentially be used to link scaffolds to improve the sequence
assembly. Besides, scaffold O7_sc00004 had the highest
number of anchored markers (18) in LG7. The current map was
also compared to the O9G interspeciﬁc F1 hybrid map (Ting
et al. 2014). A total of 433 common markers, 421 SNPs and 12
SSRs (table 1 in electronic supplementary material) were
detected in consistent order in the two linkage maps.

BC2 integrated genetic linkage maps

Marker distribution of each LG in EG5 pseudochromosome

The 1645 informative markers were used to successfully
construct the parental maps (ﬁgure 1, a–r in electronic

The distribution of markers in each LG was examined at
every 10 Mb of the chromosome. Uneven distribution gave
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rise to different marker densities across the LGs, ranging
from one in the lowest density interval (e.g. 20–30 Mb in
Chr 16) to 46 in the highest density interval (e.g. 0–10 Mb in
Chr 7) (ﬁgure 4).

Genetic vs physical map (EG5) and estimation
of recombination rates

Figure 5 shows the plots of genetic against physical distances for each linkage group. The genetic positions of the
mapped markers were consistent with their positions on the
EG5 genome sequence. Almost all the graphs showed a
linear relationship between the genetic and physical
positions.
The recombination rate is the most important factor in
genetic analysis (Ren et al. 2012) and one of the sources
for genetic diversity (Wang et al. 2015). LG1b (23.9 cM)
and LG9 (37.6 cM), which were the shortest, also had
low recombination rates of 0.4 and 1.4 cM/Mb, respectively. LG4 was the longest (212.7 cM) and the highest
recombination rate of 3.2 cM/Mb (table 1; ﬁgure 3 in
electronic supplementary material). However, LG6 and
LG14 were smaller (126.7 cM and 88.5 cM, respectively)
than LG8 (175.7 cM) but showed a relatively higher
recombination rate (both 2.9 cM/Mb vs 2.6 cM/Mb for
LG8).

QTL detection

Previously, Ting et al. (2016) had identiﬁed a major genomic
region associated with fatty acid content, namely IV and
C16:0 content in an interspeciﬁc E. guineensis 9 E. oleifera
(O9G) F1 mapping population of oil palm (ﬁgure 6). The
QTL region in O9G matched with that LG1b of the BC2
population based on comparison of common markers. The
analysis carried out in this study with the high-density genetic
map maintains the QTLs associated with IV and C16:0 content at GW signiﬁcant level, at the same corresponding
position on the BC2 population (ﬁgure 6). The phenotypic
variation explained by the QTLs for IV and C16:0 content
was also high at 56.8% and 62.7%, respectively, indicating
that this is indeed a major region inﬂuencing the traits in the
BC2 population. The markers in LG1b were successfully
aligned to chromosome 3 of EG5 and four O7 scaffolds
(sc02441, sc00086, sc00955 and sc00014).
Similarly, a GW signiﬁcant QTL was also detected for C18:2
in LG4, and the markers associated with the QTL were physically positioned on chromosome 2 of EG5. The phenotypic
variation explained by the QTL for C18:2 was 38.9% at GW
signiﬁcant level (table 3). The eight markers which enclosed
the QTL region were also successfully aligned to ﬁve O7
scaffolds (sc01486, sc00478, sc02058, sc00707 and sc00233)
(ﬁgure 7). The QTL observed for C18:2 in LG4 was not
detected in the O9G population described by Ting et al. (2016).
Interestingly, each marker deﬁning the QTL regions for IV,

Figure 4. Graphical representation of frequency distribution of loci at intervals of 10 Mb physical distance on chromosomes 1 to 16 (Chr1
to Chr16) of BC2 mapping population. High-density regions of 30–46 markers/10 Mb are represented as bar lengths.
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Figure 5. Plots of genetic vs physical distance (EG5) for linkage groups.
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Figure 6. The corresponding regions in the linkage groups and genome builds of both species associated with the QTLs linked to IV and
C16:0 content.

Table 3. QTLs linked to IV, C16:0 and C18:2 content based on the analysis carried out in this study.
Interval mapping analysis
Trait

Genome-wide (LOD)

LG

IV

4.7

1b

C16:0

4.4

C18:2

4.5

QTL interval (cM)

QTL peak (cM)

QTL peak (LOD)

Left–right locus

18.4–23.9

22.2

5.7

1b

21.2–23.9

23.9

5.0

4

199.1–210.8

203.3

5.4

sPSc00282
sPSc00306
sPSc00282
sPSc00306
SNPM04449
SNPM01114

C16:0 and C18:2 in the BC2 population used in this study,
mapped uniquely only to one scaffold of the O7 build.

Discussion
Plant materials

The analysis of the three traits in the BC2 mapping population showed a continuous varition, suggesting that the
traits examined are likely to be quantitatively inherited, as
also demonstrated previously by Ting et al. (2016). The
wide segregation of IV, C16:0 and C18:2 in BC2 conﬁrms
that this breeding population is indeed suitable for QTL
analysis of the traits concerned. This was further supported
by the fact that the traits evaluated showed normal distribution in the population.

Phenotypic variation
explained (%)
56.8
62.7
38.9

IV is a measure of the level of unsaturation in palm oil,
while C16:0 is most abundant saturated fatty acid in palm
oil, and both traits are negatively correlated (Ting et al.
2016), as also observed in this study . The C18:2 content of
E. oleifera is almost two times higher than E. guinnnesis and
contributes to the higher unsaturation of the E. oleifera
mesocarp oil (Rajanaidu et al. 1983). The aim of oil palm
interspeciﬁc hybrid breeding is in part to increase C18:2
content and with it the IV, while reducing C16:0 content, to
make the palm oil more versatile for downstream
applications.
BC2 integrated genetic linkage map

The BC2 map consists mainly of SNP markers (92%) and
only 8% SSR markers. The proportion of SNP markers

Anchoring interspeciﬁc BC2 linkage map to Elaeis genome builds
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Figure 7. The corresponding regions in the LGs and genome builds, labelled as chromosome (Chr) or scaffold (sc) of both species,
associated with the QTL linked to C18:2 content.

(37.6%) in the current map is comparable to those in previous O9G interspeciﬁc F1 hybrid linkage maps, which also
used the same OPSNP3 array (Ting et al. 2014), indicating
the informativeness and transferability of markers across
different oil palm interspeciﬁc hybrids. This gives conﬁdence in the ability of the array for genetic studies across
interspeciﬁc oil palm hybrids, although the SNPs were
mostly derived from sequencing the hypomethylated regions
of E. guineensis (Low et al. 2014).
In this study, the unavailability of the maternal parent (320/
TT113/22.32, the self of palm T128) made it necessary to
reconﬁgure its genotype from its siblings. A reasonable set of
high-quality markers were generated and mapped. The small
population size could have resulted in a larger number of
unlinked LGs as suggested by Hemmat et al. (1994), and,
indeed, we obtained two subgroups for LG1 and LG15 with a
large gap between them due to insufﬁcient heterozygous
markers. To improve the saturation of LGs, especially in the
genetic gaps, speciﬁc markers, SSRs or SNPs can be designed
by aligning the LGs to the oil palm physical map (Ting et al.
2014). We tried this by designing new SSR markers and comparing the unlinked regions with the existing O9G interspeciﬁc
linkage map (Ting et al. 2014) and sequence information in the
genome builds (Singh et al. 2013). However, even the additional markers were insufﬁcient to saturate the map due to
several factors such as the markers either not amplifying, being
monomorphic or showing very signiﬁcant segregation distortion
(P \ 0.0001). Applying in silico mapping where the scaffolds
of the genome are mapped to the linkage map can potentially
identify appropriate marker to further improve the density for
QTL mapping. The presence of split LGs in high density maps
is not uncommon in oil palm (Gan et al. 2017). Bai et al. (2017)
reported that, of the 16 LGs constructed from a selected D9P
population, two had subgroups.
This study showed a higher number of markers segregating
in the male: 335/5.2-5/23.96 (interspeciﬁc hybrid BC1)
(69.2%) than female parent: 320/TT113/22.32 (17.1%). In
continued backcrossing, sequences of the recurrent parental
type are gradually increased in the subsequent backcross

populations (Ruengphayak et al. 2015), which was not
observed in this study. The reason could be the high
heterozygosity of the male parent which was derived from the
F1 hybrid crossed with palm T128, which was part of germplasm from Nigeria (Singh and Cheah 1999). Further, the
female ‘recurrent parent’ was the result of selﬁng of palm
T128, which could have likely decreased heterozygosity of
the palm (ﬁgure 1). However, undesirable genes can be linked
to the target genes from the donor genome and still be
inherited in the recurrent genome despite the donor genes
being ‘increasingly weeded out’. This is known as linkage
drag (Hospital 2005; Ruengphayak et al. 2015). Singh et al.
(2009) postulated a tendency for linkage drag in oil palm
interspeciﬁc hybrids. The donor segment can remain very
large even after many BC generations (Ribaut and Hoisington
1998; Salina et al. 2003). Linkage drag has been demonstrated in tomato where three resistance QTLs were colocated
or linked with QTLs which have a negative effect on the crops
horticultural traits, such as plant height, plant shape, maturity,
yield and fruit size (Brouwer et al. 2004). According to
Hospital (2005), the rate of unexpected results increases with
the complexity of the studied traits. This is likely for traits
controlled by a large number of genes, interaction between the
genes, low heritability as well as interaction between the
genes and environment.

Comparison to the oil palm reference genomes, EG5 and O7,
and with the O3G interspeciﬁc F1 hybrid linkage map

The BC2 linkage map aligned well visually with EG5
(ﬁgure 2, a–p in electronic supplementary material) and the
order of markers showed good agreement between the
genetic map and physical genome assembly, with only minor
discrepancies. This was also reported by Gan et al. (2017)
where the marker order of their high density linkage maps
was mostly consistent with the genome build, although with
some local inconsistencies. The linear relationship between
plots of genetic and physical positions for each chromosome
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suffered from lack of markers mapped to the largely repetitive centromere and telomere regions of the chromosomes
which was also observed by Antanaviciute et al. (2012).
The order of markers for the BC2 population followed
closely the orientation in the EG5 genome build. However,
when compared against the genetic map of the O9G hybrid
by Ting et al. (2014), there was inversion of several LGs in
the O9G hybrid, with the exception of LGs OT4, OT12,
T14, T16 and T5. The current linkage map spanned
1618.4 cM, 8% shorter than the published O9G interspeciﬁc F1 hybrid linkage map of 1759.1 cM (Ting et al.
2014). We found that 34.6% of the markers are transferable
between the two genetic maps. They will serve as good
anchors in any future effort to connect the two interspeciﬁc
hybrid linkage maps.
In this study, it was mostly possible to map markers from
the same LG to their corresponding pseudo-chromosome
except for 27 (2.2%). This was also the experience of Bai
et al. (2017) where only 6.2% of the aligned segments on 16
chromosomes were not in synteny to their LGs. They postulated that this was due to recombination in the mapping
population, or incorrect genotyping or annotation in EG5. In
apple, a similar ﬁnding was due to the erroneous placement of
contigs in the pseudo-chromosomes or the existence of
undetected gene paralogues in the Malus genome (Antanaviciute et al. 2012). Our study further revealed a total 191
of markers mapped to unassembled scaffolds (also known as
orphan scaffolds) in EG5. Bai et al. (2017) successfully
assigned 115 orphan scaffolds of EG5 using the information
from their D9P linkage map. This demonstrates the use of
the genetic linkage map to improve oil palm genome
assembly. The outcome from genotyping more DNA markers
in a larger mapping population may therefore help improve
the oil palm genome assembly (Bai et al. 2017).
Due to the incomplete set of pseudo-chromosomes in O7, the
genome build mainly constituted of orphan scaffolds. Of the
30,521 E. oleifera (O7) scaffolds, 683 (2.2%) were successfully
linked to the individual LGs in the BC2 genetic map. Eightythree were linked to LG4 and 60 to LG11. The LGs can help link
and orientate the individual scaffolds to their corresponding
chromosomes. However, the number of E. oleifera (O7) scaffolds linked to the BC2 maps was relatively small (2.2%),
although a higher percentage of polymorphic markers was
observed for the paternal interspeciﬁc hybrid BC1 genotypes
(69.2%). This observation was similar to that by CovarrubiasPazaran et al. (2016) who only managed to anchor 2381
(*1.08%) of their total scaffolds in the cranberry genome build.
The scaffolds were, however, generally evenly distributed
across the genome. They proposed a much deeper sequencing of
the cranberry genome to link additional scaffolds and produce a
higher density genetic map. This is a realistic approach for
anchoring more of the genome into pseudo-chromosomes. The
high density linkage map will serve as a valuable platform for
improving the quality of sequenced genomes (Gaur et al. 2015).
An alternative way to improve the genome is to incorporate high
resolution genetic and cytogenetic maps with genomic

sequences to provide interesting information on genome organization (Argyris et al. 2015).

Marker distribution and recombination rate on each linkage
group

The distribution of markers was not uniform across the LGs
(1–46 markers per 10 Mb). Gaur et al. (2015) also observed
uneven marker distribution along LGs in chickpea with large
gaps of [ 10 cM, on one end, and hot spots of up to 367
markers in 5 cM, on the other. The uneven DNA polymorphism is likely due to variation in the recombination rates
along the chromosomes. Generally, crossing over is suppressed in the heterochromatin and centromeres, but less so in
the euchromatin areas where most of crossing over occurs
(Anderson et al. 2004).
The recombination rates in this study were 0.4–3.2 cM/Mb
in the LGs. The longest group, LG4, had the highest rate
(3.2 cM/Mb) and also anchored the highest number of O7
scaffolds (83). The lowest rate was in LG1b (0.4 cM/Mb), not
only the shortest LG (23.9 cM) but also with the lowest
number of anchored O7 scaffolds (4). Singh and Singh (2015)
observed that the smaller chromosomes in a species tend to
exhibit higher recombination rates than the longer ones. This is
in contrast to this study where LG4 (Chr 2), one of the longest
chromosomes had the highest recombination rate (3.2 cM/Mb).
The average recombination rates in the regions with low SNPs
and InDels in watermelon were *0.6 and *0.9 cM/Mb,
respectively (Ren et al. 2012). The rates in cotton by Wang
et al. (2015) were 0–0.5 cM/Mb in the recombination-poor
regions and 1.4–5.7 cM/Mb in the recombination-rich regions.
Most of the studies in different crops indicate higher recombination rates towards the telomeric regions and the converse
towards the centromere (Ren et al. 2012; Argyris et al. 2015;
Dukić et al. 2016) as reﬂected by a nonlinear relationship
between the genetic and physical positions. However, in this
study, the telomeric and centromeric regions were not clearly
differentiated as shown by the linear relationship observed
between the genetic and physical positions (ﬁgure 5). Better
differentiation will likely require higher density maps and
cytogenetic tools, such as ﬂuorescence in situ hybridization, to
better discern the centromeric regions. In white spruce, for
example, the centromeric regions were identiﬁed by cytological
observations (Nkongolo 1996). The different rates of recombination in different species are not unexpected as they are
known to vary highly between species, within species and on
speciﬁc chromosomal segments (Ren et al. 2012) owing to the
variation in genomic architecture and also rates of molecular
evolution (Tiley and Burleigh 2015).

QTL analysis

This study also evaluated the QTL associated with IV and
C16:0 content in oil palm, which were overlapping in LG1b.

Anchoring interspeciﬁc BC2 linkage map to Elaeis genome builds

The QTL region for both traits located in close proximity on
Chr 3 of the EG5 physical map, was also mapped to a
corresponding scaffold in the O7 build. The QTL region for
C18:2 was mapped on Chr 2 of the EG5 and the speciﬁc
QTL interval corresponded to ﬁve (sc01486, sc00478,
sc02058, sc00707 and sc00233) O7 scaffolds. This for the
ﬁrst time revealed a major genomic region likely inﬂuencing
the traits concerned in the E. oleifera build. This also clearly
demonstrated the ability of the genetic map to assign the E.
oleifera scaffolds to their respective pseudo-chromosomes.
The physical position localized on the genome build of both
species revealed the genomic and chromosomal regions that
are likely harboring major genes inﬂuencing the traits, which
could play an important role in breeding to increase the
C18:2 content as well as IV and simultaneously reduce
C16:0 content. This will result in a higher level unsaturation
of the palm oil, at least within interspeciﬁc hybrid breeding
lines sharing the same genetic background with the populations used in this study.
In conclusion, the E. guineensis genome assembly and E.
oleifera scaffolds were successfully used to determine the
orientation of mapped markers in the BC2 genetic linkage
map. These physical maps aided in validating the order of
the genetic markers and provided supporting evidence for
accuracy of the constructed genetic map. More importantly,
this study revealed a genomic region on the pseudo-chromosomes 3 and 2 of the E. guineensis genome build, that
localized the QTLs associated with IV, C16:0 and C18:2
content, parameters that reﬂect the level of unsaturation of
palm oil. Interestingly, the corresponding region, containing
the markers linked to the QTLs, was also identiﬁed in the E.
oleifera genome build. The chromosomal regions can play a
major role in future genomics guided breeding efforts to
increase the level of unsaturation of palm oil, a major goal in
oil palm varietal improvement.
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Dukić M., Berner D., Roesti M., Haag C. R. and Dieter Ebert D.
2016 A high-density genetic map reveals variation in recombination rate across the genome of Daphnia magna. BMC Genet.
17, 137.
Gan S. T., Wong W. C., Wong C. K., Soh A. C., Kilian A., Low E.
T. L. et al. 2017 High density SNP and DArT-based genetic
linkage maps of two closely related oil palm populations. J. Appl.
Genet. 59, 23–34.
Gaur R., Jeena G., Shah N., Gupta S., Pradhan S., Tyagi A. K. et al.
2015 High density linkage mapping of genomic and transcriptomic SNPs for synteny analysis and anchoring the genome
sequence of chickpea. Nat. Sci. Rep. 5, 13387.
Getz M. M. 2018 Genetic exploration of spike and seed morphology in a two-rowed barley nested association mapping panel.
Thesis submitted in partial fulﬁlment of the requirements for the
degree of masters of science in plant science. Montana State
University, Bozeman, Montana.

7

Page 12 of 13

Katialisa Kamaruddin et al.

Hardon J. J. and Tan G. Y. 1969 Interspeciﬁc hybrids in the genus
Elaeis I. crossability, cytogenetics and fertility of F1 hybrids of E.
guineensis 9 E. oleifera. Euphytica 18, 372–380.
Hardon J. J., Rao V. and Rajanaidu N. 1985 A review of oil-palm
breeding. In Progress in plant breeding (ed. G. E. Russell),
pp. 139–163. Butterworths, London.
Hartley C. W. S. 1988 The product of the oil palm and their
extraction. In The oil palm, 3rd edition. Longman, Essex.
Hemmat M., Weeden N. F., Manganaris A. G. and Lawson D. M.
1994 Molecular marker linkage map for apple. J. Hered. 85,
4–11.
Hospital F. 2005 Selection in backcross programmes. Philos. T. R.
Soc. B. 360, 1503–1511.
Jeennor S. and Volkaert H. 2014 Mapping of quantitative trait loci
(QTLs) for oil yield using SSRs and gene-based markers in
African oil palm (Elaeis guineensis Jacq.). Tree Genet. Genomes
10, 1–14.
Jena K. K. and Mackill D. J. 2008 Molecular markers and their use
in marker-assisted selection in rice. Crop Sci. 48, 1266.
Jin J., Lee M., Bai B., Sun Y., Qu J., Rahmadsyah et al. 2016 Draft
genome sequence of an elite Dura palm and whole genome
patterns of DNA variation in oil palm. DNA Res. 23, 527–533.
Kushairi A., Loh S. K., Azman I., Hishamuddin E., Ong-Abdullah
M., Mohd Noor Izuddin Z. B. et al. 2018 Oil palm economic
performance in Malaysia and R&D progress in 2017. J. Oil Palm
Res. 30, 163–195.
Kwong Q. B., Teh C. K., Ong A. L., Heng H. Y., Lee H. L.,
Mohamed M. et al. 2016 Development and validation of a highdensity snp genotyping array for African oil palm. Mol. Plant 9,
1132–1141.
Lee M., Xia J. H., Zou Z., Ye J., Rahmadsyah, Alﬁko Y. et al. 2015
A consensus linkage map of oil palm and a major QTL for stem
height. Nat. Sci. Rep. 5, 8232.
Low E. T. L., Rosli R., Jayanthi N., Mohd-Amin A. H., Azizi N.,
Chan K.-L. et al. 2014 Analyses of hypomethylated oil palm
gene space. PLoS One 9, e86728.
Mathew L. S., Spannag M., Al-Malki A., George B., Torres M. F.,
Al-Dous E. K. et al. 2014 A ﬁrst genetic map of date palm
(Phoenix dactylifera) reveals long-range genome structure conservation in the palms. BMC Genomics 15, 285.
Mayes S., Jack P. L., Marshall D. F. and Corley R. H. V. 1997
Construction of a RFLP genetic linkage map for oil palm (Elaeis
guineensis Jacq.). Genome 40, 116–122.
Montoya C., Lopes R., Flori A., Cros D., Cuellar T., Summo M.
et al. 2013 Quantitative trait loci (QTLs) analysis of palm oil
fatty acid composition in an interspeciﬁc pseudo-backcross
from Elaeis oleifera (H.B.K.) Cortés and oil palm (Elaeis
guineensis Jacq.). Tree Genet. Genomes 9, 1207–1225.
Montoya C., Cochard B., Flori A., Cros D., Lopes R., Cuellar T.
et al. 2014 Genetic architecture of palm oil fatty acid composition in cultivated oil palm (Elaeis guineensis Jacq.) compared
to its wild relative E. oleifera (H.B.K) Cortés. PLoS One 9,
e95412.
Nkongolo K. K. 1996 Chromosome analysis and DNA homology
in three Picea species, P. mariana, P. rubens and P. glauca
(Pinaceae). Plant Syst. Evol. 203, 14.
Pootakham W., Ruang-Areerate P., Jomchai N., Sonthirod C.,
Sangsrakru D., Yoocha T. et al. 2015 Construction of a high
density integrated genetic linkage map of rubber tree (Hevea
brasiliensis) using genotyping-by-sequencing (GBS). Front.
Plant Sci. 6, 367.
PORIM 1995 In Methods of test for palm oil and palm oil products.
Bandar Baru Bangi: Palm Oil Research Institute Malaysia
(PORIM).
Rabbi I. Y., Kulembeka H. P., Masumba E., Marri P. R. and
Ferguson M. 2012 An EST-derived SNP and SSR genetic

linkage map of cassava (Manihot esculenta Crantz). Theor. Appl.
Genet. 125, 329–342.
Rahimah A. B., Cheah S. C. and Rajinder S. 2006 Freeze-drying of
oil palm (Elaeis guineensis) leaf and its effect on the quality of
extractable DNA. J. Oil Palm Res. 18, 296–304.
Rajanaidu N., Tan B. K. and Rao V. 1983 Analysis of fatty acid
composition (FAC) in Elaeis guineensis, Elaeis oleifera, their
hybrids and its implications in breeding. PORIM Bull. 7, 9–20.
Rance K. A., Mayes S., Price Z., Jack P. L. and Corley R. H. V.
2001 Quantitative trait loci for yield components in oil palm
(Elaeis guineensis Jacq.). Theor. Appl. Genet. 103, 1302–1310.
Ren Y., Zhao H., Kou Q., Jiang J., Guo S., Zhang H. et al. 2012 A
high resolution genetic map anchoring scaffolds of the sequenced
watermelon genome. PLoS One 7, e29453.
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