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ABSTRACT

High-throughput and high-density (HD) genetic marker genotyping systems are critical to optimize the
efficiency of oil palm breeding and improvement programmes. This study reports the development of
the 78K Infinium® HD customized SNP array, which was used to genotype a thousand palms of a
commercial Deli dura x AVROS pisifera family. A total 64,108 (~82.0 %) polymorphic SNP markers
were identified of which, 57, 465 (89.6 %) were mapped onto the genetic map that has the largest
number of markers published so far in oil palm and holds 14,781 SNPs on 2,363 orphan scaffolds
(whose chromosomal locations were unknown), which will improve the existing oil palm reference
genome (EGS5.1). The SNPs were highly informative based on the parent-to-progeny allelic inheritance
analysis. The data demonstrated that 4.3 % of the progeny resulted from unintentional self-fertilization
of the dura female parent. These unintended ‘selfs’ are highly inbred, which will affect their yield. This
study also for the first time, describes the homozygosity in the Deli dura and AVROS pisifera, two
important parental lines widely used in commercial seed production. As expected, both the parental
palms were highly homozygous, having 138 Mb homozygous regions in common, with 70.3 % identical
alleles. Such a detailed genetic analysis of the individual palm has been made possible with this
customized HD SNP array, which will be a valuable tool for routine application in oil palm
improvement programmes. The strategy used to design and apply the array will also be of interest for

wider scientific research.

Keywords: Elaeis guineensis; advanced breeding lines; germplasm; chromosomal aberration;

inbreeding; marker-assisted selection

1. Introduction

The oil palm (Elaeis guineensis Jacq.) is a monoecious diploid (2n = 2x = 32) producing a large fruit
bunch of 15 — 25 kg with 500 — 4,000 fruits (Hartley, 1967). Its valuable products include the oils
extracted from the fruit mesocarp (palm oil) and kernel (palm kernel oil). The majority of the world’s
populace relies on only a handful of vegetable crops for their daily oils and fats requirement, indicating
the importance of these oil crops in meeting the dietary requirement of humans. Plants contribute to
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almost 89.0 % of the world’s edible oils and fats (209 of 236 million tonnes), with oil palm being the
single largest plant-based contributor (82 million tonnes; Oil World, 2021).

Moving forward, the oil palm yield is key to supplying the increasing demand for oil from the
growing global population (expected increase from the current 7.8 to 9.7 billion by 2050;
https://www.worldometers.info/world-population/world-population-projections/). Increasing
productivity is highly desirable since the agricultural sector is facing severe challenges such as a lack
of arable land for expansion and the effects of climate change, which are impacting yield (Zhang and
Cai, 2011; Sarkar et al., 2020). Increasing productivity while better managing available natural
resources including land is critical for long term viability and mitigating the negative environmental
effects of production. As such, there is a push to develop new and better varieties, having higher yields
per unit area and increased resilience to pests and diseases as well as tolerance to climate change
(Ahmad Parveez et al., 2021). However, improving perennial crops such as oil palm has always been a
challenge because of its long breeding cycle of at least 10 years in conventional breeding (Rajanaidu et
al., 2000). Although oil palm is by far the most productive oil crop (current average oil yield 4 — 5
tonnes/hectare/year, about 10 times more than other crops; Ahmad Parveez et al. (2020 and 2022)), it
is still far below its theoretical potential of 18.2 tonnes/hectare/year (Corley, 1998). Selective breeding
of oil palm was only initiated about 100 years ago (Ahmad Malike et al., 2019; Yue et al,, 2021). It is
thus highly amenable to further yield improvement via genomics-guided breeding (Nyouma et al., 2020;
Ithnin et al., 2021; Kalyana et al., 2021). Early prediction of phenotypes using DNA markers will
improve the speed and precision of breeding and hasten the development of new planting materials with
desired traits.

A major step forward in oil palm genomic research was the release of its genetic blueprint as a draft
whole-genome sequence (WGS; Singh et al,, 2013a). This paved the way for effectively utilizing the
genome information to expedite the development of improved planting materials (Babu et al., 2021;
Yue et al.,, 2021). This strategy has been successfully utilized in other crops, where the availability of

genetic blueprints has accelerated the identification of DNA markers linked to important traits and as

such, facilitated marker-assisted selection (MAS) or genomics-guided breeding programmes (Yang et
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al., 2015; Soriano, 2020). Of the markers, single nucleotide polymorphisms (SNPs) are the most popular,
not only in plants but also in humans and animals, due to their abundance in the genome. Advances in
sequencing have accelerated SNP discovery, while improvements in genotyping technologies have
enabled the development of high-throughput assays of SNPs. SNP arrays with increasing density have
been reported for potato (8.3 — 20K), apple (8 — 480K), maize (55 — 600K), rice (7 — 700K) and wheat
(50 — 820K) (Hamilton et al., 2011; Unterseer et al., 2014; Vos et al., 2015; Chagné et al., 2012; Bianco
etal,, 2016; McCouch et al., 2016; Xu et al., 2017; Winfield et al., 2016; Morales et al., 2020; Lv et al.,

2021).

SNP markers in oil palm were initially developed exploratorily with the first pilot array only
containing 96 markers (Singh et al., 2011), which was later expanded to 4,451 (Ting et al., 2014, Low
et al., 2020). The release of the draft WGS (Singh et al., 2013a) has facilitated the development of a HD
array with 170,860 SNPs (Kwong et al., 2016), which enabled the identification of the markers for oil-
to-dry-mesocarp content (Teh et al., 2016) and trunk height (Teh et al., 2020). Apart from arrays, oil
palm research has also employed some alternative methods to detect SNP profiles including
genotyping-by-sequencing (GBS) (Pootakham et al., 2015; Gan et al., 2018; Bai et al., 2018; Xia et al.,
2019; Herrero et al., 2020), again made possible by the availability of the oil palm genome build (Singh
et al., 2013a), to anchor the sequences. The essential characteristics of stable inheritance from one
generation to another (Ye et al., 2016; Ooi et al., 2019), amenability to high-throughput analysis and
more importantly, their frequent occurrence in oil palm (every 99 bp; Jin et al., 2016), have enabled
quick adoption of SNP markers in oil palm research. Among the many SNP genotyping strategies
available, the array-based platform produces high-quality data that can be easily shared and reproduced
among laboratories performing similar research. This quality enables the establishment of consortiums,
such as the International RosBREED SNP Consortium (Chagné et al., 2012), to develop, validate and
apply functional SNPs as a common resource for all researchers and companies working on a crop, an
example that can be a model for the oil palm community.

Array-based SNP data have been used to generate accurate HD genetic maps that allowed the
identification of genomic loci for important economic traits for potential application in breeding. In
wheat, the QTLs associated with height and grain/kernel were identified (Cui et al., 2017; Lv et al.,
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2021), and in oil palm those associated with fatty acid composition in interspecific hybrids have been
transferable to its backcross generations (Ting et al., 2016). In addition, HD genetic maps together with
the availability of WGS are facilitating a better understanding of the genome, including the evolutionary
and recombination landscapes of crop plants. The combined information of genome sequences and
SNPs in HD genetic maps have been especially effective in comparative genomics, for example,
between radish and its close relatives in the Brassicaceae family, where the syntenic regions and
rearrangements in the radish genome were precisely determined (Luo et al., 2020). SNP genetic maps
with high-quality annotation have also led to the identification of candidate gene(s) regulating important
traits in the woody trees Prunus mume, Catalpa bungee and Camellia sinensis (Zhang et al., 2015; Lu
etal., 2019; Wei et al.,, 2022), wheat (Cui et al., 2017) as well as oil palm (Ting et al., 2016 and 2021a;
Ong et al.,, 2020). SNP array data can also be used to identify selfed offspring in a progeny population
e.g. in tetraploid rose (Vukosavljev et al., 2016), to validate parent-offspring relationships (Muranty et
al., 2020) and to reconstruct direct and distant ancestors (Van de Weg et al., 2018; Howard et al., 2021).

In this study, we present the development of a customized Infinium® HD SNP array with 78,196
SNPs and its use for a detailed analysis of a large F; oil palm mapping family including a scan of
chromosomal aberrations and construction of a high-resolution whole-genome linkage map which, for
the first time, reveals details of levels of inbreeding in an advanced breeding population. The array,
with SNPs that are polymorphic in a wide collection of germplasm and advanced breeding lines (ABLs),
represents an important genomic platform for the oil palm industry, with the strategies applied to its

design and use of interest to the larger research community.

2. Materials and methods
2.1. Mapping family

The oil palm F; family studied comprised 1,011 palms from a cross between a Deli dura (Palm
0.338/391) and an ‘Algemene Vereniging van Rubberplanters ter Oostkust van Sumatra’ (AVROS)
pisifera (Palm 0.174/655), hereinafter called the PUP family. Both the parental palms are among the
most widely used parents in commercial seed production, derived from a systematically designed
modified recurrent selection (MRS) breeding scheme (Rosenquist, 1990) and were planted at MPOB
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Kluang, Johor. The PUP progeny are grown at KULIM Plantations Berhad, Kota Tinggi, Johor. Culling
was not carried out as usual in the pre- and main-nursery; rather the palm abnormalities were recorded
and this facilitated a study of the chromosomal aberrations in the off-type palms as described by Ting
et al. (2021b). Leaves collected from the seedlings were first cleaned with paper towel, cut into small
pieces (diameter ~0.5 cm) using a paper hole puncher. Three leaf pieces per sample were placed in the
96-well plate for DNA extraction. For storage, the leaves were cut into small pieces (~7.0 x 3.0 cm),

packed in the labelled plastic bag (~10.0 x 9.0 cm) and stored at -80 °C.

2.2. Development of the oil palm 78K Infinium® HD SNP array

The oil palm 78K Infinium® HD SNP array was designed to capture not only informative SNPs
within the PUP family described herein, but also variation across other mapping families, ABLs as well
as the MPOB’s vast germplasm collection. The selected palms were sequenced to an average of 50X
raw whole genome coverage (median 50X, minimum 30X and maximum 68X) using a combination of
300 bp paired-end Illumina MiSeq v3 sequencing, 150 bp paired-end Illumina MiSeq v2 sequencing
and 100 bp paired-end Illumina HiSeq 2500 sequencing. High quality trimmed reads were aligned to a
revised version of the reference E. guineensis genome (Singh et al., 2013a; Sanusi et al., 2023) namely,
EGS5.1 using Bowtie (Langmead et al., 2009) and candidate SNPs were called using SAMtools (Li,
2011).

Candidate SNPs selection was performed with an in-house customized PERL script. To capture a
wide range of genetic variation, initial selection criteria included heterozygosity in one or both parents
of the mapping families (in particular PUP) and/or polymorphism among the germplasm cohort. This
was performed by examining both sequence uniqueness within the reference genome and absence of
other SNP among the germplasm cohort, across a 60 bp window spanning each candidate SNP position.
Subsequently, the reference genome was divided into 15 Kb sequence windows and one SNP per
window was selected with a preference given, when possible, to those that were both informative in
PUP and germplasm. The selection also included a set of 1,291 duplicated SNPs (3.5 %) and 3,744
SNPs (SNPMxxxxx) from the previous oil palm Infinium® SNP array — OPSNP3 (Ting et al., 2014;

Low et al., 2020), to ensure compatibility with earlier research.



168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

2.3. DNA isolation and SNP genotyping

Genomic DNA was extracted using a modified CTAB method optimized to a semi-robotic or manual
grinding system. In the semi-robotic system, freshly collected green leaves were smashed with beads in
a 96-well plate and the extraction was carried out by a service provider (the Centre for Marker Discovery
and Validation, Malaysia). For a subset of the PUP progeny, DNA was extracted from the frozen leaves
(stored at -80 °C) using the conventional method as described by Rahimah et al. (2006) and Suzana et
al. (2015). The extracted DNA was purified and checked for quality via Aze/Azso ratio (> 1.8) and
electrophoresis on a 0.8 % agarose gel. Downstream DNA processing and hybridizations on the
Infinium® HD iSelect BeadChips array (Illumina Inc., USA) were performed by the Genome

Technology Access Center (GTAC) at Washington University, USA.

2.4. Genotype calling and data evaluation

Genotype calls were made using the Genome Studio® software
(http://support.illumina.com/array/array software/genomestudio/downloads.html). The sample sheet,
intensity data and SNP manifest files generated from the iScan™ system were imported as described in
the software manual and the auto-clustering function was used to call the SNPs as aa, ab or bb. A
GenTrain (GT) score closer to 1.0 indicates better clustering for the SNPs. However, for the SNPs with
GT < 0.7, their clustering was re-examined and improved manually. The genotype calls of SNPs that
did not amplify or failed to form a well-separated cluster, were excluded from the analysis. In addition,
the independent genotype calls for the two replicates of each parental palm were evaluated to ensure
reproducibility of the calls for the SNPs.

The genotype data was further evaluated using the factorial analysis and NJ tree implemented via
DARwin 6.0.21 (Perrier et al., 2003). A panel of 77 representative SNPs across 16 chromosomes, as
assigned in EGS5.1 were selected to determine the fidelity of the controlled cross. The panel consisted
of three to seven evenly distributed SNPs on each chromosome, selected from an average interval of
9.3 — 12.6 Mb, depending on chromosome size (Supplementary Table A.1). For both the factorial
analysis and NJ tree, four foreign (i.e., not related to PUP) palms genotyped with the SNP array were
included as a reference to identify contaminants. Also, all PUP palms known to have divergent ploidy

7
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levels in at least one of their chromosomes (Ting et al., 2021b) were included as a reference to identify
chromosomal aberrant palms. Of the 77 SNP markers, 57 (74.0 %) were polymorphic in the F; family
with an average polymorphic information content (PIC) of 0.31. The remaining 20 were monomorphic
in the PUP family. Computation of the PIC and observed and expected heterozygosity for each marker

was carried out using CERVUS 3.0.7 (Kalinowski et al, 2007). Inbreeding coefficient (= I-

number of observed heterozygosity

rumber of expected heterozygosity ) was calculated assuming that the population was in Hardy-Weinberg

equilibrium.

2.5. Evaluation of chromosomal aberration by SNP B-allele frequency (BAF) distribution

Evaluation of chromosomal aberration was carried out as per Chagné et al. (2015) and Ting et al.
(2021b). In brief, the BAF value for each SNP called from Genome Studio® was plotted (i.e., scatter-
plot) to its corresponding position on the pseudo-chromosome of EG5.1. For good visualization, only
the SNP markers with a GT > 0.7 were used. The expected BAF values in a standard diploid palm for
the genotypes aa, ab and bb of ideal performing markers are 0, 0.5 and 1.0, respectively, whereas values

of ~0, 0.33, 0.66 and 1.0 are likely for the trisomy genotypes aaa, aab, abb and bbb, respectively.

2.6. Construction of genetic linkage maps

Genetic linkage maps for the two parental palms and their integrated map were constructed using
JoinMap® 5 (Van Ooijen, 2018). Grouping of markers to form each linkage group (LG) was performed
at > LOD 7, as at this LOD score, markers in the group had remained intact, up to the maximum LOD
of 14. For calculation of LG, the Maximum Likelihood (ML) mapping and Haldane map distancing
functions were applied. As a large number of SNP markers were involved, only one marker representing
each cluster of co-localizing markers was selected from the initial map constructed and used for
subsequent optimization. For optimizing marker order in each LG, ML calculation was repeated 10 —
90 rounds (depending on number of markers grouped) at maximum chain lengths of 200. Only markers
with nearest neighbour stress (N.N. Stress) of < 1.0 ¢cM and highly plausible order were retained in the

final genetic map. Using the default setting in JoinMap® 5, the statistical counts (ranging from 1 to 500
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in each parent) of plausible positions for each marker in the estimated map order could be examined
using the Plausible Positions PI and P2 tabsheets, after which, other co-localizing markers were placed

accordingly in the final resulting map.

3. Results
3.1. Oil palm 78K Infinium®™ HD SNP array

A total of 108,543 SNPs were selected for probe design, of which 59,395 and 49,148 were identified
from the mapping families/ABLs (including PUP) and the wide germplasm cohort, respectively
following the selection criteria described in Materials and methods. Following the assessment of probe
quality and bead design, 78,196 SNP markers (named as OPHRMxxxxxx) consisting of 72.1 %
transition (28,142 T/C and 28,239 A/G) and 27.9 % transversion (2,403 C/G, 4,076 A/T, 7,683 A/C and
7,653 T/G) SNPs were synthesized. Two probes per SNP target were designed for 63 A/T (T/A), 27
C/G (G/C), 951 A/G (T/C) and 250 A/C (T/G) resulting in a total of 1,291 duplicated SNPs which could
be used to evaluate reproducibility of the genotype data generated for the PUP mapping population.

Most of the SNPs (83.3 %) had common alleles between germplasm and mapping families/ABLSs
(Table 1) and only a small proportion of about 9.8 % were unique either to the germplasm cohort (8.5 %)
or the mapping families/ABLs (1.3 %). In the current SNP array, of the 78,196 SNPs, 51,921 (66.4 %)
were well distributed across the 16 pseudo-chromosomes, based on the EG5.1 reference genome (Fig.

1) whereas, the remaining 33.6 % SNPs were located in various orphan scaffolds.

3.2. Evaluation of PUP

Approximately 73K SNPs (94.0 %) could be called when the 78K SNP array was used to genotype
the 1,011 palms of the PUP family. Looking closer at the 1,291 duplicated SNPs, comparison was made
for 1,035 pairs because the others (256 pairs) were either not of comparable quality (either having too
many e.g. > 100 missing data points in one of the SNPs or only one of the replicates was scorable).
Complete reproducibility of genotype calls among the PUP progeny was observed in 964 (~93.1 %) of
the duplicated SNPs that were compared whereas, 44 pairs (4.3 %) showed reproducibility ranging from
97.0 — 99.9 %. It is worth noting that 27 pairs of the duplicated SNPs (2.6 %) failed to reproduce the

9
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SNP cluster plots although the normalized intensity (Norm R) values were good. Among these SNP
pairs, one showed a clear heterozygote clustering while the other duplicated SNP formed an unseparated

cluster suggesting either as aa, ab or bb genotype call.
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Fig. 1. Distribution of designed SNPs in the 16 pseudo-chromosomes in oil palm EGS5.1. Data points
are stretched along the x-axis (pseudo-chromosome), but not the y-axis (bp, position) to better display
the local SNP density. Note that regions of lower SNP density generally correspond to regions of high

repeat content (Singh et al., 2013a). The SNPs on orphan scaffolds are not shown here.
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Table 1. Composition of the Oil Palm 78K Infinium® HD SNP Array.

SNP origin EGS5.1 Oil Palm 78K Infinium®HD SNP Array
Number of SNP Percentage (%)
Unique to germplasm Pseudo-chromosome 2,009 2.57
Orphan scaffold 4,622 5.91
Sub-total 6,631 8.48
Unique to mapping family/ABL Pseudo-chromosome 488 0.62
Orphan scaffold 515 0.66
Sub-total 1,003 1.28
Common to germplasm and mapping Pseudo-chromosome 45,971 58.79
family/ABL Orphan scaffold 19,145 24.48
Unmapped 8 0.01
Sub-total 65,124 83.28
Other Pseudo-chromosome 578 0.74
Orphan scaffold 1,116 1.43
Sub-total 1,694 2.17
OPSNP3 Pseudo-chromosome 2,875 3.68
Orphan scaffold 869 1.11
Sub-total 3,744 4.79
Total Total 78,196 100.00

The genetic relationships and diversity among the PUP progeny and their parental palms were first
evaluated using a panel of 77 representative SNP markers (see Materials and methods and
Supplementary Table A.1). The factorial analysis revealed an inertia dissimilarity of only 6.57 %,
indicating strong relationships among the family members. The percentage inertia increased slightly to
6.61 % when four unrelated palms were included as a reference to identify contaminant(s) in the
factorial analysis; the difference was clearly contributed by these four palms. Interestingly, 43 PUP
palms formed an isolated cluster with the Deli dura maternal palm. A similar clustering profile was also
observed in the Neighbour-Joining (NJ) tree (pink, Fig. 2a and b). In addition, nine palms with aberrant
chromosomes (brown, Fig. 2b) showed genotype differences and could be distinguished from their other
siblings on the NJ tree. Considering the 57 polymorphic SNPs (aa x ab, ab x aa and aa x bb, ab x ab)
from the representative panel of 77 SNPs, 34 (aa x ab) were homozygous (aa) in the 43 palms clustering
with the dura maternal palm, while the average heterozygosity level observed in the other PUP progeny
palms was 0.52 and a value of 0.57 was recorded in the nine suspicious palms. Furthermore, the

remaining 23 of the 57 polymorphic SNPs revealed that these 43 dura-like palms also had a much
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higher inbreeding coefficient (-0.023) than those observed in the other PUP palms (-0.265) as well as
in the nine suspicious palms (-0.352). Further parentage analysis of the 43 palms of the isolated cluster
using CERVUS 3.0.7 revealed negative LOD scores from -8.96 to -38.89, suggesting it was unlikely
that the AVROS pisifera was the paternal palm. Instead, these 43 palms likely resulted from self-
fertilization of the dura mother (p < 0.05), as under this model their trio LOD scores were positive from

15.71 — 29.04.

(a) Axes 1/2

Dura maternal cluster

® Dura and dura-like palms
® Pisifera
@ Aberrant palm

Unrelated palm

© Dura

=) Pisifera

* PUP progeny

*) Unrelated palm

0.1

Fig. 2. Genetic relationships and diversity in PUP and between them (black dots) and their two
parents (dura and pisifera) revealed by factorial analysis (a) and NJ tree (b). Four unrelated palms

(represented by light-blue encircled dots) were included for comparison.

We expanded the analysis on the 43 maternal-like palms using a larger set of 39,908 good-quality
(GT > 0.7) SNPs where, three profiles were observed — three profiles were observed - aa x bb (170
SNPs), aa x ab (24,881 SNPs) and ab x aa (14,857 SNPs) (Supplementary Table A.2). Of these, 170
SNPs were genotyped as aa in the dura mother and bb in the intended pisifera father (classified as the
aa x bb segregation profile in the two parents) and thus, should theoretically show ab genotype in the
progeny. Interestingly, genotypes scored in all the 43 maternal-like progeny were aa which, could only
result from the unintended selfing (aa x aa) of the maternal palm. A similar observation was made for
these 43 palms with respect to 24,881 SNPs which, clearly revealed the aa and ab genotypes in the
maternal and paternal palm, respectively. However, only one of the SNPs (0.004 %) showed an ab

genotype, even that only in one (PUP2053/306) of the 43 palms. The observation that all these SNPs
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revealed an aa genotype in the 43 palms (with the single exception stated earlier) further supports the
fact that these 43 palms were a result of selfing of the maternal palm. Moreover, analysis of 14,857
SNPs where the observed parental genotypes were ab and aa, revealed the presence of all three possible
genotypes - ab, aa, and bb - in the 43 palms, as expected from selfing of the heterozygous maternal
palm. Further examination of the distribution of BAF showed a substantial loss of heterozygosity (LOH),
similar to that observed in dura maternal palm. Homozygous segments (HS) of various sizes were found
in 12 — 16 chromosomes (Fig. 3). A few chromosomes were almost entirely homozygous, like CHROS,
where the LOH appeared fixed in these maternal-like palms (discussed in greater detail below). A
validation was carried out by testing six randomly chosen palms (Supplementary Table A.2) with the
SHELL gene assay (Ooi et al., 2016; Singh et al., 2020), in which they were found to be indeed dura,
and later all the 43 palms were confirmed dura by the physical examination of their fruit form.

A closer analysis on the identity of the nine suspicious palms using CERVUS 3.0.7 and the panel of
77 SNP markers showed that eight were legitimate, i.e., the Deli dura and AVROS pisifera offspring
(p < 0.05) based on their progeny-maternal-paternal trio LOD scores (4.68 — 9.19) and there was no
sign of maternal selfing (LOD -51.84 — -77.75). The exception was PUP2053/726B where the negative
trio LOD scores implied that neither the dura (-61.25) nor the pisifera (-7.20) were its parents. A
previous examination of its BAF profile (Ting et al., 2021b) had shown that most of its chromosomes
occurred in triplicate which could result in unexpected parent-to-progeny genotypes. For an example,
for each of the ab calls in PUP2053/726B, the parental genotypes were not aa or bb. In fact, Ting et al.
revealed that all the nine palms had chromosome aberration including aneuploidy and triploidy.

Therefore, they were removed from the linkage analysis.
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Fig. 3. The BAF distributions across the 16 pseudo-chromosomes of three dura-clustered palms
in comparison with the dura mother (Maternal R1) and a normal heterozygous palm
(PUP2053/19), randomly selected from the other offspring. BAF distribution for all the 43 dura-

clustered palms is available in Supplementary Fig. A.1.

3.3. PUP genetic linkage map

The genetic linkage map was constructed in two steps. An initial frame work map included 694 of
1,011 palms, where those showing the following characteristics were excluded: i. low heterozygosity
(i.e., the 43 dura ‘selfs’); ii. loose clusters in SNP calling (including the nine aberrant palms); iii. high
recombination count in any LG; and iv. with > 5.0 % missing data. This genetic map was used as a
reference for reinstating 264 out of the 317 earlier rejected palms from categories ii — iv, resulting in a
total of 958 palms for the second round of map construction and leaving out only those with
unexpectedly high recombination count in a specific LG.

The array only had a small proportion (6.4 %) of SNPs not called, where a total of 73K were
successfully genotyped in the samples. The homozygous and irreproducible markers in the two parental

palms were then discarded. This resulted in 64,108 informative markers with the following segregation
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types: ab x aa (23,300 SNPs), aa x ab (35,100 SNPs) and ab x ab (5,708 SNPs). This SNP collection
was used to construct the individual LGs. Of these, 57,465 (89.6 %) were assembled into 16
chromosomes, although some had two to four sub-LGs (Tables 2, 3 and Fig. 4). A highly consistent
marker order was observed when each of the PUP genetic LGs was compared to other published DxP
genetic maps e.g. P2 and KULIM DxP (Zolkafli et al., 2021) using anchor SNP (SNPMxxxx) markers
(Fig. 4). As expected, the present PUP LGs have a notably higher density of SNPs with many co-
localizing, resulting in 1,664 clusters, each containing > 10 SNPs. The PUP integrated LGs comprised
49,070 SNP markers, with a total map length of 1,521.0 cM whereas the parental sub-LGs in CHRO1,
02, 05, 06, 07, 14 and 15 (not included in the integrated map) were 566.3 cM in total length. They could
not be integrated due to the absence of SNP segregating from both parents (ab x ab). This is
demonstrated in Fig. 5 where the BAF of markers on 16 chromosomes of the two parental palms is
linked to their corresponding LGs.

Aligning the PUP LGs to their corresponding pseudo-chromosomes in the EG5.1 genome build also
revealed 43 possible segmental duplications, with at least one SNP mapping to different chromosomes
(Fig. 5). Of the duplications, only four (CHRO02 and 08, CHRO1 and 06, CHR04 and 11, and CHR12
and 16) were similar/close to those reported by Singh et al. (2013a) while the others were either specific
to PUP or not observed in EGS5.1. In addition, the alignment also revealed 2,363 orphan scaffolds,
represented by 14,781 SNPs placed on the linkage map (Table 3), which now allows these scaffolds to

be assigned to their respective pseudo-chromosomes.

15



374  Table 2. Summary of number of polymorphic SNP markers scored from the Oil Palm 78K Infinium®

375  HD SNP Array and mapped in the PUP genetic linkage maps.

78K SNP EG5.1 Polymorphic SNP Number of SNP mapped in
Number Percentage Parental Percentage Integrated Percentage
of SNP (%) map (%) map (%)
All Pseudo- 45912  58.71 42,405  54.23 36,146 46.22
chromosome
Orphan 18,190  23.26 15,055 19.25 12,828 16.40
scaffold
Unmapped 6 0.01 5 0.01 5 0.01
Total 64,108 81.98 57,465  73.49 48,979 62.64
SNPMxxxxx Pseudo- 602 0.77 602 0.77 499 0.64
only chromosome
Orphan 110 0.14 110 0.14 90 0.12
scaffold
Total 712 0.91 712 0.91 589 0.75
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
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Table 3. Summary of PUP genetic linkage map. Integrated linkage groups are labelled Cxx, dura and

pisifera parental linkage groups that could not be integrated as DCxx and PCxx, respectively.

Chromosome Linkage group ~ Number of Map Number of cluster Number of
(CHR) (LG) SNP marker  length (containing > 10 co- orphan scaffold
(cM) localized SNPs) in EG5.1
1 Co1_1 1,850 47.2 50 13
Co1 2 3,017 161.4 101 31
DCO1_1b 91* 3.9 2 5
DCO1 _2b 16 347 0 2
2 C02 4,611 208.3 129 219
DCO02 1 320 21.4 10 4
DC02 2 12 18.4 0 9
3 C03 5,174 120.9 168 147
4 C04 7,770 161.9 229 375
5 DCO05 1 18 146.8 0 5
DCO05 2 77 0.7 1 4
PCO5 4,404 147.7 137 185
6 Co6 1,049 31.4 32 24
PCO06 1 1,084 421 35 9
7 Co7 2,047 66.2 66 34
PC07 1 798 45.1 25 23
8 Co08 3,949 105.7 114 318
9 C09 2,812 118.0 62 204
10 C10 3,238 115.3 102 103
11 Cl1 4,532 90.6 122 298
12 C12 2,205 74.8 62 13
13 C13 3,851* 105.3 86 149
14 Cl4 960 443 32 13
DC14 1 30 33 0 0
15 DC15 920 72.2 17 95
PCI15 716 343 22 6
16 Clé6 1,914 65.8 60 75
Sub-total Integrated LGs 48,979 1,521.0 1,417 2,021
Maternal LGs 1,484 297.0 28 119
(dura DCxx)
Paternal LGs 7,002 269.3 219 223
(pisifera PCxx)
Total 57,465 2,087.5 1,664 2,363

*including 76 common SNPs
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Fig. 4. Aligning the PUP to other DxP genetic linkage maps e.g. P2 (labelled as DP01 — 16) and
KULIM DxP (DPKO01 - 16) published by Zolkafli et al. (2021) using common SNPMxxxxx

markers.

3.4. Homozygous segments (HS) in parental palms and progeny

In this study, the BAF distribution in EGS5.1 revealed extensive levels of homozygosity in the two
parental palms, which was reflected in the PUP genetic linkage maps. HS contain only monomorphic
SNP markers with BAF of 0 or 1, and as such cannot be placed on the genetic map. The HS varied in
size (Fig. 5) and segments of at least 400,000 bp long were extracted and shown in Fig. 6. On the genetic
map, only gaps > 3.0 ¢cM (assuming 1.0 cM = 1.0 Mb) were considered HS (Fig. 6).

In the dura maternal palm, 81 HS of 581,163 — 37,784,289 bp in length were observed on the 16
chromosomes, and 15 of them (HS) could be visualized on 11 LGs. Almost the entire CHRO05 (99.6 %),
06 (92.9 %) and 14 (97.0 %) were homozygous, likely because of either insufficient linkage between
the small sub-LGs or the extremely large gaps between markers on the LGs. In comparison, the pisifera
palm had more HS (90) with sizes ranging from 401,250 — 15,213,371 bp, but the total genomic region
covered by its HS was only 287,872,604 bp, smaller than in the dura (357,976,728 bp). Only CHRO09
(91.7 %) in the pisifera was very highly homozygous as visualized on both the EG5.1 and genetic map
(Fig. 4 and 5). Heterozygous markers were mostly found in two regions, 160,175 — 2,036,315 and
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30,246,439 — 36,485,591 bp of EGS5.1, and they were mapped at positions 1.7 —4.4 and 89.7 — 97.0 cM,
respectively, in LGCO09.

It is important to note that most of the specific HS in one parent are heterozygous in the other parent
(Fig. 6). This is consistent with the high number of aa x ab and ab x aa SNPs and partly explain why
so few (8.9 %) were ab x ab. Crossing the homo- and heterozygous loci (aa X ab or ab x aa) resulted
in HS (and thereby LOH) in a number of the PUP palms, as reported previously by Ting et al. (2021b).
In the cases where both parental palms had a HS in common, this produced gap in the integrated LGs.
In this study, of the 58 common HS (> 400,000 bp) covering a total genomic region of 138 Mb, 70.3 %
(97 Mb) contained SNP markers with identical homozygous genotypes in both parental palms (identical
by descent, IBD) i.e., aa X aa or bb x bb, while the remainder had aa x bb, producing ab genotype.
Tracing back to the parental palms, the common HS with IBD SNPs in the progeny were 27.1 and 33.7 %
of the total HS observed in the dura and pisifera, respectively. As such, although the dura was more

homozygous than the pisifera, the progeny inherited more HS from the latter.
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Fig. 5. SNP BAF (range 0.0 — 1.0, y-axis) distribution across the 16 chromosomes (CHRO01 — 16)

437

the dura maternal (dark blue dots) and the pisifera paternal (red dots) palms. X-axis is the

m

438

pseudo-chromosome position of SNP markers (Kb in EG5.1). Markers mapped in their corresponding

439

placed under the BAF plot of

b

or different linkage groups (LGs) are presented in bars with colour codes
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each chromosome.
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Fig. 6. Distribution of homozygous segments (HS) on EG5.1 pseudo-chromosomes (a) and PUP
genetic map (b). Each coloured bar represents a HS of > 400,000 bp in a chromosome and > 3.0 cM in
a linkage group (LG) where dura parental LG is labelled as DCxx (blue), PCxx for pisifera (red) and

Cxx for the integrated LG (green).

4. Discussion

The oil palm 78K Infinium® HD SNP array presented in this study was highly effective in generating
good quality genotype data and facilitated the generation of a HD genetic linkage map that could be
used to further validate and improve the existing EGS5.1 genome build (Singh et al., 2013a; Sanusi et
al., 2023). As such, the array was designed to contain mostly those 76,918 SNPs (98.4 %) that could be
mapped with high confidence to the pseudo-chromosomes and orphan scaffolds in EG5.1. As the SNP
array consists of SNPs from ABLs and germplasm cohorts, the application of the SNP array has been
extended to genotype more diverse populations developed from the germplasm, such as the population

generated from the selfing of the palm T128 (unpublished data) from MPOB’s Nigerian collection,

21



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

which has a higher unsaturated oil content than current commercial material (Singh et al., 2013b), as
well as a diverse set of palms originating from different African countries (unpublished data). In
comparison, for the previously reported 200K SNP array for oil palm, of the 170,860 SNPs, only 70,804
(41.4 %) could be mapped to the existing reference genome (Kwong et al., 2016). While similar in the
number of SNPs mapped to the genome build, the two arrays share only 3,955 SNPs due to different
design and selection strategies. The 200K array was designed to focus on major breeding origins
available at Sime Darby plantation (Kwong et al., 2016) while the present 78K SNP array focuses more
broadly on variation across a wide range of ABLs as well as the oil palm germplasm collection at MPOB.

The Deli dura x AVROS pisifera hybrid (tenera) is among the highest-yielding oil palm varieties
(Noh et al., 2012; Ong et al., 2019 and Swaray et al., 2020). Both the Deli dura and AVROS pisifera
breeding lines have gone through several generations of selfing or sib-mating over the past decades.
The level of inbreeding is more severe in Deli dura as it was derived from an extremely narrow genetic
base consisting of only four seedlings (Hartley 1967), whereas the AVROS pisifera originated from a
small population of palms. In general, the current Deli dura x AVROS pisifera materials have already
achieved high uniformity in the expression of their yield traits (Noh et al., 2010 and 2012). In other
words, this indicates low genetic variability which is obvious from the low polymorphism rate as
reported previously — 2.2 % (11,394 polymorphic SNPs from the 510,251 SNPs identified) by Bai et al.
(2018) and 20.1 % (34,315 polymorphic SNPs identified from the total 170,860 SNPs genotyped) by
Ong et al. (2019) for the Deli dura x AVROS pisifera mapping families. In this study, a new batch of
Deli dura x AVROS pisifera cross consisting of 1,011 F; palms was specifically created, which to our
knowledge, is the largest oil palm family used for genetic linkage analysis. Although the high number
of seedlings in this cross are useful for improving the mapping resolution, there is no denying that
collating information on meiosis from multiple families is also important, a process which can be readily
facilitated by the SNP array and the information already available in this study. In the past, only field-
planted palms were studied, limiting the families to only 80 — 300 palms (Ukoskit et al., 2014; Bai et
al., 2018; Ong et al., 2020; Herrero et al., 2020; Zolkafli et al., 2021; Kamaruddin et al., 2021).

In this study, a large number of SNPs (57,465) from the new 78K SNP array were mapped onto the
Deli dura, AVROS pisifera parental and their integrated linkage maps. The marker density is 2.1 —5.7X
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higher than in other genetic maps constructed from a similar genetic background (2,938.2 ¢cM/10,023
markers by Bai et al., 2018 and 1,151.7 ¢cM/27,890 markers by Ong et al., 2019), and 1.7 — 1.8X higher
than in the dura x dura genetic maps (1,268.3 cM/ 6,920 markers and 1,646.9 cM/ 32,650 markers by
Ong et al., 2020 and 1,618.5 cM/33,190 markers by Teh et al., 2020). On the PUP genetic maps, at least
29.0 % of the markers mapped in clusters to the same genetic position on the LGs, suggesting that the
map resolution was limited by the number of observable recombination events rather than by the number
of markers. However, a few LGs were nevertheless fragmented due to long stretches of HS in the two
parental palms. They were retained as sub-LGs, as forcefully combining them would likely inflate the
genetic map as well as inconsistently invert/orientate the sub-LGs. Only the sub-LGs without SNPs
segregating in both parents (ab x ab) were retained in the respective parental maps. The total length of
the sub-LGs was similar in both the dura (297.0 cM) and pisifera (269.3 cM), and if these could be
integrated, ~280 ¢cM more segment would have been added to the combined map (1,521 cM), which
would likely increase the total coverage of the genetic map to ~1,800 cM.

The integration of the two parental maps could be improved by the generation of additional co-
segregating markers e.g. ab x ac and ab x cd genotype calls in the parental palms. One strategy could
be to aggregate and convert the existing genotype calls (in predetermined haplotype blocks) using
Haploblock Aggregator as described by Kruisselbrink et al. (2016). An additional approach could be to
use the feature in the Infinium® array that allows detection and calling of SNPs with null alleles that
were excluded in this study. Montanari et al. (2013) had suggested that manual editing of the SNPs with
low or no calls or showing strong deviation from Mendellian inheritance, could allow the SNPs to be
called and provide the required information.

A HD genetic map with good genome coverage can assist in genome assembly and improve the
existing genome build, such as EG5.1. The pseudo-chromosomes of EG5.1 were first assembled using
genetic maps with < 2,000 markers (Singh et al., 2013a) and later, 3,422 markers (Sanusi et al., 2023).
In comparison, the current genetic map has 28X higher density, including 14,781 SNPs specifically
developed from 2,363 orphan scaffolds, which will allow them (scaffolds) to be placed on the pseudo-
chromosomes. The number of orphan scaffolds identified from the genetic map constructed in the

present study is notably higher than the 1,323 and 1,968 reported using a single (Ong et al., 2019) and
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combination of three genetic maps (Ong et al., 2020). However, integration of all these results into an
updated assembly would be highly beneficial for the oil palm industry as a whole.

By integrating the genetic map with genome data, the large set of SNP markers facilitated a detailed
scan of the individual chromosomes in both the Deli dura, AVROS pisifera and their progeny. In
addition to various chromosomal aberrations reported previously (Ting et al., 2021b), we localized
homozygous regions on each chromosome of individual palms with great precision. In particular, the
high homozygosity in the two parents is consistent with the low phenotypic variability in their progeny.
In general, the dura had longer stretches of HS than the pisifera e.g. in CHRO1, 02, 05, 06, 08, 12, 14
and 15. This could be because the Deli dura came from a narrow genetic background and the MRS
breeding to improve it involved more and more inbreeding, resulting in such a homozygous genome.
Although homozygosity is desirable in the shorter term (e.g. seedling production) giving more uniform
DxP progeny, breeders have to be cautious in subsequent improvement programmes as too much
homozygosity may result in severe inbreeding depression and expression of deleterious recessive loci
(Neaves et al., 2015; Wang, 2019) possibly resulting in increased rate of culling required in the nursery
due to higher rate of off-type seedlings.

More importantly, the location and distribution of the HS (Fig. 3 and 5), especially those containing
IBD alleles, may indicate genomic regions of interest that have been under selection pressure for alleles
associated with desired traits. In such a scenario, meaningful breeding and selection programmes can
focus on the HS of interest, either to retain homozygosity or introduce variability (heterozygosity). As
these regions are demarcated by known markers, genetic improvement through MAS should be possible,
especially if the HS confer a desirable or even an undesirable phenotype. This information will also
facilitate editing the parental genomes in the on-going effort to develop designer palms (Zulkifli et al.,
2017; Yue et al.,, 2021).

Interestingly, self-fertilization of the Deli dura was observed in 43 PUP progeny although the
controlled cross was generated using an established protocol, including blank pollination to detect stray
pollination. Nevertheless, the self-fertilization presumably occurred by pollen from rudimentary
stamens (staminodes) at the bases of the female flowers. The formation of these stamens can be
facilitated by changes in the weather pattern and other factors that result in increased stress to a palm.
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They are generally thought not to contribute to pollination as their pollen was found to be infertile, and
typically shed before the female flowers are receptive for pollination (Adam et al., 2005). However,
there are contrasting reports that some viable pollen is occasionally produced to cause stray pollination
(Beirnaert, 1935; Rao and Kushairi, 1999; Corley, 2005). Although blank pollination is a standard
procedure employed by breeders, the frequency at which this is done over the productive lifecycle of
the maternal palms may differ from one plantation to another. Infrequent validation by blank pollination
can increase the probability of self-fertilization.

The selfing rate of 4.3 % as observed in this study is slightly lower than the 5.3 —30.0 % in Medicago
sativa L., a tetraploid outcrosser (Dieterich Mabin et al., 2021). However, even with a lower degree of
selfing, diploids (such as oil palm) may suffer more severe inbreeding depression than tetraploids
because of their lesser genetic buffering from having only 2x vs. 4x chromosome sets (Husband and
Schemske, 1997). Thus, if these selfed palms are not identified and eliminated early, they can cause
loss in fruit yield in the plantation due to inbreeding depression. This dilutes the ultimate purpose of
commercial seed production to produce palms with higher yield due to the hybrid vigour resulting from
the inter-crossing of two separate and somewhat inbred parental lines (Singh et al., 2020). It would be
cost-effective to apply the SHELL gene assay (Ooi et al., 2016; Singh et al., 2020 and 2021) that can
differentiate the three fruit forms of oil palm, as a quality control tool, to identify and remove dura
seedlings in the nursery. This will ensure the fidelity of controlled crosses generated using selected dura

and pisifera lines for planting in commercial fields.

5. Conclusions

In conclusion, the SNP array developed in this study consists of highly informative markers across
the genome, allowing the construction of a high-resolution genetic map for a Deli dura x AVROS
pisifera cross. The genetic map can improve the existing oil palm genome build by incorporating almost
400 more scaffolds than in other similar initiatives to date. However, a number of orphan scaffolds
could not be linked to the genetic map due to the presence of HS in both parents. To incorporate these
scaffolds, genetic maps generated from different families will be required. The BAF distribution based
on a set of markers ordered in both the physical and genetic maps, identified for the first time, specific
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chromosomes nearly homozygous in the Deli dura. The blocks of homozygosity were obvious across
the genomes of both the parental palms and were confirmed by their pattern of inheritance observed in
the progeny. This homozygosity admittedly caused some gaps in the LGs, and a small number of sub-
LGs could not be merged into the integrated map. Moving forward, the identification of HS and, with
it, the IBD alleles, can facilitate MAS, especially if the HS harbours genes of interest. The presence of
HS in the dura female parent begs the important question of whether sib-crossing or crossing with an
unrelated dura would be the best way forward to improve the next generation maternal breeding lines.
In addition, the SNP marker set proved useful in detecting ‘selfs’ and aneuploids, which, if undetected,
would result in a severe loss of future yield due to inbreeding depression. Although there are standard
procedures to detect rudimentary anther pollination, they are not completely robust. Genomic tools like
the current SNP array could contribute to the fidelity of controlled crosses and to fully appreciate the

benefits of hybrid vigour in the commercial cultivation of oil palm.
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Appendix A. Supplementary data

Fig. A.1 BAF distribution for the 43 dura-clustered palms.

Table A.1 The representative panel of genome-wide distributed SNPs for construction of NJ tree and
factorial analysis.

Table A.2 Examination of genotypes for 39,908 SNPs with GT > 0.7 of the 43 maternal-clustered palms
in PUP. The three observed segregation types aa x bb (170 SNPs), aa x ab (24,881 SNPs) and ab x aa

(14,857 SNPs).
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