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Abstract

Perennial crops, such as oil palm (Elaeis guineensis Jacq.) have a long breeding cycle (typically
20 years per cycle) and inherently heterogeneous populations. Oil palm is the most productive
and traded vegetable oil globally compared to other oil crops such as soybean, rapeseed etc,
but it has only undergone four generations of selection since breeding started 80 years ago. No
doubt genome-enabled biology in oil palm breeding is crucial yet genetics and crop
improvement have been actively pursued in research but with limited deployment in the
industry. Further, the oil yield has stagnated for many years, hence the realistic approach of

genome-based breeding is needed.

High resolution genetic map maximizes discoveries of recombination events and thus
empowers comparative genomic and quantitative trait locus (QTL) studies. The present study
aims to develop multiple ultra-dense linkage maps using high density marker panel and
integrate these with physical genome map of oil palm. To improve the current genome
assembly, more of the previously unplaced genomic scaffolds can now anchored to

chromosomes using mapped markers from the genetic maps.

Linkage maps generated using three populations contained 11,421 transferable markers
- consolidate each and the total maps span, on average, 1,355.64 cM with the lowest average
marker intervals of 0.04 ¢cM. These are by far the densest linkage maps reported in oil palm.
The creation of a consensus linkage maps from combinations of different mapping populations
provides essential information about the consistency of marker order and genetic distance
among oil palm populations, while increasing map precision and resolution. The published oil
palm physical genome size is 657.98 Mb while the assembled scaffolds add up to 1.53 Gb. The
coverage of the assembled physical genome still leaves more than 60% to be fully covered.
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The estimation of genome-wide recombination rates revealed varying degrees of genetic
exchange across different populations and between chromosomes. The integration of the high-
density linkage maps with the published oil palm genome could potentially improve the current
genome for utilisation in oil palm improvement programmes. The outcome of this study has
significantly improved the assembly of oil palm genome by anchoring more genome sequence
scaffolds to chromosomes, resulting in 1.2 Gb equivalent to extension of 79% of the publicly

available genome version.

The creation of the most complete genome map within palm species here, allows
comprehensive comparative genomic studies. Applications of genome information in oil palm
breeding through genome-wide association study (GWAS) and genomic selection (GS) and
their combinations will pave the way for crop improvement not only in oil palm but also the

exploration of economically important traits within palm species generally.
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Chapter 1: General Introduction

1.1. The oil palm

Agriculture has been the most important economic sector in Malaysia and has contributed to
economic growth in the past five decades. In an official report prepared by the National
Statistical Department, agriculture still contributes to 7.3 percent - equivalent to RM99.5 billion
- to the country Gross Domestic Product (GDP) for year 2019. There are three sub-sectors
under the agriculture sector: crops, livestock, and fisheries. Oil palm is the major contributor,
with 37.9 percent of the total GDP in agriculture sector (Department of Statistics Malaysia

2019).

Oil palm has been referred to as the “golden” crop due to its unbeatable yield performance
among other oil crops (for instance, sunflower, rapeseed, or soybean). The average oil yield is
about 4 tonne/hectare/year, 10 times higher than soy. The crop also has a major cost advantage
over other vegetable oils as it uses a quarter less land than other sources for a given unit of oil.

The cost per unit of palm oil production is followed by soy (20 percent higher).

Indeed, the crop is the primary agriculture crop for Malaysia and has been selected as the
main value chain development of the country and due to diversification into multiple end
products that drive economic transformation (Wold Bank Group 2019). There are four product
categories derived from the crop: palm oil and kernel-based products, oleochemicals, non-food-
based products such as cosmetics or household products and lastly palm biomass that

potentially turns into energy sources. Hence, oil palm is the most sustainable oil crop to-date.



1.2. Genomics and Genetics in agriculture

The roles of the genome in agriculture has been kickstarted since the success of human
genomics studies. The challenges that global agriculture face include climate change, rising
food demands, increasing costs of fertilizer and maintenance of fields. These factors raise the
concern of food supply and the public seek for efficient crops that could potentially increase
yield in a short period of time, with climate and disease tolerance. Genomics offers
unprecedented opportunities to increase crop yield, quality, and stability of production through
advanced breeding strategies, enhancing the resilience of major crops to climate variability,

increasing productivity, and promoting sustainability (Abberton et al. 2016).

Development of sequencing technologies has exponentially reduced the cost of
sequencing, which increased the volume of sequencing data exponentially too ever since the
1,000 human genomes project in year 2008 to 100,000 genomes project launched in year 2012
(Turnbull et al. 2018). The 1,000 Plant Genomes Project (1KP) was an international research
effort to establish the most detailed catalogue of genetic variation in plants after the successful
implementation of the human genome project (Matasci et al. 2014; G. K. S. Wong et al. 2020).
The genetic polymorphism in plant such as rice or maize populations becomes important when
mutated regions of the genome are discovered to influence phenotypic changes, such as
susceptibility to diseases, enhanced adaptability in certain environments and increased crop
yields. To facilitate such discoveries, a reference genome sequence that links DNA (genetic)
markers to validated gene models, transcripts, proteins, and other physical genomic features is
required to better understand the mutations behind phenotypic changes. The next move from

1KP is towards 10,000 or even more species (Cheng et al. 2018).

Genetic markers can be described as differences in DNA sequence between individuals
or species. Classification of markers is generally based on the types of allelic variation and

sites of variation in DNA. To select an efficient marker system in plant breeding, several
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criteria are considered (Bohar, Chitkineni, and Varshney 2020). For the case of wheat breeding,
Gupta et al. (1999) suggested a set of criteria for an efficient marker system applicable to crop
improvement: primarily that markers should be highly polymorphic, evenly distributed,
preferably codominant, specific, cost-efficient and amenable to automation for high throughput
genotyping purposes. There have been multiple molecular marker systems since 90’s to-date.
Restriction fragment length polymorphisms (RFLPs) random-amplified polymorphic DNAs
(RAPDs), amplified fragment length polymorphisms (AFLPs), Diversity Arrays Technology
(DArT) and simple sequence repeats (SSRs) have been widely utilized in plant breeding.
Among these marker systems, SSR markers have been used extensively, primarily due to their
high polymorphism rate and the ability to be assayed with high reproducibility on commonly

available lab equipment.

Upon entering the era of Next Generation Sequencing (NGS) technologies, single
nucleotide polymorphisms (SNPs) became widely used markers system due to the ease of
discovery and abundance in genomes. SNP markers are common and widely used for various
genomic applications also due to high-throughput genotyping systems that lowered the cost per
data point (Rafalski 2002). Various technologies were developed for SNP based marker
system: for small-scale and cost-effective high-throughput, TagMan, KASP™ (Kompetitive
Allele-Specific Polymerase chain reaction) and rhAmp genotyping are the options due to their
assay design flexibility, assay design success rate, allele call rate and quality, ease of
experimental run and cost per sample (Ayalew et al. 2019). For medium-scale genotyping
panels, array-based platforms such as Infinium (Illumina, Inc.) or Axiom (Thermo Fisher)
would be the option, as both of these platforms are comparable and have high accuracies and
genotyping call-rates (Jiang et al. 2013). The only drawback is the inflexibility to add markers
into these array-based genotyping platforms. SNP genotyping panels or SNP arrays have been

developed and utilized in several crops including rice, maize, wheat, chickpea and pigeon pea
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(Rasheed et al. 2017). Genotyping-by-sequencing (GBS) and its various forms have been
optimized for simultaneous SNP discovery and genotyping. GBS is another option for high
density genotyping arrays. There are approximately 13 different GBS techniques that have been
used in crop plants , each of which has some distinctive features (Scheben, Batley, and Edwards
2017). This raises the question about what kind of platform is suitable for which genomic

applications. A detailed comparison of different SNP genotyping technologies is elucidated in

Figure 1.
Low- Medium- High- Ultra high-
throughput throughput throughput throughput
marker/assay marker/assay marker/assay marker/assay
A
10,000 Genotyping by sequencing

SNP microarray
platform

Number of lines

h e
<100 Whole gent?m
resequencing

100 500 1,000 5,000 10,000 250,000 ---..oonnnn

Number of loci

Figure 1. Genotyping selection guide depends on markers density and throughput (figure adapted and

modified from (Lateef 2015)).

Genetic marker discovery and screening of large numbers of individuals is no longer a
bottleneck due to new technologies. In rice breeding, multiple accessions of rice genome have
been sequenced and having close to completion as reference genomes, resulting in ease of
mapping of information for breeding traits of interest. The other concern is of narrow genetic

background for crops such as rice due to multiple generations of selfing. Thus, genome
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sequence information enables the development of informative genetic markers that help to
identify genes for desirable traits of interests thus eliminate linkage drag by crossing of
different rice varieties. There are more than 20,000 of rice accessions stored in seed banks
(Prance et al. 1987). Cataloguing these accessions and comparing to wild varieties or elite
germplasm, would allow introgression of alleles from accessions and wild varieties into
cultivars for better yield or other performance traits. For example, traits for resistance to more
than seven pathogens have been introgressed into elite rice germplasm from wild species, and
some introgressed lines are in commercial cultivation (Brar and Khush 1997). The mapping of
yield-associated quantitative trait locus (QTL) in interspecific populations have indicated that
wild rice species harbour genes or alleles of interest for the improvement of rice cultivation in
diverse environments (Cho et al. 2007; Moncada et al. 2001). The same approach is observed
in soybean, given that modern lines have extremely narrow genetic backgrounds (Concibido et
al. 2003; D. Li, Pfeiffer, and Cornelius 2008; Sebolt, Shoemaker, and Diers 2000; R. J. Singh
and Hymowitz 1999). Some of this new variation was introduced through interspecific
hybridization. Hence, a catalogue of wild genebank and cultivar genetic resources are essential

in plant breeding (Zamir 2001).

1.3. Definition of linkage map

Linkage mapping is a method to determine the order of genetic markers along a
chromosome via the estimation of recombination frequencies between genetic markers
collected in a mapping (controlled cross) population. The initial step toward constructing
linkage maps is to associate each marker with a linkage group which later to be assigned as
chromosome. Estimation of genetic length is measured in centimorgans (cM) where 1 cM
corresponds to recombination frequency of 1 % within a population with the assumption that

homologous recombination events can occur at any point the DNA sequence (Painter 1998).
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Chromosome assignments can be determined via reference to the physical map data, when
available, and otherwise via reference to previously published linkage maps. Physical map
distances can be used to interpolate and estimate linkage map distances, although there is
considerable difference between linkage and physical distances, both within species and
between species along chromosomes (Kong ez al 2004). In humans, combined linkage-physical
map analysis has been supported by both physical and recombination-based data. The
estimation of map positions based on a centimorgan scale can be interpolated by numerous

statistical methods (Matise et al 2007).

Development of linkage maps has been focused on discovery of QTL of specific traits of
interest. The type of genetic markers used to develop linkage maps has switched from
multiallelic markers to biallelic SNP markers due to the abundance of SNPs and ease of
discovery from sequencing data. The construction of linkage maps using high resolution SNP
markers improves the estimates of genetic distances, recombination rates and aids
understanding the inheritance from maternal and paternal chromosomes (Kong et al 2002).
Comparison of linkage maps between different populations can enhance the understanding of
chromosome evolution between related species or even within populations of the same species.
The creation of integrated/consensus linkage maps from combinations of different mapping
populations can provide essential information about the consistency of marker order and
genetic distance among oil palm populations, thus increasing map precision and resolution, as
well as identifying potential regions of rearrangement which may have implication for breeding

programmes (Staub et al 1996).

Linkage maps of large datasets would also be helpful in de novo genome assembly by
facilitating comprehensive genome validation and refinement for better understanding of
evolution, by analysis of genome synteny, association studies, quantitative trait locus mapping
and so on (Rastas et al 2013). A high-resolution genetic map also could help to access the
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integrity for genome of interest (Kong et al 2002). The establishment of high-density linkage
map helps researchers to place, order, and orientate scaffolds along chromosomes and thereby

assemble continuous chromosome sequence (Kawakami 2014).

1.4. Definition of physical genome map

The physical mapping or genome referred to genomic DNA, mapping and sequencing of an
organism and heavily depends on the development of sequencing technology (Olson et al.
1989). It was also reckoned as a systematic entity with genomic DNA bound to many different
proteins and organised into chromosomes. Genome was coded by only four nucleotides but
they involved many biological functions and processes such as transcription, DNA replication
and repair, recombination and chromosome segregation occurred along the way (Pollack and
Iyer 2002). The most important parameter when describing a genome is its size measured in
megabases (Mb) per haploid genome following the initial estimation standard applied in human
genome. Chromosome arm lengths are critical parameter to be complimented with flow
cytometry estimation. Genetic markers do play a role, being the choice of well-spaced loci for
linkage tests between different gender or species to identify distance from centromere to
telomere to nearest markers for genetic or linkage map development. DNA content of each
chromosome is most accurately estimated as proportion of the haploid genome with their
relative length obtained by autoradiography, image and flow cytometry (Morton 1991). The
interpolation of physical and genetic length for estimation of a genome size has always been
discussed, for instance in plants such as rice (Chen et al. 2002), barley (Mayer et al. 2012),
maize (Wei et al. 2009) and many more to come that will better facilitate and comprehensive

for all aspect of plant biological research.



1.5. Oil palm breeding and molecular technologies

Throughout the decades since the oil palm industry began, breeding of African oil palm in
Malaysia has been based on phenotypic selection, using traits such as yield with recording over
long selection cycles. Hence, the use of molecular markers has the potential to speed up the
selection process and play a significant role when developing materials with specific desirable
traits. The application of markers can also be useful to assess the genetic relationships between
different populations (Hardon et al 1976, Corley and Tinker 2008). The nature of oil palm
which is naturally cross-pollinating, with long generation intervals, means that genetic material
is generated from crosses between parents of varying heterozygosity. The commercial planting
material is known as tenera - a hybrid between thick-shelled dura palms and shell-less pisifera
pollen palm. The male parents, pisifera are more heterozygous due to less inbreeding while the
female parents, dura are normally descendants from more generations of selfing or sib-mating
from limited gene pools (Seng et al/ 2011). The varying in heterozygosity is due to the main
Deli dura population (seed parent) is derived from only four palms introduced into the Bogor
Botanic Garden in Indonesia in 1848. Offspring of these were grown in the Economic Garden
and were used by many plantations for selection, although selection criteria adopted were often
different, oil palm breeders use “breeding populations of restricted origin” (BPRO) that can be
traced back to distinct, often small groups of wild or unimproved ancestral palms (Rosenquist
1985). On the pollen side, the offspring of a palm called ‘Djongo’—the ‘best’—was imported
from Congo and eventually came to represent the AVROS pisifera origin with 75% of the
genetic material derived from a single palm. This is now the most important pisifera source

(Corley and Tinker 2015; Ithnin and Kushairi 2020).

The history of linkage mapping in oil palm started 20 years ago (Mayes et al 1997)
using RFLP markers. After that, more research on the development of controlled cross linkage

maps and QTL mapping have been published in the last 10 years (Billotte et a/ 2005,
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Pootakham 2015). It was in quite recent years that consensus maps for oil palm were studied,
based on single or very few populations (Seng et al 2011, Lee et al 2015) with little
incorporation of SNP markers (Ting et al 2014). Most published linkage maps in oil palm are
largely based on microsatellites with the density of at most one thousand markers. While the
highest density for a public domain SNP array reported so far is about 4,500 SNP in size.
Besides this SNP panel, restriction-site associated DNA sequencing (RAD-seq) technology
(Andrews et al. 2016) was used to generate high number of SNP markers, but the call-rates for
each of the samples within the populations were rather inconsistent due to PCR artefact effects
on allele frequency estimates (Puritz et al. 2014). Linkage maps developed from RAD-seq have
the highest density to date with total the of 10,023 markers (Bai et al. 2018). The application
of genetic markers in oil palm, which is also known as marker-assisted selection (MAS) is one
of potential approaches to improve planting materials by shortening the selection cycles (Soh,
Mayes, and Roberts 2017). Recently, efforts for QTL discovery have also been expanded to
genome-wide association studies (GWAS) using a high density SNP marker panel (Teh et al.
2016). The findings were later tested in various genomic selection models for estimating the
genetic potential of a set of markers for oil yield improvement (Kwong, Ong, et al. 2017;

Kwong, Teh, et al. 2017)

1.6. Problem statement

In oil palm breeding, conventional breeding would need more than a decade to complete a
breeding trial. Hence, a myriad of genetics applications has been actively pursued in research
but with limited deployment in the industry. However, its yield potential was estimated to be
achievable at 9 tonne/hectare/year in breeding trials (Rajanaidu et al. 2005). Traits of interest
in oil palm are primarily focused on oil yield. Oil yield is derived from multiplication of total

weight of fresh fruit bunch (FFB) with oil extraction rate (OER) from the mill. Secondary traits
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focus on disease tolerance or climate resilience such as drought or harvestability traits such as

long stalk palms or dwarf palms.

There is always an immense need for continued productivity improvement:
Productivity in FFB yields and OER have been stagnant for decades. Malaysian government’s
2020 target for FFB yield is 35 tons per hectare, while the realised yield has averaged 18.6 tons
per hectare since the late 1970s. The oil yield of 3.6 tons per hectare has not changed since the
1960s. The potential yield is estimated at 8.8 tons per hectare (Hameed and Arshad 2007). The
government is aware of the need to improve productivity, which has been limited by the narrow
genetic base in Malaysia, among other factors, which also risks the palm exposure to pests and
disease. To address this issue, the Malaysian Palm Oil Board (MPOB) undertook expeditions
that started in the 1970s to collect germplasm from Africa and Latin America; hence they have
the largest germplasm collection in the world (Zulkifli et al. 2017). Other contributing factors
limiting productivity could be due to labour shortage or lack of quality labour, low replanting
rates, limited agricultural land for expansion, monoculture risks causing loss of biodiversity
and land fertility; the chain effects causing vulnerability to unforeseen diseases, pests, and
climate change impacts; susceptibility to weeds, insects, and increased soil erosion (Sunderland

2011; Wold Bank Group 2019).

The genome of oil palm, Elaies guineensis was first published by MPOB (R. Singh,
Ong-Abdullah, et al. 2013). Table 1 summarizes the size of the oil palm genome in the public
database, National Center for Biotechnology Information (NCBI). The physical map is merely
one third of the full expected genome size (657.98 Mb vs. 1.8 Gb) as predicted (Pellicer and
Leitch 2020; Rival et al. 1997), while the total length of scaffolds length is only about 1.535
Gb. The other genome available in the database was published by the Seoul National University
but mainly for the purpose of SSR marker development (Taeprayoon et al. 2016). There is still
a need for oil palm genome improvement. This is complicated by the high percentage of N

-10 -



nucleotide in the MPOB genome version, ranging for 23 - 33% for the published physical

map and scaffolds. The estimation of recombination rates across oil palm has always been of
interests as well as for crops that undergo an outbreeding/outcrossing breeding scheme. The
challenge of estimating recombination rates is always due to the limited resolutions of genetic
maps and the limited availability of genome sequences. An assessment of recombination rates
with respect to physical distance will elucidate the relationship between the degree of linkage

disequilibrium within different populations or origins in the crop of interest.

There are number of reasons why the improvement of the current oil palm genome is
required. One is to improve the coverage of the current published oil palm genome for better
understanding of the distribution of genes and enhance the application of genome-wide
association mapping (Teh et al 2016). The completeness of the oil palm reference map will
establish a high-density oil palm integrated linkage map for further fine mapping of quantitative
trait-linked markers. To discover the co-linearity or co-segregation of genes and DNA
polymorphisms within the oil palm population and to begin to understand the effects of
selection pressure acting in different origins of the species is also important. Increasing marker
densities and increased initiatives in physical mapping of an organism of interest have
necessitated the need to generate a single consensus linkage map in this case for oil palm
(Groenen 2000). This is because there will be many markers in common among different maps
and this makes it feasible to consolidate scaffold positions on large and intermediate-sized
chromosomes. With a good reference map, we can move on to locate the QTLs for phenotypes
of interest on the genome through GWAS, which we believe, is one the most useful applications

of a genome.

Table 1 Statistics of published oil palm assemblies to-date

-11 -



Reference Genome Size (Mb) Genome assembly | Total Length

/Submitter representation accession of scaffolds
anchored into
chromosomes
(Mb)

Dura/Seoul Scaffolds 499 GCA _001672495.1 | -

National

University

Pisifera/Orion Chromosomes 1,535 GCA _000442705.1 | 658

Genomics and unplaced

scaffolds

Source : https.//www.ncbi.nlm.nih.gov/genome/browse/#!/eukaryotes/2669/

This chapter covered up to date information from the literature. Most of the initial concepts

and inspirations have been written in:

Oil palm breeding: Genetics and Genomics (Chapter 9: Molecular genetics and breeding)

(Soh, Mayes, and Roberts 2017)

Bioinformatics: A Practical Handbook of Next Generation Sequencing and Its Applications

(Chapter 10: Application of NGS data). (Low and Tammi 2017)

Aims and Objectives

Specific objectives of the project are structured around three broad areas (goals/aims):

Objective one:
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Establishment of an ultrahigh-density linkage map to improve the published oil palm

genome.

Specific objectives:

e to construct an ultrahigh-density reference linkage map for genome improvement
using the largest commercial populations reported to date.

e to compare linkage maps of the commercial population to the physical genome.

e to map a genic SNP subset representing important biochemical pathways related to oil

yield traits.

Objective two:

Comparison of linkage maps from multiple origins to enhance the integration of linkage

and physical maps of oil palm.

Specific objectives:

e to refine three individual linkage maps and obtain a robust consensus genetic map
from a comparative study of the individual linkage maps.
e to integrate the linkage and physical map to improve the genome assembly, resulted in

a newer version of oil palm genome (PMvo6).

Objective three:

Application of genome-enabled biology in oil palm breeding

Specific objectives:

e Application in breeding: GWAS and Genomic Selection (GS).
e To compare the improved oil palm genome with other palm species, based on

conserved synteny across the palm family.
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Project Overview and Thesis Structure

The thesis is structured around the three objectives with five main sections/chapters as

summarised below:

1. Chapter 1 - General Introduction: This section provides a detailed description of oil
palm as the crop of interest and summarises the current information on genome enabled
biology and its importance in crop improvement. The overview of the project and study
materials separated into three phases and the milestones are presented in Figure 2. Study
materials includes genotyping data using high density marker panel from multiple oil

palm BPROs and genomics data from three palm species (oil palm, coconut and date

palm).

Phase 1: Single origin large
mapping population

DxP (N=295)
Johore Labis Deli dura x
dura x Johora Nigerian dura
Labis dura
(N=201) (elt)

Phase 2: Multiple origins/
mapping populations

Figure 2. Project overview and study materials.
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Phase 3: Genome rebuild and
comparison with other species



Chapter 2 - Objective one: Development of an ultrahigh-density linkage map and
subsequent genic-based linkage map for validation and QTL discovery purposes.
Chapter 3 - Objective two: Expand on the work covered in Chapter 2 through inclusion
of additional mapping populations to consolidate genetic markers across different oil
palm origins and use multiple linkage maps to anchor genomic scaffolds into
chromosomes.

Chapter 4 - Objective three: Explain the significance of the improved oil palm genome
and describe comparative studies undertaken within different palm species.

Chapter 5 - General Conclusion: This section summarizes the outcomes of these studies,

their implications and provides recommendations for future work.
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Chapter 2: Establishment of an ultrahigh-density linkage map to

improve the published oil palm genome (Objective one)

2.1. Executive summary

Meiotic crossovers in outbred species, such as oil palm (Elaeis guineensis Jacq., 2n=32)
contribute to allelic re-assortment in the genome. Such genetic variation is usually exploited in
breeding to combine positive alleles for trait superiority. A good quality reference genome is
essential for identifying the genetic factors underlying traits of interest through linkage or
association studies. The AVROS pisifera genome is the only publicly available for oil palm
with assembled chromosomes. Distribution and frequency of crossovers throughout
chromosomes in different origins of oil palm are still unclear. Hence, an ultrahigh-density
linkage map of a commercial Deli dura x AVROS pisifera family was constructed using the
OP200K SNP array, to evaluate its alignment against the AVROS pisifera genome assembly.
A total of 27,890 linked SNP markers generated a total map length of 1,151.7cM and an
average mapping interval of 0.04 cM. Nineteen linkage groups represented 16 pseudo-
chromosomes of oil palm, with 61.7% SNPs mapped to the published genome. Meanwhile, the
physical map was also successfully extended from 658 Mb to 969 Mb by assigning unplaced
scaffolds to pseudo-chromosomes. A genic linkage map with a major representation of sugar
and lipid biosynthesis pathways was subsequently built for future studies on oil related QTL.
This study improves the current genome assembly of oil palm, and provides important insights
into its recombination landscape, eventually unlocking the full potential for genome sequence-

enabled biology of oil palm.
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2.2. Background information

Oil palm (Elaeis guineensis Jacq.) is the only major crop member in the Arecaceae family
producing edible oil (Hartley 1967). Being an efficient oil crop, the average oil yield of oil
palm is four metric tons per hectare every year, which is approximately 10 times higher than
soy (Glycine max.) (Corley and Tinker 2015; FAO 2017). Palm oil is currently the most traded
vegetable oil, supplying one third of global vegetative oil (Byerlee, Falcon, and Naylor 2016;
FAO 2017) on less than 6% of the world’s agricultural land dedicated to oil crops. Despite
yield superiority, most of the commercially grown oil palm materials have undergone only a
limited generation of selection since 1920’s due to its long selection cycles (12-19 years). In
recent decades, the oil palm industry has put major effort into genomics and DNA marker
research, primarily to hasten breeding progress. To achieve this, marker-assisted selection
(MAS) has been introduced into breeding programmes to allow estimation of the breeding

values in palms as early as the nursery stage.

Marker-assisted selection usually requires prior knowledge on the distribution of
quantitative trait loci (QTL) for a targeted trait in the genome. Over 20 years, linkage maps
from various backgrounds of oil palm have been constructed. The first restriction fragment
length polymorphism (RFLP)-based linkage map for oil palm was reported in a self-pollinated
palm from the Binga origin in Africa (Mayes et al. 1997). Similar efforts were then continued
mainly using microsatellites for higher throughput and reproducibility, followed by QTL
localization onto these maps (Billotte et al. 2005; Pootakham et al. 2015; Rance et al. 2001).
The family-based mapping approach was found to be useful for detecting major QTLs,
however QTLs were not consistent across populations (with a few exceptions). Consensus
maps of one or a number of progenies, with incorporation of single nucleotide polymorphism

(SNP) markers have been constructed to maximize mapping density.
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Genetic maps reflect the actual inheritance of loci into their offspring based on the
patterns of recombination during meiosis. Recombination is generally modelled to be a Poisson
distribution, with individual chromosome expected to undergo at least one recombination event
(as this is needed for correct disjunction), but generally no more than three. These are then
converted to centiMorgans (¢cM) through the use of mapping functions, such as the Haldane or
Kosambi (Gogoi, Ali, and Sharmah 2013; Haldane 1919; KOSAMBI 1943). This limitation in
the extent of recombination in gametes also restricts the rate at which alleles close together on
the same chromosome are separated in the offspring. Recombination is also not randomly
distributed across the genome, larger genome species often having high levels of recombination
at the ends of the chromosome, but little recombination in the heterochromatic and centromeric
regions of the chromosome, despite genes still being present (e.g. in wheat; (Jordan et al. 2018;
Sidhu and Gill 2005)). Recombination within an oil palm progeny limits the potential
combination of alleles that can be achieved by breeding and, particularly, the number of
offspring that need to be generated to be able to identify those with the desired combinations.
Conventional oil palm breeding is often based on using test-crosses to evaluate the breeding
potential of a parent. To assess parents and develop General Combining Ability (GCA; additive
effects) and Specific Combining Ability (SCA; non-additive effects) for parental selection, the
number of crosses assessed is more important than the absolute number of test-cross palms
recorded (Corley and Tinker, 2015). In practice, 16 to 96 palms per cross in a trial are planted.
This limited number of individuals from a single cross has focused attention on genome-wide
association studies (GWAS). Teh and colleagues evaluated two multi-parent populations
(2,045 tenera palms) for mesocarp oil yield (Teh et al. 2016) using a high-density OP200K
SNP array (Kwong et al. 2016). The GWAS was based on the published physical genome of a
pisifera palm of E. guineensis (R. Singh, Ong-Abdullah, et al. 2013). Only 60% (55,054) of

the SNPs informative in the cross were mapped onto the reference genome. Furthermore, the
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size of the pseudo-molecule physical map is merely one third (657.96 Mb) of the full expected
1.8-Gb genome size; even the total scaffold lengths only added up to 1.53 Gb, which is still
incomplete. Hence, it is critical to further improve the reference genome to unlock the full
potential of genome-enabled biology for oil palm. Linkage maps can contribute to the
placement of scaffolds into the pseudo-chromosomes. The maps also give important
information on the relative recombinational distance between loci from different pools of
germplasm. In combination with a physical genome sequence, they can indicate the presence
of inversions, translocations and duplications which may influence how effectively important

gene combinations can be brought together through crossing and marker selection.

For the oil palm industry, the commercial planting materials are dominated by high-
yielding fenera palms, which are derived from crosses between Deli dura and AVROS pisifera.
The paternal pisifera is more heterozygous due to lower levels of inbreeding (although
potentially from an extremely narrow genetic base) while the maternal dura is normally the
descendent from more generations of self-pollination or sib-mating from a limited gene pool
(Seng etal. 2011). Genetic differences, such as structure variations among the genomes of dura,
tenera and pisifera can confound QTL results, predicted interaction and breeding objectives.
Currently, the extent of such variation in oil palm is still unclear. In this study, we aimed 1) to
construct an ultrahigh-density reference linkage map for genome improvement using the largest
commercial tenera population reported to date; 2) to compare linkage maps of progeny to the
physical genome; 3) to map a genic SNP subset representing important biochemical pathways

to search for QTLs for oil yield traits.
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2.3. General methodology

2.3.1 Oil palm mapping population and DNA preparation

The bi-parental population consists of a total of 295 F1 tenera palms derived from maternal
Deli dura and paternal AVROS pisifera (278 x TT41/4) families and was selected as the
mapping population. Fresh tissue was sampled from the third leaflet of each seedling. The
population is currently at juvenile stage and maintained at Sime Darby Plantation, Malaysia.
Total genomic DNA was isolated from 0.1g of the leaf tissue using the DNAeasy Plant Mini
Kit (Qiagen, Germany). The DNA quality was then quantified on a 0.8% agarose gel using

known standards.

2.3.2 Acquisition of genotyping data

The mapping population (genomic DNA= 25ng/ul) was genotyped using the 200K SNPs
accommodated on the published OP200K Infinium array (Illumina, USA) (Kwong et al., 2016)
on the Infinium iScan platform according to the manufacturer’s recommendations. The raw
intensity SNP data were analysed with GenomeStudio version 20011.1 with genotyping
module version 1.8.4. Using a GenCall score cut-off of 0.15, auto clustering of the SNPs was
done. The SNP clustering was confirmed manually by visual inspection. The SNP calls were
exported into the PLINK program for minor allelic frequency (MAF) and call-rate filtering
(Purcell et al. 2007). There are total of 170,860 SNP markers on OP200K, that are well spaced
along the genome. Out of 170,860 SNP markers, only 41.4% of the markers were found in the
published physical map, and the rest of the markers are mapped to unplaced scaffolds as

reported by Kwong et al (2016).

2.3.3 Mining of genic SNP markers and annotations

All oil palm transcriptome sequences available in GenBank (Clark et al. 2016) were

downloaded and combined with an in-house transcriptome database (Wong et al. 2017; Wong
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et al. 2014). The transcriptome dataset was then aligned to the published oil palm genome (R.
Singh, Ong-Abdullah, et al. 2013) using BLAT (Kent 2002) to identify gene structures. The
SNP markers which were found in the published genome, residing within an interval between
the first and the last exon of the gene structure were identified as genic. This step was done
using an in-house Perl script. The SNP-tagged transcripts were annotated by referring to KEGG
(Ogata et al. 1999) and the UniProt database (The UniProt Consortium 2015) via BLAST
(BLAST 2013) based on homology search. These genic SNPs were eventually compiled and

subjected to mapping analysis.

2.3.4 Construction of genetic linkage map

Linkage maps were developed using Lep-MAP3 (Rastas 2017; Rastas et al. 2013) for large
SNP datasets and especially developed for outbred families like oil palm. The program consists
of Filtering modules for markers’ quality check. It is then followed by running modules
SeparateChromosomes for binning of the markers into specific linkage groups with different
logarithm of the odds (LOD) values ranging from 4 to 15 for better separation of the groups.
JoinSingles assigns single markers to existing linkage groups to maximize the map-ability of
the total input markers. Lastly, the module OrderMarkers orders the markers using the
Kosambi mapping function to determine distances (Kosambi 1943). Kosambi function was
used here to estimate the recombination frequencies thus calculating the distance between loci
in linkage map and take into consideration of double crossovers event thus minimize erroneous
in the estimation compared to Haldane’s mapping function (Huehn 2011; Vinod 2011). The
option “sexAveraged = 1”” was included during execution of OrderMarkers when constructing
the consensus map, this option will produce average recombination calculated from male and

female parents from each of their mapping positions.

Smaller SNP subsets belonging to the polymorphic genic region were subsequently

loaded into JoinMap 5 (Van Ooijen 2011) for linkage mapping to compare the performance of
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different mapping tools. Mapping results generated from both mapping tools were compared
and validated. All linkage maps were visualised using R script with minor modifications

(Hussain et al. 2017) and Mapchart (Voorrips 2002).

2.3.5 Improvement of genome coverage

SNP markers from OP200K were mapped against the published oil palm assembled sequences,
available at NCBI under BioProject accessions
https://www.ncbi.nlm.nih.gov/bioproject/PRINA434010 and assembly at
https://www.ncbi.nlm.nih.gov/assembly/GCA 000442705, for the whole genome shotgun
sequencing project with all scaffolds including the unplaced scaffolds in the physical map. The
progeny’s linkage map was applied to anchor the unplaced scaffolds to the physical map and
the improvement was quantified based on the sum of total length of the newly anchored
scaffolds. SNP markers that were present in the linkage map were mapped to the oil palm
physical map. Genetic locations in the unit of centimorgan (cM) were compared to the actual
physical position in base pair (bp) for each linkage groups or chromosomes. Markers that were
not mapped to the physical map but found in unplaced scaffolds were later quantified based on
the sum of the newly anchored scaffolds and their total length in unit of megabase (Mb) for
each of the pseudo-chromosomes. This was to estimate the achieved in genome coverage

improvement.

2.4. Key findings, output, and general contribution to knowledge

This report presents the first ultrahigh-density linkage map for a commercially important oil
palm breeding population generated from 295 individual with 27,890 SNP markers, of which
2,314 are linked to genes in major oil biosynthesis pathways. For the genomic linkage map,

each LG was traced to their published chromosomes (R. Singh, Ong-Abdullah, et al. 2013)

-22 -



based on 61.7% of linked SNPs that were found in the reference genome (Table 2, Table 3,
Figure 3 and Figure SFigure 5). This will enable localization of specific critical oil biosynthesis
pathway genes onto the genetic map. Development of an ultrahigh-density linkage map as a
reference will allow robust linkage of complete genome and its improvement for use in full

comparative and conserved synteny and genomics studies as well as QTL discovery.

So far, only Lep-MAP and MSTmap (Wu et al. 2008) programmes are able to map
more than 10K SNP markers in under an hour. However, the MSTmap is limited to single
families and phased data (including BC1, RIL, DH and Hap populations). The Lep-MAP does
not have such limitations, so it was chosen to analyse the unphased cross-pollinating (CP)
populations of oil palm. By using Lep-MAP3, total length of the genomic SNP-based linkage
map was significantly reduced from 2,938.2cM obtained using Lep-MAP2 (Bai et al. 2018) to
1,151.7¢cM. With 16 chromosomes, a combined linkage distance in the order of 1,600cM would
be expected. Lep-MAP3 is able to minimise inflated map length and ordering error when the
number of markers is much higher than the mapping population size (Rastas 2017). This is a
critical improvement because incorrect map length can greatly affect subsequent recombination

estimates and scaffold anchoring.

The oil palm consists of a diploid genome with 16 homologous chromosome pairs
(2n=32), with three LGs fragmented from LG 2, LG 5 and LG 7, respectively (Figure 3). A
similar LG assignment was also observed in the genic linkage map (Figure SA). In this case,
LG 2.2 and LG 7.2 were absent because none of their SNP was genic, whereas removing non-
genic SNPs on LG 11 caused fragmentation to two groups. More markers normally confer a
longer map, reflecting better mapping coverage, but also potentially reflecting a reduction in
the data quality as more comprehensive use is made of the dataset. The phenomena were not
observed in this study. The genic linkage map with only 2,314 SNPs (1,733 cM) was longer
than that of the genomic linkage map with 27,890 SNPs (1,151.7 cM). Although linkage
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analysis is often problematic when the number of markers is high (approaching 10,000
markers). However, we found that both JoinMap5 and Lep-MAP3 performed equally as
reported (Rastas 2017; Rastas et al. 2013). The common SNP markers between the genomic

and the genic linkage maps were in synteny (Figure 4), thus Lep-MAP3 is recommended.

The oil palm is the world’s most effective oil crop (Sime Darby Plantation 2014).
Understanding the candidate genes underlying QTLs for important traits such as oil yield and
quality in advanced breeding populations and commercial material at the genome level will
assist marker discovery and their deployment in breeding programmes. It will also facilitate
functional gene discovery resulting from better coverage of the genome and potentially locate
some of the unassigned genetic traits detected so far. In the future, this reference map will assist
with the dissection of the QTL differences between populations, with differences in gene order
between origins and in the identification of causal genes. The initial genome wide as well as
chromosomal wide recombination patterns for oil palm are also reported here for the first time,

revealing the missing links between the physical and linkage maps of this important species.

Sugar and lipid-related biosynthesis pathways on the genic linkage map (Figure 5)
revealed genetic polymorphisms still presence within the commercial tenera family which
could be exploited in breeding program. Notably that there is still number of unannotated genes
showing polymorphism within this population indicating novel genes might have important
functions and to be discovered by further QTL mapping. The published QTLs for mesocarp oil
content were located on Chromosome 5 and Chromosome 11 in Deli dura x AVROS pisifera
population (Teh et al. 2016). In the genic linkage map, the QTL on Chromosome 5 was mainly
populated by plant hormone signal transduction, glycerophospholipid and glycerolipid
metabolism pathways. The plant hormone signal transduction pathways tagged by the most
SNPs was closely related to plant floral development, growth and response to the environment
(Campos-Rivero et al. 2017). As for the QTL on Chromosome 11, it included glycolysis and
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starch-and-sucrose metabolism pathways. Marker intervals bearing double crossovers are not
distinguishable from those without crossover, causing underestimation of linkage between
marker and trait during QTL mapping. However, double recombination should rarely occur in
the genic linkage map with an average mapping interval of 0.75¢M, which is much lower than
10cM threshold (Xu, Zou, and Vision 2005) and the mapping function partly compensates for
this. Hence, this suggests that the future QTL mapping analyses for oil yield traits in oil palm
can be guided using the genic linkage map with 10X reduction of SNP markers, while also
assessing polymorphism associated with genes known to be involved in important pathways

related to oil production.

The distribution of markers according to linkage and physical locations revealed clear
differences in parental recombination patterns. Based on the comparison of linkage versus
physical location for each of the markers, most of the telomeric regions for each chromosome
were well covered with markers except for chromosome 5, 11 and 15. On top of that, linear
mapping relationships were also observed in the telomeric regions for most of the
chromosomes validating ordering of the markers for both genetic and the physical maps (Figure

7).

For chromosome 16, Parent 1 representing the dura palm had no distinguishable
recombination, perhaps suggesting identity-by-descent of this chromosome in the maternal
line, whereas parent 2 which is the pisifera had undergone active cross over events with steep
slopes at both ends of the linkage group/chromosomal regions (Figure 7). Ideally, sigmoidal
curve such as dotted line plotted for the case of chromosome 16 (Figure 8) is expected
indicating active recombination patterns towards the telomeric (end) regions while almost no
recombination events occurring in centromere. However, due to lack of mapping resolution for

this region within the genome (possibly caused by incomplete scaffold placement or genome
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assembly or recombination events that link the telomere of the chromosome with centromere.

The pattern of cM:Mb is also a good indicator of the location of the centromere.

Table 2: Summary of the Deli dura x AVROS pisifera linkage map using genomic SNP markers, the
selected genic SNP markers and estimated recombination rate

Linkage Linkage No. of No. of Chromosome No. of Average
group Length linked SNPs size (Mb) selected Recombination
(cM) SNPs mapping in genic SNPs  rate (cM/Mb)
published
genome
1 122.0 2422 1803 68.44 215 1.8
(74.4%)
2 120.0 3533 1535 65.56 194 2.0
(43.4%)
2.2 9.7 248 199
(80.2%)
3 103.2 2582 1959 60.06 260 1.7
(75.9%)
4 121.1 2235 1203 57.25 134 2.1
(53.8%)
5 33.0 1281 659 51.96 84 0.8
(51.4%)
5.2 7.8 124 75 (60.5%) 18
6 81.2 1752 1079 44.36 117 1.8
(61.6%)
7 25.8 889 758 43.46 120 0.6
(85.3%)
7.2 12.6 217 198
(91.2%)
8 89.4 2512 1312 40.20 178 2.2
(52.2%)
9 61.4 1723 889 38.06 120 1.6
(51.6%)
10 74.4 2912 1675 31.90 310 2.3
(57.5%)
11 50.8 1012 783 30.07 98 1.7
(77.4%)
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12 84.9 1312 754 28.80 123 2.9

(57.5%)
13 27.4 620 423 27.81 41 1.0
(68.2%)
14 56.8 1553 1037 24.38 165 2.3
(66.8%)
15 42.5 586 541 24.31 88 1.7
(92.3%)
16 27.7 377 328 21.37 49 1.3
(87.0%)
Total 1151.7 27890 17210 657.99 2314
(61.7%)
Mean 60.6 1.8

cM — centiMorgan, the percentage of 200K SNP markers mapped in the reference genome in parentheses.

* Linkage group number follows chromosome number of the published genome (R. Singh, Ong-Abdullah, et al. 2013).

Table 3. Summary of lower density Deli dura x AVROS pisifera genic SNP-based linkage map
annotated from transcriptomic databases.

Linkage Linkage Length (cM) | No. of selected
group genic SNPs
1 162.3 215
2 235.1 194
3 156.6 260
4 146.0 134
5 68.0 84
5.2 13.6 18
6 105.8 117
7 103.9 120
8 119.3 178
9 94.5 120
10 140.9 310
11 47.1 63
11.2 29.9 35
12 69.6 123
13 49.8 41
14 72.6 165
15 72.4 88
16 46.4 49
Total 1733.0 2314
Mean 96.3
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Figure 3. An ultrahigh-density Deli dura x AVROS pisifera linkage map with 27,890 SNP markers. The
left scale represents the linkage length in unit centiMorgan (cM), whereas the number above each bar
represents the linkage group number.
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Figure 4. The common SNP markers between the genomic and the genic maps which were constructed
using Lep-MAP 3 and JoinMap 5, respectively. High concordance of marker ordering was observed for
lower density and ultra-dense genetic maps. Chromosomes 16, 14 and 8 are shown as examples.
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Figure 5: A) A high-density genic SNP-based linkage map of the Deli dura x AVROS pisifera family
with 2,314 SNP markers, B) A pie chart depicting the distribution of the top-ranked pathway
membership for the annotated genic SNP markers.
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Figure 6: Scatter plots of integration between genetic linkage order and physical marker order
throughout the oil palm genome. Blue dots represent the dura genetic map and red dots represent the
pisifera genetic map. Grey dot represents the tenera combined map. (* Fragmented linkage groups with
shorter length, including LG 2.2, LG 5.2 and LG 7.2 were assigned to Chromosome 2, Chromosome 5
and Chromosome 7, respectively.)
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Figure 7. Genetic versus physical locations of markers in parents and progeny. (Blue represent parent
1, red represent parent 2 and grey for progeny). Sex-averaged recombination rate (solid line) for
chromosome 16 indicating regions of recombination hotspots and cold spots.
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Figure 8. Dotted symbols represent the actual position of markers in chromosome assembly, while
dotted line indicates the ideal orientation of chromosome scaffolds.
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The average number of scaffolds contributing to genome sequences by Singh et al
(2013) are 19 scaffolds in each pseudo-chromosome. The ultrahigh-density linkage map
identified a total of 311 Mb in scaffolds in addition to the existing genome assembly that could
be added to the linkage groups. In total, 1,323 additional scaffolds were placed into pseudo-
chromosome locations (Figure 9A). Figure 9B depicted the total length for each pseudo-
chromosome from published genome sequences. Each of the pseudo-chromosome was
extended from this study with the most significant extension in chromosome 2 at 56 Mb, while
chromosome 15 and 16 also have minimal extensions of less than 1 Mb, hence the
improvements were not distinguishable in the plot (Figure 9B). After scaffolds addition, the
physical map was successfully extended from 658 Mb to 969 Mb, which is equivalent to a 47%
improvement. Still, the improved physical map only covers 54% of the total genome based on

the estimated genome size of oil palm of 1.8 Gb.

-32 -



mSinghetal NThis study

82’:}0 §

© N

£ 200 N §

4 ¥ . |

o N N N N

g 100 § § § § N\ §

z ‘. § \ NN \ N
\ \
. .

)
272777727272

V2227

10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9
Pseudo-chromosome

B
140
120 N mSinghetal S This study
\\
100 §
g g b N :
a0 § R\ :\\ g\\i i\\i §
SN N cy N\
20
0

1 2 3 a 5 6 7 8 9 10 11 12 13 14 15 16

Pseudo-chromosome

Figure 9. A) Comparison of number of scaffolds from previous physical map (R. Singh, Ong-Abdullah,
et al. 2013) and the improved physical map developed in this study. B) Total length improvement (Mb)
for each of the pseudo-chromosome after addition of new scaffolds to the published genome sequence
in this study.

2.5. Conclusions and key recommendations for future work

An ultrahigh-density linkage map containing 27,890 markers in an oil palm commercial
population to improve the current physical genome and to compare the maternal versus paternal
patterns of recombination genome-wide in commercial oil palm (Deli dura x AVROS pisifera).
The genetic analysis allowed the physical map to be extended to cover 969 Mb through addition
of previously unplaced scaffolds. The goal of constructing a high-density linkage map has been
achieved for this phase of the study with an average mapping interval of 0.04 cM. This is largest

reported average mapping interval, compared to the previous studies including 1.26cM (Ting
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et al. 2014), 1.40cM (Pootakham et al. 2015) and 0.29cM (Bai et al. 2018). In fact, the
improvement of the mapping interval was mainly due to more recombination events detected
in this larger mapping population, which was doubled compared to previous reported
studies. The ratio between linkage (cM) to physical distance (Mb) was estimated based on
genome-wide recombination rates. The completion of an ultrahigh-density linkage map will
serve as reference map for future breeding programmes as well for QTL fine mapping purposes.
The genic SNP-based genetic sub-map that contains critical oil biosynthetic pathway and
genes, generates a quality reference map for oil palm tenera populations and enables pathway-
specific location of gene orthologues which can be compared to yield related QTLs, providing

candidate genes for trait components.

The completeness of the oil palm reference genetic map will establish a high-density
oil palm integrated linkage map for further fine mapping of quantitative traits to linked markers.
To discover the co-linearity or co-segregation of genes and DNA polymorphisms within the
oil palm population and to begin to understand the effects of selection pressure acting in
different origins of the species. With only ~62% of the total number of linked markers in the
consensus map being found in the assembled physical genome, there is room for improvement
of the chromosome coverage of the current oil palm genome. New markers identified from the
current linkage map could assign and orientate ‘orphan’ scaffolds when these markers are
located to the physical map. Also observed was the breakage of 3 chromosomes/linkage groups
into two parts indicatives of regions with insufficient polymorphic markers to link the
fragments together. The averaged recombination rate for oil palm was estimated at 1.8 cM/Mb,
which means ~2% of recombination occurred within each 1 Mb of the genome. It has been
reported that high recombination rates are highly correlated with gene density or distance from
the centromere (Mézard 2006). Though not many plant species have been studied at a finer

scale, especially in highly heterogenous and heterozygous tree species such as oil palm, we
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have provisionally identified several regions in the genome with recombination rates higher
than the genome average value, therefore defined as potential recombination hotspots. These
hotspots often lay towards the telomeric ends of the chromosomes, which can also be observed
from the genic-based markers linkage map (Figure 7 and Figure 8), indicating high

recombination rates correlated with gene rich regions.

This is the first report elucidating the relationship between genetic and physical
locations of SNP markers at high-density in an oil palm population. Here, we also reported the
first ever provisional high-resolution recombination map of oil palm genome. Recombination
hotspots and ‘cold-spots’ can be observed across chromosomal regions. The comprehensive
determination of the recombinational rates is somewhat hampered by unplaced scaffolds.
Furthermore, the assembled genome sequence of oil palm in chromosomal format was only
one third of the expected 1.8 Gb of the size of the genome, indicating missing links between
the genetic and physical locations of the SNP markers (Pellicer and Leitch 2020; Rival et al.
1997). Ideally, a sigmoid curve is expected between linkage and physical position for
chromosomes with centrally placed centromeres (Nachman 2002). However in oil palm,
substantial inversions were observed in certain chromosomes (Figure 7) It could be also due to
high percentage of N nucleotide regions that cause disorientation of the scaffold placement
onto the physical location, errors in map construction or the existence of inversions and
translocations between the genotype used for genome sequencing and the current parental
material used to develop the cross and genetic map. The estimation of genome-wide
recombination rates revealed differences across parental lines, progenies and between
chromosomes. More importantly, it has revealed differences between recombination rates in
the maternal and paternal lines. The integration of the ultrahigh-density linkage maps into the
published oil palm genome, could potentially improve the current genome sequence for

utilisation in oil palm improvement programme.
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The work should be extended to more mapping populations to ensure the consistency
of markers ordering between different origins, thus increase the confidence of anchoring more
genome scaffolds to the physical map of oil palm. Detailed recombination rates can be
determined to improve the estimates of genetic distances and to identify mutation hotspots
within the genome that could be potentially associated to phenotype variation. Assignment of
further scaffolds to the pseudo-chromosomes may allow more extensive genome coverage and
could help to assign more genetic effects to specific chromosomes, rather than unlinked
assignment, but lack of polymorphism may still exist due to identity-by-descent issues. The
detected outliers and inversion of chromosome segments with respect to the reference genome
also might reflect mutations, mainly inversion and translocation or even duplications. Long-
read sequencing approaches, such as and Pacific Biosciences (PacBio) (Rhoads and Au 2015),
Oxford Nanopore technologies (Deamer, Akeson, and Branton 2016) and also optical mapping
can be coupled with the linkage map to differentiate the genuine mutations from the errors

(Pollard et al. 2018).

2.6. Published paper contributing to objective one:

Linkage-based genome assembly improvement of oil palm (Elaeis guineensis) (Ong et al. 2019)

(Appendix A)
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Chapter 3: Comparison of linkage maps from multiple origins to
enhance the integration of linkage and physical maps of oil palm

(Objective 2)

3.1. Executive summary

Oil palm is the most efficient and sustainable of oil crops, accounting for 39% of world
production of vegetable oil on 6% of the land dedicated to oil crops. As a perennial tree crop,
oil palm would greatly benefit from genome-enabled breeding as an essential approach for the
continued development and improvement of the crop. High linkage maps allow anchoring of
more markers from previously unplaced scaffolds into physical genome. Linkage-based
genome assembly improvement discussed in Chapter 2 has been discussed on single ultrahigh-
density linkage map. Incorporation of linkage maps from multiple origins increase the
confidence and maximise of ordering, and orientations of markers and scaffolds thus enhance
completeness of genome assembly. The newly assembled genome of oil palm — reported here
as PMv6 - has 79% greater physical length in the 16 pseudo-chromosomes compared to the
previously published version. The improvement was made by assigning an additional 1968
originally unplaced scaffolds that were available publicly into the physical genome. By
integrating three high-density linkage maps and using them to place genomic scaffolds, 16
mega-scaffolds were ordered and oriented. The improved genome has enhanced the mapping
resolution for genome-wide association studies (GWAS) and permitted further identification
of candidate genes/protein-coding regions (CDSs) and any non-coding RNA that may be

associated with them for further studies
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3.2. Background information

Comparative linkage mapping has aided the discovery and understanding of genome evolution,
identifying colinear markers or even genome rearrangements with genomic fragments
translocated or inverted (Doganlar et al. 2002). Comparing more linkage maps generated from
within species, but from different origins will enhance the accuracy of markers ordering within
genomic regions and increase the confidence of the genome quality. This homology among
linkage groups will result in a consensus map that consolidates several maps into single map

(Brondani et al. 2006).

Development of high-density linkage maps not only permits QTL discovery but also
enables fine mapping of QTL regions for identification of causal genes of genomic features for
traits of interest. Incrementally increasing mapping resolution allows known genomic
coordinates to anchor markers for genes or set of genes in orders that might be the cause
phenotypic changes (Markelz et al. 2017). A better resolution map also enables genome
differentiation and identification of domestication genes for traits of agronomic importance
such as disease resistance, yield or tolerance to pest (Y. Li et al. 2020). In fact, every species
will need a good genome assembly for understanding the evolutionary conserved sequence
motifs, or gene regulators to provide a framework for reconstruction of genome organization,
content, and dynamics, to empower new models of disease and heritable phenotypes; and to
provide a starting point for the assessment of expansion, contraction, and adaptation of gene
families in different evolutionary lineages (Lewin et al. 2009). Anchoring of scaffolds from
genetic maps into chromosome-based physical maps empower precise comparative genome
organization studies by facilitating the correct ordering of genes and non-genic DNA segments,

making whole genome alignment more accurate (Larkin et al. 2009).

A Dbetter chromosomal scale physical map also enabled scanning of linkage

disequilibrium (LD) that plays an important role in associative mapping for QTL discovery.

-38 -



Plant breeding mating systems of the species (self-pollination versus outcrossing), and
phenomena such as population structure and recombination hot spots, can strongly influence
patterns of LD (Flint-Garcia, Thornsberry, and Edward IV 2003). Recombination frequency
between marker and causal gene can weaken predictability of a trait. One way to quantify this
effect is through genome-wide LD decay estimation, but it is influenced by the pedigree of the
material. This parameter differs across origins, or even populations (Bosch et al. 2009; Stich et
al. 2013). In oil palm, longer LDs in the commercial populations have been observed, compared
to wide germplasm materials (Jin et al. 2016; Kwong et al. 2016; Teh et al. 2016) and the
evidence presented in previous study suggests that maternal and paternal recombination

patterns also vary, which potentially influences breeding strategies (Ong et al. 2019).

A good genome assembly does not only rely on assembly of contigs into scaffolds but
also the placement and contiguity of scaffolds on chromosomes to form the physical map. To
summarize the latest status of assembled genomes of oil palm, coconut, and date palm (as
available in National Centre for Biotechnology Information; NCBI): 1535.18 Mb of P5-build
oil palm genome first achieved a chromosome coverage level with 43% of scaffolds anchored
(R. Singh, Ong-Abdullah, et al. 2013), although no improvement has been published since
2013. On the other hand, the 2202.46 Mb of assembled coconut genome and the 772.32 Mb of
assembled date palm genome have recently surpassed the oil palm genome, with 46% (Xiao et
al. 2017) and 50% (Hazzouri et al. 2019) of scaffolds anchored to the chromosomes. The
genome size of oil palm is estimated at about 1.8 Gb (Pellicer and Leitch 2020; Rival et al.
1997). We previously reported on the possibility of further extending the physical map of the
current P5-build reference genome using one ultrahigh-density linkage map of a commercial
Deli dura x AVROS pisifera population, and the total length of additional scaffolds anchored

in our previous study has improved by 311 Mb (Ong et al. 2019). Hence, our aim in this study
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was to maximize the improvement of the oil palm genome assembly by integrating multiple

linkage maps from various origins.

3.3. General Methodology

3.3.1 SNP-based marker linkage map construction from multiple origins
of oil palm mapping population

Multiple linkage maps were developed from their respective mapping populations using the
method as described in section 2.3.1 and 2.3.3. There are five mapping populations in total for
this study. Out of the five populations, two were from the hybrid (DxP) (commercial)
background while the rest are controlled crossed developed for potential mother palms (DxD)

(Table 4).

Table 4. Number of progenies and polymorphic markers for each of the population for linkage mapping.

Populations/Alternative name (Crossing type) Number of
progenies
Deli dura x AVROS pisifera/ Tenera (DxP) 295
Deli dura x Nigerian dura/ Dura-1 (DxD) 112
Johore Labis dura x Johore Labis dura/ Key DD (DxD) 60
Ulu Remis dura x AVROS pisifera/ Key DP (DxP) 60
Johore Labis dura x Johore Labis dura/ Dura-2 (DxD) 201
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3.3.2 Construction of linkage map and generation of a comparative map in
oil palm

Multiple origins-based linkage maps were built according to section 2.3.4. Comparative

linkage maps were visualise using Map chart (Voorrips 2002). Markers were selected based on

common/transferable SNPs found within three out of five linkage maps. Pairs of homologs

were shown between adjacent linkage maps and connected lines coloured differently.

3.3.3 Anchoring of scaffolds to linkage groups

Linked SNP markers (from OP200K) with flanking sequences located in the oil palm scaffolds
(placed and unplaced in the chromosomes) were located using BLASTN (BLAST 2013) with
e-value cut-off at 1e-150 and sequence identity at least of 95%. High-density linkage maps
built from three mapping populations were merged using ALLMAPS assembly module,
together with equal weightages among the linkage maps (Tang et al. 2015). Scaffolds were
then ordered and oriented according to the merged and weighted linkage maps, thus resulting

in a new assembled genome.

3.4. Key findings, output, and general contribution to knowledge

The five mapping populations were from various BPROs for this study with average population
size of 146. Mapping densities for most of the populations were comparable, with the total map
length ranging from 1,152 to 1,792 cM (Table 5-Table 8). Overall, the SNP markers were well
distributed on all chromosomes with ~98% of binned markers in agreement with the
chromosome grouping according to the published genome (P5-build). Hence, the linkage
grouping reported here was based on the published oil palm genome chromosomes (R. Singh,
Ong-Abdullah, et al. 2013). The percentage of mapping errors as observed from each of the

tables was low, with less than 2% markers appearing to be derived from different chromosomes
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in different crosses. As reported in previous chapter, the percentage of markers mapped to the
genome sequence from the linkage maps was on average ~62%. This potentially leaves 38%
of the unplaced markers from the 200K array which could be used to place and orient new
scaffolds to the physical map, thus improving the genome. The total number of linkage groups
for each population are inversely correlated to the number of progenies, indicating insufficient
recombination to link small fragments into a single chromosome where population size is

relatively small, or polymorphism is limited.

Table 5: Genetic map for the Deli dura x Nigerian dura (Dura-1) based population with the estimation

of chromosome and genome recombination rate

Number of

markers Percentage Peri:entage I
. mappable (%) of (%) of Recomb_lnat|on
Linkage Length  Number of markers rate estimated
group (cM) markers t.o markers from from P5-build
published from same different (cM/Mb)
genome  chromosome
(P5-build) chromosome
1 91.0 1328 1234 93% 0.0% 2.1
1.2 52.6 440 360 82% 0.0%
2 161.9 3382 1771 52% 0.2% 2.5
3 120.6 3015 2104 70% 1.0% 2.0
4 118.9 2422 1403 58% 0.5% 2.1
5 109.9 2359 1678 71% 1.1% 2.1
6 121.5 2450 1249 51% 0.8% 2.7
7 107.1 2675 1636 61% 0.6% 2.5
8 111.5 2181 1267 58% 1.9% 2.8
9 102.5 2129 1281 60% 5.0% 2.7
10 91.9 2148 1374 64% 1.6% 2.9
11 85.7 1658 856 52% 0.4% 2.8
12 54.8 1538 917 60% 0.8% 1.9
13 92.6 1468 725 49% 2.0% 3.3
14 71.1 1244 881 71% 1.1% 2.9
15 70.4 1293 827 64% 0.2% 2.9
16 83.3 820 646 79% 0.0% 3.9
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Total 1,647.3 32,650 20,209 62% 2.5

Average 1.0% 2.6

Table 6: Genetic map for the Johore Labis dura x Johore Labis dura/ Key DD (DxD) population with

the estimation of chromosome and genome recombination rate

Number
of Percentage Percentage
markers 0 (%) of Recombination
Linkage Length Number mappable (%) of markers rate estimated
of markers .
group (cM) markers to from same from from P5-build
published different (cM/Mb)
genome chromosome chromosome
(P5-build)
1 26.1 881 655 74.3% 0.1%
1.2 30.8 446 416 93.3% 0.2% )8
13 23.3 283 215 76.0% 0.0%
1.4 110.8 2049 598 29.2% 24.7%
2 50.0 1027 635 61.8% 0.2%
2.2 75.4 910 537 59.0% 0.3%
2.3 55.5 726 335 46.1% 0.0% 3.4
2.4 37.1 306 196 64.1% 1.0%
2.5 6.7 107 97 90.7% 0.0%
3 125.9 3514 2274 64.7% 0.4% 2.1
4 32.9 673 509 75.6% 0.0% 19
4.2 37.7 177 163 92.1% 0.0%
5 106.5 2289 1801 78.7% 0.2% 2.1
6 112.3 2600 1167 44.9% 0.9% )7
6.2 6.7 86 56 65.1% 0.0%
7 88.0 939 344 36.6% 0.1%
7.2 1.7 21 11 52.4% 0.0% 3.8
7.3 75.4 1273 928 72.9% 1.5%
8 63.6 464 437 94.2% 0.0% 39
8.2 935 1791 571 31.9% 3.2%
9 5.0 200 173 86.5% 0.0% 24
9.2 87.7 2127 1291 60.7% 4.6%
10 46.3 2202 1392 63.2% 1.3% 15
11 56.4 638 586 91.8% 0.0% 34
11.2 46.5 611 193 31.6% 1.0%
12 88.6 1894 1225 64.7% 0.5% 3.1
13 48.2 1136 735 64.7% 1.1% 1.7
14 79.7 1607 936 58.2% 0.4% 3.3
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15 26.1 1086 611 56.3% 0.3% 11

16 26.4 299 201 67.2% 0.0% 15
16.2 6.0 77 42 54.5% 0.0%

Total 1,676.7 32,439 19,330 2.5

Average 1.4% 2.5

Table 7: Genetic map for the Ulu Remis dura x AVROS pisifera/ Key DP (DxP) population with the

estimation of chromosome and genome recombination rate

Number
of Percentage Percentage
g (%) of Recombination
. Number  markers (%) of .
Linkage Length markers rate estimated
of mappable markers .
group (cM) from from P5-build
markers to from same .
) different (cM/Mb)
published chromosome
chromosome
genome
1 67.7 1231 1149 93.3% 0.2%
1.2 39.0 395 301 76.2% 0.0%
13 7.6 43 39 90.7% 0.0% 2.1
1.4 7.7 33 22 66.7% 18.2%
1.5 20.6 21 21 100.0% 0.0%
2 91.4 1600 992 62.0% 0.0%
2.2 35.0 83 31 37.3% 0.0% 31
2.3 76.1 2221 869 39.1% 0.6% '
2.4 3.4 28 25 89.3% 0.0%
3 131.5 2951 2058 69.7% 1.3% 53
3.2 4.3 14 13 92.9% 0.0% '
4 57.6 854 645 75.5% 0.1%
4.2 35.2 146 70 47.9% 0.0% 3.2
4.3 91.7 1761 712 40.4% 1.0%
5 135 226 211 93.4% 0.0%
52 7.6 197 190 96.4% 0.0% 19
5.3 6.7 74 66 89.2% 1.4% '
54 71.1 1901 1152 60.6% 2.8%
6 111.7 2833 1637 57.8% 0.6% 2.5
64.2 961 864 89.9% 0.0%
7.2 36.1 1546 471 30.5% 2.7% 2.4
7.3 4.2 42 38 90.5% 0.0%
8 15.2 327 297 90.8% 0.0% 59
8.2 71.4 1717 846 49.3% 3.1% '
9 70.1 818 675 82.5% 0.2% 2.4
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9.2 213 255 195 76.5% 8.6%
10 76.6 2011 1228 61.1% 1.9% 24
11 62.5 1348 331 24.6% 0.6%
11.2 321 413 373 90.3% 0.0% 51
11.3 24.9 69 64 92.8% 0.0% '
11.4 34.4 119 38 31.9% 1.7%
12 90.1 1328 460 34.6% 0.6%
12.2 10.1 198 175 88.4% 2.0% 3.7
12.3 5.9 111 99 89.2% 0.9%
13 39.7 616 361 58.6% 0.6%
13.2 28.6 585 333 56.9% 0.0% 2.7
13.3 7.7 14 11 78.6% 0.0%
14 10.2 43 36 83.7% 0.0% 33
14.2 71.2 1554 1019 65.6% 0.8%
15 60.3 1218 832 68.3% 0.2% 2.5
16 52.6 286 198 69.2% 0.0%
16.2 42 145 133 91.7% 0.0% 36
16.3 6.9 37 36 97.3% 0.0%
16.4 12.9 16 16 100.0% 0.0%
Total 1,792.5 32,389 19,332 2.7
Average 1.1% 2.8

Table 8: Genetic map for the Johore Labis dura x Johore Labis dura/ Dura-2 (DxD) population with

the estimation of chromosome and genome recombination rate*.

Number
of Percentage Percentage
o (%) of Recombination
. Number  markers (%) of ,
Linkage  Length markers rate estimated
of mappable markers .
group (cM) from from P5-build
markers to from same .
) different (cM/Mb)
published chromosome
chromosome
genome
1 57.2 217 214 98.6% 0.0%
1.2 18.4 71 70 98.6% 0.0% 1.1
1.3 2.8 28 15 53.6% 28.6%
2 182.7 970 686 70.7% 0.2% 2.8
3 1131 594 558 93.9% 0.0% 1.9
4 26.3 191 130 68.1% 4.7%
4.2 37.6 148 108 73.0% 0.0% 13
4.3 9.0 82 80 97.6% 0.0%
1134 672 567 84.4% 1.2% 2.2
108.0 523 416 79.5% 1.7% 2.4
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7 87.1 443 358 80.8% 0.9% 59
7.2 9.0 36 34 94.4% 0.0%
8 87.6 635 531 83.6% 0.6% 2.2
9 62.2 276 237 85.9% 3.6% 16
10 9.5 131 125 95.4% 0.8% 05
10.2 8.0 81 80 98.8% 0.0%
11 73.4 385 280 72.7% 0.3% 24
12 56.6 356 325 91.3% 0.6% 2.0
13 57.9 444 349 78.6% 4.1% 2.1
14 10.3 99 90 90.9% 0.0% 11
14.2 17.3 88 84 95.5% 0.0%
15 68.4 333 288 86.5% 0.0% 58
15.2 0.8 7 7 100.0% 0.0%
16 51.9 77 74 96.1% 0.0% 24
Total 1,268.3 6,920 5,706 19
Average 2.0% 19

*The mapping population which was genotyped from a custom minimized array especially developed for QTL mapping with

the density of 20,000 SNP markers that are in common with OP200K.

Linkage maps developed for both key DD and key DP populations with only 60
progenies each were highly fragmentize. Hence, only the remaining three mapping populations

were subjected for subsequent integration with oil palm scaffolds for genome assembly (Table

9).

Table 9. Number of common markers found each linkage group (LG) in selected mapping populations

Total of
Linkage groups
Tenera* Dura-1 Dura-2 transferable
(LGs)
markers
1 2,422 1,768 288 578
2 3,781 3,382 970 1,423
3 2,582 3,015 594 1,175
4 2,235 2,522 339 742
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5 1,405 2,359 672 658

6 1,752 2,450 523 785
7 1,106 2,675 479 639
8 2,512 2,181 668 1,125
9 1,723 2,129 304 797
10 2,912 2,148 212 1,115
11 1,012 1,658 385 421
12 1,312 1,538 356 504
13 620 1,468 444 292
14 1,553 1,244 269 614
15 586 1,293 340 403
16 377 820 77 150
Total 27,890 32,650 6,920 11,421

Figure 11 shows the comparative linkage maps for the four populations with an
additional two populations adapted from Teh et al (2020) with the reference mapping
population. Most the markers were found to be ordered in the same way except for a few
regions with potential inversions and breakage between chromosomal segments. Interestingly,
in the population GMxDA, possible genome duplication was observed. This can be further
investigated by determining the relationships between linkage and physical order of the
markers from both maps. Numerous disagreements between the physical and genetic maps
have been reported even for the human genome (Kong et al., 2002). Discrepancies in the form
of scaffolds including markers from more than one linkage group were indicative of scaffold
chimerism in the assembly, hence more linkage maps from different origins were investigated

as validation (Kawakami et al. 2014). Theoretically, it is preferable to obtain a consensus order
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by combining the data from various sources rather than combining the resulting maps.
Although most of the discrepancies arise from a limitation in the quality or quantity of the data,

some may result from genuine polymorphism of macro-rearrangements of chromosomes.

Mapping DelixNg JLxJL Key DxD Key_ DxP

Gmn [TIT T ‘I\Iﬂ]]]lll

Figure 10. Comparative linkage maps for all mapping populations for chromosome 5. Abbreviated
populations: Mapping (Tenera-1), DelixNg (Dura-1), JLxJL (Dura-2), Key DxD (Key DD), Key DxP

(Key DP)
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Figure 11. Synteny between the reference ultrahigh-density map (7enera-1) and the other populations
for chromosome 3. Each dot represents a marker ordered according to its position in the linkage map.

** genetic maps for GMxDA(DxP) and GMxGM (DxD) adapted from Teh C.K et. al. (2020)

Table 10. Genome assembly improvement by coverage and quality using linkage map for Deli dura x

AVROS pisifera (Tenera-1) as reference
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Linkage group/ Linkage Current Genome Improvement Average Average

Chromosome Length  chromosome version (%) Recombination Recombination
(cM) size — P5- PMv6 rate genome rate genome

build (Mb) (Mb) P5-build PMv6 (cM/Mb)
(cM/Mb)

1 1221 68.4 71.99 22% 1.90 147

1.2 1122

2 112.0 65.6 142.51 117% 2 0.91

2.2 9.7

3 103.2 60.1 89.74 49% 19 1.15

4 121.1 57.3 94.88 66% 2.1 1.28

5 33.0 52.0 89.32 72% 0.8 0.46

5.2 7.8

6 81.2 44.4 91.34 106% 1.8 0.89

7 25.7 43.5 75.55 74% 0.9 0.51

7.2 12.6

8 89.4 40.2 83.14 107% 2.2 1.08

9 61.4 38.1 76.24 100% 1.6 0.81

10 74.4 31.9 59.31 86% 2.3 1.25

11 50.8 30.1 63.68 112% 1.7 0.80

12 84.9 28.8 61.99 115% 2.7 1.37

13 27.4 27.8 55.09 98% 1 0.50

14 56.8 24.4 45.89 88% 2.3 1.24

15 42.5 243 45.32 86% 1.7 0.94

16 27.7 21.4 21.72 2% 13 1.28

Total 1151.7 658.0 1178.93 79%

Mean 1.8 0.99
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The newly assembled genome now contains 1,179 Mb with N50 of 83.1 Mb with 16
major pseudo-chromosomes plus one unlinked linkage group fragment belonging to
chromosome 1 (Figure 13). The new estimated genome wide recombination rate is close to 1
cM/Mb. On average, each pseudomolecule in the PMv6 genome was assembled using 142
scaffolds with an average length of 73.7 Mb, whereas only 19 scaffolds giving an average
length of 41.1 Mb were reported in Singh et al., 2013. Chromosome 2 was also extended by
1.2-fold and now is the largest pseudomolecule, accounting for 12% of the total PMv6

assembly length (Error! Reference source not found.A-B).

Linkage directed genome assembly improvement has assigned previously unplaced
scaffolds onto the pseudochromosomes. Error! Reference source not found. shows the
correlation of markers by linkage against physical locations in chromosome 2 and 7. The
sigmoidal curves were clearly observed distinguishing telomere regions from centromere
where almost no recombination events were observed. A previously developed linkage map
for a tenera population (Error! Reference source not found.C: box 3) for these two
chromosomes where fragmented into two linkage groups, but here are now linked into a single
pseudo-chromosome. The results show that assembly improvement using the commercial Deli
dura x AVROS pisifera map (Ong et al. 2019) (blue) was only limited to one end of the pseudo-
molecule, especially on Chromosome 7. Nevertheless, the shortcomings were solved when
integrating the semi-wild Deli dura x Nigerian dura map (green) and the Johore Labis dura
map (orange). The sigmoidal curves of Chromosome 2 and 7 clearly distinguishing both
telomere regions from centromeric regions where limited recombination events were observed.
The correlation between linkage and physical positions reached more than 0.90 in each
mapping family, and the collinearity between each linkage maps can be observed with
consistence marker orderings within each LG. Similar results were observed for the remaining

chromosomes and are shown in Figure 14. The details of total SNPs residing within genomic
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scaffolds used to build PMv6 genome assembly can be found in Table 11. Using the correlation
outputs, the genome-wide recombination rate was estimated to be 1 ¢cM/Mb, which is about
half of the previously reported estimation based on the P5-build genome (Table 10). This
investigation may infer overestimation of the recombination rate in our previous estimation,
mainly due to the length extension of the PMv6 genome assembly reported here. Understanding
recombination differences has distinct implications for population structure, gene evolution,

and genetic improvement (Kianian et al. 2018).

The improved PMv6 genome was used to evaluate the improvement of mapping
resolution of the previously reported GWAS for mesocarp oil content (Teh et al. 2016),
reducing the unmapped SNPs from 40% (37,003) (Figure 12E) to only 13% (12,175) (Figure
12F). The major QTLs remain at Chromosome 5 and Chromosome 11, but the significance
level on Chromosome 11 was increased to a —log p-value = 5.9 from 5.2 and more SNPs
surpassed genome-wide -log p-value cutoff at 4.0, due to SNPs newly assigned to Chromosome
11, improving trait location. From the perspective of genomic features and gene annotations,
the PMv6 genome assembly now includes 5769 genes, 7705 protein-coding regions (CDS),
and 1563 non-coding RNA, which could not be placed into the P5-build genome (Figure 12G).
Interestingly, among the non-coding RNA, 48% of total predicted ribosomal RNA (rRNA)

were mapped for the first time in PMve6.

Figure 13 depicted placement of genomic scaffolds for 16 chromosomes with
comparison to the current assembly (PMv6) with previously published version (P5-build).
Significant improvement was observed for overall placement of 1,996 scaffolds into each
chromosome rising from the original 304 scaffolds. Integration of linkage with physical maps

for all 16 chromosomes in oil palm as reported in Figure 14.
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Figure 12. Refined assembly of oil palm genome (PMv6). (A) Chromosome length (Mb) comparison
between P5-build, Singh et al., (2013), and PMv®6 (this study). (B) Number of scaffolds from previous
physical map) and the improved physical map developed in this study. (C) Build-up of PMv6 by
scaffold anchoring using multiple linkage maps; left panel represents the central combined linkage map
from three mapping populations, and the right panel shows the correlation plots of each populations’
genetic versus physical order; presented in the order of Deli dura x Nigerian dura (dura I—green),
Johore Labis dura (dura 2—orange), and Deli dura x AVROS pisifera (tenera—>blue) for Chromosome
2 and (D) Chromosome 7 as examples. (E) Genome-wide association studies (GWAS) Manhattan plot
for a commercial oil palm population for one of the oil yield traits for the genome published by P5-
build. (F) GWAS Manhattan plot for the same commercial oil palm population for one of oil yield trait
after assembly improvement in this study, circle in red represent newly assigned and significant SNPs.
(G) Statistics of genomic features improvement after placement of scaffolds into chromosomes for P5-
build and this study.
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Table 11. Summary for consensus map generated from multiple linkage maps and statistics for SNP

markers and scaffolds used to build genome assembly for PMv6.

Summary for consensus map

Anchored Oriented Unplaced
Markers(unique) 39,616 31,657 347
Markers per Mb 33.6 41.7 114
Scaffolds 2,272 434 148
Scaffolds with 1 marker 869 0 99
Scaffolds with 2 markers 335 56 24
Scaffolds with 3 markers 175 24 7
Scaffolds with >=4 markers 893 354 18
Total bases 1,178,731,551 | 759,750,341 | 30,463,349
Percentage 97.5% 62.8% 2.5%

Figure 13: Genome assembly improvement by scaffolds placement for PMv6 (blue) compared to P5-

build (orange) for 16 chromosomes.
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Figure 14. Integration of linkage with physical maps for oil palm, Chromosome 1 to 16

3.5. Conclusions and key recommendations for future work

The newly assembled genome of oil palm — named here PMv6 - has 79% greater physical

length in the 16 chromosomes compared to the previously published version (P5-build). By
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integrating three high-density linkage maps and using them to place the genome scaffolds, 16

mega-scaffolds were ordered and oriented representing 66% of the total predicted genome size.

By integrating the three linkage maps, a total of 11,421 family-transferable/common
SNPs were used to anchor 77% of the assembled 1.5 Gb genome, in order to generate the new
oil palm physical map, PMv6 (Figure 13), compared to 43% in the previously published P5-
build physical map. Using Chromosome 2 and 7 as examples, the quality of scaffold anchoring
based on the integrated linkage maps can be visualized and was validated through a correlation
between linkage and physical positions, allowing the recombination landscape throughout each
chromosome to be determined. Species with larger genomes often have higher levels of
recombination at the telomeres and lower recombination in the heterochromatic and
centromeric regions despite genes being present within transposable element (TE) (Milo, R.;
Phillips 2016; Shen et al. 2017) clusters, as reported in wheat (Jordan et al. 2018; Sidhu and
Gill 2005). In such a scenario, a sigmoidal curve of the recombination rate should be expected,
but this was not clearly observed in both chromosomes when assembled from the commercial
Deli dura x AVROS pisifera map (blue), suggesting only a partial improvement. However, the
integration of the semi-wild Deli dura x Nigerian dura map (green) and the Johore Labis dura
map (orange) enabled extension of both chromosomes with a sigmoidal curve of recombination
from telomere-to-telomere, although whether this represents the full chromosome needs further

validation, through techniques such as Fluorescence in situ hybridization (FISH) technique.

The PMv6 genome enabled an increase in the mapping resolution of the reported
GWAS for mesocarp oil content (Teh et al. 2016) by locating an additional 65% (24,828)
previously unplaced SNPs Figure 12F). Among the total SNP markers mapped in PMv6
assembly, there are 32,552 SNPs located within genic/non-coding RNA regions, equivalent to

25% of the total SNP assigned to scaffolds/genome sequence. Increased marker density allows
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better capture of linkage disequilibrium between origins and render GWAS more powerful.
Hence, PMv6 enables a more complete set of annotated genes and non-coding RNA to be
located that are potentially responsible for phenotypic changes residing within QTL to be

identified after conducting GWAS.

Generally when estimating the completeness of a genome assembly, one of the
important measurement would be the scaffolds are ordered and anchored into pseudomolecules
or linkage groups representing chromosomes (Veeckman, Ruttink, and Vandepoele 2016). To
date, this current oil palm assembly has the largest number and coverage of anchored scaffolds
into pseudochromosomes. In addition, such high coverage allows a comparative genome

approach as a cost-effective way to improve and validate for other palms’ genome assemblies.

3.6. Published paper contributing to objective two:

An Improved Oil Palm Genome Assembly as a Valuable Resource for Crop Improvement and

Comparative Genomics in the Arecoideae Subfamily (Ong et al. 2020) (Appendix B)
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Chapter 4: Application of genome-enabled biology in oil palm

breeding (Objective three)

4.1. Executive summary

Comparative genomics study against two other important palm species - date palm
(Phoenix dactylifera L.) and coconut palm (Cocos nucifera L.) confirmed the high level of
conserved synteny among these palm species. We also used the improved oil palm version as
a reference to extend the date palm physical map. As perennial tree crops, a total of 107 palm
species belonging to Arecoideae, the largest subfamily of Arecaceae would benefit from
genome-enabled breeding as an essential approach for the continued development and
improvement of the crop. The other two major palm species of economic importance are
coconut (Cocos nucifera) and date palm (Phoenix dactylifera), with each crop having their
specific breeding objectives. One of prominent application of genome-based breeding for oil
palm and date palm was GWAS. The Sime Darby Plantation oil palm research group has taken
further step towards deploying GWAS into GS as a refinement of GS models - GWAS directed
GS as a cost and effective approach for commercialization. This is an important milestone
achieved for oil palm genome-enabled breeding for sustainable production of the oil crop and
could be reproduced in other palms species too. Besides, how the improved oil palm assembly,
namely using Physical Map version 6 (PMv6) could serve as an important reference for
comparative genomic studies among coconut and date palms, with expansion to other

Arecaceae members in the future was demonstrated as well.
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4.2. Background information

The Arecaceae (formerly known as Palmeae) family of the monocot order Arecales is a plant
family hosting perennial palm species that mostly grow across the equatorial belt. The family
is made of 181 genera with 2600 species (Christenhusz and Byng 2016). Among them, the
genus FElaeis (oil palm) and genus Cocos (coconut) together are the world’s largest source of
oils and fats (about 35%), while date palm plays a major role in food security and agricultural
production in arid and fragile ecosystems worldwide. Genomics resources have been developed
for date palm and coconut but less is known about the comparative evolutionary genetics of
these perennial crops (Hazzouri et al. 2019). Date palms has 3,000 recognizable varieties, while
coconut has two large groups of varieties: tall and short varieties. To-date, the status of
genomes assembled within palm species are still limited (Table 12). With only date palm and
oil palm genomes having full annotations and both became publicly accessible in 2013 (Al-
Mssallem et al. 2013; R. Singh, Ong-Abdullah, et al. 2013). These important milestones have
helped to illuminate the research focus towards understanding the genetics of fruit

developments and yield improvement.

GWAS was first reported in one of the yield components in oil palm (Teh et al. 2016),
and followed by date palm for fruit colour and sugar composition (Hazzouri et al. 2019). The
application of the genome in oil palm breeding allowed the transition from GWAS to GS in
recent studies — hereby define as GWAS directed GS (Kwong, Ong, et al. 2017; Kwong, Teh,
etal. 2017). The studies concluded that models built to obtain genome estimated breeding value
(GEBYV) for complex traits such as oil yield could be refined by understanding the LD patterns
with study population and using GWAS to rank the genetic markers based on their significant

association with the phenotypes.
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Table 12. Published genome assembly status of agronomically interesting palm species

SPECIES SCIENTIFIC NAME SIZE (MB) PERCENTAGE OF NUMBER OF
PLACED GENOME

SCAFFOLDS IN VERSIONS

CHROMOSOMES

(%)
OIL PALM Elaeis guineensis 1535.18 43% 2
COCONUT Cocos nucifera 2202.46 46% 3
DATE PALM | Phoenix dactylifera 772.32 50% 4

Genomic resources for these three palm species also permits comparative
phylogenomics since both oil and date palm genomes representing important annotated
references for the sequencing of a great diversity of other palm genomes in the future.
Phylogenomics studies in palms by Barrett et al mainly utilized the mitochondrial genome,
plastome and transcriptome as nuclear genomes were very limited (Barrett et al. 2016). With
the availability of the improved oil palm nuclear genome, more detailed comparison is now
possible, especially within the largest subfamily of Arecaceae to refine the structure of the
Arecaceae ancestral genome, in a similar way to the Rosaceae family was described upon
completion of genome sequencing of apple, strawberry and peach (Troggio et al. 2012). Future
challenges - just like the Rosacease genome research - would be continuation of the
development of genomic tools for species across the family. Beside identifying genetic markers
differentiating traits of interest, it is also crucial to understand how the genome sequence
comprehensively encodes developmental programs and environmental responses, especially

adaptability, as palms has high durability in extreme weather.
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4.3. General methodology

Comparative studies performed within the palm family, using the improved oil palm genome

as the reference to date palm and coconut.

4.3.1 Genome and gene comparisons

Palms genomic sequences were downloaded from NCBI. Alignments of the coconut (Xiao et
al. 2017) and date palm (Al-Mssallem et al. 2013) genome against the current oil palm genome
PMv6 was done using Nucmer and Promer, which is a module developed in Mummer (Kurtz

et al. 2004; Marcais et al. 2018) an ultrafast sequences aligner, made for genome alignments.

The syntenic relationship between both oil palm and coconut chromosomal alignments
were visualised using CIRCOS software (Krzywinski et al. 2009). Chromosome pairs with
strong syntenic relations between oil palm and coconut are linked by same ribbon colours.
Candidate genes of interest were also aligned using clustalx (Clustalw, To, and Multiple 2003;
Ma et al. 2007) via translated protein sequences and orthologs of other closely related monocots
as outgroup: asparagus (Asparagus officinalis), banana (Musa acuminata), sorghum (Sorghum
bicolor), corn (Zea mays), and turf (Oryza brachyantha) protein sequences were identified
from NCBI. The phenogram was build using neighbor-joining (NJ) with 1000 bootstrap
iterations and visualized using a phylogenetic tree viewer, namely Figtree (v1.4.4) (Rambaut

2018).

4.3.2 Reconstruction of date palm pseudo-chromosomes

Promer output from the step above was used to tile the date palm’s query scaffolds according
to oil palm pseudochromosome order. These were then ordered and orientated into the Genbank
agp format and the pseudo-chromosomes were built using agp module in ALLMAPS. SNP

markers obtained from date palm genetic maps (Mathew et al. 2014) were aligned to new
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pseudo-chromosomes using the same BLASTN criteria above. The integration of SNP markers
location into genetic map against physical map locations were plotted using ALLMAPs path
module as well. Chimeric contigs which contained ambiguous markers that mapped to more
than two linkage groups were then processed using the splir module. Ambiguous short contigs
were excluded during the second round of rebuilt of pseudo-chromosomes by running

ALLMAPs path module again.

4.4. Key findings, output, and general contribution to knowledge

The improved oil palm genome, PMv6 was subsequently used for genome comparison with
coconut (Xiao et al. 2017) and date palm (Hazzouri et al. 2019). The results confirmed a high
level of syntenic block conservation between the oil palm and the other two palm species
(Figure 15). For coconut, the 16 homologous chromosome groups (2n = 32) appeared to be
highly coherent with the oil palm genome, but we observed possible fusion and fission event
differences on oil palm-based Chromosome 2 (eg-2) and 10 (eg-10), respectively. Compared
to coconut, a 30 Mb fragment of eg-2 fused with eg-7 accounts for coconut-based Chromosome
2 (cn-2), suggesting a fission/fusion event since the separate evolution of the two species. In a
similar comparative way, a 20 Mb fragment of eg-10 has fused with eg-16 to form cn-8 (Figure

15).
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Figure 15. Synteny analysis including three palm species: oil palm (eg), coconut (cn), and date palm
(pd). Chromosome pairs with strong syntenic relations were linked by the same ribbon color.

Genomic comparisons of chromosome scale (Figure 16: coconut) as well as scaffolds
(Figure 17: date palm) against oil palm showed highly syntenic blocks between these species.
Since there is strong macrosynteny between palm species, the oil palm improved genome
assembly, could be used as a scaffold/reference to construct a draft genome of date palm, as
has been done for sheep and cattle genomes (Dalrymple et al. 2007; Troggio et al. 2012). Thus,

initial date palm pseudo-chromosomes were built by placing and ordering scaffolds of date
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palm with the oil palm physical map. Assembly improvement for date palm resulted in
placement of short scaffolds into pseudochromosomes coupled with ordering of genetic maps
for date palm showing major agreement between genetic and physical maps similarly to oil
palm (Figure 17). In general, the genome conserved synteny between date palm and oil palm
was more complicated. By referring to Ziwen et al. (2015), oil palm and coconut were estimated
to have diverged from date palm approximately 62.5 million years ago (He et al. 2015).
Chromosome fusion/fission events between date palm-based Chromosome 4 (pd-4) and pd-16
and between pd-1 and pd-10 may have led to formation eg-1 and eg-2 in the oil palm genome,
respectively. This possibly explains why date palm (2n = 36) has two additional homologous
chromosome groups compared to oil palm. In addition, pd-11 compared to oil palm has two
chromosome fragments with one of them fused with pd-12 to form eg-10 and the remaining
pd-11 fragment being maintained as eg-6 in the oil palm genome. Figure 17 also shows the
integration of the date palm genetic map (Mathew et al. 2014) against the polished date palm
pseudo-molecules, based on the oil palm chromosome 10 as template. This work suggests that
chromosome 10 of oil palm could be the gender-linked chromosome and location of the same
genes in two different chromosomes could be one reason that the date palm is dioecious as
reported that LG12 may be the sex chromosome (Mathew et al. 2014). The oil palm directed
date palm genome assembly improvement was validated by later publication of an improved
date palm genome using long range sequencing method — Pacific Biosciences (Hazzouri et al.

2019).
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Figure 16. Comparative genome comparisons of coconut against oil palm, both in chromosomal formats

with annotated locations of the genes of interests. (cn- coconut; eg- oil palm)
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Figure 17: Date palm chromosome built from genome comparison against oil palm’s chromosome 10.
Integration of genetic markers from reported gender-linked linkage group (LG12) and LG11 of date
palm shown high correlation of genetic and physical ordering, suggesting this could be sex-determining
chromosome of the monoecies oil palm.

Gene level comparisons was done using SHELL gene, which is a homologue of
SEEDSTICK (NCBI Gene ID: LOC105034563)—a type I MADS-box transcription factor
reported in oil palm (at 3.05 Mb of eg-2) with the orthologs of coconut (at 116 Mb of cn-1) and
date palm (at 38 Mb of pd-1). In the oil palm genome, the pisifera allele (sh"R%) results in an
amino acid change from lysine to asparagine, causing the absence of shell surrounding the fruit
kernel observed pisifera fruit (R. Singh, Low, et al. 2013) (Figure 18a). The analysis was also
extended to other candidate genes including Cytochrome P450 (CYP703) (LOC105059962),
glycerol-3-phosphate acyltransferase 3-like (GPAT3) (LOC105059961), Cytidine deaminase-
like (CYT DA) (LOC105059743), and Lonely-Guy (LOG) (LOC105055182) reported to be

involved in sex determination of date palm (Torres et al. 2018). All the candidate genes (except
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LOG, located at 10.86 Mb of eg-12) were located at 44—45 Mb of eg-10 in the oil palm genome

but have yet to have the scaffolds containing them placed in the date palm genome.

In Figure 18b, a phenogram based on the sex-determination-related LOG genes
revealed that coconut has the shortest evolutionary distance to oil palm followed by date palm,

among other monocots outgroup taxa.

(a)

CLUSTAL 2.1 multiple sequence alignment

Elaeis_guineensis MGRGKIEIKRIENTTSRQVIFCKRRNGLLENAYELSVLCDAEVALIVFSSRGRLYEYANN
Cocos_nucifera MGRGKIEIRRIENTTSRQVIFCKRRNGLLHKRYELSVLCDAEVALIVFSSRGRLYEYANN
Phoenix dactylifera MGRGKIEIRRIENTTSRQVIFCKRRNGLLHKMRYELSVLCDAEVALIVFSSRGRLYEYANN
R R R R R R L2222 22 R R 22 2R R R R R R R Rl
Elaeis_guineensis SIRSTIDRYKRKACANSSNSGATIEINSQQYYQQOESAKLRHQIQILONANRHLMGEALSTL
Cocos_nucifera SIRSTIDRYKRKACANSSSSGATIEINSQQYYQQOESAKLRHQIQILONANRHLMGEALSSL
Phoenix dactylifera SIRSTIDRYKKACANSSNSSARIEINSQQYYQQOESAKLRHQIQILONANRHLMGESLSSL
HHKKKKKKKKKRKKKKKK K Ko KKK KKK KKK KKK KKK KRK o KK o *
Elaeis_guineensis TVRELKQLENRLERGITRIRSKKHELLFAEIEYMOKREVELQNDNMYLRAKIAENERAQQ
Cocos_nucifera TVRKELKQLENRLERGITRIRSKKHELLFAEIEYMOKREVDLONDNMYLRAKIAENERAQQ
Phoenix dactylifera TVRKELKQLENRLERGITRIRSKKHELLFAEIEYMOKKEVELQNDNMYLRAKIAENERAQQ
KRR KKK KKK KKK KRKKRKKKRRK o HR s RHRK KRR KRR KRR KKK KK
Elaeis_guineensis AGIVPAGPDFDALPTFDTRNYYHVNMLEAAQHYSHHQODQTTLHLGYEMKADPAARNLL
Cocos_nucifera AGIVQAGPEFDTLPTFDSRNYYHVNMLEAAQHYSHHQDQTTLHLGYEMKADPAAKTLL
Phoenix dactylifera AGIVPAGPEFDTLPTFDSRNYYHVNLLEAAQHYSQHQODQTTLHLGYEMKADPAARNLL

HHHK KHK s KK KKK s RHHKKKK s KKK KKK s KRR KRKRK  *K
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Figure 18. High conservation of genes among palm species with minimal amino acid changes. (a)
Alignments of SHELL gene encoding for the layer of shell surrounding the kernel for oil palm and the
orthologues from coconut and date palm. (b) Phenogram tree for LOG gene orthologues, which play a
role in sex determination for date palms; orthologues of the gene among palms and other monocots
outgroup taxa were included.

Due to the high levels of collinearity of gene order and genomic sequences between the
palm species, the PMv6 genome was adopted as a reference to improve the published genome
assemblies of date palm. We started with the earlier version, namely PDK 30 (GenBank
assembly accession: GCA 000181215.2) (Al-Dous et al. 2011). Genomic scaffolds from date
palm were tiled following oil palm ordering for each pair of syntenic chromosomes, then the
joined scaffolds were split if required following the published date palm genetic map (Mathew
et al. 2014). This resulted in anchoring 78% of scaffolds to the physical map from the total
length of the full assembly (381.5 Mb). The next test was performed on the more recent
assembly of date palm genome (GCA 009389715.1) (Hazzouri et al. 2019) using the same
approach. The second improvement was not as apparent as the first version but did result in a
total length of 458 Mb, equivalent to an extra 10% of total scaffold length anchored to

chromosomes, compared to the published assembly. The placement of scaffolds in each of the
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date palm chromosomes extended their total length except for pd-10 and pd-16 (Figure 19).
The assembly improvement for both versions of the date palm genome were further compared
using date palm genetic markers (Mathew et al. 2014) located within each assembly. An
average correlation of 0.80 was observed for the 18 chromosomes when comparing physical
location of the genetic markers between both improved assemblies, ranging from the lowest on

pd-16 (r=0.38) to the highest on pd-4 and pd-15 (equally r = 0.98) (Figure 20).

Pd-1 Pd-2 Pd-3 Pd4 Pd-5 Pd6 Pd-7 Pd-8 Pd9 Pd-10 Pd-11 Pd-12 Pd-13 Pd-14 Pd-15 Pd-16 Pd-17 Pd-18

50
45
40
35

Length (MB)
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W Al-Dous,E.K et al. (2011) B Hazzouri, K. M. et al (2019) M This study

Figure 19. Oil-palm-directed date palm genome assembly improvement by length (Mb) across 18
pseudomolecules. Anchoring of scaffolds was performed on the two published assemblies of date palm
genome by Al-Dous et al. (2011) and later by Hazzouri et al. (2019).
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Figure 20. Correlation plots for locations of DNA marker located within date palm chromosome (pd-
15) for genome assembly improvement versions by Al-Dous,E.K et al. (2011) and Hazzouri, K. M. et
al (2019)

4.5. Conclusions and key recommendations for future work

The improved physical map of oil palm permitted genome comparison within the palm family
and revealed high levels of collinearity of genomic sequences, also indicating conserved
synteny of location for a range of agronomically important genes that were reported in previous
studies. They also share agriculturally desirable traits, such as tall or short varieties in coconut
palm, which would be useful in oil palm and date palm. It would be possible to use the causative
gene from coconut to screen for allelic differences in the gene orthologues in other species. For
instance, the SHELL gene in the oil palm genome (eg-2) was found to be highly conserved with
the genomic sequence orthologs in coconut (cn-1) and date palm (pd-1). Only the oil palm
genome sequence carries si?"R% variants causing the lysine-to-asparagine amino acid change,
which results in disruption of DNA binding within the MADS-box domain, thus no shell is
found in this pisifera oil palm. Indeed, two more fruit forms including thick-shelled dura
(shPeli/shPe!i as wild-type) and thin-shelled tenera (sh”¢" /sh*"*9S) also naturally exist because
of haploinsufficiency effect on the SHELL gene (R. Singh, Low, et al. 2013; Teh et al. 2017).
The SHELL variants are extremely important for oil palm breeding because crossing between
dura and pisifera (usually female sterile) produce tenera with fertility restored and 30% more
oil than the dura (Corley and Tinker 2015; Hardon, Corley, and Lee 1987). Unlike oil palm,
shell-less fruits in coconut and date palm have not yet been reported. The shell layer may be
essential to coconut and date palm for maintaining their endosperm moisture content to allow
seed germination, especially in arid habitats. Consequently, the mutation probably has been
naturally selected out. Nevertheless, we still identified a strong QTL for shell thickness of

tenera oil palms located within 2.5 Mb to 3.9 Mb sharing the same region with the SHELL
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gene on eg-2 (Kwong et al. 2016), even when the later was fixed. Hence, the results obtained
from oil palm research could lead to the same region in coconut palm being screened for the
orthologs responsible for shell variation in coconut within cn-1 and eventually deployed in
MAS for selecting thicker- or thinner-shelled coconuts. Coconut shell normally occupies 15%
of the total weight of a fruit and approximately 9 million tons of coconut shell is globally
produced as an agricultural waste every year (Bellow et al. 2018). Nevertheless, the waste can
be turned into activated charcoal and commands a premium (Budi et al. 2018; Mohd Igbaldin

etal. 2013).

Oil palm and coconut are estimated to have diverged from date palm around 62.5
million year ago (He et al. 2015). Fission or fusion of two chromosomes into one or vice versa
is known in many lineages (Tang et al. 2008); this event is observed in this study too, whereby
date palm has 18 pairs of chromosomes, while oil palm and coconut have only 16 pairs. Torres
et al. found that the sex-determination-related genes are now located at 4445 MB of eg-10
(Torres et al. 2018), where fusion between pd-11 and pd-12 probably occurred, comparative to
oil palm. This also suggests that eg-10 contains this cluster of key genes for inflorescence
gender and that the split into two chromosomes in the date palm may be an important event
leading eventually to a dioecious palm. The finding is supported by a shorter evolutionary
distance of LOG gene (suppression on female inflorescence) between oil palm and coconut,
compared to date palm (Figure 18b). Of the three palms, date palm is the only dioecious palm.
The cycle of male and female inflorescences of monoecious oil palm is mainly affected by
environmental and genetic factors. Water stress and excessive frond pruning lead to high
induction of male inflorescences and abortion of both sexes when the stress becomes extreme
(Corley 1973). Understanding the genetic control underlying sex determination in oil palm can
provide a new avenue to address abiotic stress tolerance in oil palm. Understanding the basis

of inflorescence sex determination may allow breeding for specific environments, to optimize
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sex ratio to the target environment, especially in the context of global climate change and of
plantations in drought-prone areas. In terms of aptitude for branching, date palm and sago palm
can also propagate vegetatively by producing suckers, which would be an extremely valuable

trait in oil palm, where this currently does not happen.

Such cases could be useful to infer the location of similar yet undiscovered alleles
within these palm species, such as for the presence of the shell layer surrounding palms’ kernel,
along with genes that differentiate height and sex-determination. These orthologous genes were
previously found in unplaced scaffolds of oil palm but have now been assigned and orientated
into oil palm’s chromosomes. This improved version of the oil palm genome assembly can act
as a template for the many of the economically important palm species. This was illustrated
through placing an additional 10% of date palm scaffolds into its chromosomes thus improving
the physical length of the date palm genome as well. This new oil palm genome assembly
allowed one of the orthologous sex-determining regions currently unassigned in the oil palm
genome, revealing that chromosome 10 of oil palm is the equivalent chromosome to the date

palm gender-linked chromosomes for this monoecious palm species.

Only 19% of the scaffolds were anchored based on a linkage map of the Khalas cultivar
to the first date palm assembled genome, PDK 30 (Al-Dous et al. 2011; Mathew et al. 2014).
Subsequently, the genome has recently been greatly improved to 50% anchored scaffolds of
the expected 772.32 Mb genome size using third generation sequencing PacBio long reads by
Hazzouri et al. (Hazzouri et al. 2019). In the present study, we have shown that the new oil-
palm-guided date palm assembly is still able to anchor a further 10% of scaffolds, and the oil-
palm-directed assembly is highly consistent with the latest date palm assembly. Hence, a full
utilization of available linkage maps, especially with high mapping density should be
incorporated in genome improvement. The oil palm PMv6 genome assembly can serve as a
reference to date palm and coconut, and to other palm members in the future. Moreover, based
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on the taxonomic distances between oil palm and date palm, we would expect similar results
from any palm species with a divergence time less than 62.5 million years (He et al. 2015) ago
within Arecoideae, a subfamily of Arecaceae that consists of 107 species (Barrett et al. 2016;
Couvreur, Forest, and Baker 2011), using the oil palm PMv6 genome as a reference. Improved
genome sequences can in turn lead to crop improvement strategies for these important food,
feed, and fuel sources that will ultimately lead to the higher productivity required for

agriculture to meet growing demands in the years to come without the use of more forest land.

Genome comparisons shed light on evolution by understanding conserved synteny
whereby set of genes remain in the same relative order across species. Due to different DNA
substitution rates and recombination patterns among taxa and species, deviation from
collinearity might be a more informative phylogenetic character (Tang et al. 2008). The
emergence of new genome sequences helps to explain further the collinearity in evolution by
discovering the differential patterns of genes loss or retention between genomes. That is why
better resolution of genome or physical map is essential to reveal comparative gene order.
Moreover, collinearity in heterochromatic regions in the genome could be disturbed by
reshuffling of short DNA segments such as transposable element (TE) causing changes in DNA
methylation (Diez, Roessler, and Gaut 2014; Feng and Jacobsen 2011). Tang et al (2008) also
highlighted that despite recurring of genome duplications especially in angiosperm species,
chromosome numbers did not change as much than their genome sizes. Condensation or fission
of two chromosomes into one is known in many lineages; a particular case involved the
demonstration that n = 10 (chromosome number) members of the Sorghum genus are ancestral
to n = 5 members of the genus. This event is observed in this study too whereby date palm has

18 pairs of chromosomes while oil palm and coconut has only 16 pairs.

Beyond that, to close the genotype to phenotype gap, phenotyping is the next critical
focus to be incorporated in plant breeding. The morphology of a plant is the outcome from
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interactions between genome with external environment. However, though disruptive
technologies are in development in this area, there are still barriers that need to be overcome in
order to effectively link phenomics to genomics. One of the barrier is plant epigenomic effects,
which are not well understood yet in crops and high throughput methods to accurately assess
important phenotypes, to allow both improved selection and decreased selection cycles, to
satisfy the breeder equation (Fasoula, loannides, and Omirou 2020). In addition, scalability of

all these methods is also important to boost the selection intensity in any breeding programs.
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Chapter 5: General Conclusion

5.1. Exploring synergies and linkages between and across objectives

The key outcomes for each of the thematic area was depicted in the conceptual framework as

below (Figure 21):

| Objective 1: Establishment of an ultrahigh-density linkage map to improve the published oil palm genome

- Built the most dense linkage map for oil palm as
reference and subsequent and genic linkage map with
a major representation of sugar and lipid biosynthesis
= |pathways for future studies on oil related QTL
= i discovery

- Integration of linkage map to physical genome reveal
potential needs for genome assembly improvement

Objective 2: Comparison of linkage maps from multiple origins to enhance the integration of linkage and
physical maps of oil palm

- Comparative linkage maps from five mapping
populations and fine tuned to three linkage maps

- Anchoring of scaffolds from ultra dense linkage
maps improved the genome assembly and
resulted in newer version of oil palm genome
(PMvV6).

- Use case of genome-enabled breeding: GWAS
and GWAS directed GS

- Genome comparison between palm species
showed high synteny of genomic regions and
suggested possibilities to improve date palm
genome assembly

Figure 21. Conceptual framework indicating key outcomes and highlights for each thematic area

5.2. Conclusion

Oil palm is the most productive oil crop with the highest production per growth area. However,
the increment in oil yield has stagnated in many countries for a few decades. Genome-enabled
breeding should be explored for accurate explore and identify recombinational hotspots within
the genome that are potentially associated to phenotypes variation. Knowing the recombination
hotspots within a breeding population also allow definition of haplotype blocks that could be

used in breeding. Introgression of desired traits between different origins would be possible by
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cataloguing the genetic variations of different BPROs as breeders realized the need for new

material of sufficient genetic variability for crop improvement (Barcelos et al. 2015).

Improved genome sequences can in turn lead to crop improvement strategies for this
important food, feed and fuel source that will ultimately lead to the higher productivity required
for agriculture to meet growing demands in the years to come without the use of more forest
land. For the case of oil palm, the industry has always been controversial, especially on the
topic of deforestation (ASEANPLUS 2020). Part of the reason could be political as oil palm is
the most efficient oil crop. Hence sustainable production and practise has been always on the
radar for oil palm industry. Genome-enabled breeding will be the hope to ensure continuous

production of sustainable palm oil in the market.

5.3. Recommendation for future work

The improved genome assembly still has room for improvement. Combinations of different

approaches could cross-validate the assembly, using:

e Karyotying studies for confirmation of the scaffold placement sand locality of markers
or genes within the genome. The common application of karyotyping analysis includes
fluorescence in situ hybridization (FISH) with probes for 5S and 45S rDNA and
telomeric probes or Genomic In Situ Hybridization (GISH) for genomic identification
of natural or interspecific hybrids and also useful to analyse chromosomal
recombination, both in mitotic and meiotic chromosomes (Castilho, Vershinin, and
Heslop-Harrison 2000; Maria, Clyde, and Cheah 1995; de Melo, Souza, and Silva
2017).

e Following date palm genome improvement by generating high contiguity genomic

scaffolds, generated from single molecule real time (SMRT) sequencing by Pacific
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Biosciences. This approach helps in reducing number of genomic scaffolds and eases
the genome assembly (Hazzouri et al. 2019). Optical mapping for chromosomal

confirmation for genome scaffolding would be alternative too (Jiao et al. 2017).
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Meiotic crossovers in outbred species, such as oil palm (Elaeis guineensis Jacq., 2n =32) contribute to
allelic re-assortment in the genome. Such genetic variation is usually exploited in breeding to combine
positive alleles for trait superiority. A good quality reference genome is essential for identifying the
genetic factors underlying traits of interest through linkage or association studies. At the moment,
. anAVROS pisifera genome is publicly available for oil palm. Distribution and frequency of crossovers
. throughout chromosomes in different origins of oil palm are still unclear. Hence, an ultrahigh-density
genomic linkage map of a commercial Deli dura x AVROS pisifera family was constructed using the
OP200K SNP array, to evaluate the genetic alignment with the genome assembly. A total of 27,890
linked SNP markers generated a total map length of 1,151.7 cM and an average mapping interval of
0.04cM. Nineteen linkage groups represented 16 pseudo-chromosomes of oil palm, with 61.7% of the
mapped SNPs present in the published genome. Meanwhile, the physical map was also successfully
extended from 658 Mb to 969 Mb by assigning unplaced scaffolds to the pseudo-chromosomes. A genic
- linkage map with major representation of sugar and lipid biosynthesis pathways was subsequently built
. for future studies on oil related quantitative trait loci (QTL). This study improves the current physical
genome of the commercial oil palm, and provides important insights into its recombination landscape,
eventually unlocking the full potential genome sequence-enabled biology for oil palm.

Oil palm (Elaeis guineensis Jacq.) is the only major crop member in the Arecaceae family producing edible oil'.
Being an efficient oil crop, the average oil yield of oil palm is 4 metric tons per hectare every year, which is approx-
imately 10 times higher than soy (Glycine max.)>*. Palm oil is currently the most traded vegetable oil, supplying

* one third of global vegetative oil** on less than 6% of the world’s agricultural land dedicated to oil crops. Despite

. yield superiority, most of the commercially grown oil palm materials have undergone only a limited number of

: generations of selection since 1920’s due to long selection cycles (12-19 years). In recent decades, the oil palm
industry has put major effort into genomics and DNA marker research, primarily to hasten breeding progress. To
achieve this, marker-assisted selection (MAS) has been introduced into breeding programmes to allow estimation
of the breeding values in palms as early as the nursery stage>®.

Marker-assisted selection usually requires prior knowledge on the distribution of quantitative trait loci (QTL)
for a targeted trait in the genome. Over 20 years, linkage maps from various backgrounds of oil palm have been
constructed. The first restriction fragment length polymorphism (RFLP)-based linkage map for oil palm was
reported in a self-pollinated palm from the Binga origin in Africa’. Similar efforts were then continued mainly
using microsatellites for higher throughput and reproducibility, followed by QTL localization onto these maps®1°.
The family-based mapping approach was found to be useful for detecting major QTLs, however QTLs were not

. consistent across populations (with a few exceptions). Consensus maps of one or a number of progenies, using
. single nucleotide polymorphism (SNP) markers have been constructed to maximize marker density!"'2.

Genetic maps reflect the actual inheritance of loci into their offspring based on the patterns of recombination
during meiosis. Recombination is generally modelled to be a Poisson distribution, with individual chromosomes
in each individual gamete expected to undergo at least one recombination event (as this is needed for correct
disjunction), but generally no more than three. These are then converted to centiMorgans (cM) through the use
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of mapping functions, such as the Haldane or Kosambi'*~'*. This limitation in the extent of recombination in gam-
etes also restricts the rate at which alleles close together on the same chromosome are separated in the offspring.
Recombination is also not randomly distributed across the genome, with larger genome species often having high
levels of recombination at the ends of the chromosome, but little recombination in the heterochromatic and cen-
tromeric regions of the chromosome, despite genes still being present (e.g. in wheat'®!”). Recombination within
an oil palm progeny limits the potential combination of alleles that can be achieved by breeding and, particularly,
the number of offspring that need to be generated to be able to identify those with the desired combinations.

Conventional oil palm breeding is often based on using test-crosses to evaluate the breeding potential of a
parent. To assess parents and develop General Combining Ability (GCA; additive effects) and Specific Combining
Ability (SCA; non-additive effects) for parental selection, the number of crosses assessed is more important
than the absolute number of test-cross palms recorded (Corley and Tinker, 2015). In practice, 16 to 96 palms
per cross in a trial are planted. This limited number of individuals from a single cross has focused attention on
genome-wide association studies (GWAS). Teh and colleagues evaluated two multi-parent populations (2,045
tenera palms) for mesocarp oil yield'® using a high-density OP200K SNP array'®. The GWAS was based on the
published physical genome of a pisifera palm of E. guineensis®. Only 60% (55,054) of the SNPs informative in
the cross were mapped onto the reference genome. Furthermore, the size of the pseudo-molecule physical map
is merely one third (657.96 Mb) of the full expected 1.8-Gb genome size and even the total scaffold lengths only
added up to 1.53 Gb, which is still incomplete. Hence, it is critical to further improve the reference genome to
unlock the full potential of genome-enabled biology for oil palm. Linkage maps can contribute to the placement
of scaffolds into the pseudo-chromosomes. The maps also give important information on the relative recombina-
tion distance between loci from different pools of germplasm. In combination with a physical genome sequence,
they can indicate the presence of inversions, translocations and duplications which may influence how effectively
important gene combinations can be brought together through crossing and marker selection.

For the oil palm industry, the commercial planting materials are dominated by high-yielding tenera palms,
which are derived from crosses between Deli dura and AVROS pisifera. The paternal pisifera is more heterozygous
due to lower levels of inbreeding (although potentially from an extremely narrow genetic base) while the maternal
dura is normally the descendent from generations of self-pollination or sib-mating from a limited gene pool?'.
Genetic differences, such as large scale structure variations among the genomes of dura, tenera and pisifera can
confound QTL results, predicted genetic interactions and breeding objectives, resulting in inconsistencies of QTL
positions between different origins. Currently, the extent of such variation in oil palm is still unclear.

In this study, we aimed (1) to construct an ultrahigh-density reference linkage map for genome sequence
improvement using the largest commercial fenera population reported to date; (2) to integrate linkage maps
of both parents and their progeny to the physical genome; (3) to map a genic SNP subset representing genes in
important biochemical pathways for future QTL analyses, especially oil yield traits.

Materials and Methods

Mapping population and DNA preparation. A total of 295 F, fenera palms derived from a maternal Deli
dura and paternal AVROS pisifera (278 x TT41/4) family were selected as a mapping population. The same origin
(Deli dura x AVROS pisifera) was represented in the pool of 59 accessions used for array design. Fresh tissue was
sampled from the third leaflet of each seedling. The population is currently at juvenile stage and maintained at
Sime Darby Plantation, Malaysia. Total genomic DNA was isolated from 0.1 g of the leaf tissue using the DNAeasy
Plant Mini Kit (Qiagen, Germany). The DNA quality was then quantified on a 0.8% agarose gel using known
standards.

SNP identification and genotyping. The mapping population (genomic DNA = 25 ng/pl) was geno-
typed using the 200,000 SNPs accommodated on the published OP200K Infinium array (Illumina, USA) on the
Infinium iScan platform according to the manufacturer’s recommendations'®. The raw intensity SNP data were
analysed with GenomeStudio version 2001.1 with genotyping module version 1.8.4. Using a GenCall score cut-off
0f 0.15, auto-clustering of the SNPs was done. The SNP clustering was done and was manually confirmed by visual
inspection. The SNP call were exported into the PLINK program for minor allelic frequency (MAF) and call-rate
filtering®.

Mining of genic SNP markers and annotations. All oil palm transcriptome sequences available in
GenBank? were downloaded and combined with an in-house developed transcriptome database*?*. The tran-
scriptome dataset was then aligned to the published oil palm genome?® using BLAT?® to identify gene structures.
The SNP markers which were found in the published genome, residing within an interval between the first exon
and the last exon of the gene structure were marked as ‘genic’. This step was done using an in-house Perl script.
The SNP-tagged transcripts were annotated by referring to KEGG* and UniProt®® databases using BLASTN?
sequence homology search. This allowed us not only to identify SNPs within genes with a potential influence on
important traits, but also to construct a reference genic SNP-based linkage map in oil palm.

Construction of genomic, genic SNP-based linkage maps and integration with physical
map. Polymorphic SNPs were identified where at least one of the parents was heterozygous. Subsequently,
polymorphic SNPs were discarded if call rate <95% or if they had high segregation distortion using False
Discovery Rate (FDR) corrected method with cutoff at p-value > 0.05. Next, linkage maps were constructed
using Lep-MAP3%3! for large SNP datasets, which was especially developed for outbred families like oil palm
with an underlying maximum likelihood (ML) method. Filtering modules was used for marker quality checking,
followed by running the Separate Chromosomes module for binning the assayed markers into linkage groups
with optimised LOD values ranging from 4 to 30. The Join Singles module assigned singular markers to existing
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Linkage | Linkage No. of linked | No. of SNPs mapping | Chr No. of selected | Average Recombination
group Length (cM) | SNPs in published genome | size (Mb) genic SNPs rate (cM/Mb)
1 122.06 2422 1803 (74.4%) 68.44 215 1.8
2 119.96 3533 1535 (43.4%) 65.56 194 2.0
2.2 9.69 248 199 (80.2%)

3 103.24 2582 1959 (75.9%) 60.06 260 1.7
4 121.09 2235 1203 (53.8%) 57.25 134 2.1
5 33.04 1281 659 (51.4%) 51.96 84 0.8
52 7.83 124 75 (60.5%) 18

6 81.23 1752 1079 (61.6%) 44.36 117 1.8
7 25.67 889 758 (85.3%) 43.46 120 0.6
7.2 12.63 217 198 (91.2%)

8 89.42 2512 1312 (52.2%) 40.20 178 2.2
9 61.39 1723 889 (51.6%) 38.06 120 1.6
10 74.41 2912 1675 (57.5%) 31.90 310 2.3
11 50.81 1012 783 (77.4%) 30.07 98 1.7
12 84.92 1312 754 (57.5%) 28.80 123 29
13 27.37 620 423 (68.2%) 27.81 41 1.0
14 56.76 1553 1037 (66.8%) 24.38 165 23
15 42.48 586 541 (92.3%) 24.31 88 1.7
16 27.70 377 328 (87.0%) 21.37 49 13
Total 1151.70 27890 17210 (61.7%) 657.99 2314

Mean 60.62 1.8

Table 1. A summary of the Deli dura x AVROS pisifera linkage map using genomic SNP markers, the selected
genic SNP markers and estimated recombination rate. cM — centiMorgan, the percentage of 200,000 SNP
markers mapped in the reference genome in parentheses. *The linkage group number follows chromosome
number of the published genome?.

linkage groups to maximize the map-abilities of the total input marker group. Lastly, the Order Markers module
ordered the binned markers according to the Kosambi mapping function for conversion of recombination fre-
quencies into map distances (in unit centiMorgan, cM). The option “sexAveraged = 1” was selected along with
Order Markers to join the maps of both parents. The polymorphic genic SNP subset was subsequently loaded into
JoinMap 5% for linkage mapping to compare the performance of different mapping tools as well as to validate the
mapping results. The parameters were set to default, the mapping function used here was ML for estimations of
marker distances (in unit cM). All linkage maps were visualised using an R script with minor modifications® and
Mapchart,

Common SNP markers were used to carry out a comparative analysis between the linkage maps in ¢cM dis-
tance (dura parent, pisifera parent and tenera progeny) and the physical map in Mb distance, with each chromo-
some visualised in plots. The scatter plots to visualise the integration of the genomic SNP-based genetic map and
the physical map was plotted using an in-house R script. Each chromosome was plotted separately to visualise the
comparisons between both parental and progeny (combined) maps against the genome assembly.

Improvement of genome coverage. SNP markers from OP200K were mapped against the published oil
palm assembled sequences, available at NCBI under BioProject accessions https://www.ncbi.nlm.nih.gov/biopro-
ject/PRJNA434010 and the assembly at https://www.ncbi.nlm.nih.gov/assembly/GCA_000442705, for the whole
genome shotgun sequencing project with all scaffolds including the unplaced scaffolds on the physical map. The
progeny (combined) linkage map was applied to bin and anchor the unplaced scaffolds to the physical map. The
improvement of genome coverage was quantified based on the sum of the newly anchored scaffolds and their total
length in unit of MDb for each of the pseudo-chromosomes.

Results

Identification of genomic and genic SNPs. A total of 34,315 genomic SNPs was identified to be poly-
morphic in the mapping population, and the number was reduced to 29,057 SNPs after removing the segrega-
tion-distorted markers or those with call rate <95%. For linkage analysis, 27,890 SNPs and the subset of 2,314
genic markers were mapped, respectively (Table 1).

Construction of genomic and genic SNP-based linkage maps. Two linkage maps of Deli dura x
AVROS pisifera were constructed using different set of SNPs. The first set consisted of 27,890 genomic SNPs that
were successfully assigned to the 19 linkage groups (LGs; representing the 16 chromosomes of oil palm), spanning
1,151.7 cM with an average mapping interval of 0.04 cM (Table 1). Out of 27,890 genomic SNPs, 17,210 SNPs
(61.7%) were found in the published genome. The LG number presented in Fig. 1 is ordered by chromosome
number for better traceability. The oil palm consists of a diploid genome with 16 chromosome pairs. In the linkage
map, we observed three chromosomes (2, 5 and 7) fragmented into two LGs, respectively. By excluding the three
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Figure 1. An ultrahigh-density Deli dura x AVROS pisifera linkage map with 27,890 SNP markers. The left
scale represents the linkage length in unit centiMorgan (cM), whereas the number below each bar represents the
linkage group number/pseudo-chromosome.
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Figure 2. (A) A high-density genic SNP-based linkage map of the Deli dura x AVROS pisifera family with
2,314 SNP markers, (B) A pie chart depicting the distribution of the top-ranked pathway membership for the
annotated genic SNP markers.

fragments, the longest LG 1 (122.06 cM) and the shortest LG 13 (27.37 cM) which also reflected the similar rank-
ing in terms of their chromosome sizes. On average, 60.62 cM per LG was observed. The ultrahigh-density linkage
map is given in Fig. 1. The largest interval between markers was 26.68 cM and located on LG 12.

A set of 2,314 genic markers were selected from the total 27,890 linked SNPs to construct another map with
lower complexity, based on genic SNP markers alone, designed for future QTL analyses. The map spanned
1,733 cM with an average mapping interval of 0.75cM (Supplementary Table 1). The obtained 18 LGs was still
higher than the expected 16 LGs for the oil palm genome (Fig. 2A). Two LGs (5 and 11) were found to be frag-
mented in this map. In Fig. 2B, the annotation results indicate that the genic markers were mainly represented
by seven pathways based the annotated genes/pathways, including (1) plant hormone signal transduction (25%),
(2) starch and sucrose metabolism (19%), (3) glycolysis (13%), (4) glycerolphospholipid metabolism (13%), (5)
fatty acid biosynthesis (8%), (6) glycerolipid metabolism (7%), (7) photosynthesis (3%). The pathway annotations
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Figure 3. Scatter plots of integration between genetic linkage order and physical marker order throughout the
oil palm genome. Blue dots represent the dura genetic map and red dots represent the pisifera genetic map. Grey
dot represents the tenera combined map. (*Fragmented linkage groups with shorter length, including LG 2.2,
LG 5.2 and LG 7.2 were assigned to Chromosome 2, Chromosome 5 and Chromosome 7, respectively).

were superimposed on the linkage map (Fig. 2A). The genomic SNPs and the subset of genic markers were used
to construct maps using Lep-MAP3 and JoinMap 5, respectively. The common SNP markers were compared,
showing high concordance of marker ordering (Supplementary Fig. 1).

The integration between the linkage maps and the physical map. The genomic linkage distances of
Deli dura (Parent 1), AVROS pisifera (Parent 2), and their tenera progeny were compared to the physical distances.
The comparison results across 16 chromosomes are illustrated in Fig. 3. In general, the common SNPs among
dura, pisifera and tenera shared the same linkage order due to parallel marker distributions against their phys-
ical positions. Lower recombination rates were observed on nine chromosomes for the dura parent, compared
to the pisifera especially on Chromosome 7 and Chromosome 16. Higher rates of recombination for dura were
only observed on Chromosomes 13 and 15. The combination of the dura and pisifera linkages map is through
combining pairwise distances, so the recombination rate of the tenera is intermediate to the parental values.
Interestingly, recombination on Chromosomes 7 and 16 of the tenera was due to one-sided inheritance of genetic
polymorphism from the pisifera parent, alone. The order obtained between genetic and physical maps were gen-
erally good, except for Chromosomes 9, 11 and 12. Some evidence is seen for potential inversions of chromosome
segments between the linkage population and the reference genome, such as on Chromosome 15 (15-20 Mb)
and Chromosome 16 (0-4 Mb). Overall, the average recombination rate throughout the oil palm genome was
estimated as 1.8 cM/Mb, ranging from 0.8 (Chromosome 5) to 2.9 cM/Mb (Chromosome 12) (Table 1).

Improvement of genome coverage. The average number of scaffolds contributing to genome sequences
by Singh et al. (2013) are 19 scaffolds in each pseudo-chromosome. The ultrahigh-density linkage map iden-
tified a total of 311 Mb in scaffolds in addition to the existing genome assembly that could be added to the
linkage groups. In total, 1,323 additional scaffolds were placed into pseudo-chromosome locations (Fig. 4A).
Figure 4B depicted the total length for each pseudo-chromosome from published genome sequences. Each of
the pseudo-chromosome was extended from this study with the most significant extension in Chromosome 2 at
56 Mb, while Chromosome 15 and 16 also have minimal extensions of less than 1 Mb, hence the improvements
were not distinguishable in the plot (Fig. 4B). After scaffolds addition, the physical map was successfully extended
from 658 Mb to 969 Mb, which is equivalent to a 47% improvement. Still, the improved physical map only covers
54% of the total genome based on the estimated genome size of oil palm of 1.8 Gb.

Discussion

The published OP200K Infinium array was derived from 59 important and diverse origins'® and was used in this
study. This helps to explain why only 13.9% (27,890) of the assayed SNPs were polymorphic and could be mapped
in the advanced commercial Deli dura x AVROS pisifera cross. Still, the average mapping interval of 0.04 cM is the
highest reported, compared to previous studies (1.26 cM*, 1.40 cM'® and 0.29 cM*). In fact, the improvement of
the mapping interval was mainly due to higher recombination detected in this larger mapping population, which
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Figure 4. (A) Comparison of number of scaffolds from previous physical map?® and the improved physical map
developed in this study. (B) Total length improvement (Mb) for each of the pseudo-chromosome after addition
of new scaffolds to the published genome sequence in this study.

was double the size of the 153 tenera palms used by Bin Bai and colleagues. So far, only Lep-MAP and MSTmap?’
programmes are able to map more than 10,000 SNP markers in under an hour. However, the MSTmap is lim-
ited to single families and phased data (including BC1, RIL, DH and Hap populations). The Lep-MAP does not
have such limitations, so it was chosen to analyse the unphased cross-pollinating (CP) populations of oil palm.
By using Lep-MAP3, the total length of the genomic SNP-based linkage map was significantly reduced from
2,938.2 cM obtained using Lep-MAP2% to 1,151.7 cM. With 16 chromosomes, a combined linkage distance in
the order of 1,600 cM would be expected. Lep-MAP3 is able to minimise inflated map length and ordering error
when the number of markers is much higher than the mapping population size*'. This is a critical improvement
because incorrect map length can greatly affect subsequent recombination estimates.

For the genomic linkage map, each LG was named based to their published pseudo-chromosomes® with
61.7% of linked SNP sequences found in the reference genome (Table 1). The oil palm consists of a diploid
genome with 16 homologous chromosome pairs (2n =2x =32). In this map three LGs fragmented into two
parts from LG 2, LG 5 and LG 7, respectively (Fig. 1). Similar LG fragmentation was also observed in the genic
linkage map (Fig. 2A). In this case, LG 2.2 and LG 7.2 were absent because none of their SNP was genic, whereas
removing non-genic SNPs on LG 11 caused fragmentation to two groups. More markers normally confer a longer
map, reflecting better mapping/genome coverage, but also potentially reflecting a reduction in the data quality
as more comprehensive use is made of the dataset. The phenomena were not observed in this study. The genic
linkage map with only 2,314 SNPs (1,733 cM) was longer than that of the genomic linkage map with 27,890 SNPs
(1,151.7 cM). Although linkage analysis is often problematic when the number of markers is high (approaching
10,000 markers). However, we found that both JoinMap 5 and Lep-MAP3 performed equally as reported®>*!. The
common SNP markers between the genomic and the genic linkage maps were in synteny (Supplementary Fig. 1),
thus Lep-MAP3 is recommended.

Sugar and lipid-related biosynthesis pathways on the genic linkage map (Fig. 2) revealed genetic poly-
morphisms still present within the commercial tenera family which could be exploited in breeding program.
Notably that there is still number of unannotated genes showing polymorphism within this population indicat-
ing novel genes might have important functions and to be discovered by further QTL mapping. The published
QTLs for mesocarp oil content were located on Chromosome 5 and Chromosome 11 in Deli dura x AVROS
pisifera population'®. In the genic linkage map, the QTL region on Chromosome 5 was mainly populated by
plant hormone signal transduction, glycerophospholipid and glycerolipid metabolism pathway genes. The plant
hormone signal transduction pathways tagged by the most SNPs was closely related to plant floral development,
growth and response to the environment®®. As for the QTL region on Chromosome 11, included glycolysis and
starch-and-sucrose metabolism pathways. However, double recombination should rarely occur in the genic link-
age map with an average mapping interval of 0.75 cM, which is much lower than 10 cM threshold® and the
mapping function partly compensates for this. For future QTL mapping analyses for oil yield traits in oil palm the
genic linkage map with 10-fold fewer markers can be used, while also assessing polymorphism associated with
genes known to be involved in important pathways related to oil production and energy.

Recombination frequency between marker and causal gene can weaken predictability of a trait. One way
to quantify this effect is through genome-wide LD decay estimation, but it is influenced by the pedigree of the
material. This parameter differs across origins, or even populations***!. In oil palm, longer LDs in the commercial
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populations have been observed, compared to wide germplasm materials'®1*#? and the evidence presented here
suggests that maternal and paternal recombination patterns also vary, which potentially influences breeding strat-
egies. A good reference genome is also a key enabler to identify and characterise causal genes, based on recombi-
nation and to compare differences in genetic order, which could be indicative of structural rearrangements when
compared to the physical genome. We further evaluated the assembled reference genome by comparing this
with the genomic linkage maps of dura, pisifera and tenera. In general, these three linkage maps were well inte-
grated and consistent with the physical map, although differences in cM/Mb were consistently observed between
the two parental maps. Telomeres are hotspots of recombination, with crossover events rarely happening at the
centromeric region in the chromosomes of many species®. The lack of genetic distance observed in sections
of Chromosome 6 and Chromosome 7 for the dura parent is likely to be an effect of non-informative markers
for linkage in the dura parent and could well indicate identity-by-descent on the maternal side. Generally, a
lack of polymorphism be due to identity-by-descent issues. More broadly, assignment of further scaffolds to the
pseudo-chromosomes may allow more extensive genome coverage and could help to assign more genetic effects
to specific chromosomes, rather than ‘group 17’ (unplaced) assignment, indicating a failure to be localised to a
pseudo-chromosome (Fig. 4). The detected outliers and inversion of chromosome segments with respect to the
reference genome also might reflect genuine rearrangements, mainly inversion and translocation or even duplica-
tions. Long-read sequencing approaches, such as Pacific Biosciences (PacBio)* and Oxford Nanopore technolo-
gies* along with optical mapping could be coupled with linkage mapping to confirm the extension of the genome
from newly added scaffolds as well as to differentiate the genuine structural rearrangements from the errors*.

The evenness of recombination can also be assessed by recombination rates with respect to physical distance’.
The average recombination rate for the commercial Deli dura x AVROS pisifera progeny was estimated at 1.8 cM/
Mb (Table 1), which was comparable to 2.0 cM/MD for a bi-parental recombination inbred lines (RILs) derived
from a chickpea (Cicer arietinum L.) family*®. On the other hand, the parameter was higher than that of fourteen
maize full-sib families of DH lines with <1.0 cM/Mb*. Breeding design and genetic resources that influence
the recombination landscape in the genome, usually receive little attention in mapping analysis of oil palm. For
oil palm breeding, a variant of reciprocal recurrent selection (RRS) or family and individual selection (FIS) is
deployed, producing thick-shelled dura maternal and shell-less pisifera paternal pools and hybrids with thin
shells and more mesocarp®. The superior parents with good combining ability assessed through progeny testing
are pollinated to produce thin-shelled tenera commercial productions, with each selection cycle taking up to
12-19 years. Thus, selection of mapping population mostly depends on the existing trials, which were origi-
nally established for conventional breeding programmes. Furthermore, recombination rates of Deli dura and
AVROS pisifera were also different in this study, further supporting their distinct selection histories in the past.
The Deli dura are (supposedly) direct descendants of the four palms planted in 1848 in the Bogor Botanical
Garden, Indonesia, whereas the AVROS largely originated from the well-known Djongo palms in Congo® We
found that the highest rates of recombination in the tenera were inherited from the AVROS pisifera, but not on
all chromosomes (Fig. 3). This may partly be an effect of uninformative meiotic events due to identity-by-descent
in the dura which appears greater here, but the consistent trend on many chromosomes of higher recombina-
tion rates in the pisifera parent than the dura parent suggests a real effect. The results agree with the presence of
limited polymorphism in particular chromosomes, partly reflecting the narrow genetic base of Deli dura due to
generations of self-pollination or sib-mating originated from the four ancestors?!. This findings pave the way for
beginning to understand the effects of selection pressure in both parent pools and how these might be combined
to achieve additional heterosis in oil palm.

This study provides a good foundation to improve the genome coverage in the oil palm genome assembly, to
unlock the full potential of genome-enabled biology for oil palm. By using a high-density SNP array and a pop-
ulation of 295 palms, we have been able to assign a further 311 Mb of scaffolds to the pseudo-chromosomes of
Singh et al.*. However, this additional 311 Mb has been assigned according to the linkage order in the Deli dura
x AVROS pisifera cross (278 x TT41/4) used in this study, which may differ from the actual scaffold order (and,
ultimately, the genome sequence order) present in the original pisifera used to generate the genome sequence. An
understanding of these differences will be critical to fully understand GXE and GxG interactions, as well to begin
to unravel the underlying basis for some trait QTL having strong effects in one origin, but none in others. The
development of a genic-based map also allows breeders to search for QTLs for important oil yield traits with a
smaller subset of candidate genes from known pathways. More importantly, the recombination landscape across
parents potentially permits understanding of selection pressure in the genome of oil palm and where further
improvement may be possible. Appropriate experimental designs and genetic resources are equally important as
marker interval and population size to further improve the map quality and QTL searches, both through biparen-
tal and population approaches.
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Abstract: Oil palm (Elaeis guineensis Jacq.) is the most traded crop among the economically important
palm species. Here, we report an extended version genome of E. guineensis that is 1.2 Gb in length,
an improvement of the physical genome coverage to 79% from the previous 43%. The improvement
was made by assigning an additional 1968 originally unplaced scaffolds that were available publicly
into the physical genome. By integrating three ultra-dense linkage maps and using them to place
genomic scaffolds, the 16 pseudomolecules were extended. As we show, the improved genome
has enhanced the mapping resolution for genome-wide association studies (GWAS) and permitted
further identification of candidate genes/protein-coding regions (CDSs) and any non-coding RNA
that may be associated with them for further studies. We then employed the new physical map in
a comparative genomics study against two other agriculturally and economically important palm
species—date palm (Phoenix dactylifera L.) and coconut palm (Cocos nucifera L.)—confirming the high
level of conserved synteny among these palm species. We also used the improved oil palm genome
assembly version as a palm genome reference to extend the date palm physical map. The improved
genome of o0il palm will enable molecular breeding approaches to expedite crop improvement,
especially in the largest subfamily of Arecoideae, which consists of 107 species belonging to Arecaceae.

Keywords: Elaeis guineensis; high-density linkage maps; physical maps; comparative genomics;
genome-enabled breeding; Arecoideae; pseudomolecules

1. Introduction

The Arecaceae (formerly known as Palmeae) family of the monocot order Arecales is a plant family
hosting perennial palm species that mostly grow across the equatorial belt. The family is made of
181 genera with 2600 species [1]. Among them, the genus Elaeis (0il palm) and genus Cocos (coconut)
together are the world’s largest source of oils and fats (about 35%), while date palm plays a major role
in food security and agricultural production in arid and fragile ecosystems worldwide.

Two species of Elaeis including E. guineensis Jacq. and E. oleifera (HBK) Cortes originating from
West Africa and Latin America, respectively, produce edible oil from fruit mesocarp and kernel.
However, only the African oil palm is typically commercially planted due to its superior oil yield

with an average oil yield in Malaysia of 3.5 tons hectare™! year™!, compared to only 0.4 tons hectare™
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year™! produced by its South American counterpart [2]. The average oil yield of commercial oil palm is
also roughly 8 to 10 times higher than other major temperate oil crops [3], making it the most efficient
oil crop in the world. However, with increasing demand for fats and oils from a growing population,
yield improvement is essential to meet food requirements at the same time as halting deforestation.
Crop improvement through breeding and genomics is the basis for increasing yield and therefore
productivity without the use of more land.

Although coconut (C. nucifera L.) is not as productive as oil palm, it generates more products
such as copra, coir, and timber to serve traditional markets, particularly in Asia. Nut yield in Asia
is approximately 5.5 tons hectare™! year~!, while the copra yield ranges from 10 to 20 percent of the
nut weight, equivalent to around 1 ton hectare™! year‘1 [4]. The recent rise in demand for coconut
products has resulted from coconut water and virgin coconut oil being promoted as an energy drink
and health supplement. The market size of coconut products was reported to be USD 11.5 billion in
2018 and is anticipated to reach USD 31.1 billion by 2026 [5]. Another related palm species, the date
palm (Phoenix dactylifera L.) does not produce oil but stores mostly carbohydrate, which is converted
to sugar in its fruit mesocarp [6]. Hence, the crop has been domesticated in the Middle East and Indus
Valley as a major staple food, and the earliest cultivation can be traced back to 3700 BC [7]. Date palm
thrives in some of the most arid environments on earth and is able to create a local microclimate,
which also allows other crops to be grown [8]. Similarly, higher global demand for inherent medicinal,
nutritional, and health advantages of date palm products has boosted the market value of the date
palm industry from USD 9.2 billion in 2014 to USD 13 billion in 2018 [9].

Within the Arecaceae, there are many other palms that could make a significant contribution to
economic development, food, and nutritional security and provide ecosystem services for sustainable
cultivation, including sago palm, nipa palm, peach palm, etc. However, it is unlikely that companies
will be willing to make major investment in developing genetic improvement programs without
being sure that there will be sizable returns. To date, oil palm receives the most research attention
due to its significant role in the world economy, although coconut and date palm have seen steep
increases in research focus with their recent emergence. In general, genomic research is centered on the
development of marker-assisted selection (MAS) for expediting breeding selection for these outcrossing
perennial palms that typically require more than a decade to complete a breeding cycle [10-14]. In the
90s, the first restriction fragment length polymorphism (RFLP)-based linkage map of oil palm [10]
was reported and subsequently deployed for mapping quantitative trait loci (QTL) responsible for
fruit characteristics and vegetative traits [15]. The effort was continued and expanded using various
DNA marker systems: random amplified polymorphic DNA (RAPD), amplified fragment length
polymorphism (AFLP), diversity arrays technology (DArT), simple sequence repeat (SSR), and single
nucleotide polymorphism (SNP) [10,16-21]. The reported QTL, however, were only applicable to a few
populations closely related to the mapping populations. In oil palm, the Deli dura that produces a
thick kernel shell, high bunch number, and high mesocarp oil content and is widely used in different
programs and subsequently has been developed in breeding populations to different sub-populations,
such as Johore Labis, Ulu Remis, and Gunung Melayu.

Mapping resolution, especially for complex traits (e.g., oil yield and disease tolerance), is limited
by insufficient recombination and a lack of statistical power within a small bi-parental family,
which usually consists of only 16 to 96 field-planted palms in which traits are recorded in breeding
programs. To improve mapping resolution, research efforts gradually shifted towards genome-wide
association studies (GWAS) to access total meiotic recombination accumulated in a large admixed
population. Nevertheless, the mapping method was of limited power until the reference E. guineensis
genome (AVROS pisifera), namely P5-build, was sequenced and made publicly available in 2013 [22].
We then reported the first GWAS for mesocarp oil content based on 2045 tenera oil palms [23] using
a high-density OP200K SNP array [24]. However, only 60% of the linked SNPs were located across
16 chromosomes (or pseudomolecules) of the reference oil palm genome, with the P5-build (2n = 32),
leaving room for improvement. The same limitations on GWAS were also observed in the date palm [25].
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A good genome assembly does not only rely on assembly of contigs into scaffolds but also the
placement and contiguity of scaffolds on chromosomes to form the physical map. To summarize
the latest status of assembled genomes of oil palm, coconut, and date palm (as available in National
Centre for Biotechnology Information; NCBI): 1535.18 Mb of P5-build oil palm genome first achieved
a chromosome coverage level with 43% of scaffolds anchored [22], although no improvement has
been published since 2013. On the other hand, the 2202.46 Mb of assembled coconut genome and the
772.32 Mb of assembled date palm genome have recently surpassed the oil palm genome, with 46% [26]
and 50% [25] of scaffolds anchored to the chromosomes. The genome size of oil palm is estimated
at about 1.8 Gb [27,28]. We previously reported on the possibility of further extending the physical
map of the current P5-build reference genome using one ultra-dense linkage map of a commercial
Deli dura x AVROS pisifera population, and the total length of additional scaffolds anchored in our
previous study has improved by 311 Mb [29]. Hence, our aim in this study was to maximize the
improvement of the oil palm genome assembly by integrating multiple linkage maps from various
origins. Here, we also report how the improved oil palm assembly, namely using Physical Map version
6 (PMv6), can serve as an important reference for comparative genomic studies among coconut and
date palms, with expansion to other Arecaceae members in the future.

2. Results

2.1. Construction of Multiple High-Density Oil Palm Linkage Maps

Three bi-parental populations, including the reported commercial Deli dura x AVROS
pisifera (295 tenera palms) [29], semi-wild Deli dura X Nigerian dura (112 dura palms),
and Johore Labis dura X Johore Labis dura (214 dura palms) were used to construct individual linkage
maps. We obtained 17 to 24 linkage groups (LGs; Table 1) with one to six chromosomes being
represented by two or three linkage groups representing the expected 16 major LGs for total oil palm
chromosomes number. The Johore Labis dura population showed the lowest number of linked SNPs
(6920 loci; due to the use of refined SNP chip of 20K loci), while the highest number of linked SNPs
(32,650 loci) was observed for the Deli dura x Nigerian dura population. The Deli dura x AVROS pisifera
map remained the densest with a mean inter-marker distance of 0.04 cM, as reported [29], compared to
the sparsest Johore Labis map (0.18 cM). In this study, a total of 11,421 common SNPs was identified and
adopted for integration of the multiple linkage maps.

Table 1. Statistics of linkage maps developed for each oil palm population.

Genome-Wide

Number Nu'mber Length of = Marker = Recombination Genome‘- WI.de
. . of Linkage . Recombination
Population of Linked Linkage Interval Rate of
Groups . Rate of PMv6
Markers (LGs) Map (cM) (cM) P5-Build (cM/Mb)
(cM/Mb)
Deli dura x AVROS pisifera * 27,890 19 1151.70 0.04 1.75 0.98
Deli dura x Nigerian dura 32,650 17 1646.95 0.05 2.50 1.40
Johore Labis dura 6920 24 1268.26 0.18 1.93 1.08

* previously reported [29].

2.2. Improvement of the Oil Palm Physical Genome Assembly by Integration of Multiple Oil Palm Linkage
Maps

Linkage-directed genome assembly improvement not only anchored previously unplaced scaffolds
to the pseudomolecules but also split and reassigned a range of the scaffolds flanked by N bases in the
published physical genome, P5-build [22]. The newly assembled genome, termed PMv6 with an N50
of 83.1 Mb, improved the scaffold assignment to oil palm pseudomolecules from 43% to 77% (1.2 Gb,
Figure 1). On average, each pseudomolecule in the PMv6 genome was assembled using 142 scaffolds
with an average length of 73.7 Mb, whereas only 19 scaffolds giving an average length of 41.1 Mb were
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reported in Singh et al., 2013 [22]. Chromosome 2 was also extended by 1.2-fold and now is the largest
pseudomolecule, accounting for 12% of the total PMv6 assembly length (Figure 1a,b).
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Figure 1. Refined assembly of oil palm genome (PMv6). (a) Chromosome length (Mb) comparison
between P5-build, Singh et al., (2013), and PMv®6 (this study). (b) Number of scaffolds from previous
physical map [22]) and the improved physical map developed in this study. (c¢) Buildup of PMv6 by
scaffold anchoring using multiple linkage maps; left panel represents the central combined linkage map
from three mapping populations, and the right panel shows the correlation plots of each populations’
genetic versus physical order; presented in the order of Deli dura X Nigerian dura (dura 1—green),
Johore Labis dura (dura 2—orange), and Deli dura x AVROS pisifera (tenera—blue) for Chromosome 2
and (d) Chromosome 7 as examples. (e) Genome-wide association studies (GWAS) Manhattan plot
for a commercial oil palm population for one of the oil yield trait [23] for the genome published by
P5-build. (f) GWAS Manhattan plot for the same commercial oil palm population for one of oil yield
trait after assembly improvement in this study, circle in red represent newly assigned and significant
SNPs. (g) Statistics of genomic features improvement after placement of scaffolds into chromosomes
for P5-build and this study.

In Figure 1c,d, we illustrate how the scaffolds were anchored to Chromosome 2 and 7 based on the
integrated linkage maps, and how they were validated by correlation between linkage and physical
positions (Figure 1c,d). The results show that assembly improvement using the commercial Deli dura
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x AVROS pisifera map [29] (blue) was only limited to one end of the pseudomolecule, especially on
Chromosome 7. Nevertheless, the shortcomings were solved when integrating the semi-wild Deli
dura X Nigerian dura map (green) and the Johore Labis dura map (orange). The sigmoidal curves of
Chromosome 2 and 7 clearly distinguishing both telomere regions from centromeric regions where
limited recombination events were observed. The correlation between linkage and physical positions
reached more than 0.90 in each mapping family, and the collinearity between each linkage maps
can be observed with consistence marker orderings within each LG. Similar results were observed
for the remaining chromosomes and are shown in Supplementary Figure S1. The details of total
SNPs residing within genomic scaffolds used to build PMv6 genome assembly can be found in
Supplementary Table S1. Using the correlation outputs, the genome-wide recombination rate was
estimated to be 1.15 cM/Mb, which is about half of the previously reported estimation based on the
P5-build genome [29] (Table 1). This investigation may infer overestimation of the recombination rate
in our previous estimation, mainly due to the length extension of the PMv6 genome assembly reported
here. Understanding recombination differences has distinct implications for population structure,
gene evolution, and genetic improvement [30].

The improved PMv6 genome was used to evaluate the improvement of mapping resolution of
the previously reported GWAS for mesocarp oil content [23], reducing the unmapped SNPs from
40% (37,003) (Figure le) to only 13% (12,175) (Figure 1f). The major QTLs still remain at Chromosome
5 and Chromosome 11, but the significance level on Chromosome 11 was increased to a —log p-value
= 5.9 from 5.2 and more SNPs surpassed genome-wide -log p-value cutoff at 4.0, due to SNPs newly
assigned to Chromosome 11, improving trait location. From the perspective of genomic features and
gene annotations, the PMv6 genome assembly now includes 5769 genes, 7705 protein-coding regions
(CDS), and 1563 non-coding RN A, which could not be placed into the P5-build genome (Figure 1g).
Interestingly, among the non-coding RNA, 48% of total predicted ribosomal RNA (rRNA) were mapped
for the first time in PMv6.

2.3. Comparative Genomic Analysis of Three Palm Species

The improved oil palm genome, PMv6 was subsequently used for genome comparison with
coconut [26] and date palm [25]. The results confirmed a high level of syntenic block conservation
between the oil palm and the other two palm species (Figure 2). For coconut, the 16 homologous
chromosome groups (2n = 32) appeared to be highly coherent with the oil palm genome, but we
observed possible fusion and fission event differences on oil palm-based Chromosome 2 (eg-2) and
10 (eg-10), respectively. Compared to coconut, a 30 Mb fragment of eg-2 fused with eg-7 accounts for
coconut-based Chromosome 2 (cn-2), suggesting a fission/fusion event since the separate evolution
of the two species. In a similar comparative way, a 20 Mb fragment of eg-10 has fused with eg-16 to
form cn-8.

In general, the genome conserved synteny between date palm and oil palm was more complicated.
By referring to Ziwen et al. (2015), oil palm and coconut were estimated to have diverged from date
palm approximately 62.5 million years ago [31]. Chromosome fusion/fission events between date
palm-based Chromosome 4 (pd-4) and pd-16 and between pd-1 and pd-10 may have led to formation
eg-1 and eg-2 in the oil palm genome, respectively. This possibly explains why date palm (2n = 36) has
two additional homologous chromosome groups compared to oil palm. In addition, pd-11 compared
to oil palm has two chromosome fragments with one of them fused with pd-12 to form eg-10 and the
remaining pd-11 fragment being maintained as eg-6 in the oil palm genome.

We then further compared the SHELL gene, which is a homologue of SEEDSTICK (NCBI Gene ID:
LOC105034563)—a type Il MADS-box transcription factor reported in oil palm (at 3.05 Mb of eg-2) with
the orthologs of coconut (at 116 Mb of cn-1) and date palm (at 38 Mb of pd-1). In the oil palm genome, the
pisifera allele (shtVROS)
shell surrounding the fruit kernel observed pisifera fruit [32] (Figure 3a). The analysis was also extended
to other candidate genes including Cytochrome P450 (CYP703) (LOC105059962), glycerol-3-phosphate

results in an amino acid change from lysine to asparagine, causing the absence of
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acyltransferase 3-like (GPAT3) (LOC105059961), Cytidine deaminase-like (CYT DA) (LOC105059743),
and Lonely-Guy (LOG) (LOC105055182) reported to be involved in sex determination of date palm [33].
All the candidate genes (except LOG, located at 10.86 Mb of eg-12) were located at 44—45 Mb of eg-10 in
the oil palm genome but have yet to have the scaffolds containing them placed in the date palm genome.

In Figure 3b, a phenogram based on the sex-determination-related LOG genes revealed that
coconut has the shortest evolutionary distance to oil palm followed by date palm, among other
monocots outgroup taxa (Figure 3b)

2.4. Oil-Palm-Guided Improvement of the Date Palm Genome

Due to the high levels of collinearity of gene order and genomic sequences between the palm
species, the PMv6 genome was adopted as a reference to improve the published genome assemblies of
date palm. We started with the earlier version, namely PDK_30 (GenBank assembly accession: GCA
000181215.2) [34]. Genomic scaffolds from date palm were tiled following oil palm ordering for each
pair of syntenic chromosomes, then the joined scaffolds were split if required following the published
date palm genetic map [35]. This resulted in anchoring 78% of scaffolds to the physical map from the
total length of the full assembly (381.5 Mb). The next test was performed on the more recent assembly
of date palm genome (GCA_009389715.1) [25] using the same approach. The second improvement was
not as apparent as the first version but did result in a total length of 458 Mb, equivalent to an extra 10%
of total scaffold length anchored to chromosomes, compared to the published assembly. The placement
of scaffolds in each of the date palm chromosomes extended their total length except for pd-10 and
pd-16 (Figure 4). The assembly improvement for both versions of the date palm genome were further
compared using date palm genetic markers [35] located within each assembly. An average correlation
of 0.80 was observed for the 18 chromosomes when comparing physical location of the genetic markers
between both improved assemblies, ranging from the lowest on pd-16 (r = 0.38) to the highest on pd-4
and pd-15 (equally r = 0.98) (Figure S2).

Figure 2. Synteny analysis including three palm species: oil palm (eg), coconut (cn), and date palm
(pd). Chromosome pairs with strong syntenic relations were linked by the same ribbon color.
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(a)
CLUSTAL 2.1 multiple sequence alignment
Elaeis_guineensis MGRGKIEIKRIENTTSRQVIFCKRRNGLLENAYELSVLCDAEVALIVFSSRGRLYEYANN
Cocos_nucifera MGRGKIEIKRIENTTSRQVIFCKRRNGLLHKRAYELSVLCDAEVALIVFSSRGRLYEYANN
Phoenix dactylifera MGRGKIEIKRIENTTSRQVIFCKRRNGLLEKAYELSVLCDAEVALIVFSSRGRLYEYANN
LA AR AR R R R R R R R R R Rl Rl H LA AR AR R R R R R R R R R Rl Rl

Elaeis guineensis SIRSTIDRYKKACANSSNSGATIEINSQQYYQQESAKLRHQIQILONANRHLMGEALSTL
Cocos_nucifera SIRSTIDRYKKACANSSSSGATIEINSQQYYQQESAKLRHQIQILONANRHLMGEALSSL
Phoenix dactylifera SIRSTIDRYKKACANSSNSSARIEINSQQYYQQESAKLRHQIQILONANRHLMGESLSSL

HHKKKKKAAARKKRIRRE K Ko RAA AR RARN 2 ko &

Elaeis_guineensis TVKELKQLENRLERGITRIRSKKHELLFAEIEYMOKREVELONDNMYLRAKIAENERAQQ
Cocos_nucifera TVKELKQLENRLERGITRIRSKKHELLFAEIEYMOKREVDLONDNMYLRAKIAENERAQQ
Phoenix dactylifera TVKELKQLENRLERGITRIRSKKHELLFAEIEYMOKKEVELQNDNMYLRAKIAENERAQQ

KKK KA AR KAARRK s AR s RAHARRKKARRRK KRR KR KK

Elaeis_guineensis AGIVPAGPDFDALPTFDTRNYYHVNMLEAAQHYSHHQDQTTLHLGYEMKADPAAKNLL
Cocos_nucifera AGIVQAGPEFDTLPTFDSRNYYHVNMLEAAQHYSHHQDQTTLHLGYEMKADPAAKTLL
Phoenix dactylifera AGIVPAGPEFDTLPTFDSRNYYHVNLLEAAQHYSQHQODQTTLHLGYEMKADPAAKNLL

HHRHK HHH o HK o HHHRK s AR AAK s AAAAAARK s AR AR RR KX
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Figure 3. High conservation of genes among palm species with minimal amino acid changes.
(a) Alignments of SHELL gene encoding for the layer of shell surrounding the kernel for oil palm and
the orthologues from coconut and date palm. (b) Phenogram tree for LOG gene orthologues, which play
a role in sex determination for date palms; orthologues of the gene among palms and other monocots
outgroup taxa were included.
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Figure 4. Oil-palm-directed date palm genome assembly improvement by length (Mb) across
18 pseudomolecules. Anchoring of scaffolds was performed on the two published assemblies of
date palm genome by Al-Dous et al. (2011) [34] and later by Hazzouri et al. (2019) [25].

3. Discussion

In our recent publication, we demonstrated an extension of 311 Mb of the published oil palm
pseudomolecules (P5-Build [22]) using a linkage map of a commercial Deli dura x AVROS pisifera
family (295 palms) [29]. In this study, we constructed two denser linkage maps from a semi-wild Deli
dura X Nigerian dura population (112 palms) and Johore Labis dura population (214 palms). The Deli
dura origin is derived from four palms planted at Bogor Botanical Garden in 1848 [36] and exhibits a
thick kernel shell, high bunch number, and high mesocarp oil content. It has become the most important
genetic resource for major breeding programs in Southeast Asia. Separate breeding programs using
Deli dura have led to sub-populations, such as Ulu Remis and Johore Labis [37]. Breeding history and
selection have likely resulted in the lowest number of linked SNPs and the lowest mapping density
being observed in the pure Johore Labis dura population (Table 1). To avoid inbreeding depression,
Sime Darby Plantation R&D also introgressed the Deli dura with a Nigerian dura to widen the genetic
base, reflected by the higher mapping density and number of linked SNPs observed.

By integrating the three linkage maps, a total of 11,421 family-transferable/common SNPs
were used to anchor 77% of the assembled 1.5 Gb genome, in order to generate the new oil palm
physical map, PMv6 (Figure 1), compared to 43% in the previously published P5-build physical map.
Using Chromosome 2 and 7 as examples, the quality of scaffold anchoring based on the integrated
linkage maps can be visualized and was validated through a correlation between genetic and physical
positions, allowing the recombination landscape throughout each chromosome to be determined
(Figure 1c,d). Species with larger genomes often have higher levels of recombination at the telomeres
and lower recombination in the heterochromatic and centromeric regions despite genes being present
within transposable element (TE) [38,39] clusters, as reported in wheat [40,41]. In such a scenario, a
sigmoidal curve of the recombination rate should be expected, but this was not clearly observed in both
chromosomes when assembled from the commercial Deli dura x AVROS pisifera map (blue), suggesting
only a partial improvement. However, the integration of the semi-wild Deli dura X Nigerian dura
map (green) and the Johore Labis dura map (orange) enabled extension of both chromosomes with a
sigmoidal curve of recombination from telomere-to-telomere, although whether this represents the full
chromosome needs further validation, through techniques such as Fluorescence in situ hybridization
(FISH) technique.

The PMv6 genome enabled an increase in the mapping resolution of the reported GWAS for
mesocarp oil content [23] by locating an additional 65% (24,828) previously unplaced SNPs (Figure 1f).
Among the total SNP markers mapped in PMv6 assembly, there are 32,552 SNPs located within
genic/non-coding RNA regions, equivalent to 25% of the total SNP assigned to scaffolds/genome
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sequence. Increased marker density allows better capture of linkage disequilibrium between origins
and render GWAS more powerful. Hence, PMv6 enables a more complete set of annotated genes and
non-coding RNA to be located that are potentially responsible for phenotypic changes residing within
QTL to be identified after conducting GWAS.

In general, most of the chromosomes between the oil palm, coconut, and date palm genomes
are highly syntenic (Figure 2). They also share agriculturally desirable traits, such as tall or short
varieties in coconut palm, which would be useful in oil palm and date palm. It would be possible
to use the causative gene from coconut to screen for allelic differences in the gene orthologues in
other species. For instance, the SHELL gene in the oil palm genome (eg-2) was found to be highly
conserved with the genomic sequence orthologs in coconut (cn-1) and date palm (pd-1). Only the oil
palm genome sequence carries sh4VROS variants causing the lysine-to-asparagine amino acid change,
which results in disruption of DNA binding within the MADS-box domain [32], thus no shell is found
in this pisifera oil palm. Indeed, two more fruit forms including thick-shelled dura (sh”¢i/shPei as
wild-type) and thin-shelled tenera (sh”¢" shAVROS) also naturally exist because of haploinsufficiency
effect on the SHELL gene [32,42]. The SHELL variants are extremely important for oil palm breeding,
because crossing between dura and pisifera (usually female sterile) produce tenera with fertility restored
and 30% more oil than the dura [43,44]. Unlike oil palm, shell-less fruits in coconut and date palm
have not yet been reported. The shell layer may be essential to coconut and date palm for maintaining
their endosperm moisture content to allow seed germination, especially in arid habitats. Consequently,
the mutation probably has been naturally selected out. Nevertheless, we still identified a strong
QTL for shell thickness of tenera oil palms located within 2.5 Mb to 3.9 Mb sharing the same region
with the SHELL gene on eg-2 [24], even when the later was fixed. Hence, the results obtained from
oil palm research could lead to the same region in coconut palm being screened for the orthologs
responsible for shell variation in coconut within cn-1 and eventually deployed in MAS for selecting
thicker- or thinner-shelled coconuts. Coconut shell normally occupies 15% of the total weight of a
fruit and approximately 9 million tons of coconut shell is globally produced as an agricultural waste
every year [45]. Nevertheless, the waste can be turned into activated charcoal and commands a
premium [46,47].

Oil palm and coconut are estimated to have diverged from date palm around 62.5 million year
ago [31]. Fission or fusion of two chromosomes into one or vice versa is known in many lineages [48];
this event is observed in this study too, whereby date palm has 18 pairs of chromosomes, while oil
palm and coconut have only 16 pairs. Torres et al. found that the sex-determination-related genes
are now located at 44-45 MB of eg-10 [33], where fusion between pd-11 and pd-12 probably occurred,
comparative to oil palm. This also suggests that eg-10 contains this cluster of key genes for inflorescence
gender and that the split into two chromosomes in the date palm may be an important event leading
eventually to a diecious palm. The finding is supported by a shorter evolutionary distance of LOG gene
(suppression on female inflorescence) between oil palm and coconut, compared to date palm (Figure 3b).
Of the three palms, date palm is the only diecious palm. The cycle of male and female inflorescences
of monoecious oil palm is mainly affected by environmental and genetic factors. Water stress and
excessive frond pruning lead to high induction of male inflorescences and abortion of both sexes when
the stress becomes extreme [49]. Understanding the genetic control underlying sex determination in
oil palm can provide a new avenue to address abiotic stress tolerance in oil palm. Understanding the
basis of inflorescence sex determination may allow breeding for specific environments, to optimize sex
ratio to the target environment, especially in the context of global climate change and of plantations in
drought-prone areas. In terms of aptitude for branching, date palm and sago palm can also propagate
vegetatively by producing suckers, which would be an extremely valuable trait in oil palm, where this
currently does not happen.

Only 19% of the scaffolds were anchored based on a linkage map of the Khalas cultivar to the first
date palm assembled genome, PDK_30 [34,35]. Subsequently, the genome has recently been greatly
improved to 50% anchored scaffolds of the expected 772.32 Mb genome size using third generation
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sequencing PacBio long reads by Hazzouri et al. [25]. In the present study, we have shown that the
new oil-palm-guided date palm assembly is still able to anchor a further 10% of scaffolds, and the
oil-palm-directed assembly is highly consistent with the latest date palm assembly. Hence, a full
utilization of available linkage maps, especially with high mapping density should be incorporated in
genome improvement. The oil palm PMv6 genome assembly can serve as a reference to date palm
and coconut, and to other palm members in the future. Moreover, based on the taxonomic distances
between oil palm and date palm, we would expect similar results from any palm species with a
divergence time less than 62.5 million years [31] ago within Arecoideae, a subfamily of Arecaceae that
consists of 107 species [50,51], using the oil palm PMv6 genome as a reference. Improved genome
sequences can in turn lead to crop improvement strategies for these important food, feed, and fuel
sources that will ultimately lead to the higher productivity required for agriculture to meet growing
demands in the years to come without the use of more forest land.

4. Materials and Methods

4.1. Mapping Populations and DNA Preparations

Three mapping populations from oil palm breeding populations of restricted origins (BPROs)
including the 295 commercial tenera palms derived from a Deli dura x AVROS pisifera family
(278 x TT41/4), previously described in Ong et al. [29], were used. The other two populations
were maintained as female parental breeding sources, namely the Deli dura X Nigerian dura and
Johore Labis dura X Johore Labis dura with population sizes of 112 and 214 individuals, respectively.
Leaf samples were collected from each palm planted in different breeding trials maintained by Sime
Darby Plantation Research and Development Centre, Sime Darby Plantation Sdn Bhd, Malaysia.
Fresh leaf tissue was sampled from the third frond of each palm. Samples of genomic DNA were
isolated from 0.1 g of the leaf tissue using the DN Aeasy Plant Mini Kit (Qiagen, Germany). The DNA
concentration and purity were quantified on a 0.8% agarose gel using known standards.

4.2. SNPs Identification and Genotyping

The extracted genomic DNA (25 ng/ul) samples from Deli dura x Nigerian dura and Deli
dura X AVROS pisifera were genotyped using the 200K SNPs included on the published OP200K
Infinium array (Illumina, USA) [24], and the population Johore Labis dura X Johore Labis dura was
genotyped using another 20K SNP panel, selected as a subset of the 200K panel on the Infinium iScan
platform according to the manufacturer’s recommendations. Raw genotyping data were analyzed
with GenomeStudio version 20011.1 with genotyping module version 1.8.4. Using a GenCall score
cutoff of 0.15, auto-clustering of the SNPs was done. The SNP clustering was confirmed manually by
visual inspection. The SNP calls were exported into the PLINK program for minor allelic frequency
(MAF) cutoff at 0.01 [52]. Polymorphic SNPs were identified where at least one of the parents was
heterozygous. Subsequently, the polymorphic SNPs were dropped where the call rate <95% or where
there was significant segregation distortion, using a false discovery rate (FDR)-corrected method with
an effective cutoff at p-value < 0.05.

4.3. Construction of Linkage Maps

All linkage maps were constructed using Lep-MAP3 [53,54] for large SNP datasets,
especially developed for outbred families such as oil palm with an underlying maximum likelihood
(ML) method. Filtering module was used for marker quality checking, followed by running the
SeparateChromosomes module for binning the assayed markers into linkage groups with optimized
LOD values ranging from 5 to 15 with intervals of 5. The JoinSingles module assigned singular
markers to existing linkage groups to maximize the map ability of the total input marker set.
Lastly, the OrderMarkers module ordered the binned markers according to the Kosambi mapping
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function for conversion of recombination frequencies into map distances (in unit centiMorgan, cM).
The option “sexAveraged = 1” was selected along with OrderMarkers to join the maps of both parents.

4.4. Anchoring of Scaffolds to Linkage Groups

Linked SNP markers (from OP200K) with flanking sequences of 60mers located in the oil palm
scaffolds (placed and unplaced in pseudomolecules) were identified using BLASTN [55] with e-value
cutoff at 1x 10 7Y and sequence identity at least of 95%. High-density linkage maps built from the
three mapping populations were merged using ALLMAPS assembly module, together with equal
weighting among the linkage maps [56]. Scaffolds were then ordered and orientated according to the
merged and weighted linkage maps, thus resulting in the new genome content. The same parameters
have been applied to date palm SNP markers with flanking sequences of 100mers to identify the
locations of the markers in two of the date palm genome versions.

4.5. Genome and Gene Comparisons

Palm genomic sequences were downloaded from NCBI. Alignments of the coconut [26] and date
palm [57] genome against the current oil palm genome (PMv6) was done using Nucmer, which is a
module developed in Mummer [58,59], an ultrafast sequences aligner, made for genome alignments.
The syntenic relationship between both oil palm and coconut chromosomal alignments were visualized
using the CIRCOS software [60]. Chromosome pairs with strong syntenic relations between oil palm,
coconut, and date palm were linked by same ribbon colors. Candidate genes of interest were also
aligned using multiple sequence alignment tool, clustalw [61,62] via translated protein and orthologs of
other closely related monocots as outgroup: asparagus (Asparagus officinalis), banana (Musa acuminata),
sorghum (Sorghum bicolor), corn (Zea mays), and turf (Oryza brachyantha) protein sequences were
identified from NCBI. The phenogram was build using neighbor-joining (NJ) with 1000 bootstrap
iterations and visualized using a phylogenetic tree viewer, namely Figtree (v1.4.4) [63].

4.6. Reconstruction of Date Palm Pseudomolecules

Mummer (Nucmer) output from the step above tiled the date palm’s query scaffolds according to
the sequence order in the newly extended oil palm pseudochromosomes. Those scaffolds were then
ordered and orientated into GenBank agp formats, and the pseudomolecules were built using the agp
module in ALLMAPS. SNP markers obtained from the published date palm genetic maps [35] were
aligned to the new pseudomolecules using the same BLASTN criteria, as above. The integration of
SNP marker locations in the genetic map against physical map location was plotted using ALLMAPs
path module. Chimeric contigs, which contained ambiguous markers that mapped to more than two
linkage groups, were then processed using the split module. Ambiguous short contigs were excluded
during the second round of rebuild of pseudomolecules by running the ALLMAPs path module again.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/11/1476/
s1, Figure S1: Integration of genetic with physical maps for oil palm, Chromosomes 1 to 16; Figure S2:
Correlation plots for locations of DNA marker located within date palm chromosome (pd-15) for genome
assembly improvement versions by Al-Dous et al. (2011) and Hazzouri et al. (2019); Table S1: Summary for
consensus map generated from multiple linkage maps and statistics for SNP markers and scaffolds used to build
genome assembly for PMv6. The assembled genome has been uploaded in NCBI with submission number:
SUB7516020/ BioProject: PRINA636092.
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