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 ABSTRACT 
 

Oil palm (Elaeis guineensis Jacq.) contributes 35% of global vegetable oil and has become the 

most important oil crop in the world. It occupies only 7% of total global oilseed-harvested 

land with 10 times more oil yield per hectare of cropland than any other oil crop. To further 

improve the superior oil yield, enormous efforts have been put into selective breeding 

programmes in the last eight decades. Nevertheless, the breeding progress of oil palm, like 

other perennial crops, is extremely slow (typically 12 years per breeding cycle) and costly. In 

this study, major QTL (quantitative trait loci) for trunk height (THT) and correlated yield traits 

were discovered in low trunk increment breeding populations using single nucleotide 

polymorphism (SNP) and simple sequence repeat (SSR) markers. Further understanding of the 

correlation between THT and oil yield traits, and the effect of cumulative positive alleles of 

QTL can significantly increase the success rate of multiple trait integration through MAS to 

produce high-yielding oil palms with low height increment. This compares to an estimated 1% 

probability of success using conventional breeding methods. Furthermore, illegitimacy in 

breeding crosses and commercial seed production can be a common problem, if 

mismanagement happens in controlled pollination (given that oil palm is a naturally 

outcrossing species) and seed processing. For perennial crops such as oil palm, the illegitimacy 

problem can easily badly effect a 12-year breeding cycle and illegitimacy can lead to a 25-year 

yield reduction in commercial planting. Therefore, a practical genomic SNP-based legitimacy 

testing method with accuracy >97% was developed as a standard quality control procedure 

for seed purity in breeding and commercial seed production. The method has also successfully 

addressed the inaccuracy and inefficiency of the conventional fruit census test for 

contamination. The overall objectives of this study and findings are reported in the thesis.  
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 THESIS STRUCTURE 
 

The thesis is comprised of Five Chapters and also reports on three published papers derived 

from the present research programme.  

 

1. Chapter 1: The section introduces the importance of oil palm as an oil crop, selective 

breeding and the constraints encountered by the industry. The scope includes 

introduction, problem statements, aims and objectives of this study.  

 

2. Chapter 2: The latest development of genomic technology in oil palm is discussed. The 

chapter also further explains how the technology can be translated to applications for 

selecting high-yielding oil palms as commercial planting materials.  

 

3. Chapter 3: Identification of genetic contamination in breeding populations is 

discussed and followed by the development of a practical SNP-based legitimacy 

testing method and compared to the conventional fruit census and the SHELL marker 

testing method.  

 

4. Chapter 4: After ensuring the genetic legitimacy of assayed breeding populations, 

investigation of the correlation between THT and other agronomical traits, and 

identification of major QTL for trunk height was performed. The findings provide 

important insights into multiple trait integration in oil palm breeding.  

 

5. Chapter 5:  The section provides a general conclusion by linking the development of 

genomics technology to selective breeding and commercial seed production in the oil 

palm industry.  
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 Chapter 1: INTRODUCTION 
 

1.1 Oil palm as a major oil crop 

Oil palm is a perennial flowering plant in the genus Elaeis and is one of the most important 

edible oil-producing members of Aracaceae (formally known as Palmea) family. The genus is 

primarily represented by two oil palm species; E. guineensis Jacq. and E. oleifera (HBK) Cortes 

that originated from West Africa and Latin America, respectively. Fruit kernel and mesocarp 

of both species can produce edible oil. To date, only the African oil palm is commercially 

planted outside of South America due to its superior oil yield with an average of 3.5 tonne 

hectare-1 year-1 in Malaysia compared to only 0.4 tonne hectare-1 year-1 produced by the Latin 

American species (Hardon, 1969).  

Nevertheless, the South American species performs better in term of oil quality 

including a higher content of carotene with average 4,592 ppm in comparison to E. guineensis 

which has a range of 400 – 1,000 ppm only (Yap et al., 1997). The E. oleifera oil is also highly 

unsaturated due to higher oleic and linoleic contents, reflected in high iodine value (IV) 

ranging from 70 – 93 compared to a range of 32 – 65 (Corley, 1979; Ong et al., 1981; Rajanaidu 

et al., 1989; Sharman, 1999). With oil quality >3,000 ppm carotene and >80 IV, the E. oleifera 

oil has a great potential to be directly exploited in pharmaceuticals without any further 

processing (Mohd et al., 2002). This species, however, is not preferred by the planters 

because of poor oil yield. Various interspecific hybridisation between E. guineensis  and E. 

oleifera (GxO) and backcrossing programmes were initiated to transfer the desirable traits 

from E. oleifera to the commercial E. guineensis (Amblard et al., 1995) and to retain high oil 

yield.  

To date, the programme has yet to be proven to be successful, mainly due to 

inconsistent interests of breeders, particularly in Africa and Southeast Asia. The breeders tend 



2 | P a g e  
 
 

 

 

 

 

to spend the same resources on further improvement of E. guineensis, rather than yield 

restoration through GxO hybrid and backcross programmes which require 12 years per 

selection cycle. Commercial E. guineensis is yielding 8 to 10 times more than other oil crops, 

making the oil palm species as the most efficient oil crop in the world year-1 hectare-1. This 

also explains why only 7% of total global oilseed-harvested land is occupied by oil palm yet 

35% of the global vegetable oils and fats is from palm oil (OilWorld, 2018). To retain this 

competitive advantage, constraints encountered in conventional breeding programmes need 

to be overcome, and genomics technologies can be one of the solutions.   

 

1.2 Oil palm breeding and its constraints 

The oil palm breeding programmes in Southeast Asia were solely initiated with the Deli dura 

which originated from the four palms planted in Bogor Botanical Garden in 1848 (Pamin, 

1998). The same population were subsequently shared by different breeding programmes 

and different selection criteria applied over a few generations, leading to genetic 

differentiation between subpopulations, with each subpopulation termed a Breeding 

Population of Restricted Origin (BPROs) (Rosenquist, 1986). For instance, The Ulu Remis (UR) 

origin was selected for high bunch number and sex ratio (the ratio of female inflorescences 

to total inflorescences on a palm) in Marihat Baris, Sumatra (Hartley, 1967). By contrast, the 

Johore Labis (JL) origin was selected in Socfindo, Sumatra for bigger bunches (high bunch 

weight) and thinner fruit shell, instead of bunch number. Selection for low height increment 

and high oil-to-mesocarp ratio was also conducted by a Swiss company to form the Gunung 

Malayu (GM) origin in 1919 (Corley and Tinker, 2003).  

Three fruit forms, namely dura, tenera and pisifera are naturally found in the African 

origin, whereas only one dura-like fruit form is present in the American origin. In Africa, owing 

to the poor performance of the available thick-shelled dura palms, thin-shelled tenera with 

greater mesocarp oil yield was adopted. This has paved the way for a series of test crosses 
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among dura, pisifera and tenera, eventually leading to confirmation of the single gene 

inheritance of the shell thickness trait in 1941 (Beirnaert and Vanderweyen, 1941). In Figure 

1, thick-shelled dura have thinner mesocarp, thus produce lower overall mesocarp oil, 

whereas shell-less pisifera are usually female sterile. The cross between dura (Sh+ Sh+) and 

pisifera (Sh- Sh-) results in 100% thin-shelled heterozygous tenera (Sh+ Sh-) with increased 

mesocarp oil yield and restored fertility. Therefore, the major companies in Southeast Asia 

subsequently introduced the AVROS pisifera from Africa to be crossed with the existing Deli 

dura to produce commercial tenera planting materials in this region. The effort has paid off 

with a 30% increment in commercial oil yield per hectare realised after switching to tenera 

planting in the 60’s  (Corley and Tinker, 2003; Hardon et al., 1987). Nevertheless, this 

complicated the oil palm breeding programmes by requiring the separate development of the 

Deli dura and the AVROS pisifera as maternal and paternal parent, respectively.  

 

 

Figure 1: The single gene inheritance of shell thickness of oil palm 
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 Two crossing schemes i.e. reciprocal recurrent selection (RRS) and family-and-

individual palm selection (FIPS) are generally adopted in oil palm breeding. The RRS for elite 

dura and pisifera palms mainly depends on breeding values (BVs) determined by progeny 

testing, while the FIPS is directly based on the best performance of individual palms (Corley 

and Tinker, 2003). As described earlier, the breeding programmes in Southeast Asia was 

dominated by the Deli dura origin before 1960s, thus FIPS was the best method to improve 

oil and bunch yields at that time. Each selection cycle typically requires 12 years (50% time 

spent for phenotyping) to complete. The application of RRS was then used to determine 

general combining ability (GCA) and specific combining ability (SCA) between the Deli dura 

and the AVROS pisifera (DxP) families. Breeders are unable to produce all DxP combinations 

with a large population size for progeny testing, simply due to resource limitation where only 

136 – 148 palms are usually planted in a hectare of land. This may result in the best 

combinations not being detected, and eventually hinder the breeding progress (Hardon, 

1970). Hence, most of Malaysian breeding programmes have shifted back to FIPS to focus 

more on GCA to reduce dependency on progeny test, but selection response for those traits, 

such as FFB (fresh fruit bunch) with poor heritability is usually compromised. To improve this, 

DNA marker development has taken place to identify QTL for traits in oil palm since the 90’s; 

however, most of the findings are still in the discovery phase. 

Furthermore, incorrect parentage due to genetic (usually pollen) contamination can 

be a problem for oil palm breeding programmes. Controlled pollination is essential to ensure 

the DxP progeny testing reflects the true families or origins. However, genetic contamination 

cannot be totally avoided in controlled pollination and seed production (Corley, 2005), so a 

robust quality control method should be always in place. Currently, the conventional fruit 

census (fruit cross-section) refers to the presence of a fibre ring around the kernel and shell 

thickness to determine genetic purity of a DxP family. Any unexpected pisifera and dura palms 
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from a DxP family are identified as non-tenera contamination, but the fruit census is laborious 

and only feasible when the palms start fruiting at 2 – 3 years after field planting. For 

commercial planting, in field detection happens too late to replace those contaminants, with 

an ensuing long-term yield loss throughout the 20-25 years of production lifespan. To solve 

the problem, novel mutations in the SHELL gene responsible for fruit form (dura, pisifera or 

tenera) could be used as DNA markers for early detection of non-tenera contamination at the 

nursery stage (Singh et al., 2013a). Still, the conventional fruit census and the SHELL testing 

both have the same limitation, which is the inability to detect illegitimate tenera derived from 

incorrect DxP parentage.  

 

1.3 Trait preference shift in oil palm breeding 

As described earlier, the breeding objectives in oil palm still mainly focus on oil yield in the 

mesocarp and kernel to maximise plantation profit. In the past 10 years, acute labour 

shortage for collecting FFB and loose fruit in the fields has become a major problem, thus 

breeders are shifting their focus for harvestability traits. For example, foreign labours 

represents over 70% of the total 491,339 workforce of oil palm plantations in Malaysia, 

reflecting alarmingly dependency on migrants, mainly supplied from Indonesia, Bangladesh, 

the Philippines, Thailand and Myanmar (Hanim, 2012). This foreign workforce is keener to 

serve the oil palm plantations in their home countries for similar or higher wages. During the 

COVID-19 pandemic period, the problem has become worse because of government 

restrictions on employment of foreign workers. Developing problems with labour and 

adjustments to plantation management practice to account for these partly explains the 

stagnant oil yield in Malaysia, even though superior planting materials are available in the 

country. Sarawak might incur up to a RM1 billion loss per year in uncollected FFB because of 

labour shortage, ranging from 15 to 20% (Diana, 2013) across plantations. Some 
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mechanisation has been introduced to harvest FFB, but the commercial applicability is still 

very limited. 

Therefore, low height increment or the ‘dumpiness’ trait has become the second most 

agriculturally important trait in oil palm, after oil yield. The oil palms with low THT can ease 

FFB harvest in the field. Interestingly, the trait is also reported to reduce the risk of fruit 

damage when the FFB hit the ground, leading to higher quality of the oil extracted (Hadi et 

al., 2009). This motivates breeders to revisit their low height increment breeding populations. 

One of them is Deli dumpy E206, which had unusual large girth and slow stem height 

increment. The self-pollinated progeny of Deli dumpy E206 was found to be uniformly short, 

indicating that the trait was highly inheritable (Jagoe, 1952). The materials were then included 

in many breeding programmes, especially in Southeast Asia. For example, low height 

increment of dumpiness was retained in the Deli dura with a three-quarter dumpy ancestry x 

AVROS pisifera (Soh, 1981). Another similar breeding programme is being conducted in Sime 

Darby Plantation R&D Centre by using the AVROS pisifera with 25% dumpy origin (known as 

dumpy AVROS; DAV) as a pollen source to pollinate another short-stem GM dura population 

in order to further accelerate the THT reduction of tenera. However, the inheritance of 

dumpiness trait is yet to be reported from this breeding programme. 

 

1.4 Multiple trait integration into oil palm breeding and towards marker-

assisted selection 

The oil palm industry, especially in Malaysia is experiencing labour shortages which have 

become more severe than other producing countries. Hence, the breeding objective of 

superior oil yield needs to be expanded to integrate other traits, such as low THT and short 

frond length (FL) (small canopy) for vegetative compactness to improve harvest and field 

management efficiency. Multiple trait integration in oil palm has gained breeder’s attention 

in recent years, but it is challenging. In many cases, breeding fitness of a cultivar may drop 
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when introgression from non-elite of germplasm takes place. This is mainly due to linkage 

drag of unwanted effects from the wild donor of non-targeted genes or QTL linked to the 

targeted genes. The only solution is to perform rounds of selection and backcrossing cycles 

with sufficient progeny to identify the recombinants without unwanted linkages to restore an 

elite background. Nonetheless, the phenotypic-based selection in perennial crops, such as oil 

palm is extremely costly and time consuming. The environmental effects on 

polygenic/complex traits including oil yield and THT are also prominent, presenting a great 

challenge in capturing the genetic effects for crop improvements. By locating the QTL 

underlying the targeted traits, the breeders can adopt these QTL as DNA markers to quickly 

detect and select the best combinations of alleles from each cross at seed stage. The 

conventional phenotyping cycles eventually can be minimised dramatically using the MAS 

programmes in oil palm. The reported studies are promising, but mainly stop at discovery 

phase.  
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 AIMS AND OBJECTIVES 

The research project therefore aims to develop a baseline for genetic discoveries for 

agronomic traits and translation to applications in oil palm breeding and seed production.  

Aims and objectives below is structured into five chapters.  

 

1. To understand the latest development of genomics study and its applications in oil 

palm industry. An overview of oil palm breeding and DNA marker development for 

QTL mapping is reported and published.  

 

2. To identify ‘hidden’ tenera and dura contamination in oil palm using SNP markers. A 

SNP-based legitimacy array which consists of 200 genomic SNP markers was 

developed and has proven to be efficient in detecting both tenera and dura 

contamination. The testing method for genetic purity control in oil palm is reported 

and published and has since been fully implemented as a quality control measure in 

Sime Darby Plantation Seed production.  

 

3. To investigate genetics of THT and correlated agronomical traits in two low height 

increment breeding populations. Correlations between THT and oil yield traits, and 

their QTL were used to develop a method for multiple trait integration. The findings 

are reported and published.  

 

Chapter 1: INTRODUCTION  

 

Chapter 2: APPLICATIONS OF GENETIC TOOLS IN OIL PALM BREEDING 
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This chapter reviews the challenges encountered in oil palm breeding programmes and the 

potential solutions reported in the research community.  

 

1. To understand the fundamentals of oil palm breeding programmes and their 

challenges 

 

2. To assess the latest development of genomic technology in oil palm and other 

organisms 

 

3. To propose MAS programmes and deployment in oil palm breeding programmes   

 

Chapter 3: A PRACTICAL GENOMIC SNP-BASED LEGITIMACY TEST METHOD FOR OIL PALM 

BREEDING AND SEED PRODUCTION 

Without a good control of genetic purity, any breeding programme and commercial seed 

production programme may end with failure. This chapter includes the development of a 

practical genome-enabled legitimacy test using SNP markers, with specific objectives given 

below. 

 

1. To evaluate an existing legitimacy testing method using SHELL markers to the gene 

that determines the fruit forms 

 

2. To develop and evaluate a new genomic SNP-based legitimacy testing method 

 

Chapter 4: MAJOR QTL FOR TRUNK HEIGHT AND CORRELATED AGRONOMIC TRAITS 

PROVIDE INSIGHTS INTO MULTIPLE TRAIT INTERGRATION IN OIL PALM BREEDING 
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The genetic legitimacy of two breeding populations (GM and GM x DAV) with low height 

increment was confirmed and subjected to QTL mapping for THT and other correlated 

agronomic traits. The specific objectives under this chapter are given below.  

 

1. To evaluate the trait variation in reduced THT between a GM x GM population and its 

GM x DAV tenera progeny 

 

2. To conduct QTL mapping for THT and THT-correlated agronomic traits in GM x GM 

population using a high-density OP200K genotyping SNP array (Kwong et al., 2016) 

and SSR markers 

 

3. To consolidate the identified QTL for selected traits and MAS to accelerate reduced 

height breeding programmes with better trait predictability   

 

Chapter 5: GENERAL CONCLUSIONS  
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 Chapter 2: APPLICATIONS OF GENETIC TOOLS IN OIL PALM 

BREEDING 

 

2.1 Introduction 

Oil palm breeding was first started in Africa with the objective to obtain high-yielding oil palms 

for commercial planting. A codominant inheritance of shell thickness was discovered from a 

series of test crosses among dura, tenera and pisifera (Beirnaert and Vanderweyen, 1941) 

when breeders in Africa looked for alternative breeding material that can perform similarly 

to the superior Deli dura palms in Southeast Asia. A cross between thick-shelled dura and 

shell-less female-sterile pisifera produces 100% thin-shelled tenera, due to higher mesocarp 

percentage and oil yield, with full fertility. Consequently, an immediate 30% mesocarp oil 

increment was achieved in 1960s when the commercial Deli dura planting was shifted to DxP 

planting in Southeast Asia (Corley and Tinker, 2003; Hardon et al., 1987).     

 Two selection schemes including FIPS and RRS are commonly practised in oil palm 

breeding. Interestingly, FIPS was sufficient to select the best Deli dura palms based on their 

parent’s phenotypic performance. The Deli dura population and the AVROS tenera/pisifera 

population were maintained separately after the introduction of DxP breeding programmes. 

Therefore, RRS has taken place since then to evaluate SCA and GCA between the Deli and the 

AVROS parents through progeny testing (Corley and Tinker, 2003). The RRS, however, is costly 

(only 136 – 148 palms planted in a hectare of land) and requires two generations, with more 

than 20 years to complete a selection cycle. The first decade is just to propagate both the 

maternal Deli and the paternal AVROS parents, respectively, and followed by subsequent 10 

years for progeny testing between the parents. During the process, some elite parents may 

not be available anymore because of disease or aging, so they are usually replaced by their 

siblings by practice, unfortunately dilutes the detection power of SCA. Most breeding 
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programmes in Malaysia decided to put more focus on GCA evaluation through FIPS, so that 

the progeny testing can be minimised. In return, selection response for those traits with poor 

heritability, like FFB and stress tolerance is usually ineffective, and this only can be 

compensated by more selection cycles. Understanding of the QTL underlying agronomic traits 

for MAS programmes thus has become essential, allowing early selection of elite parents with 

potentially reduced progeny testing in oil palm. 

 Rapid advancement in genomics and DNA sequencing technologies have revealed the 

light at the end of the tunnel. Whole-genome sequencing is now mature enough to present 

the complete DNA repertoire of an organism’s genome, distributed in the nucleus, 

mitochondria and chloroplasts. By aligning individual genomes, the genetic polymorphism in 

populations becomes accessible to study the inherited differences in genic or other portions 

of the genome which are directly responsible for phenotypic variants, influencing an 

individual’s risk of disease and/or fitness in the environment. For instance, the three billion 

DNA base pairs (bp) of the Human genome were successfully sequenced and completed in 

2003 under the Human Genome Project (HGP). With the published genomes, the HGP has 

facilitated the discovery of more than 1,800 disease-related genes in humans. Similar 

achievements are also reported in plants, such as rice (Oryza sativa L.) under the International 

Rice Genome Sequencing Project (IRGSP). To follow the same path, the oil palm genome was 

sequenced and become publicly available in 2013 (Singh et al., 2013b). The published genome 

sequence has become an important reference for genetic discovery programmes that are 

critical to expedite breeding progress in oil palm.  

 

2.2 Methodology  

The methodology used in this chapter is mainly based on literature search, discussions with 

colleagues and stakeholders in the oil palm industry. Experience from previous studies in Sime 

Darby Plantation R&D Centre is also shared. The breeding history of oil palm was compiled to 
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further understand how two breeding programmes i.e. RRS and FIPS were started and are still 

being implemented until now. By knowing the pros and cons of each approach, MAS can be 

incorporated properly to solve the main problems in oil palm breeding i.e. costly phenotyping 

and low selection response. Also, from previous research experience, genome-wide 

association study (GWAS) and genomic selection (GS) for oil yield traits has proven to be 

feasible in oil palm breeding. This serves as a useful reference to further extend the single-

trait selection to multiple trait integration programmes. 

 

2.3 Results and discussion 

With a reference genome, whole-genome resequencing is the most comprehensive and cost 

effective method to measure polymorphism in the genome (Feuillet et al., 2011). The 

common polymorphisms, including SNP and SSR are readily discovered and widely used as 

molecular markers due to their high abundance, polymorphism, reproducibility and 

codominance. In oil palm, Sime Darby Plantation R&D Centre resequenced a pool of 132 

individual palms representing 59 important breeding populations (E. guineensis and E. 

oleifera). The effort has yielded more than seven million raw SNP markers and a total of 

200,000 quality-tested SNPs were selected to develop a high-density Illumina OP200K SNP 

array (Kwong et al., 2016). According to the minimal LD decay of 19.5 Kbp observed among 

the assayed oil palm populations, the OP200K SNP array with an average density of one SNP 

for every 11 Kbp provides an excellent mapping resolution for linkage mapping and GWAS.  

 The OP200K SNP array was utilised to construct an ultrahigh-density linkage map of a 

commercial Deli dura x AVROS pisifera family (Ong et al., 2019). The map comprised of 27,890 

linked SNPs, spanned a total map length of 1,151.7 centiMorgan (cM) with an average interval 

of 0.04 cM and was the densest linkage map for oil palm ever reported at that time. The same 

linkage map was also used to extend the published physical map (Singh et al., 2013b) from 

685 Mbp to 969 Mbp by anchoring unplaced scaffolds to the pseudo-molecules. To date, most 
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of the QTL mapping works in oil palm were based on the linkage analysis, but linkage-based 

mapping resolution for complex traits is usually limited by small mapping populations in 

breeder’s fields (Billotte et al., 2010; Montoya et al., 2013). A big step forward for oil palm 

breeding came when the first GWAS for high mesocarp oil yield using the OP200K SNP array 

and the reference oil palm genome was reported in 2016 (Teh et al., 2016). Unlike linkage 

analysis, GWAS accesses total meiotic recombination accumulated in a large population 

because of evolution to increase mapping resolution. The GWAS for mesocarp oil yield was 

based on a discovery population with 2,045 tenera palms. The short-range LD distance 

allowed good localisation of candidate genes for the tested traits. A major QTL for mesocarp 

oil yield was found on Chromosome 5 in both Deli dura x AVROS pisifera population and 

Nigerian dura x AVROS pisifera population (Figure 2).  
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Figure 2: Genetic stratification and genome-wide association study for mesocarp oil yield of 

2,045 tenera palms representing Deli dura x AVROS pisifera population and Nigerian dura x 

AVROS pisifera population. (a) Neighbour-joining tree constructed based on genetic distance. 

Group I and group II are Deli dura x AVROS pisifera population and Nigerian dura x AVROS 

pisifera population. (b) A Manhattan plot of compressed mixed linear model (MLM) for Deli 

dura x AVROS pisifera population. (c) A Manhattan plot of compressed MLM  for Nigerian dura 

x AVROS pisifera population, based on Teh et al. (2016) 

 

 For MAS deployment, predictability of breeding value probably remains poor if the 

identified major QTL only explains small part of the phenotypic variation. Therefore, GS was 
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then evaluated in order to consolidate the total genetic effect throughout the genome 

relative to a targeted trait, whereas all QTL are expected to be in LD with at least one marker 

(Goddard and Hayes, 2007). The first GS study in oil palm using low-density SSR markers was 

reported (Cros et al., 2015b), and continued with reciprocal genomic selection based on 

simulated SNP genotypic data (Cros et al., 2015a). A further investigation of GS for a 

quantitative shell thickness trait (as shell-to-fruit ratio, S/F) in 312 tenera palms was carried 

out using empirical genotypic data generated from the OP200K SNP array (Kwong et al., 2016). 

Surprisingly, the predictive ability was high (based on correlation between genomic estimated 

breeding value, GEBV and the observed S/F = 0.74). Nevertheless, the values generated from 

linkage analysis, GWAS and GS will only be realised if they can be effectively deployed through 

MAS in oil palm breeding programmes.  

 Only a few major QTL are used in traditional MAS owing to the expense of genotyping 

cost, but the genetic gain can be small (Dekkers, 2004). Indeed, GS is an expanded form of 

MAS which covers the genome-wide breeding values of complex traits to maximise the 

predictive accuracy (Goddard and Hayes, 2007). Both identified QTL and GS models can be 

harmonised for optimising the marker density used for routine genotyping. The outcome is 

to break the bottlenecks in the selection cycle and land use. In Sime Darby Plantation R&D 

Centre, the company has successfully translated the genetic discoveries to deployment in oil 

palm breeding programmes and commercial seed production since 2016. The target is to 

achieve more than a 15% increment in oil yield of commercial DxP planting materials.      

 

2.4 Conclusion and key recommendation for future works 

The developments in molecular technology and genomics during the past decade have 

enabled significant improvement in throughput coupled with a reduction in costs for genome 

sequencing as well as genetic marker assays. Concurrent improvement in bioinformatics tools 

that allow detailed quantitative genetic analyses for large datasets means that the oil palm 
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industry now has access to the tools to develop and deploy molecular markers for selection 

of the best planting materials. The critical success factors for this technology to provide the 

much needed yield improvements in coming years will be the adaptation of molecular 

breeding with the planted trials and commercial seed production. This will be necessary to 

enable both marker discovery/development process and optimisation of future breeding 

programmes in order to realise the potential increase in breeding efficiency and desirable 

trait combinations possible through MAS.  

 

2.5 Published book chapter contributing to the objectives in Chapter 2 

Teh C K, Kwong Q B, Ong A L, Mohaimi M, Sukganah A, Chew F T, Mayes S, Appleton D R, 

Harikrishna K (2017): Application of genomic tools in oil palm breeding. In Soh A C, Mayes S, 

Robert J A (eds) Oil Palm: Genetics and Genomics. CRC Press, Boca Raton, pp 246 – 256  
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9.4 APPLICATION OF GENOMIC TOOLS IN OIL PALM BREEDING 

Chee Keng Teh, Qi Bin Kwong, Ai Ling Ong, Mohaimi Mohamed, Sukganah Apparow, 

Fook Tim Chew, Sean Mayes, David 

Ross Appleton, and Harikrishna Kulaveerasingam 

 

 

9.4.1 Conventional Breeding Programs 

9.4.1.1 Breeding Selection 

Oil palm breeding programs were first initiated in Africa with the objective to obtain high-yielding materials 

for commercial planting. In the early years, apart from the Department of Agriculture in Malaysia, almost all 

the breeding programs were carried out by private plantation companies. One of the major challenges for the 

breeding of perennial crops is to achieve sufficient selection intensity and reasonable breeding gains while 

maintaining genetic variability for selection gains in the development of future generations. Owing to the poor 

quality of the available dura origins in Africa, tenera thin-shelled fruiting palms were adopted, making way 

to a series of carefully conducted crossing experiments that led to the discovery of the single gene inheritance 

of the shell thickness trait in 1941, from various test crosses made between dura, tenera, and pisifera 

(Beirnaert and Vanderweyen 1941). The study also found that the cross between dura and pisifera produced 

100% tenera, which was the best combination for high oil yield due to a higher bunch number and thicker 

mesocarp. To date, the same approach is still being practiced for selecting the elite dura and pisifera parents, 

based on the performance of their dura × pisifera (tenera) progeny. 

 

 

FIGURE 9.7 Conventional selection schemes in oil palm breeding. RRS—reciprocal recurrent selection; FIPS—family-and-
individual palm selection; GCA—general combining ability; SCA—specific combining ability. 
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9.4.1.2 Constrains 

Two selection schemes, that is, reciprocal recurrent selection (RRS) and family- and-individual palm selection 

(FIPS) are generally deployed in oil palm breeding. Figure 9.7 illustrates current breeding practice in oil palm. 

FIPS predominantly relies on the selection of individual palms with the best performance, while RRS is based 

on the breeding values determined by progeny testing (Corley and Tinker 2003). Each scheme indeed has its 

pros and cons and many plantations in effect practice a combination of the pure approaches, partly due to the 

female sterility present in many pisifera origins. Unlike the African-based populations, the Deli palms derived 

from four dura palms planted at Bogor Botanical Garden in 1848 (Pamin 1998) exhibit better trait uniformity, 

thicker mesocarp, high bunch number, and high mesocarp oil yield. The oil palm breeding programs in 

Malaysia thus emphasized the genetic improvement of the Deli dura population through pedigree selection 

to produce high-yielding commercial dura materials until the 1960s. At that time, FIPS was the best method 

to improve yield and bunch component traits by selecting dura palms based on their phenotypic performance 

with no requirement in dura parents to evaluate their combining abilities. The dura × pisifera planting material 

was only accepted in Southeast Asia after its success in Africa. The commercial dura × pisifera breeding 

programs kept the Deli dura populations and AVROS tenera/pisifera populations separate. Owing to the 

direct evaluation of breeding values through progeny testing, RRS permits the exploration of specific 

combining ability (SCA) as well as general combining ability (GCA). However, the scheme requires a large 

progeny-testing population (Rosenquist 1990) derived from a small number of parents. Large-scale 

combinatory crossing for the evaluation of individual dura and pisifera combinations is not feasible due to 

resource limitation. This may then result in the best combination for GCA and SCA not being detected, which 

can hinder genetic improvement (Hardon 1970). RRS requires two generations of more than 20 years to 

complete a selection cycle. One generation is to propagate the Deli parents and the AVROS parents, 

respectively, followed by another generation of progeny testing between the parents. The breeders may lose 

some of the elite Deli and AVROS parents due to aging, disease infection, etc. after the completion of a 

selection cycle. This has become a more significant issue recently with the growing problem of Ganoderma 

infection and basal stem rot losses within palm stands. As a solution, selected palm sibs are often used to 

replace lost palms for the next cycle based on GCA, which unfortunately dilutes the power of RRS. Most 

breeding programs in Malaysia have shifted back to FIPS, focusing on GCA to reduce the dependency on 

progeny testing. However, the selection response for this method is usually lower particularly for those 

phenotypes with poor heritability, such as fresh fruit bunch (FFB). FIPS requires more selection cycles, even 

though the interval per cycle is shorter in comparison to RRS. In recent decades, DNA markers have been 

employed to identify QTLs for traits of interests in oil palm. By accessing the level of genetic polymorphism 

in the genome, palms that possess particular combinations of desired QTLs could be selected at the nursery 

stage. By using the trait-linked markers, breeders can reduce conventional phenotyping cycles and also enrich 

for the best combinations of alleles from each cross. So far, genetic marker development in the oil palm 

industry is still in its discovery phase. This chapter discusses both genetic discoveries and more importantly 

their applications to oil palm breeding programs and seed production. 

 

 

9.4.2 Boom in DNA Sequencing 

9.4.2.1 Whole-Genome Sequence 

Whole-genome sequencing is a laboratory process that can reveal the complete DNA repertoire of an 

organism’s genome, distributed in the nucleus, mitochondria, and chloroplasts. Sequencing of individual 

genomes provides a better understanding of genetic variation both within and between species. The genetic 

polymorphism in populations of an organism becomes extremely important when the inherited differences in 

genic or other portions of the genome are found to be directly responsible for phenotypic variants, influencing 
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an individual’s risk of disease and or affecting their fitness in the environment. Hence, whole-genome 

sequencing is the essential step to localize DNA variants that may contribute to both major and minor genetic 

effects of the targeted phenotypes, followed by a systematic and complete functional characterization of the 

genome. The three billion DNA base pairs (bp) of the human genome were sequenced and completed in 2003 

under the Human Genome Project (HGP), an international public project led by the United States. With the 

published genomes, the HGP has facilitated the discovery of more than 1800 disease genes. The scientific 

communities are seeking to duplicate the same achievements in agricultural crops. As for commercial crop 

genomes, rice (Oryza sativa L.) was first sequenced and published by The International Rice Genome 

Sequencing Project (IRGSP) in 2000. A series of genome improvements were subsequently achieved, by 

correcting the reassembly, with a reduction in redundancy and an increase in genome completeness. The 

current release of the rice genome 7.0 was published in the Rice Annotation Project Database 

(http://rice.plantbiology.msu.edu/annotation_pseudo_current.shtml) in 2012. A total of 373.2 Mbp of non-

overlapping rice genome sequence and 55,986 genes (loci) from the 12 rice chromosomes were reported. This 

represents only a slight increment in genome size and number of identified genes compared to release 4.0 

(372.1 Mbp and 42,653 genes) (Ouyang et al. 2007), suggesting that saturating coverage of the genome has 

been achieved. The oil palm, as the most traded and dominant source of vegetable oil production in the world, 

was only sequenced and became publicly available in 2013. As for the 1.8-Gbp oil palm genome, 1.535 Gbp 

of assembled sequence and transcriptome data from 30 tissue types were used to predict at least 34,802 genes 

(Singh et al. 2013b). About 53% of the genomic scaffolds are represented in a physical map with 16 linkage 

groups, which are equivalent to the chromosome pairs (diploid number, 2n = 32) in oil palm. The genome 

appears to be of medium size among monocotyledons. It is larger than banana (0.60 Gbp) (Sagi et al. 2005) 

and soybean (1.15 Gbp) (Swaminathan et al. 2007), but smaller than barley (5.00 Gbp) (The International 

Barley Sequencing Consortium, 2012) and maize (2.30 Gbp) (Messing et al. 2004). The published genome 

sequence has become an important reference for genetic discovery programs that are critical to expedite 

breeding progress in oil palm. 

 

9.4.2.2 Resequencing of Various Palm Populations 

With the existence of the reference genome, whole-genome resequencing is the most comprehensive and cost-

effective method to discover or capture polymorphism in the genome (Feuillet et al. 2011). The polymorphism 

can be categorized as either large or small variations caused by different mutation mechanisms. The popular 

SNPs and SSRs are widely utilized as molecular markers due to their high abundance, polymorphism, 

reproducibility, and codominance. Resequencing of pooled individuals provides a quick genome-wide 

polymorphism survey at very moderate cost and is also useful for the estimation of allelic frequencies, which 

is essential for population genetic studies. However, this approach does not permit LD analysis, compared to 

individual resequencing. At the Sime Darby Plantation R&D Centre, 132 individual oil palms (E. guineensis 

and E. oleifera) belonging to 59 diverse populations were pooled for resequencing, followed by further 

individual sequencing of 55 representative palms (one palm per population). The pooled sequencing data 

yielded more than seven million raw SNPs. About one million of the E. oleifera-specific variants were then 

separated out, based on the individual sequence data. After considering good sequencing depth from the 

pooled sequencing data, about three million high-quality SNPs were identified for further analysis and 

validation. The genome and SNP sequence data were then available to facilitate an understanding of the 

genetic basis of underlying QTLs of important agronomic traits in oil palm 

 

 

9.4.3 Development of DNA Markers 

DNA markers, such as RFLP, AFLP, and RAPD, were initially developed to evaluate the genetic diversity of 

http://rice.plantbiology.msu.edu/annotation_pseudo_current.shtml
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oil palm germplasm (Shah et al. 1994; Barcelos et al. 2002) and to construct linkage maps (Mayes et al. 1997). 

Attention then shifted rapidly to multiallelic SSR markers, which were derived from genomic libraries and 

EST databases (Billotte et al. 2001; Ting et al. 2010), but this method only provides medium mapping 

resolution and throughput. The publication of the oil palm genome, together with the reduced cost of high-

throughput resequencing provided a better opportunity for high-density SNP and SSR detection in oil palm. 

In the last decade, high-density genome-wide SNP arrays have been developed for many crops and livestock 

species, including rice, corn, cattle, horse, and salmon. The first SNP genotyping array for oil palm was a 

4.5K custom Illumina SNP array, which has been proven to be useful in the construction and comparison of 

linkage maps (Ting et al. 2014). Nevertheless, the density of genome coverage of the array for association 

analysis may be inadequate, especially in highly heterogeneous populations. Hence, a higher-density Illumina 

OP200K SNP array consisting of 200,000 SNPs was designed from the three million loci detected in the 

resequencing data and successfully validated in various populations using different genetic analyses (Kwong 

et al. 2016; Teh et al. 2016). According to the minimal LD decay of 19.5 Kbp observed among the oil palm 

populations examined, the OP200K SNP array with one SNP every 11 Kbp, on average provided excellent 

mapping resolution for linkage analysis and genome-wide association study (GWAS). 

 

 

9.4.4 Development of DNA Markers 

9.4.4.1 Linkage Mapping 

Methods of genetic mapping were developed to localize genes responsible for traits on the basis of a 

correlation between phenotype and DNA variation in an unbiased fashion. The first genetic map of fruit flies 

was successfully constructed through linkage analysis in 1913 (Sturtevant 1913). The method involves 

characterizing the meiotic recombination events in a family (mapping population) through analysis of the 

combination of markers (phenotypic or genetic) transmitted from the parents. DNA markers that show strong 

correlation to the trait variation (showing “linkage”) are expected to reside close to the genes controlling 

variation in the trait. The QTL localization for heritable traits is still mainly dependent on family-based 

mapping methods. A linkage map with 576 SSR markers and an additional 102 diversity arrays technology 

(DArT) markers was constructed at Sime Darby for a commercial cross of Deli dura × AVROS pisifera 

(branded as Calix 600) using the regression model implemented in JoinMap4 (van Ooijen 2006) at a LOD = 

5.0 threshold, using Kosambi’s distances. The map consisted of 23 linkage groups, spanning 1308 cM with a 

2.1 cM average mapping interval (unpublished), which was one of the densest maps for oil palm at the time. 

However, the mapping resolution, particularly for complex traits (e.g., oil yield and disease tolerance), was 

still limited by insufficient recombination within these small populations (Billotte et al. 2010; Montoya et al. 

2013; Jeennor and Volkaert 2014). More than 1000 seeds are usually obtained from a single cross of oil palm, 

but only 16–96 palms are planted and trait-recorded in field trials. The same problem with limited family 

sizes was also a limitation of linkage analysis in humans, especially for non-Mendelian diseases in the 

twentieth century (Altshuler et al. 2008). 
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FIGURE 9.8   Genetic stratification and genome-wide association study for mesocarp oil content (%) of 2045 individuals 

representing Deli × AVROS and Nigerian × AVROS. (a) Neighbor-joining tree (NJ) constructed based on genetic distance. 

Group I and group II are Deli × AVROS and Nigerian × AVROS. (b) Manhattan plot of compressed MLM model for Deli 

× AVROS. (c) Manhattan plot of compressed MLM model for Nigerian × AVROS. (Based on Teh et al. 2016.) 

 

9.4.4.2 GWAS and GS 

The reference oil palm genomes (Singh et al. 2013b) and high-density OP200K genotyping array (Kwong et 

al. 2016) has enabled the first GWAS of mesocarp oil content (%) in oil palm (Teh et al. 2016). Unlike linkage 

analysis, GWAS provides access to the total meiotic recombination accumulated in a large population during 

evolution to increase the mapping resolution. The GWAS was carried out on 2045 tenera palms using the 

OP200K array. In order to maximize the mapping resolution, the discovery population was selected based on 

short-range LD distance, which is inherited with long breeding cycles and heterogeneous breeding 

populations. Figure 9.8 shows a genetic stratification and association study for mesocarp oil content. Deli × 

AVROS and Nigerian × AVROS palms were grouped through genetic clustering analysis (Figure 9.8a) and 

subjected to phenotype–genotype association analysis independently using a simple linear model, but 

genomic inflation was still unsatisfactorily high. The false positives were then significantly reduced in Deli × 

AVROS (GIF = 1.1) and Nigerian × AVROS (GIF = 1.9) populations using a compressed mixed linear model 

with population parameters previously determined (P3D) (Zhang et al. 2010). A total of 62 and 18 significant 

association signals for mesocarp oil content (%) were detected in Deli × AVROS (Figure 9.8b) and Nigerian 

× AVROS (Figure 9.8c), respectively, according to whole-genome significance thresholds (log10 p-value 

≥4.0; Bonferroni’s log10 p-value ≥7.0) (Teh et al. 2016).  

The major association peaks observed in Chromosome 5 had not been reported in any previous QTL 

linkage studies. The GWAS results also revealed potential genes responsible for variation in mesocarp oil 

content (%) of the oil palm populations. GWAS effectively identifies only the major QTLs that exceed the 

genome-wide significance threshold. The predictability of breeding value remains poor if these QTLs only 

contribute small effects to the complex traits. Hence, GS was then investigated to evaluate the total genetic 
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effects of the entire genome relative to a trait, whereas all QTLs are expected to be in LD with at least one 

marker (Goddard and Hayes 2007). In order to achieve this, the GS accuracy in an oil palm population using 

a low density of SSR markers was first reported (Cros et al. 2015b) and the work was continued with 

reciprocal recurrent genomic selection (RRGS) based on simulated SNP markers (Cros et al. 2015a). 

With the generated genotypic data, a further investigation of GS accuracy was subsequently carried out for 

the quantitative residual shell thickness variation (percent shell-to-fruit within tenera shell-types, S/F%) trait 

in 312 tenera palms using the high-density OP200K SNP array (Kwong et al. 2016). The prediction accuracy 

was surprisingly high (correlation between genomic estimated breeding value [GEBV] and observed S/F% 

trait = 0.74), even with a small training set. Figure 9.9 shows a strong correlation between predicted GEBV 

and observed S/F%. This is the value that tells a breeder how a palm will be expected to perform in the field 

according to the genomic profile. GWAS and GS clearly provide the foundation for marker-assisted selection 

(MAS); however, the value of this can only be realized if they can be effectively deployed in oil palm breeding 

programs. 

 

 

9.4.5 Marker Application to Oil Palm Breeding 

9.4.5.1 Marker-assisted Selection 

MAS has been extensively implemented in animal and plant breeding, but the increases in genetic gain have 

been small when using only a few major QTLs (Dekkers 2004). GS indeed is an expanded form of MAS by 

covering the whole genome so that breeding values of complicated traits can be predicted more accurately 

(Goddard and Hayes 2007). As a cost-optimized solution, both methods could be combined to optimize marker 

density for routine genotyping. The identified QTLs and GS model can break the cycle time and land use 

bottlenecks of RRS and FIPS by early selection at the nursery stage leading to a reduction in the number of 

progeny testing in the field. In Sime Darby Plantation R&D Centre, a large F2 progeny test population (∼1000 

palms/trial) derived from multiple Deli dura × AVROS pisifera crosses was used as a training set for GWAS and 

GS modeling of oil yield traits. Figure 9.10 shows the scheme for selection of the best palms from current commercial 

material. All germinated Deli dura and AVROS pisifera seedlings in the F3 were screened and selected based on the 

genetic profiles of the training set; thus allele dropout should be minimal. Only those dura and pisifera seedlings that 

potentially contribute the best enrichment of beneficial alleles to their future progeny were field planted. More 

importantly, the breeders could now assess SCA between dura and pisifera parents in the F3 to produce high-yielding 

tenera planting materials, without the need of another round of progeny testing. The new MAS model effectively 

maximizes the genetic gains of oil palm in half the selection cycle compared to conventional selection methods. 
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FIGURE 9.9 Representative regression plot of genomic estimated breeding value (GEBV) and observed shell thickness 

trait variation within tenera for the validation set. The correlation coefficient between GEBV and the observed trait was 
0.74 with 55% of the variation explained for this representative case. (Based on Kwong et al. 2016.) 

 

 

FIGURE 9.10 Marker-assisted selection (MAS) in oil palm selection schemes. SCA—specific combining ability. 

 

 

9.4.5.2 “Genome Select” 

The retrospective validation of the MAS program in oil palm will still require two phenotyping cycles. 

However, by using the same genetic findings, short-term selection response is measurable within a generation 



26 | P a g e  
 
 

 

 

 

 

of tenera. A modified GS model for oil yield traits was deployed to “Genome Select” the highest yielders out 

of Sime Darby’s commercial seeds. If the selection response is high, the selected palms should have a yield 

potential significantly better than the unselected base population, provided the base population possesses 

sufficient phenotypic and genetic variation. The idea indeed originated from “The Breeder’s Equation,” which 

is 

 
R  hS 

S is known as selection differential, indicating the difference between population mean of all potential 

parents before selection and the population mean of the actual selected parents that will be used to generate 

the next generation. The h2 is heritability for a trait and R is the selection response, which is the change in 

means between the population before selection and the population in the next generation. In this relationship, 

the h2 of a trait is the link between the within-generation change S and the between-generation change R. 

However, the commercial tenera palms are basically the end products of breeding and hybridization, so h2 may 

be less relevant to the Genome Select program. A new selection response Ra only measures the mean 

differences within the same generation. In this scenario, the main component by which Ra differs from S is 

the slope of GS regression line between the GEBV and observed traits, instead of h2, reflecting the accuracy 

of selection using GEBVs. According to the 0.65 prediction accuracy observed for total oil yield per palm 

using a carefully selected and optimized SNP panel, yield potential increment greater than 16% is expected by 

planting the selected best predicted performance palms from the current best commercial tenera population. 

Figure 9.9 shows the expected effect of genome selection on current commercial materials. Composite Figure 

9.11 gives details of the implementation of the Genome Select approach. Testing and selection has been 

conducted at sufficient scale for commercial fields in multiple locations (Figure 9.12a). Practical tools, such as 

barcode labeling, database, and barcode reading system, were developed to allow sampling, genotyping, and 

selection on this scale (Figure 9.12b and c). The prospective validation will be feasible once the phenotyping 

cycle is complete, but early indications should be available within the first three years of yield recording. 

 

9.4.6 Conclusions 

The developments in molecular technology during the past 10 years have enabled significant improvements in 

throughput combined with a reduction in costs for genome sequencing as well as genetic marker assays. 

Concurrent developments in bioinformatics tools that allow detailed quantitative genetic analysis of large 

datasets means that the oil palm industry now has access to the tools to develop and deploy molecular markers 

for the selection of the best planting materials. The critical success factors for this technology to provide the 

much needed yield improvements in the coming years will be the harmonization of molecular breeding with 

the planted breeding trials and commercial seed production. This will be necessary to enable both the marker 

discovery/development process and optimization of future breeding programs in order to realize the potential 

increase in breeding efficiency and desirable trait combinations possible through MAS. 
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FIGURE 9.11    Example of “selection response” of the genome selected materials compared to the unselected base 

population. μ0 is the yield mean of the unselected base population (blue curve). μ* is the yield mean of the top-30% 
genome selected population (red curve). S is selection differential. Ra is selection response within generation using GS. 

 

 

FIGURE 9.12 Deployment of Genome Select on the current best commercial tenera population. (a) Tested and barcoded 

seedlings were planted at the nursery; the genome selected individuals were transplanted to the commercial field. (b) 

Barcode labelling system was introduced. (c) Barcode reading system was developed as a smartphone app to retrieve palm 

biodata at nursery for selection purposes, including the predicted GS value of the individual palm. 



28 | P a g e  
 
 

 

 

 

 

 Chapter 3: A PRACTICAL GENOMIC SNP-BASED LEGITIMACY TEST 

METHOD FOR OIL PALM BREEDING AND SEED PRODUCTION 

 

3.1 Introduction 

Oil palm is an out-pollinating, but monoecious crop. As discussed in Chapter 2, the oil palm 

breeding programmes maintain the maternal Deli dura and the paternal AVROS pisifera, 

separately. The elite parents are selected through progeny testing to produce high-yielding 

commercial tenera seeds. Hence, controlled pollination is essential to ensure the crosses 

reflect the true families or backgrounds. Nevertheless, complete avoidance of illegitimacy in 

oil palm is almost impossible, because pollination errors including late bagging, inflorescence 

bag damage and contaminated pollen source are still evident in oil palm breeding and seed 

production, with the introduction of the pollinating weevil (Elaeidobius kamerunicus) 

increasing the transfer into improperly bagged inflorescences (Corley, 2005). Occasionally, 

hermaphrodite flowers also cause the same problem through self-pollination (Beirnaert, 

1935).  

 Conventionally, genetic purity of seed lots in oil palm breeding and seed production is 

monitored based on fruit cross-section to determine the presence of a fibre ring around the 

kernel. A DxP cross theoretically produces 100% tenera due to the codominant monogenic 

inheritance of fruit forms (Beirnaert and Vanderweyen, 1941). In this case, any unexpected 

dura and pisifera palms present in the DxP crosses are considered as non-tenera 

contamination. Nevertheless, the fruit census is only feasible when the palms start fruiting 2 

– 3 years after field planting; the process thus is laborious, costly and does not easily allow 

errors to be corrected.  The yield loss due to planting of non-tenera commination can be long 

term, up to 20 – 25 years when the replacement of contamination is not economically viable. 

As an estimation, every 1% dura contamination may cost RM178.9 million year-1 (USD 45.6 
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million year-1) in Malaysia, given a 25% oil loss produced from dura, compared with tenera 

fruits. The problem has become alarming, when average of 10.7% non-tenera contamination 

estimated throughout Malaysia’s smallholder plantings (Ooi et al., 2016).  

 As a solution, novel mutations in the SHELL gene responsible for the fruit forms in oil 

palm have been found (Singh et al., 2013a) and developed as DNA markers for early 

elimination of the non-tenera contamination before field planting. However, both 

conventional fruit census and the SHELL markers are unable to detect illegitimate tenera 

palms derived from the incorrect DxP crosses, and also do not provide information to trace 

the main cause of illegitimacy. Aside from the commercial yield loss, tenera illegitimacy 

(whether accidental or deliberate) is believed to have a further negative effect on future 

generations of selective breeding, such as producing confused interpretations in breeding 

trials. In this research programme, a decision was made to develop a robust genomic SNP-

based legitimacy assay after observing illegitimate palms in the assayed mapping populations. 

The primary objective of this study is to develop a practical assay for legitimacy using an 

optimised SNP density, followed by implementation as a commercial quality tool.  

 

3.2 Methodology 

A total of 1,000 palms with known fruit forms were used to determine the detection accuracy 

of the legitimacy testing method developed in this study. In the population, two commercial 

Deli dura x AVROS pisifera half-sib tenera families (Family A and Family B) and a Deli dura 

family (Family C) were used to simulate possible contamination types in the field/production 

pipeline. The legitimacy assay development was started with 1,000 genomic SNP markers 

which were selected from the OP200K Infinium array (Illumina, San Diago, CA, USA) (Kwong 

et al., 2016) to form a smaller genotyping panel, namely GS1000TM. In addition, pedigree 

records of the assayed populations were also validated through the SHELL marker test. For 

simulation purposes, Family B and Family C were considered as tenera and dura 
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contamination, respectively for Family A. The legitimacy test was then performed using an in-

house developed programmes, termed LegiPerl 1.0. The test result generated using the 

GS1000TM panel was benchmarked to further reduce the marker density. Detection accuracy 

of each test was quantified according to the illegitimate palms which could be distinguished 

from the reference.  

 

3.3 Results & Discussion 

The result indicates that the GS1000TM panel can easily discriminate the dura contamination 

(Family C) (Figure 3). The genomic SNP-based legitimacy test is solely based on identity by 

descent of markers, which can still be present even with correct prediction of fruit forms due 

to origin-specific alleles on the SHELL gene. Furthermore, the legitimacy test also successfully 

distinguished the Family B as tenera contamination from Family A, while the conventional 

fruit census and SHELL test would wrongly declare that the mix of Family A and Family B were 

legitimate. Marker density was also successfully reduced to 200 SNP markers, which provides 

a similar detection power to the GS1000TM panel. Apart from marker density, sampling 

schemes, such as ISO-2859-3 series are also available to define statistically valid sample size 

for a seed lot, instead of testing every single cross. With this, the legitimacy test developed in 

this study as now been practically implemented commercially and deployed in breeding 

programmes and seed production for Sime Darby Plantations.  
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Figure 3: Legitimacy reference based on the parentage of Family A at illegitimacy-indicative 

SNP threshold=3% (the dotted red line), based on Teh et al. (2019 (Accepted))  

 

3.4 Conclusion and key recommendation for future works 

The genomic SNP-based legitimacy test can distinguish both dura and tenera contamination 

at or before the nursery stage. With the optimised 200 SNP panel coupled with a suitable 

sampling scheme, implementation of the legitimacy test can achieve more than 97% 

detection accuracy and serve as a standard quality control procedure for seed purity in 

breeding programmes and in commercial seed production. Without the access to pedigree 

records and parent palms, the SHELL test is still a powerful tool for the smallholders to 

eliminate the dura contamination prior to field planting. For perennial crops such as oil palm, 
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illegitimacy problem can readily result in major impacts to a 12-year breeding effort and for 

commercial palms, a 25-year reduction in oil yield potential due to contaminants. Therefore, 

genetic purity and good agricultural practises should be treated as being equally important to 

ensure the highest oil productivity of the oil palm industry into the future.  

 

3.5 Published journal article contributing to the objectives in Chapter 3 

Teh C K, Lee H L, Hafiza A, Ong A L, Mayes S, Chew F T, Appleton D R (2019): A practical 

genome-enabled legitimacy assay for oil palm breeding and seed production. BMC Plant 

Biology 19, 470.doi.org/10.1186/s12870-019-2062-x 
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 Chapter 4: MAJOR QTL FOR TRUNK HEIGHT AND CORRELATED 

AGRONOMIC TRAITS PROVIDE INSIGHTS INTO MULTIPLE TRAIT 

INTERGRATION IN OIL PALM BREEDING 

 

4.1 Introduction 

Oil palm is the most efficient oil crop in the world and produces 10 times more oil than 

soybean per hectare of crop land. Since the start of oil palm breeding programmes, oil yield 

improvement in the kernel and mesocarp has been the major interest of the industry, to 

maximise plantation profit. However, a shift of trait preference is occurring as labour 

shortages for collecting FFB and loose fruits have become evident, especially in Malaysia. This 

partly explains why the national oil yield in Malaysia has been stagnated for many years, even 

though high-yielding planting materials are produced in the country. To ease harvest 

operations, some mechanisation has been introduced, but the commercial value is still very 

restricted due to poor height uniformity of oil palms and unsuitable planting terrain.   

 Hence, the oil palm breeders are keen to integrate reduced trunk height (THT) and 

frond length (FL) through selection to produce compact oil palms. A direct benefit is to 

improve the harvest efficiency in the field, while shorter FL allows higher planting density 

from 138 up to 180 palms per hectare (Barcelos et al., 2015) to obtain higher FFB yield per 

area. Currently, two major short THT breeding materials, including Gunung Melayu (GM) and 

Dumpy AVROS (DAV), are maintained in Sime Darby Plantation R&D Centre and are being 

evaluated in trials. Lee and Pang (2000) reported that no significant difference in THT was 

observed between GM x AVROS pisifera and its commercial DxP control. Hence, the company 

decided to pursue hybridisation between GM and DAV, aiming to increase the reduction in 

THT. However, evaluation of this material is yet to be reported. 
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In other crops, agronomic fitness of a cultivar usually drops when introgression takes 

place due to linkage drag by the inferior effects of non-target genes or QTL linked to the genes, 

which are often inherited from the wild donor (Young and Tanksley, 1989). Furthermore, 

when selecting for multiple complex traits, breaking the linkage drag in perennial crops such 

as oil palm via conventional breeding programmes is always restricted by small progeny size 

with 16 – 96 palms planted per cross. With a planting density of 136 – 146 palms per hectare 

of crop land, trial maintenance is too costly and labour intensive to normally allow large 

planting of progenies. This is where the MAS can help. The objectives of this study include (1) 

to evaluate the trait variation in low height increment between GM x GM population and its 

GM x DAV tenera progeny, (2) to localise QTL for THT and other correlated agronomic traits 

in the GM x GM population and (3) to consolidate the identified QTL for selected traits for 

MAS to accelerate short THT breeding programmes with better trait predictability.  

 

4.2 Methodology 

Two low trunk height increment breeding populations, namely GM x GM (n = 113 palms) and 

its GM x DAV progeny (n = 70 palms) maintained at Sime Darby Plantation R&D Centre, 

Selangor, Malaysia were proven to be legitimate using the developed legitimacy test (in 

Chapter 3) and selected for this study. Yield recording and bunch analysis were performed 

according to the industry standard (Blaak et al., 1963) with modifications (Rao et al., 1983) 

when both populations reached three years old. For THT and other vegetative traits, the 

recording were done twice at 7 and 14 years after field planting using the default method 

(Corley et al., 1971). Presence of low THT and short FL were then determined by comparing 

the GM x GM population and the GM x DAV population to their respective DxP control planted 

in the same trials. A high-density linkage map of the GM x GM population was successfully 

constructed using the OP200K SNP array (Kwong et al., 2016) and in-house developed SSR 

markers. The map served as a reference to localise the QTL for the recorded traits. From the 
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analysis, the major QTL for THT, FL and total oil yield per palm (O/P) traits were identified, 

and followed by definition of positive alleles and threshold of cumulative effects of the 

positive alleles on each trait. Eventually, the threshold numbers of positive alleles and mean 

trait values were used to perform palm selection for multiple traits visualised on a scatter plot 

between traits.  

 

4.3 Results & Discussion 

To address the first objective, low THT and short FL traits were found to be heritable from GM 

and DAV origins. The result supports the idea that both THT and FL traits of a tenera 

population can be reduced through the hybridisation between the two origins, instead of 

using a single genetic donor, such as the GM origin reported earlier (Lee and Pang, 2000). 

Besides, the correlation analysis among the traits revealed several interesting insights:  

 

1. Significant correlations between the derivative traits and associated component traits 

validated the robustness of the trait data. 

 

2. The correlations between independent traits support meaningful biological 

interpretations, such as a decline in number of fruitlets formed in a bunch perhaps 

caused by diluted pollination efficiency of weevils when too many female 

inflorescences developed in an area.    

 

3. Trunk growth is not linear across palm ages, which agrees with a previous study in oil 

palm (Henson, 2006). The mature palms tend to grow taller to compete for sunlight, 

so the genotype x environment effect on THT might complicate the oil yield at the 
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post-mature stage. This may explain the lack of a clear correlation between the 14th 

year THT and the early oil yield traits taken before 7 years after field planting.  

 

 

The second objective was achieved. A total of 22,190 linked SNP markers were mapped 

to a high-density linkage map of the GM x GM population. The map with an average mapping 

interval of 0.05 cM spanned a cumulative length of 1,618.51 cM. However, QTL localisation 

on such high number of markers in a cross-pollinating population (CP) using MapQTL®6 

programmes is technically not feasible (Van Ooijen, 2009). This study has provided a solution, 

which is reducing the number of linked markers at the threshold of mapping interval <10cM. 

The result is promising and major QTL for THT, FL and O/P traits were identified (Figure 4). 

Interestingly, one of the major QTLs locating on linkage group LG9 is likely the hotspot of 

pleotropic effects, including THT, FL and O/P, supported by the significant correlations among 

the traits. More importantly, the cumulative effect of quantitative alleles for each QTL now is 

ready to be used in MAS either for single-trait or multiple-trait selection. For a multiple trait 

integration programme in oil palm, this probability of success makes it close to ‘impossible’ 

to break the linkage drag, especially if the current breeding approach of using limited family 

size (usually not more than 96 palms assessed per cross) remains unchanged. With the help 

of MAS, breeders now can fully utilise the best 1% selection (10 – 15 palms selected from a 

full screening on 1,000 – 1,500 seeds per cross, which is often achieved in a mature fruit 

bunch).  
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Figure 4: Distribution of quantitative trait loci (QTL) for trunk height in 2008 (THT_2008), frond 

length (FL) and total oil yield per palm (O/P) on a linkage map of GM x GM population. KW 

significant – Kruskal-Wallis at the p = 0.005 threshold; GW significant = genome-wide 

logarithm of odds, to the base 10 (LOD) = 4.0 threshold; putative – 2.4 ≤ LOD ≤ 4.0 threshold; 

* non-cofactor, based on Teh et al. (2020) 

 

4.4 Conclusion and key recommendation for future work 

The reduced THT and FL traits carried by GM and DAV origins has been investigated in this 

study, showing good potential for selective breeding. Furthermore, a good understanding of 
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the correlation among the agronomic traits and the effects of the cumulative positive alleles 

of QTL pave the way for oil palm breeders to conduct multiple trait integration through the 

MAS method, particularly to produce high-yielding short or compact oil palms. Now, with a 

1% probability of success in multiple trait integration, future trials need to be saturated with 

elite palms selected from a large starting population. Meanwhile, non-linear THT growth 

across developmental stages should also be taken cautiously, depending on the breeding 

objectives. 

 

4.5 Published journal article contributing to the objectives in Chapter 4 

Teh C K, Ong A L, Mayes S, Massawe F, Appleton D R (2020): Major QTLs for trunk height and 

correlated agronomic traits provide insights into multiple trait integration in oil palm breeding. 

Genes 11, 826.doi: 10.3390/genes11070826  
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 Chapter 5: GENERAL CONCLUSIONS 

 

An overview of key findings and milestones achieved within and across chapters is visualised 

in Figure 5. Some key messages are emphasized below:  

 

1. Breaking the bottleneck: Conventional oil palm breeding is progressing at ‘a snail’s 

pace’ compared to annual crops, mainly due to a lengthy breeding cycle and expensive 

progeny testing. To overcome this bottleneck, the industry begun exploring MAS in oil 

palm breeding in the 1990s. Since then, DNA marker development has grown 

enormously, but most of the markers developed rarely make it past the discovery 

phase into MAS deployed in a breeding programme. Historically, low genotyping 

throughput has only permitted limited QTL discovery and deployment, which 

compromises the predictive ability for traits of interest, making the MAS commercially 

unattractive to the industry. However, this limitation does not hold true anymore 

given the recent rapid advancement in genomics and DNA sequencing technologies. 

High throughput and accurate DNA sequencing have built a strong foundation to 

maximise the predictability for a trait based on the whole-genome assessment. The 

oil palm industry indeed has deployed single-trait MAS (or GS) to their breeding 

programmes and commercial seed production in oil palm. The result is promising, but 

the main interest still remains on oil yield-related traits.   

 

2. Do-it-right: Illegitimacy can cause significant losses in oil yield potentially and breeding 

efforts (also effecting QTL mapping), but the industry usually chooses to ignore the 

problem. This happens because the conventional fruit census is not accurate in 

detecting the genetic contamination and consistently underestimates the seriousness. 

In this study, a genomic SNP-based legitimacy test was successfully developed and has 
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been deployed as a standard quality control tool in oil palm breeding and commercial 

DxP seed production for Sime Darby Plantations. Without the access to the parental 

palms, farmers can still use the SHELL test to eliminate the dura contamination. For 

commercial seed producers, the legitimacy testing method is highly recommended to 

detect the tenera contamination which is due to errors or mixed pollen sources which 

cannot be detected using the SHELL test and conventional fruit census. 

 

3. Model for expansion: The rapid change in environment and market will require oil 

palm breeding to be more agile and resilient. Hence, oil yield improvement alone will 

not be sufficient to serve the purpose. In this study, a multiple trait integration using 

MAS has been developed in a low height increment breeding population (GM x GM). 

The result clearly reveals the presence of linkage drag between antagonistic traits (O/P 

against THT and FL) and it constrains multiple-trait selection based on current progeny 

population size. In this study, the MAS approaches have extended the possibility for 

breaking the unwanted linkage drags, even where the desired genotype is only 

expected to occur at frequency of 1% in a cross, through genotyping at the seedling 

stage of all progeny (generally 1,000 – 1,500 per cross).  

 

By linking all three chapters, this research provides an important framework/model to 

translate fundamental plant science from genetic discoveries in the lab to field application in 

MAS deployment and to further expand the MAS for multiple trait integration. With these 

efforts, the oil palm breeding programmes will be more agile and resilient to the rapid change 

of environment (e.g. climate change) and market (e.g. labour shortage). In this case, high-

yielding and low THT planting material apparently will be one of the game changers for the 

oil palm industry in the near future.   
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Figure 5: An overview of key findings and milestones achieved within and across thematic 
areas in this research programme  
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