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ASSOCIATION OF SNP MARKERS WITH
HEIGHT INCREMENT IN MPOB-ANGOLAN
NATURAL OIL PALM POPULATIONS
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ABSTRACT
Low height increment is one of the desired traits in oil palm breeding and improvement programmes, as
dwarf palms facilitate fruit harvesting and extend the economic life of the crop. In this study, 346 natural
oil palms collected from Angola and maintained by the Malaysian Palm Oil Board (MPOB) were used.
Analysis of variance (ANOVA) for height increment showed a significant difference (P < 0.001) among
families in populations, indicating substantial genetic variation for marker-trait association study. We
applied nine carefully selected single nucleotide polymorphism (SNP) markers to genotype the oil palms
via cleaved amplified polymorphic sequence (CAPS) method. Population structure analysis involving 18
SNP alleles divided the palms into two sub-populations, with no obvious relative kinship (values < 0.3).
For association analysis between the SNP markers and height increment, three models were tested. The
incorporation of population structure (Q) and relative kinship (K) as correction factors in the model had
helped reduce false positive associations. Generally, the mixed linear model (MLM) with Q + K exhibited a
more stringent model with less spurious associations detected. Based on this model, one significant marker
SNPG00006_Fat! corresponding to indole-3-acetic acid (IAA)-amido synthetase gene was identified to be
associated with height increment (P < 0.05). The marker, although potentially specific to MPOB-Angolan

germplasm, can assist in introgressing the dwarf phenotype into advanced breeding materials through

marker-assisted selection (MAS).
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INTRODUCTION

Oil palm (Elaeis guineensis Jacq.) is the most
important crop in Malaysia, being planted on over
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80% (5.74 million hectares) of the total agricultural
land use for commodity crops (6.91 million hectares)
(MPOB, 2016; MPIC, 2016). Despite numerous efforts
to improve the crop’s productivity, challenges in
harvesting ripe bunches from old palms still persist.
Thus, one of the major thrusts in breeding is to
reduce height increment rate of palms from 40 to
75 cm per year to below 30 cm per year (Kushairi
et al., 2011; Rajanaidu et al., 2000). One of the ways
to do this is to introgress the trait from germplasm
samples into commercial materials.

Malaysian Palm Oil Board (MPOB) owns
the largest oil palm germplasm collection in
the world. The phenotypic evaluation revealed
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selected MPOB-Angolan palms with annual height
increment of only 20 to 30 cm and showing high
yields (Kushairi et al., 2003). However, introgressing
this economically important trait into the present
planting materials through conventional breeding
will take an exceedingly long time. This is because
oil palm is a perennial species. One breeding cycle
of oil palm takes 10 years (Rajanaidu et al., 2000).
Thus, the production of new and improved varieties
in oil palm requires about 30 years, considering two
to three generations of progeny testing. Recourse
must, therefore, be made to biotechnology that
offers tools for selecting palms carrying the traits of
interest early (e.g.; in the nursery), without having
to wait for the palms to mature. If an early selection
is possible, the breeding cycle can be reduced by
almost half of the time required in conventional
programmes. This will subsequently speed up the
development of new planting materials in oil palm.

Molecular markers such as microsatellites/
simple sequence repeats (SSR) and single nucleotide
polymorphisms (SNP) (Cui et al., 2015; Banerjee et
al., 2015; Shi et al., 2016) that show association with
the traits of interest can be used to select individuals
with the desirable traits. SNP are co-dominant
molecular markers and can reveal single nucleotide
changes in DNA sequences. They are the most
abundant sequence variations in plant genomes,
although studies have shown that their frequency
varies among plant species, such as 1 SNP per 217
bp in rice (Lee et al., 2009), 1 SNP per 540 bp in
wheat (Somers et al., 2003) and 1 SNP per 273 bp in
soyabean (Zhu et al., 2003). The increasing number of
expressed sequence tag (EST) and genomic sequence
information available in public databases have
opened up the opportunity to discover more SNP.
Newly automated and high-throughput systems for
SNP detection have been established which allow
wide application of the marker in genetic studies,
such as genetic diversity, population structure
determination, linkage disequilibrium analysis and
association mapping (Hamblin et al., 2010; Murray
et al., 2009). Recently, a high-density oil palm SNP
array was employed to identify markers linked to
important agronomic traits (Kwong et al., 2016).
However, the cost of genotyping with such arrays,
makes it unattractive for routine application.

A candidate gene approach to study association
between an allelic variant and phenotypic traits
has been widely applied in plants. Candidate
genes are identified based on the understanding
of the biochemical pathway, mutation analysis and
linkage analysis. The first candidate gene association
between the allelic variants of the Dwarf8 gene and
the developmental traits (plant height and flowering
time) was demonstrated in maize (Thornsberry et al.,
2001). The results indicated significant association
between the Dwarf8 polymorphism with flowering
time. Later, similar approaches were applied in
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wheat (Ravel et al., 2006) and rice (Lu et al., 2010).
The candidate genes regulating plant height and
stature have been described (Wang and Li, 2008).
Among those, is the GRETCHEN HAGEN 3 (GH3),
a gene family involved in hormonal regulation
which has been implicated in dwarfism in both rice
and Arabidopsis (Wang et al., 2008; Westfall et al.,
2010).

In MPOB, efforts were initiated to mine for SN
in the oil palm genomic sequence database (Low
et al., 2014). Mining SNP from publicly available
EST sequence databases has also been reported for
oil palm (Riju et al., 2007). One of the common and
cost-effective techniques to assay SNP is the agarose
gel-based method, known as cleaved amplified
polymorphic sequence (CAPS) (Konieczny and
Ausubel, 1993). The method amplifies a target DNA
region containing a SNP, followed by digestion
of the amplified product and fragment analysis
on agarose gel. A simple and reliable SNP-based
CAPS assay for oil palm has been developed. The
ability of the SNP-based CAPS assay in showing
polymorphism in natural oil palm germplasm as
well as in differentiating the two oil palm species
(E. guineensis and E. oleifera) has been reported
(Singh et al., 2011).

A previous study had evaluated the genetic
variability of selected MPOB-Angolan natural oil
palm populations using random and candidate
gene SNP markers (Ong et al., 2015). The objective
of the present study is to use the informative SNP
markers for marker-trait association. The study in
particular was aimed at identifying SNP marker(s)
significantly associated with height increment in
the selected populations segregating for the trait.
The marker(s) will be useful for use in breeding
programmes involving MPOB-Angolan germplasm
to reduce height increment, which is desirable to
extend the economic life-span of the oil palm.

MATERIALS AND METHODS
Plant Materials and Phenotypic Data

The collection of the MPOB-Angolan natural
genetic materials and their characteristics have
been described previously (Rajanaidu et al.,
1991; Kushairi et al., 2003). Four MPOB-Angolan
populations namely AGO01, AGO02, AGO07 and
AGOO08 were used in this study. Of these, two of the
populations (AGO01 and AGO08) were previously
used in a genetic diversity analysis (Ong et al., 2015).
These materials were planted in a randomised
complete block design with two replications. A total
of 346 palms were sampled from an experimental
plot established at MPOB Kluang Research Station,
Johor, Malaysia. The number of palms evaluated per
population/family is shown in Table 1.
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TABLE 1. NUMBER OF PALMS EVALUATED IN EACH

POPULATION AND FAMILY
Population Family

(number of palms in parentheses) Total
AGO01 AGOO01-04 (31) and AGO01-05 (30) 61
AGO02 AGO02-03 (32) 32
AGO07 AGO07-01 (32), AGO07-02 (32)

and AGO07-03 (31) 95
AGO08 AGO08-01 (32), AGO08-08 (30), 158

AGO08-10 (32), AGO08-11 (32)
and AGO08-12 (32)

Palm height was measured from the ground to
the base of frond 41, at eight years after planting.
Height increment was calculated based on Breure
and Powell (1987). The variability of height
increment such as mean, minimum, maximum and
coefficient of variation (CV) was computed. Height
increment was subjected to analysis of variance
(ANOVA) using the following model, as described
by Lawrence and Rajanaidu (1985): Yy, = u + o +
Bla) + &5 where Y, is the observed value of height
increment of the j family in the i population in the
k' replicate, ¢ is an overall mean, q; is the fixed effect
of the i™ populations, B(a);, is the random effect of
the jth families nested within ith populations and &,
is the random residual. All analyses were conducted
using statistical analysis software (SAS) version 9.1
(SAS Institute Inc., Cary, North Caroline, USA).

DNA Extraction and SNP Genotyping

Spear leaves harvested from each palm were
frozen in liquid nitrogen prior to storage in a -80°C
freezer. Genomic DNA was extracted from frozen
spear leaves using the modified cetyltrimethyl
ammonium bromide (CTAB) method (Doyle and
Doyle, 1990). A set of nine informative SNP markers
were used for genotyping using the CAPS assay, as
described previously (Ong et al., 2015). These include
three random SNP (653_Acil, 3064_Tagl and 5963_
Alul) and six candidate gene SNPs (SNPG00002_
Hpy188I,  SNPGO00004_Acil, =~ SNPG00005_Bcgl,
SNPG00006_Fatl, SNPG00014_HpyCH4III  and
SNPG00014_SspI).

Population Structure and Relative Kinship

STRUCTURE software version 2.3.3 (Pritchard
et al., 2000) was used to infer population structure
based on the model-based clustering method.
Ten independent runs were performed by setting
the number of populations (k) from 1 to 10 with
100 000 burn in and 100 000 Markov Chain Monte
Carlo (MCMC) iterations. The admixture co-
ancestry model was applied with correlated allele
frequencies. The optimal k was chosen by an ad
hoc statistic (Ak) based on the second order rate of
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change of the likelihood function with respect to k
(Evanno et al., 2005). This analysis was performed
using STRUCTURE HARVESTER (Earl and von
Holdt, 2012). After the determination of optimum
population structure (k), the inferred ancestry of
individual matrix (Q) was estimated and then used
for association analysis. The relative kinship matrix
(K) was generated using Spatial Pattern Analysis of
Genetic Diversity (SPAGeDi) software version 1.4
(Hardy and Vekemans, 2002). All negative kinship
values between the individuals were assigned to
Zero.

Marker-trait Association and Model Testing

Marker-trait association analysis was performed
according to the general linear model (GLM) and
mixed linear model (MLM) using Trait Analysis
by Association, Evolution and Linkage (TASSEL)
software version 3.0.59 (Bradbury et al., 2007). Three
different models were tested in which (1) GLM
without Q model was the simplest model to explain
the variation in height increment, as this model only
considers the marker effect, (2) the GLM with Q
model included Q matrix as a control for population
structure and (3) the MLM with Q + K model took
into account the both Q matrix and K matrix, which
controls population structure as well as relative
kinship. For all models, the marker effect and Q
matrix were defined as fixed effects. The K matrix
was considered a random effect. A quantile-quantile
(QQ) plot was plotted to assess the efficiency for
all the three different models in TASSEL. Markers
were considered as significantly associated with
height increment when P < 0.05. Only SNP markers
with a minor allele frequency (MAF) higher than
0.05 were included in the association analysis. To
determine physical location of the height increment
associated SNP markers in oil palm genome, the
flanking sequence of the SNP marker was run in a
BLAST search against the oil palm reference genome
sequence, EG5 (Singh et al., 2013). Subsequently,
physical locations of previously identified
quantitative trait locus (QTL) for stem/trunk height
(Billotte et al., 2010; Lee et al., 2015; Pootakham et al.,
2015) were also localised.

RESULTS
Phenotypic Data

The four selected MPOB-Angolan natural oil
palm populations (AGO01, AGO02, AGO07 and
AGOO08) showed a mean height increment of 44.0
cm per year, with maximum and minimum height
increment of 80.8 and 20.3 cm per year, respectively
(Table 2). The CV for height increment was 26.9%,
indicating that the MPOB-Angolan germplasm has
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TABLE 2. DESCRIPTIVE PARAMETERS OF HEIGHT INCREMENT
IN EACH POPULATION AND FAMILY

Height increment (cm)

N Mean Minimum Maximum CV (%)
Overall 346 44.0 20.3 80.8 26.9
AGO01 61 494 23.7 69.3 19.7
AGO02 32 53.5 372 72.3 18.5
AGO07 95 44.2 25.0 80.8 24.2
AGO08 158 39.9 20.3 72.8 29.2
AGO01-04 31 46.8 34.7 66.5 18.0
AGOO01-05 30 52.1 23.7 69.3 20.0
AGO02-03 32 53.5 37.2 72.3 18.5
AGO07-01 32 48.2 28.5 80.8 25.1
AGO07-02 32 394 25.0 63.7 225
AGO07-03 31 45.2 34.3 66.5 20.5
AGO08-01 32 30.9 215 50.7 21.6
AGOO08-08 30 35.1 20.3 48.8 22.0
AGO08-10 32 39.2 20.7 56.7 22.5
AGO08-11 32 48.3 29.8 72.8 19.6
AGO08-12 32 45.8 21.0 71.2 31.5

Note: N - number of palms. CV - coefficient of variation.

reasonable genetic variation for height increment.
The descriptive parameters for each population
and family were also determined (Table 2). The
population mean for height increment ranged
from 39.9 to 53.5 cm per year while at the family
level ranged from 30.9 to 53.5 cm per year. ANOVA
revealed that there were significant differences
among the family nested within populations
for height increment (P < 0.001). However, no
significant differences were detected among
populations (Table 3).

Population Structure and Relative Kinship

ABayesian model-based clustering method was
used to assign 346 oil palms to two groups (k =
2) based on the Ak method of Evanno et al. (2005)
(Figure 1). Of the 346 oil palms, 219 palms were
grouped into group I and the remaining 127 palms
were included in group II (Figure 2). All palms were
categorised as admixed forms and no correlation
was found between the clustering pattern and
geographical distribution of the palms. Relative
kinship estimates showed that about 65% of the
pair-wise kinship estimates were between 0.00 and

TABLE 3. ANALYSIS OF VARIANCE OF

HEIGHT INCREMENT
Source of variation DF MS F value
Population 3 2463.2 2.07
Family (population) 7 1190 12.15*
Residual 335 97.9 -

Note: DF - degree of freedom. MS - mean square.
*Significant at P < 0.001.

0.05. Approximately 29% of estimates had a range of
0.00 to 0.20 and the remaining 6% showed various
degrees of genetic relatedness (Figure 3). This result
indicates that there was weak relationship among
the palms analysed in the study.

Marker-trait Association and Model Testing

Based on the GLM without Q model, three
SNP markers (SNPG0004_Acil, SNPG00006_Fatl
and SNPG00014_HpyCHAIII) were associated with
height increment (P < 0.05). Among them, two
markers namely SNPG0004_Acil and SNPG00006_
Fatl were identified to be associated with height
increment by GLM with Q model at P < 0.05. Further
association analysis using another model (MLM
with Q + K) revealed that only one SNP marker
(SNPG00006_Fatl) was significantly associated
with height increment at P < 0.05. The number of
significant markers identified under GLM without
Q, GLM with Q and MLM with Q + K models
were 3, 2 and 1, respectively. The inclusion of
population structure and kinship in the association
models had reduced the number of significant
markers associated with height increment. Table 4
summarises the significant markers identified in
association analysis using three models in TASSEL
software.

The QQ plots for all the models showed a
signiticant degree of deviation from the expected
-LogP values (Figure 4). MLM with Q + K model
had a slightly greater improvement in term of the
degree of deviation from the expected -LogP values
compared to the GLM models (GLM without Q
and GLM with Q). MLM model was more effective
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Figure 1. The Ak based on the second order rate of change of the likelihood function with respect to k.
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Figure 2. The STRUCTURE generated profiles of 364 MPOB-Angolan natural oil palms used to build the Q matrix.
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Figure 3. Distribution of the pairwise relative kinship estimates between 346 MPOB-Angolan natural oil palms.

TABLE 4. MARKER-TRAIT ASSOCIATIONS USING TASSEL SOFTWARE (GLM and MLM)

Marker GLM without Q GLM with Q MLM with Q + K
(P value) (P value) (P value)
653_Acil 0.2825 0.6260 0.7122
3064_Tagl 0.3153 0.3343 0.1711
5962_Alul 0.5792 0.7700 0.3989
SNPG00002_Hpy1881 0.1880 0.4717 0.4021
SNPG00004_Acil 6.18E-03* 1.85E-05* 0.0510
SNPG00005_Bcgl 0.9096 0.7984 0.8354
SNPG00006_Fatl 6.32E-04* 3.05E-03* 7.60E-04*
SNPG000014_HpyCH4III 1.22E-02* 0.0926 0.8050
SNPG00014_Sspl 0.9623 0.5619 0.7802

Note: *Significant at P < 0.05. GLM — general linear model. MLM — mixed linear model.
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Figure 4. Quantile-quantile (QQ) plot of evaluated —LogP from association analysis of height increment using different models:
(1) general linear model (GLM) without Q, (2) GLM with Q and (3) mixed linear model (MLM) with Q + K.

in screening out false positive markers compared TABLE 6. PHYSICAL POSITION OF MARKERS
to both GLM models. Therefore, MLM with Q + ASSOCIATED WITH HEIGHT INCREMENT ON
K models was the preferred choice for marker- CHROMOSOME 1

trait association in this study. Applying this Marker ID Marker Physical position (bp)
model, one SNP marker (SNPG00006_Fatl) was mEgCIR0246 Microsatellite 46 053 447
found to be significantly associated with height mEgCIR0886 Microsatellite 45967 291
increment. This marker was within the indole- mEgCIR0439 Microsatellite 45 382 375
3-acetic acid (IAA)-amido synthetase gene. mEgCIR3711 Microsatellite 43 465 921
Interestingly, SNPG00006_Fatl was located on mEgCIR3808 Microsatellite 41353 146
chromosome 1 about 32.81 Mb away from a QTL mEgCIR0778 Microsatellite 41169 291
locus identified for height by Billotte et al. (2010) SNPG00006 Fafl SNP 8355 453
(Tables 5 and 6). Note: SNP - single nucleotide polymorphism.

TABLE 5. MARKERS ASSOCIATED WITH STEM/TRUNK HEIGHT IDENTIFIED IN THE
CURRENT STUDY AND THAT REPORTED PREVIOUSLY

Type of marker Linkage group Chromosome number Reference
Microsatellite 4 22 Billotte et al. (2010)
8 12
11 4
15 10°
SNP 10 100 Pootakham et al. (2015)
14 14°
15 15°
Microsatellite 5 16¢ Lee et al. (2015)
SNP - 1¢ -

Note: * Corresponding chromosome number assigned in Singh et al. (2013).

® Chromosome number assigned by Pootakham et al. (2015).

¢ Chromosome number assigned based on BLAST against EG5 genome build (Singh et al. 2013).
SNP - single nucleotide polymorphism.
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DISCUSSION

The QTL associated with height in oil palm were
reported previously (Billotte et al., 2010; Lee et al.,
2015; Pootakham et al., 2015) using bi-parental
populations segregating for the trait. In a long-lived
outbreeding crop, such as oil palm, creating such
populations takes a very long time and is laborious.
Here, we have taken the initiative to utilise MPOB’s
germplasm collection and applied association
mapping approach to identify molecular markers
linked to height in oil palm. We have found wide
variability in terms of height increment, among
the selected MPOB-Angolan populations with CV
of 26.9%. This suggested that there is sufficient
variation for height in the populations to conduct
marker-trait association analysis. The populations
also possessed high CV (25.2%) in terms of stalk
length (Noh et al., 2008) indicating another potential
trait for conducting a similar analysis.

In the marker-trait association analysis, the
results from GLM without Q, GLM with Q and MLM
with Q + K models were compared. Generally, the
GLM without Q was the poorest, giving a skewed
curve relatively far from ideal. GLM with Q showed
slight improvement in terms of the number of
significant markers. MLM with Q + K models showed
further improvement and the number of significant
markers decreased relative to both GLM without
Q and GLM with Q models. These results indicate
that the marker-trait association attained in model
GLM without Q was due to population structure.
The inclusion of population structure and relative
kinship reduce type I error, thus eliminating false
positive associations (Yu et al., 2010). According to Li
et al. (2011), correction factors concerning population
structure and relative kinship are very crucial even
though both had relatively small effect on marker-
trait association. Our findings are consistent with
results from other studies on pak-choi (Yu et al.,
2010) and Brassica rapa (Pino Del Carpio ef al., 2011).

More importantly in this study, marker
SNPG00006_Fatl consistently showed significant
association with height increment in all models
tested. Li et al. (2011) reported that the level of
association can be classified into four groups: strong
(P < 0.005), moderate (0.005 < P < 0.01), weak (0.01 <
P <0.05) and none (P > 0.05). At a significance level
of 0.005, SNP marker SNPGO00006_Fatl constantly
displayed strong association with height increment
in all three models tested, thus increasing the
confidence of its association with height increment.
Hasjesh et al. (2008) reported candidate gene
association mapping in diverse maize inbred
lines and verified their findings through linkage
mapping, gene expression and mutagenesis
studies. We note that the SNPG00006_Fatl marker
correspond to IAA-amido synthetase, which
belongs to the family of GH3 proteins that regulate
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auxin levels in plants growth and development.
In rice, overexpression of GH3-8 (Ding et al.,
2008) and GH3-13 (Zhang et al., 2009) resulted in
dwarf phenotypes. The expression of GH3 in rice
is triggered by pathogenic or abiotic stress, which
simultaneously causes dwarfness of the plant. This
also explains the dwarfness phenotype among
plants exposed to environmental stress. Similar
studies can be initiated to evaluate the effect of
both genes on oil palm. Thus, further work should
be pursued perhaps through expression analysis of
the associated candidate genes namely, I[AA-amido
synthetase and GH3 across tall and short palms to
confirm their role in determining height in the oil
palm species.

In our analysis, we did not find a consistent
association between height increment and random
SNP markers (653_Acil, 3064_Tagl and 5962_Alul).
Nevertheless, the candidate SNP marker developed
here showed significant association with height
increment. Candidate gene markers seemed to
be more promising in marker-trait association
in this study. A significant association between
candidate gene markers and traits of interest were
demonstrated in potato (Li ef al., 2013), forest tree
(Muller et al., 2015) and field pea (Jha et al., 2015).
Thus, additional markers can be designed based on
height genes published previously in other plants
(Kujur et al., 2016). Applying the candidate gene
approach would increase the chances of finding
markers associated with height increment for
development of MAS in oil palm.

To our knowledge, this is the first attempt of
applying candidate gene approach to identify SNP
markers associated with height increment on natural
oil palm populations. Previously, there were several
studies on conventional mapping of QTL associated
with height in oil palm (Billotte et al., 2010; Lee et al.,
2015; Pootakham et al., 2015). We found that marker
SNPG00006_Fatl was on chromosome 1 but about
32.81 Mb away from the height QTL identified by
Billotte et al. (2010). Additionally, Billotte et al. (2010)
also reported another three QTL for the same trait
on chromosome 2, 4 and 10. Similarly, Pootakham
et al. (2015) identified SNP markers from three
QTL regions for height located on chromosomes
10, 14 and 15, while Lee et al. (2015) reported SSR
markers for height on chromosome 16. The QTL
identified in this study could be unique to MPOB-
Angolan germplasm, which is potentially useful for
introgressing low height increment trait from the
MPOB-Angolan materials to the advanced breeding
populations.

CONCLUSION

This work was initiated to evaluate the usefulness
of random and candidate gene SNP markers for
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marker-trait association study in oil palm. The
results revealed a significant association between
candidate gene SNP marker (SNPG00006_FatI) and
height increment trait in oil palm populations from
Angola, despite the small number of markers used.
Admittedly, it is not convincing to rely only on one
marker for MAS. Thus, the current study should be
expanded to include a larger set of candidate gene
SNP markers as this will help increase the chance
of identifying additional significant markers for
the development of MAS for height breeding in
oil palm. Additionally, gene expression studies
can be undertaken on extremely tall and short
palms from MPOB-Angolan populations, as well
as from other MPOB’s germplasm populations
such as Nigerian (E. guineensis) and Colombian
(E. oleifera) which also shows great variability in
height (Rajanaidu et al., 1999; Mohd Din et al.,
2000). This approach may help capture the genes
influencing height in oil palm.
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