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ABSTRACT
&RQYHQWLRQDO�TXDQWLWDWLYH�WUDLW�ORFL��47/��DQDO\VLV�RI�D�PDSSLQJ�IDPLO\�LV�FDUULHG�RXW�WR�JHQHUDWH�PROHFXODU�
WRROV� IRU� GHYHORSPHQW� RI� FRPSDFW� LQWHUVSHFLÀF� K\EULG� SDOPV� WKDW� FDQ� EH� SODQWHG�PRUH� FORVHO\� IRU� KLJKHU�
\LHOGV�SHU�XQLW�ODQG�DUHD��*HQHWLF�PDSV�ZHUH�FRQVWUXFWHG�IRU�DQ�LQWHUVSHFLÀF�EDFNFURVV�WZR��%&2��RLO�SDOP�
SRSXODWLRQ�XVLQJ�VLQJOH�QXFOHRWLGH�SRO\PRUSKLVP��613��DQG�VLPSOH�VHTXHQFH�UHSHDW��665��PDUNHUV��$�WRWDO�
of 1744 markers were mapped onto 16 linkage groups, spanning 1499.5 cM with an average marker interval 
RI������F0��8VLQJ�HPSLULFDO�JHQRPH�DQG�FKURPRVRPH�ZLGH�WKUHVKROGV��47/�DQDO\VLV�\LHOGHG�D�QXPEHU�RI�
VLJQLÀFDQW�DVVRFLDWLRQV�ZLWK�YHJHWDWLYH�FKDUDFWHUV�IRU�SDOP�FRPSDFWQHVV��6XEVHTXHQW�47/�DQDO\VLV�UHYHDOHG�
WZR�PDMRU�DQG�WZR�SXWDWLYH�47/�OLQNHG�WR�UDFKLV�OHQJWK�DQG�SHWLROH�FURVV�VHFWLRQ��WZR�LPSRUWDQW�FKDUDFWHUV�
IRU� SDOP� FRPSDFWQHVV��7KH�47/� LGHQWLÀHG� DUH� DQ� LPSRUWDQW� VWHS� WRZDUGV� WKH� LPSOHPHQWDWLRQ� RI�PDUNHU�
DVVLVWHG� VHOHFWLRQ� �0$6��� HQDEOLQJ� EUHHGHUV� WR�PDNH� HDUO\� LQIRUPHG�GHFLVLRQV� RQ� LPSURYLQJ� LQWHUVSHFLÀF�
hybrids. 
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INTRODUCTION

The African oil palm (Elaeis guineensis) is already the 
highest yielding oil crop per unit area (Kushairi et 
al., 2018). Nevertheless, it is being improved for yet 
higher yield, possibly up to its theoretical potential 
of 18.2 t ha-1 yr-1 palm oil (Corley et al., 1998). Apart 

from improving the African species, breeders are 
DOVR� LQWHUHVWHG� LQ� WKH� LQWHUVSHFLÀF� K\EULG� EHWZHHQ�
E. guineensis and the South American oil palm, Elaeis 
oleifera �=XONLÁL� et al., 2017). Although it produces 
much less oil, E. oleifera has certain interesting 
characteristics, e.g., dwarfness, as it grows only 
5-10 cm yr-1 vs. 45-75 cm yr-1 by E. guineensis. Its 
oil is also more liquid (less saturated), similar to 
olive oil, and it is resistant to certain diseases, 
such as fatal yellowing (Corley and Tinker, 2003). 
7KLV� KDV� OHG� WR� LQWHUVSHFLÀF� K\EULGV� WR� LQWURJUHVV�
the desired characteristics of E. oleifera into 
E. guineensis. Further steps, e.g���VHOÀQJ��LQWHUFURVVLQJ�
of the F1 or backcrossing to E. guineensis, have been 
proposed to improve the yield and vegetative traits 
of the F1. 

Improvement by conventional breeding 
will be long, tedious and expensive. However, 
marker assisted selection (MAS) can be used to 
incorporate the desirable traits from E. oleifera into 
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E. guineensis�IDVWHU�DQG�PRUH�H΀FLHQWO\��)RU�VWDUWHUV��
the quantitative trait loci (QTL) linked to fatty acid 
FRPSRVLWLRQ�LQ�WKH�LQWHUVSHFLÀF�K\EULGV��6LQJK�et al., 
2009) and backcrosses (Montoya et al., 2013) have 
EHHQ� LGHQWLÀHG�� ,GHQWLI\LQJ� WKH� PDUNHUV� OLQNHG� WR�
compactness will also help realise the full potential 
RI� WKH� LQWHUVSHFLÀF� K\EULGV�� *HQHUDOO\�� FRPSDFW�
palms demonstrate lower height increment and 
have shorter fronds. Some studies have also shown 
that small petioles contribute to compactness (Noh 
et al., 2014; Barcelos et al., 2015). The trait, however, 
is not a direct measure for compactness, but is one of 
the parameters to determine vegetative dry matter 
to compute bunch index to select physiologically 
H΀FLHQW� SDOPV�� )RU� FRPSDFW� SDOPV�� LI� WKHLU�
individual palm yield can be maintained, they can 
be planted at higher density to give higher yield per 
XQLW�DUHD��(VFREDU�DQG�$OYDUDGR���������,QWHUVSHFLÀF�
hybrid breeding is an excellent way to develop 
compact palms. 

Understandably, most work in identifying 
markers linked to height, rachis length (RL) 
and petiole cross-section (PCS) has been on 
the African species. Previous studies Rance 
et al. (2001) and Billotte et al. (2010) reported 
QTL regions associated with RL and PCS in E. 
guineensis. More recently, two reports revealed the 
47/� DQG� FDQGLGDWH� JHQHV� LQÁXHQFLQJ� KHLJKW� LQ�
E. guineensis (Lee et al., 2015; Pootakham et al., 2015). 

The rachis of E. oleifera is shorter than that of 
E. guineensis�� ZKLOH� WKH� LQWHUVSHFLÀF� K\EULG� KDV�
longer fronds than both parents (Sterling et al., 1999), 
most likely due to over dominance in expression of 
the trait. Nevertheless, palms with shorter fronds 
have been successfully developed by repeated 
backcrossing to selected E. guineensis (Sterling et 
al.,� ������� LQGLFDWLQJ� WKH� XVHIXOQHVV� RI� LQWHUVSHFLÀF�
hybrids in producing compact palms. This present 
study focused on examining the QTL of RL and PCS 
LQ� LQWHUVSHFLÀF� K\EULG� SDOPV�� DV� ERWK� FKDUDFWHUV�
contribute to compactness.

MATERIALS AND METHODS

Palm Materials, Marker Genotyping and Data 
Analysis

The mapping family used in this study was an 
LQWHUVSHFLÀF�K\EULG�EDFNFURVV�WZR��%&2) population 
consisting of 74 palms. The BC2 population was 
derived from a cross involving a E. guineensis 
tenera� �IHPDOH���ZLWK�DQ� LQWHUVSHFLÀF�EDFNFURVV�RQH�
(BC1) palm (male) generated from E. guineensis 
(female) crossed with Colombian E. oleifera (male). 
The single nucleotide polymorphism (SNP) and 
simple sequence repeat (SSR) data on the mapping 
population was generated and analysed as described 
SUHYLRXVO\�E\�=XONLÁL�et al. (2014).

Vegetative Measurement 

Measurement of vegetative traits was carried 
out using the non-destructive method described 
by Breure and Powell (1988). Frond measurements 
involving RL and PCS were carried out using 
IURQG�QXPEHU� ����5/�ZDV�PHDVXUHG� IURP� WKH�ÀUVW�
rudimentary leaf at the petiole to the tip of the rachis. 
With respect to PCS, the measurement was recorded 
DW�WKH�ÀUVW�UXGLPHQWDU\�OHDÁHW�DW�WKH�SHWLROH��3HWLROH�
width and depth were measured to obtain PCS area 
(width x depth).

Linkage Map Construction and QTL Analysis

Genetic linkage map was constructed using the 
JoinMap 4.1 software (Van Ooijen, 2006). Regression 
mapping algorithm with the default parameters 
(minimum logarithm of the odds (LOD) score 
threshold of 1.0, recombination fraction threshold of 
0.4, ripple value of 1.0 and jump threshold of 5.0) 
were used to assign markers to individual linkage 
groups. Haldane’s mapping function was then used 
to determine map order. Only markers with < 5% of 
missing data and following Mendellian inheritance 
ratio were used in map construction. Markers 
showing nearest-neighbour stress of more than 
3 cm were also omitted. 

The QTL were analysed using the interval 
mapping (IM) and the multiple-QTL model (MQM) 
implemented via the MapQTL 6 software (Van 
2RLMHQ���������$�PDSSLQJ�VWHS�VL]H�RI���F0�ZDV�XVHG�
for both the IM and MQM analyses. Pemutation 
of 1000 iterations were performed for each trait to 
HVWDEOLVK�H[SHULPHQWDO�ZLVH�/2'�FXW�RͿ�YDOXHV�IRU�
GHFODULQJ�47/�VLJQLÀFDQW�DW�3�������DW�WKH�JHQRPH�
wide (GW) and chromosome-wide (CW) levels. QTL 
were considered present only at positions where a 
/2'�VFRUH�H[FHHGHG�WKH�FRUUHVSRQGLQJ�VLJQLÀFDQFH�
WKUHVKROG��7KH�FRQÀGHQFH�LQWHUYDO�RI�HDFK�VLJQLÀFDQW�
QTL by IM was determined by the LOD –1 method 
(Van Ooijen, 1992). A non-parametric Kruskal-Wallis 
(K-W) test was also employed to detect association 
between markers and traits individually at P<0.05 
using the MapQTL 6 software. 

,GHQWLÀFDWLRQ�RI�47/�0DUNHUV�RQ�(*��*HQRPH

A total of 15 markers (7DEOH� �) associated or in 
close proximity with the linkage groups (LG) and 
47/�ZHUH�LGHQWLÀHG�IURP�WKLV�VWXG\�DQG�D�SUHYLRXV�
study by Billotte et al. (2010). These markers were 
mapped to the oil palm genome EG5 build, retrieved 
from GenomSawit web (http://genomsawit.mpob.
gov.my/genomsawit/). Sequences of SNP markers 
were retrieved from GenomSawit web. All sequences 
were BLASTn (v2.2.26+) search against the EG5 
build. Coordinates of BLAST search were used to 
identify position of these markers on the EG5 build. 
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Circos was used to visualise the position of the 
PDUNHUV�RQ�WKH�JHQRPH��.U]\ZLQVNL�et al., 2009).

RESULTS

Vegetative Measurement 

All palms in the mapping population were 
measured for RL and PCS. The values obtained for 
the traits in the BC2 mapping progeny and their 
parent are presented in 7DEOH��, and both traits are 
segregating in this population. Although the mean 
of the RL is similar to the current commercial DxP 
E. guineensis (Noh et al., 2012), the range observed 
in the BC2 population highlights the fact that 
palms with RL as short as 2.5 m can be obtained 
YLD�LQWHUVSHFLÀF�K\EULG�EUHHGLQJ��7KH�PHDQ�IRU�5/�
was in between both parental values, although it 
was closer to the BC1 male parent. The mean value 
for PCS, on the other hand, was slightly higher 
than that of the both parental values, although 
WKH� FRH΀FLHQW� RI� YDULDWLRQ� �&9�� REVHUYHG� ZDV�
large (~20%). Adherence to normal distribution 
was assessed by using the Shapiro-Wilk test 
implemented via the SAS version 9.3 software. 

)LJXUH����/LQNDJH�JURXS��/*�������RI�LQWHUVSHFLÀF�EDFNFURVV�WZR��%&2��SRSXODWLRQ�DQG�GLVWULEXWLRQ�RI�TXDQWLWDWLYH�
WUDLW�ORFL��47/��DVVRFLDWHG�ZLWK�UDFKLV�OHQJWK��5/��DQG�SHWLROH�FURVV�VHFWLRQ��3&6��IRU�ERWK�JHQRPH�ZLGH��*:��DQG�
FKURPRVRPH�ZLGH��&:��

Only the PCS trait followed a normal distribution 
(P>0.05). The correlation study using Pearson’s 
correlation showed that both traits are positively 
correlated with each other (r = 0.45). 

Linkage Map Construction

The consensus genetic map is shown in Figure 1 
while� 7DEOH� � summarises marker composition 
and lengths of individual linkage group (LG). The 
individual female and male parental maps had 
1268 and 963 markers, covering 1706.9 and 1250.3 
cM, respectively (7DEOH��). The parental maps were 
successfully integrated into a single consensus map 
(Figure 1) of 16 groups. LG5 had two sub-groups 
(LG 5a and b) and integration of the two groups 
formed a marker free region of 15 cM which could 
EH�GXH�WR�D� ODUJH�KRPR]\JRXV�EORFN�SRVVLEO\�GXH�
to the small marker set employed. Therefore, we 
decided to keep it as two separate sub-groups. 

,GHQWLÀFDWLRQ� RI� 47/� $VVRFLDWHG� ZLWK� 5/� DQG�
PCS

Results of the QTL analysis are summarised in 
)LJXUH� ��� 7DEOHV� �� and 6�� 7KH� VLJQLÀFDQW� WKUHVKROG�

TABLE  2. PHENOTYPIC DATA OF VEGETATIVE MEASUREMENTS FOR INTERSPECIFIC BACKCROSS TWO (BC2) 
PROGENIES AND THE PARENT

Trait
Parent Mean of BC2 

progenies 
(n=74)

Range Variance &RHͿFLHQW�RI�
variation (CV)E. guineensis 

tenera (female) BC1 (male)

Rachis length (m) 4.86 5.68 5.3 2.45-6.8 0.46 12.78
Petiole cross-section (cm2) 24 24 26 10-41 31.09 20.95
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levels were calculated independently for each of the 
traits. At GW thresholds, two QTL were found to be 
associated with the traits of interest via IM analysis. 
QTL detected at empirical CW thresholds (P<0.05) 
were also considered in this study. Additional two 
QTL for each trait were detected at CW level as 
presented in 7DEOH����7KH�/2'�VFRUH�SURÀOHV�REWDLQHG�
are shown in Figures 2 and 3. Interestingly, a CW 
QTL for RL was detected in the same region as the 
QTL for PCS at GW on LG4. Meanwhile, a CW QTL 
for PCS was detected in the same group with GW 
QTL for RL in LG8. In addition, putative QTL at CW 
were also detected for PCS and RL on LG10 and 
LG11, respectively. 

In the subsequent MQM analysis, markers with 
highest LOD score for a trait were used as cofactors. 
The genomic region associated with PCS was 
maintained in MQM mapping. However, for RL, 
the LOD peak for the genome region falls slightly 
EHORZ� WKH� WKUHVKROG� OHYHO��$OO� WKH� VLJQLÀFDQW�47/�
detected at CW in the initial round of IM were 
maintained in MQM. The non-parametric Kruskal-
:DOOLV�WHVW�ZDV�VXEVHTXHQWO\�HPSOR\HG�WR�FRQÀUP�
whether the individual markers associated to the 
47/�ZHUH�DFWXDOO\�VLJQLÀFDQW��7KH�WHVW�LV�D�PHWKRG�
for testing whether genotypic and phenotypic 
data originate from the same distribution. Thus, 
WKH� UHVXOWV� RI� WKH�47/� DQDO\VLV�ZHUH� QRW� DͿHFWHG�

by marker segregation distortion or non-normal 
distribution of phenotypic traits. As a result, all 
the linked markers (both at GW and CW) were 
VLJQLÀFDQW�DW�3�������SURYLGLQJ�IXUWKHU�FRQÀGHQFH�
to the QTL regions detected in this study. 

Comparison to Previous Published Results

Comparison was made to the previous study 
by Billotte et al�� ��������ZKR� IRXQG�ÀYH�47/�HDFK�
associated with RL and PCS in E. guineensis. The 
PDUNHUV�DVVRFLDWHG�ZLWK�WKH�47/�LGHQWLÀHG�LQ�WKLV�
study were located in the oil palm genome build 
(Singh et al., 2013) as shown in Figure 4. Markers 
LGHQWLÀHG�SUHYLRXVO\�WR�EH�LQÁXHQFLQJ�WUDLW�OLQNHG�
to RL and PCS (described as P_W and P_T) in an 
E. guineensis population were also located on the 
genome build for comparison purposes. The CW 
QTL for RL in this study was close to the QTL 
for similar trait described by Billotte et al. (2010) 
on LG11. Another QTL for RL (also at CW) was 
detected on LG10, similar to one of the QTL for 
RL by Billotte et al. (2010) but at opposite end of 
the LG. However, the two major QTL detected 
for the two traits in the BC2�ZHUH�LQ�GLͿHUHQW��/*��
indicating that separate genomic regions are likely 
LQÁXHQFLQJ�FRPSDFWQHVV� LQ�ERWK�E. guineensis and 
LQWHUVSHFLÀF�K\EULGV��
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TABLE 3. DISTRIBUTION OF MARKERS ON THE 16 LINKAGE GROUPS 
OF THE CONSENSUS INTERSPECIFIC BACKCROSS TWO (BC2) GENETIC MAP

Linkage group
(LG)

Number of markers Map length
(cM)

Average interval 
between markers

(cM)SNP SSR Total

1 119 2 121 115.5 0.95

2 87 0 87 101.0 1.16

3 46 2 48 55.8 1.16

4 174 4 178 174.4 0.98

5a 16 5 21 25.2 1.2

5b 17 0 17 14.8 0.87

6 120 9 129 106.9 0.83

7 168 5 173 78.7 0.45

8 132 0 132 122.1 0.93

9 51 5 56 82.5 1.47

10 125 4 129 88.8 0.69

11 161 5 166 128.1 0.77

12 125 5 130 108.8 0.84

13 121 6 127 78.0 0.61

14 74 3 77 98.6 1.28

15 115 4 119 69.4 0.58

16 32 2 34 50.9 1.50

Mean 99 3.6 102.6 88.2 0.86

Total 1 683 61 1 744 1 499.5 -

Note: SNP - Single nucleotide polymorphism.
 SSR - Simple sequence repeat.

TABLE 4. DISTRIBUTION OF MARKERS ON THE 16 LINKAGE GROUPS OF 
THE PARENTAL INTERSPECIFIC BACKCROSS TWO (BC2) POPULATION

Linkage group
(LG)

No. of markers Length (cM)

Female parent Male parent Female parent Male parent

1 90 78 144.2 85.6

2 51 56 113.5 80.2

3 36 34 53.1 58.6

4 115 131 209.1 137.0

5 11+13 16+11 23.1+13.3 27.2+14.9

6 94 74 122.3 88.8

7 139 57 96.6 60.8

8 85 81 143.3 99.5

9 40 42 94.1 65.2

10 96 59 100.0 77.7

11 132 70 162.8 93.3

12 96 84 117.1 100.5

13 102 38 85.0 69.6

14 60 46 117.4 72.8

15 79 56 62.0 71.1

16 29 30 50.0 47.5

Total 1 268 963 1 706.9 1 250.3
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TABLE 5. THE QUANTITATIVE TRAIT LOCI (QTL) FOUND TO BE SIGNIFICANT AT THE EMPIRICAL 
GENOME-WIDE (GW) MAPPING THRESHOLD

Kruskal-Wallis Interval mapping analysis MQM analysis

Trait LG
GW 

threshold
(p<0.05)

LOD Closest
marker

Position 
(cM)

Explained 
varience

(%)
Cofactor LOD 

&RQÀGHQFH�
interval

(cM)

RL 0.005 8 4.4 4.42 SNPM03620 63.5 24.60 SNPM03620 4.21 55.88-75.34

PCS 0.0001 4 4.5 4.65 SNPM00151 168.9 25.70 SNPM00151 4.63 165.61-174.40

Note: RL - rachis length, PCS - petiole cross-section, LOD - logarithm of odds, LG - linkage group.

TABLE 6. THE QUANTITATIVE TRAIT LOCI (QTL) FOUND TO BE SIGNIFICANT AT THE EMPIRICAL 
CHROMOSOME-WIDE (CW) MAPPING THRESHOLD

Kruskal-Wallis Interval mapping analysis MQM analysis

Trait LG
CW 

threshold
(p<0.05)

LOD Closest 
marker

Position
(cM)

Explained 
varience 

(%)
Cofactor LOD 

&RQÀGHQFH�
interval

(cM)

RL 0.001 4 3.1 3.25 SNPM01114 172.4 18.80 SNPM01114 3.25 159.06 -174.03

0.05 11 2.7 3.05 SNPM00323 94.6 17.70 SNPM00323 3.05 86.52-103.37

PCS 0.001 8 3.1 3.56 SNPM00339 115.0 20.40 SNPM00339 3.57 90.06-122.08

0.0005 10 3.0 3.50 sEg00117 73.8 20.10 sEg00117 3.44 52.60-79.57

Note: RL - rachis length, PCS - petiole cross-section, LOD - logarithm of odds, LG - linkage group.
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DISCUSSION

The two traits analysed in this study, RL and PCS are 
generally found to be highly heritable in oil palm 
populations (Hardon et al., 1985). This indicates 
that these characters are amenable to selection and 
improvement either via conventional or molecular 
breeding. Among the two traits, only RL did not 
follow a pattern of continuous distribution around 
the mean. However, deviation from the normal 
GLVWULEXWLRQ�GRHV�QRW�DSSHDU�WR�VLJQLÀFDQWO\�DͿHFW�
QTL detection (Septiningsih et al., 2003). 

Both traits measured showed intermediate 
mean values of the two parental palms. Thus, 
REVHUYDWLRQ� IRU� WKH� LQWHUVSHFLÀF� K\EULGV� LV� LQ�
accordance with previous reported (Meunier and 
Boulin, 1975; Montoya et al., 2013). The values are 
also intermediate to that observed by Mohd Din et 
al. (2000) in E. oleifera germplasm (4.2 m and 16.5 
cm2, respectively) and the study by Noh et al. (2012) 
in commercial E. guineensis (5.6 m and 29.0 cm2, 
respectively). As expected, the range for the two 
vegetative traits measured is wide, indicating that 
variation exists in the BC2 population and is ideal 
for further selection and improvement in breeding, 
as well as appropriate for use in mapping and QTL 
analysis.

Genetic Mapping

One of the major obstacles in genetic mapping 
of oil palm is the unavailability of inbred lines and 
true backcross. Nevertheless, being an outbreeding 
VSHFLHV�� D� KLJK� GHJUHH� RI� KHWHUR]\JRVLW\� LV�
expected to occur in its genome. Subsequently, a 
VHFRQG�JHQHUDWLRQ� LQWHUVSHFLÀF� SVHXGR�EDFNFURVV�
(E. guineensis x E. oleifera) x E. guineensis was 
chosen as a mapping population. The number of 
LG observed in this study is 16, in agreement with 
cytogenetic analysis of oil palm chromosomes 
(Maria et al., 1995). As such, the 16 LG obtained 
actually represent the 16 oil palm chromosomes 
in the genome. The genome length observed 
(1499.5 cM) was similar to that reported by 
Montoya et al�� ������� IRU� DQ�RLO� SDOP� LQWHUVSHFLÀF�
hybrid. Interestingly, the length is also similar 
to that reported by Billotte et al. (2010) for 
E. guineensis. 

The average interval between two loci obtained 
in this study is much lower than previously reported 
which is in the range of 1.2 to 7.2 cM [(Singh et al., 
2009 (252 markers/7.2 interval); Montoya et al., 2013 
(362 markers/4.1 interval); Pootakham et al., 2015 
(1085 markers/1.26 interval)]. The average length 
RI� WKH� /*� LV� FORVH� WR� WKH� H[SHFWHG� VL]H� RI� ��������
cM found in most agricultural crops (Malieepard et 
al., 1998). Skewed segregation rations are common 
phenomenon in hybrid species (Whitkus, 1998). 
Markers showing low levels of distorted segregation 

ratios were also included in the mapping analysis. 
A total of 53 distorted markers were successfully 
mapped and distributed in linkage groups 1, 2, 4, 
12 and 15. Those markers showed some tendency 
towards mapping in close proximity to one 
another. The number of SSR mapped in this study 
was lower compared to SNP and majority of the 
SSR were located at the ends of the linkage groups, 
which is in agreement with cytological location of 
SSR probes in oil palm (Castilho et al., 2000).

QTL Associated with Frond Length and Petiole 
Cross-section

The high variance explained by the two QTL 
at the GW threshold (24.6% and 25.7%) indicates 
their potential use in a MAS programme designed 
to introgress the traits into elite breeding lines. 
The stringent GW empirical thresholds used to 
declare a QTL is important to avoid false positives. 
1HYHUWKHOHVV�� DGRSWLQJ� WRR� KLJK� D� VLJQLÀFDQFH�
level could ignore certain regions that deserve 
further investigation (Van Ooijen, 1999). A term 
‘suggestive linkage’ was suggested by Lander 
and Kruglyak (1995) for regions that do not meet 
stringent thresholds but may be region of interest 
for the traits being evaluated. These regions were 
considered in the study as putative associations at 
CW threshold levels.

Considering markers that exceeded the LOD 
scores at CW threshold levels, a few additional 
QTL for the two traits concerned were revealed. As 
in GW thresholds, the experimental error rate of 5% 
ZDV� DOVR� DFFHSWHG� IRU�&:� VLJQLÀFDQFH� OHYHO� �9DQ�
Ooijen, 1999). The proposed suggestive-linkage 
threshold of LOD=2.7 for F2 populations by van 
Ooijen (1999) is within the range of the empirical 
CW LOD threshold estimated in this study (LOD= 
2.7-3.1). Interestingly, the genomic region associated 
with PCS at CW was in close proximity to the QTL 
at GW for RL. Similarly, the associated genomic 
region for RL at CW was in the same location with 
QTL for PCS at GW. 

CONCLUSION

As Malaysia is geographically small, land 
availability for further expansion to raise 
production is limited. The only way forward to 
increase yields is by increasing the number of palms 
per hectare. This can be achieved by developing 
compact palms for commercial planting. Future 
studies incorporating a larger population will also 
ORRN�DW�GHFLSKHULQJ�JHQRPLF�ORFL�LQÁXHQFLQJ�KHLJKW�
LQFUHPHQW�LQ�LQWHUVSHFLÀF�K\EULGV��7KHVH�VKRUW�DQG�
compact characteristics are also desirable as they 
will also prolong economic life, apart from allowing 
more palms to be planted per hectare of land. 
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