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A BSTRACT
		 Gibberillins (GAs) are essential plant hormones that play a major role in height or stem
elongation regulation. Several genes for both GA biosynthetic enzymes and GA signal transduction
pathways were revealed to be involved in stem elongation in several plant species, including economic
crops such as rice, maize and wheat. In oil palm (Elaeis guineensis Jacq.), height is an important trait,
as it is difficult to harvest from excessively tall plants. If we can determine what the genetic controls
for height are, then genes can be used to develop markers for marker-assisted selection (MAS). These
markers would be beneficial for oil palm breeders to select elite oil palm varieties with dwarf loci.
Reports of height-controlling genes in oil palm are limited. During our previous work, we identified
EgDELLA1 at chromosome 14, as being associated with height in the Golden Tenera (GT) population.
In this study, we aim to identify additional genes controlling height, targeting three candidate genes,
including growth regulating factor 1 (GRF1), GA20-oxidase (GA20-ox) and dwarf8. Here, we show
that growth regulating factor (EgGRF1), at chromosome 10, is highly associated with height in the
GT population for all four times of height phenotype recorded, at p values 0.0276, 0.0275, 0.0487
and 0.0253 for height (HT)-1, HT-2, HT-3 and HT-4, respectively. In addition, EgDELLA1 was more
associated with HT-4, with a p value of 0.0103. We also provide the marker information for EgGRF1
which will be used for oil palm variety improvement, using MAS, in the near future.
Keywords: oil palm, growth regulating factor, height, dwarf
1. I NTRODUCTION

Gibberillins (GAs) are essential plant
hormones that regulate stem elongation and
other plant growth and development, such as seed

germination, leaf expansion, flower initiation and
pollen development. Aberrance in GA response
can result in dwarf or semidwarf phenotypes that
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are caused by either defective GA biosynthetic
enzymes or defective GA signaling pathways
[1-14]. In cereals, transferring dwarfing genes can
improve yield production in terms of the “green
revolution” via lodging resistance. In rice, higher
yields resulted from semidwarf1 (sd-1), a recessive
gene. The sd-1 gene encodes GA20 -oxidase, an
enzyme involved in GA biosynthesis [1, 2]. In wheat,
increased grain number resulted from introducing
dwarfing genes, Reduced Height Genes (Rht), such
as Rht8, a GA -sensitive gene [3] originated from
Japanese wheat, Akakomugi, and Rht-B1 (formerly
Rht-1) and Rht-D1 (Rht2), GA-insensitive genes,
which also originated from Japanese wheat variety
, Norin10 [4]. Rht-B1 and Rht-D1, semidwarfing
genes, encode DELLA proteins, GA-responsive
repressors. Their mutant alleles, Rht-B1b and RhtD1b are thought to produce more active forms
of the repressors [5]. Additional homologs of the
DELLA repressors have been identified, including
Arabidopsis SPINDLY (SPY) [6-8], Arabidopsis
RGA (repressor of Gal-3) [9] and Arabidopsis GAI
(GA-insensitive) [10], rice GAI [11] or rice slender1
( SLR1) [12], maize dwarf8 (d8) [13] and barley
slender1 (SLN1) [14].
African oil palm (Elaeis guineensis Jacq.) has
a single trunk reaching up to 15-18 meters. The
optimal age of replanting is 20-25 years. Oil
palm height increases by 45-75 centimeter (cm)
per year [15]. When oil palm grows to heights of
more than three meters, the harvesting of fruit
bunches becomes more challenging. Therefore,
oil palm with short stem height is favorable for
bunch harvesting. There is limited information
about height controlling genes in oil palm, besides
that from two quantitative trait loci (QTL) studies
[16, 17] reporting the rough positions of the oil
palm genome that control height. In our previous
work, we have tried to identify genes controlling
height, by targeting three candidate genes, namely,
a DELLA gene, GA2 -oxidase and asparagine
synthase. We found a DELLA gene (renamed
as EgDELLA1), a GA nuclear repressor, at
chromosome 14, highly associated with height in
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the GT population with p values of 0.0261 and
0.0429 for two out of the three times that height
phenotype was recorded [18]. DELLA proteins
play a role in GA signaling by acting as GA nuclear
negative regulators. Gain-of-function mutations
of DELLA genes reduce GA signaling, resulting
in dwarf phenotype while loss-of-function of
DELLA genes increases GA signaling, resulting
in tall and slender phenotypes [19].
Here, we aim to identify additional genes
controlling height, targeting three candidate genes
including growth regulating factor 1 (GRF1),
GA20 -oxidase (GA20-ox) and dwarf8. These
genes have been selected because they have been
reported to be involved in stem elongation in rice
[20], coconut [21] and maize [13]. An association
analysis by TASSEL was performed to identify any
additional genes involved in height, by using the
same GT oil palm population as in our previous
work [18] with additional height data.
2. M ATERIALS AND METHODS

2.1 Plant Materials and Height Phenotype
Collecting
Only the GT population from our previous
study was used in this study. The GT population
samples were kindly provided by the Golden Tenera
Company Limited, Krabi, Thailand. Details of
this population were explained in our previous
work [18]. Height phenotypes (HT, cm/palm)
were recorded 4 times from 8-10 year oil palm,
in March 2016, October 2016, March 2017 and
November 2018.
2.2 Primer Designing and Screening for
Polymorphic Gene-based Markers
Three gene sequences of related species,
including rice, coconut and maize were available
in the NCBI database (https://www.ncbi.nlm.
nih.gov/) as following accessions, AF201895
(OsGRF1), KU749242 (CnGA20 ox1) and
AJ242530 (dwarf8). The homologous sequences of
these three oil palm genes, renamed as EgGRF1,
EgGA20ox1 and EgDwarf8, were obtained from
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the Malaysian Palm Oil Board (MPOB) (http://
genomsawit.mpob.gov.my/genomsawit/). The
sequence of EgGRF1 is from chromosome
(Chr) 10 position 23,562,635-23,563,672. The
sequence of EgGA20ox1 is from Chr11 position
14,804,163-14,805,503. The sequence of EgDwarf8
is from Chr7 position 15,189,613-15,187,658. New
gene-based primers were designed to amplify a
DNA product of about 150-300 base pairs (bp),
which is the optimal size range for running on
TM
the ZAG DNA analyzer (Agilent, Santa Clara,
CA, USA). The amplicons are covered from the
promoter region (5´ UTR) to the end of genomic
sequences of the above three genes, namely, the
stop codon region or 3´ UTR, using Primer3
(http://bioinfo.ut.ee/primer3-0.4.0/primer3/).
Polymorphic markers were first screened for
the 10 shortest and 10 tallest oil palm plants of
the GT population. The shortest oil palms were
Tenera type, including oil palm individuals named,
T1/26, T2/27, T1/25, T2/26, T1/27, T3/29,
T6/16, T2/32, T2/25 and T3/28. The tallest
oil palms were also Tenera type, including oil
palm individuals named, T5/14, T2/20, T5/12,
T5/4, T3/10, T5/8, T5/6, T5/10, T6/10 and
T6/18. The polymorphic markers were further
genotyped in the whole GT population, including
180 individuals. The DNA extraction and PCR
reaction for the amplification were conducted
the same way as in our previous studies [18, 22].
To reveal genotyping, PCR products amplified
by gene-based primers were fractionated on the
ZAGTM DNA analyzer, instead of running on
polyacrylamide gel as in our previous work [18].
To separate PCR products in the range of
1-500 bp on the ZAG analyzer, ZAG 105 dsDNA
kit was used. This kit contained 1 bp and 500 bp
markers and a 35-400 bp Range DNA Ladder.
Before running on the ZAGTM DNA analyzer,
several solutions were prepared. First, ZAG 105
dsDNA separation gel was mixed with intercalating
dye using a ratio of 10 ml of the gel to 1 µl of the
dye. Second, 1x Inlet Buffer was prepared on a 96deep well plate by adding 1 ml to each well. Third,
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analyzed samples were prepared in a 96-well plate
by mixing 2 µl of each PCR sample with 22 µl of
1xTE, and then 24 µl of the DNA ladder was
added in H12 well of the sample plate. Fourth,
the marker plate was prepared as a 96-well plate
by adding 30 µl for each well. Details of running
TM
on the ZAG DNA analyzer were explained by
the ZAG DNA Analyzer System (https://www.
aati-us.com/instruments/zag-dna-analyzer/)
2.3 Statistical, Population Structure and
Association Analyses
The statistics package, SPSS11.5, was used to
analyze preliminary relationships or association
of polymorphic loci of targeted genes with
HT by comparing mean height, using One-Way
ANOVA with the Turkey Comparison. Next, the
significant relationship between targeted genebased markers in the oil palm population and
height were confirmed by association analysis,
using TASSEL 2.1 (http://www.maizegenetics.
net/#!tassel/c17q9). Three types of information
needed for TASSEL analysis, including marker
information, trait information and the Q-matrix
of the population. Inferred ancestry of individuals
with an optimal K value from STRUCTURE
output was used for Q-matrix by setting these
values as the covariance in the association analysis.
Details of STRUCTURE analysis were already
explained in our previous work [18].
3. R ESULTS

3.1 Details of Height Frequency in the GT
Population
Height was recorded 4 times, HT-1, HT-2,
HT-3 and HT-4, for the GT population. Height
information of HT-1, HT-2 and HT-3 was explained
in previous work [18]. HT-4 data was recently
recorded in November of 2018. HT-1, HT-2 and
HT-3 were recorded in 6-month intervals in 8-9 year
oil palms while HT-4 was recorded in 10-year oil
palms. HT-4 data was recorded 18 months after
we recorded HT-3 data. The mean height of the
GT population was 192 cm for HT-1, 231 cm for
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HT-2 and 263 for HT-3, with a 35.5 cm average
increase per 6 months [18]. The mean height for
HT-4 was 380 cm, with a 117 cm increase within
18 months. The height distribution of the GT
population is shown in Figure 1.
3.2 Molecular Marker Design for EgGRF1,
EgGA20ox1 and EgDwarf8, and Identification
of Potential Markers Controlling Height
Twenty-nine primer pairs were designed for
the genes, EgGRF1, EgGA20ox1 and EgDwarf8
(Supplementary Table S1). Seven primer pairs,
renamed from mEgGRF1-1 to mEgGRF1-7, were
designed for EgGRF1 with an expected amplicon
size of 203-280 bp. Eleven primer pairs, renamed
from mEgGA20ox1-1 to mEgGA20ox1-11, were
designed for EgGA20ox1 with an expected amplicon
size of 224-283 bp. Eleven primer pairs, renamed
from mEgDwarf8-1 to mEgDwarf8-11, were
designed for EgDwarf8 with an expected amplicon
size of 213-287 bp. As a result, two potential
markers, named mEgGRF1-3 (forward primer;
5´-CCCAAGCTGACAAGAACTACAG-3´ and reverse
primer; 5´-TCATCCCTAGTGGCCTGAAC-3´)
and mEgGA20ox1-4 (forward primer;
5´-TGATTTGCTGCACCCAGA-3´ and reverse
primer; 5´- AGGGGTGGATGGAGAAAGAG-3´),

were shown to be clearly polymorphic when
these markers amplified short and tall oil palm
samples, respectively, as shown in Figure 2. The
predicted sequences of mEgGRF1-3 (235 bp)
and mEgGA20ox1-4 (231 bp) amplicons were
obtained from oil palm reference sequences
(http://genomsawit.mpob.gov.my/genomsawit/),
shown in Figure 3. Screening by mEgGRF1-3
resulted in 3 alleles, with sizes of 243 bp, 240 bp
and 234 bp. The 234 bp allele may associate with
height because this allele was found to be present
in the majority, 8 out of 10, of tall oil palm
individuals (Lane 11-20) and also lacking in 7 out
of 10 of the short (Lane 1-10). This result was
confirmed by association analysis using TASSEL.
Screening by mEgGA20ox1-4 resulted in 2 alleles,
with size of 235 bp and 229 bp. The 235 bp allele
may associate with height because this allele was
found to be present in the majority, 6 out of 10,
of the short oil palm individuals (Lane 1-10) and
also lacking in 7 out of 10 of the tall individuals
(Lane 11-20). This result was also confirmed by
association analysis using TASSEL. The amplified
region of mEgGRF1-3 is located in the gene
sequence while that of EgGA20ox1-4 is located in
the 5´ UTR, which is possibly a promoter region.
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Figure 3. Expected sequences of amplicons amplified by polymorphic markers, mEgGRF1-3 and
mEgGA20ox1-4. These sequences were obtained from the Malaysian Palm Oil Board (MPOB) (http://
genomsawit.mpob.gov.my/genomsawit/). Nucleotides in underlined bold letters represent forward
mEgGA20ox1-4. These sequences were obtained from the Malaysian Palm Oil Board (MPOB)
and reverse primer positions.

(http://genomsawit.mpob.gov.my/genomsawit/). Nucleotides in underlined bold letters represent forward and
reverse
positions. of mEgGRF1-3 and
3.3primer
Genotyping
mEgGA20ox1-4 in the GT Population, and
ANOVA Analysis of the Markers with Height
Examples of amplified PCR products of
mEgGRF1-3, and mEgGA20ox1-4 in the GT
population that were fractionated on the ZAGTM
DNA analyzer are shown in Figure 4. After

genotyping mEgGRF1-3 in the GT population
(180 individuals), we found 4 alleles with sizes
of 234 bp (Allele A), 237 bp (Allele B), 240 bp
(Allele C) and 243 bp (Allele D). Allele A (234
bp) was the targeted allele, as explained earlier.
There were 9 genotypes including allele pairs
A/A (234 bp/234 bp), A/C (234 bp/240 bp),
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mEgGRF1-3

mEgGA20ox1-4

Figure 4. PCR products amplified by polymorphic markers, mEgGRF1-3 and mEgGA20ox1-4, in
TM
the GT population were fractionated on the ZAG DNA analyzer.

A/D (234 bp /243 bp), B/B (237 bp/237 bp),
B/C (237 bp/240 bp), B/D (237 bp/243 bp),
C/C (240 bp/240 bp), C/D (240 bp/243 bp),
and D/D (243 bp/243 bp). After genotyping
mEgGA20ox1-4 in the GT population, we found
2 alleles with size of 229 bp (Allele A), and 235
bp (Allele B). Allele B (235 bp) was the targeted
allele, as explained earlier. There were 3 genotypes
including A/A (229 bp/229 bp), A/B (229 bp/235
bp) and B/B (235 bp/235 bp).
Due to a low number of individuals with
mEgGRF1-3 genotypes B/B (3 individuals),
B/C (2 individuals), B/D (5 individuals) and
C/C (4 individuals), these genotypes were not
included in ANOVA analysis. So, five genotypes,
A/A (12 individuals), A/C (21 individuals), A/D
(44 individuals), C/D (34 individuals) and D/D

(50 individuals) were subjected to ANOVA
analysis, including A/A, A/C, A/D, C/D and
D/D (Figure 5).
There were significant differences in measured
height between genotypes A/A, C/D and D/D for
all 4 height-recordings (height details and height
distribution in Table 1 and Figure 6, respectively),
suggesting that this gene contributes the height
trait in the GT population. ANOVA analysis
confirmed that genotypes A/A, C/D and D/D had
significant measured height differences between
them, for all 4 height-recordings (Table 2). Oil
palm individuals with genotypes A/A and C/D
were significantly taller than individuals with
genotype D/D in all 4 height-recordings whereas
genotypes A/C and A/D had intermediate heights.
For HT-1, individuals with genotypes A/A and
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Figure 5. Five genotypes of mEgGRF1-3 were subjected to ANOVA analysis for preliminary
determination of their height contribution.

re 5. Five genotypes of mEgGRF1-3 were subjected to ANOVA analysis for preliminary determination

heir height contribution.
Table 1. Height details of five genotypes of mEgGRF1-3, including A/C, A/D, A/A, C/D and D/D,
for height-recordings HT-1, HT-2, HT-3 and HT-4. Genotype A/A or genotype C/D was shown to
be tallest, 213 cm for HT-1, 253 cm for HT-2, 281 cm for HT-3 and 402 cm for HT-4. In the other
hand, genotype D/D was shown to be shortest, 180 cm for HT-1, 218 cm for HT-2, 250 cm for HT-3
and 362 cm for HT-4.
Trait

loci

Number

Mean (cm.)

Std. Deviation (cm.)

HT-1

A/C

21

193.90

30.68

A/D

44

191.70

37.84

A/A

12

213.25

39.76

C/D

34

202.29

34.88

D/D

50

180.48

32.41

Total

161

192.35

35.81

A/C

21

237.05

37.61

A/D

44

231.68

42.31

HT-2

HT-3

HT-4

A/A

12

252.67

44.10

C/D

34

240.38

38.23

D/D

50

218.72

37.70

Total

161

231.76

40.42

A/C

21

265.62

35.66

A/D

44

266.80

47.68

A/A

12

280.67

44.92

C/D

34

275.26

44.41

D/D

50

249.52

43.17

Total

161

264.10

44.74

A/C

21

390.90

50.49

A/D

44

379.05

63.14

A/A

12

388.17

63.43

C/D

34

402.32

56.04

D/D

50

361.84

55.97

Total

161

380.84

59.19

19
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HT-1,and
HT-2,
HT-3 and HT-4.
HT-1,
HT-2, HT-3
HT-4.

C/D were significantly taller than individuals
with genotype D/D by 22-33 cm. For HT-2,
individuals with genotypes A/A and C/D were
significantly taller than individuals with genotype
D/D by 22-34 cm. For HT-3, only individuals
with genotype C/D were significantly taller than
individuals with genotype D/D by 26 cm. For
HT-4, only individuals with genotype C/D were
significantly taller than individuals with genotype
D/D by 40 cm. We suggest that allele A and C
are involved with increasing height, while allele D
acts in the opposite way by decreasing height. The
contribution of EgGRF1 to height was further
confirmed by association analysis using TASSEL.
For ANOVA analysis, mEgGA20ox1-4 genotypes
consisted of A/A (229 bp /229 bp), A/B
(229 bp/235 bp) and B/B (235 bp/235 bp)
(Figure 7). There was no significant difference
between these three genotypes (Table 3). We
suggest that these genotypes don’t contribute

to height in the GT population. This result was
confirmed by association analysis, using TASSEL.
3.4 Association Analysis of mEgGRF1-3 and
mEgGA20ox1 with Height
For association analysis by TASSEL, three
data types were needed in the analysis, including
marker information, trait information and Q-matrix
data from the oil palm population, provided by
STRUCTURE. STRUCTURE analysis was explained
in our previous study [18] and the same Q-matrix
from the GT population was used in this study.
Briefly, the optimal K was determined by using
STRUCTURE Harvester [23]. The optimal K
calculated using the Evanno method [24] was 3,
because the highest Delta K = 2658 was found
for this value. For trait information, an additional
height (HT-4) recording was included in this study.
So, there were 10 phenotypes, including HT-1,
HT-2, HT-3, HT-4, Bunch number (BN)-2013,
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Table 2. Mean height comparison by using ANOVA analysis. Three mEgGRF1-3 genotypes, including
A/A, C/D and D/D, were significantly different with p values of 0.01-0.04 for height-recordings HT1, HT-2, HT-3 and HT-4. Genotypes A/A and C/D were significantly different from genotype D/D
for height-recordings HT-1 and HT-2 while genotype C/D was significantly different from genotype
D/D for height-recordings HT-3 and HT-4.
Trait

Genotype 1

Genotype 2

Height Mean Difference (cm.)
between genotype 1-genotype 2

Std. Error (cm.)

Sig.

HT-1

A/A

C/D

10.96

11.5

0.61

A/A

D/D

32.77

11.01

0.01*

C/D

A/A

-10.96

11.5

0.61

C/D

D/D

21.81

7.61

0.01*

A/A

C/D

12.28

12.99

0.61

A/A

D/D

33.95

12.44

0.02*

C/D

A/A

-12.28

12.99

0.61

C/D

D/D

21.66

8.6

0.04*

A/A

C/D

5.4

14.71

0.93

A/A

D/D

31.15

14.09

0.08

C/D

A/A

-5.4

14.71

0.93

C/D

D/D

25.74

9.74

0.03*

A/A

C/D

-14.16

19.12

0.74

A/A

D/D

26.33

18.3

0.33

C/D

A/A

14.16

19.12

0.74

C/D

D/D

40.48

12.66

0.01*

HT-2

HT-3

HT-4

*The mean difference is significant (Sig.) at the .05 level.
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Table 3. Height details of three mEgGA20ox1-4 genotypes, including A/A, A/B, and B/B, for heightrecordings HT-1, HT-2, HT-3 and HT-4. Although genotypes A/A and A/B were taller than genotype
B/B in all 4 height-recordings, there was no significant difference found between these three genotypes.
Trait

Locus

Number

Mean (cm.)

Std. Deviation (cm.)

HT-1

A/A

87

195.72

32.34

A/B

75

191.45

38.52

B/B

13

177.77

36.93

Total

175

192.56

35.55

A/A

87

235.52

38.75

A/B

75

230.80

42.49

B/B

13

216.85

40.55

Total

175

232.11

40.59

A/A

87

267.56

43.62

A/B

75

262.77

44.38

B/B

13

246.31

48.62

Total

175

263.93

44.40

A/A

87

384.10

57.53

A/B

75

381.27

61.43

B/B

13

371.62

63.58

Total

175

381.96

59.42

HT-2

HT-3

HT-4

fresh fruit bunch yield (FFB)-2013, BN -2014,
FFB-2014, BN-2015 and FFB-2015, in the trait
information. Details of other traits, besides
height, were explained in our previous work [18].
For marker information, previous markers [18],
including mEgDELLA1-1, mEgDELLA1-11,
mEgACCO-pr2, mEgSSRffb10-8, and two additional
markers, mEgGRF1-3 and mEgGA20ox1-4, were
used in TASSEL analysis. After association analysis,
we found a significant association between the
markers and the traits, as shown in Table 4.
The mEgGRF1-3 marker was found to be
significantly associated with height in all 4 heightrecordings. This result supports data from the
ANOVA analysis. However, mEgGA20ox1-4 did
not associate with height in any height-recordings.
This result also supports data from the ANOVA

analysis, which shows no significant relationship
between any genotype of mEgGA20ox1-4 and
height. In addition, mEgDELLA1-1 was also
found to be significantly associated with HT4. This additional significant association of
mEgDELLA1-1 with height was not reported
in our previous work [18].
4. D ISCUSSION

Growth regulating factors (GRFs) are plantspecific transcription factors that have diverse
functions, including stem and leaf development,
flower and seed formation, and root development
[25]. GRF families have been reported in several
plant species, for example: 9 GRFs in Arabidopsis,
26 GRFs in soybean, 12 GRFs in tomato, 13 GRFs
in potato, 13 GRFs in rice and 17 GRFs in maize.
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Table 4. Significant association between markers of EgGRF1, EgDELLA1, EgGA20ox1 and EgACCOpr2 with agronomic traits including height (HT), bunch number (BN) and fresh fruit bunch yield (FFB).
Reported in
previous study
[18]

Trait

Locus

df_Marker

F_Marker

#perm_
Marker

p_Marker

HT-1

mEgGRF1-3

8

2.2319

10000

0.0276

HT-2

mEgGRF1-3

8

2.2332

10000

0.0275

HT-3

mEgGRF1-3

8

2.0064

10000

0.0487

HT-4

mEgGRF1-3

8

2.2654

10000

0.0253

BN-2013

mEgGRF1-3

8

3.5222

10000

8.76E-04

HT-1

mEgDELLA1-1

5

2.3511

10000

0.0429

yes

HT-2

mEgDELLA1-1

5

2.6198

10000

0.0261

yes

HT-4

mEgDELLA1-1

5

3.1094

10000

0.0103

BN-2014

mEgGA20ox1-4

2

3.997

10000

0.0201

FFB-2014

mEgGA20ox1-4

2

3.6595

10000

0.0278

BN-2015

mEgACCO-pr2

5

2.4108

10000

0.0384

HT-4

mEgACCO-pr2

5

2.8395

10000

0.0172

OsGRF1 was first discovered in rice [20]. This
gene is a gibberillic acid (GA)-induced gene in
the intercalary meristem internode of rice. Its
expression in Arabidopsis causes impaired stem
growth, suggesting that it plays a role in GA-induced
stem elongation [20]. In our study, EgGRF1 has
83.33% identity with OsGRF1 (NCBI accession:
AF201895). The amplicon (235 bp of the expected
size) of polymorphic mEgGRF1-3 was located
in the intron region. This marker was an SSR
marker, containing 2 SSR motifs, including TC
motif (7 repeats) and TCTA motif (8 repeats).
Compared to the mEgDELLA1-1 marker, this
mEgGRF1-3 marker was more associated with
height in the GT population, in terms of the
number of height records. These results could
be confirmed further if association analysis of
these two markers is determined in other oil palm
populations.
This study shows that both mEgGRF1-3 and
mEgDELLA1-1 contribute to the height trait in
the GT population. The mEgGRF1-3 marker was
also found to associate with the BN-2013 trait. It is

yes

possible that the single gene can have major effects
on the height trait as well as some minor effects
on the other traits. This tendency to affect more
than one trait was also found for mEgACCO-pr2,
which was found to associate with HT-4 as well as
BN-2015 [18]. In this work, mEgGA20ox1-4 did
not associate with height in any height record by
association analysis. This correlates with ANOVA,
which showed no significant relationship between
any genotype of mEgGA20ox1-4 and height.
Interestingly, mEgGA20ox1-4 was found to
associate significantly with other traits, including
BN-2014 and FFB-2014. In addition from our
previous [18], weak to moderate positive correlation
was found between HT and BN (r = 0.215-0.395),
and between HT and FFB (r = 0.254-0.499)
from two oil palm populations. We suggest that
semidwarf oil palm with higher yield in terms
of bunch number and fresh fruit bunch yield is
possible but still challenging.
It is possible that other polymorphic regions
including SNPs and small InDels cannot be
detected by using the ZAGTM DNA analyzer. The
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ZAGTM DNA analyzer works by high-throughput
capillary electrophoresis. The technology can
distinguish DNA fragments under 300 bp, with
difference as low as 3 bp (https://www.aati-us.
com/instruments/zag-dna-analyzer/) and can
genotype several samples in a short time period.
However, the limitation of this technology is
the inability to distinguish between fragments
that have a difference of less than 3 bp. Some
gene variations, controlling traits of interest, may
not be detected. Conventional polyacrylamide
electrophoresis can distinguish between fragments
differing by a single base pair but the high amount
of labor involved in the gel preparation caused us
not to choose this method. To overcome these
limitations, we may perform full-length DNA
sequencing by using high throughput PacBio
SMRT sequencing, as reported by our research
team [26]. Therefore, several variations, including
SNPs, SSRs and InDels, will be revealed between
short and tall oil palm groups. This will help us
to distinguish between less detectable variations
that may be involved in height control.
In conclusion, we identified EgGRF1 as a
potential height controlling gene in oil palm, in
addition to EgDELLA1 that has been reported
in previous work [18]. Both genes are involved in
GA responding pathway but they have different
functions. EgGRF1 is a GA-induced gene while
EgDELLA1 is a GA-responsive repressor. In the
GT population, EgGRF1 has more contribution
to the height trait than EgDELLA1 in terms of
the number of significant associations. However,
in other oil palm populations, the contribution of
these two genes may be different. Our work still
cannot detect highly polymorphic SNP variations.
In further study, PacBio SMRT sequencing will be
used to detect all possible variations of candidate
full-length genes that have been reported to be
involved in height or stem elongation. If more
genes controlling height are revealed, more markers
will be used in marker-assisted selection in future
oil palm breeding programs.
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