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The ‘Philippine Lono Tall’ (PLNT) is a variant of the more common ‘Philippine Laguna Tall’ (LAGT), which produces fruits
with soft endosperm and reported higher fat content. To understand patterns of fatty acid (FA) and oil accumulation in
LAGT and PLNT fruits, transcriptomes of 6—7 month-old endosperm samples were analyzed by RNA-Seq. Quantitative
PCR was performed to analyze the differential expression of selected genes related to oil biosynthesis. Further, oil samples
from the PLNT endosperm were analyzed to determine their FA composition across developmental stages. A total of
416,488 contigs were de novo assembled, including 15,497 (14,356 upregulated and 1,141 downregulated) differentially
expressed contigs. Several putative unigenes related to cell membrane and wall biogenesis, endosperm development,
and oil biosynthesis and accumulation were identified among the assembled contigs. This first report of the complete
ontogenetic FA profile revealed that medium chain fatty acids are the main components of oil from the PLNT endosperm.
This pilot study is the first to suggest a molecular basis for the unique ‘Lono’ phenotype.

Keywords: coconut, fatty acids, oil biosynthesis, ‘Philippine Laguna Tall’, ‘Philippine Lono Tall’, quantitative
real-time PCR, RNA sequencing, transcriptome

Abbreviations: C6:0 — caproic acid, C8:0 — caprylic acid, C10:0 — capric acid, C12:0 - lauric acid, C14:0 — myristic
acid, C16:0 — palmitic acid, C16:1*° — palmitoleic acid, C18:0 — stearic acid, C18:1*° - oleic acid, C18:22%'2 —linoleic
acid, C18:3*12%5 —linolenicacid, C20:0 —arachidic acid, DEC — differentially expressed contigs, DEG — differentially
expressed genes, FA — fatty acids, FAS — fatty acid synthase, LAGT — ‘Philippine Laguna Tall’, LCB - long-
chain bases, LCFA - long chain fatty acids, MAP — months after pollination, MCFA — medium chain fatty acids,
PCA - Philippine Coconut Authority, PLNT — ‘Philippine Lono Tall’, RNA-Seq — RNA sequencing, RT-qPCR
— quantitative real-time PCR, SFA — saturated fatty acids, T, — annealing temperature, TAG - triacylglycerols,

VLCFA - very long chain fatty acids

INTRODUCTION

The “Philippine Lono Tall’ (PLNT) variant of the more
common ‘Philippine Laguna Tall’ (LAGT) variety is
a high-value, soft-endosperm phenotype. Zuniga et
al. (1970) and Santos et al. (1984) classified PLNT as a
member of the tall typica group. The earliest known origin
of PLNT is La Union, Philippines (Padolina 1985); other
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planting sites include the University of the Philippines in
Los Banos, Laguna and the Philippine Coconut Authority
— Albay Research Center (PCA-ARC), Camalig, Albay,
and Sorsogon in Bicol. International conservation sites
for PLNT include the Central Plantation Crops Research
Institute (CPCRI) in Kasaragod, Kerala, India and the
Coconut Research Station of Tamil Nadu Agricultural
University in Aliyarnagar, India. The PLNT accession

101



Transcriptome Analysis of ‘Philippine Lono Tall” Coconut (Cocos nucifera L.) Endosperm

IND 050 at CPCRI was deposited in 1960 under the code
“PHL” (Batugal et al. 2010).

Fruits with the PLNT phenotype usually arise from
LAGT palms, although some PLNT fruits have been
observed in other cultivars. Ocular inspection cannot
distinguish LAGT from PLNT endosperm samples and
sensory evaluation is required to determine the PLNT
variant (Rillo 2014). The molecular detection of the PLNT
phenotype has not been reported to date. Spontaneous
termination of fruit development and limited in situ
embryo germination impede the analysis of PLNT
inheritance. Rillo (2014) observed the PLNT phenotype
in 3% of the fruit produced by Lono-bearing coconut
palms from 1998 to 2001. Proximate analysis of PLNT
and LAGT endosperm samples revealed an average fat
content of 71.80% and 54.83%, respectively.

Coconut oil is a triacylglycerol (TAG) ester
composed of three fatty acid (FA) chains, with lengths
from C6:0 to C20:0 (Bezard et al. 1971). Dried mature
coconut kernel called copra is crushed to produce
the oil, which is mainly used for food production or
for manufacturing toiletries, surfactants, and other
industrial products. According to Codex Alimentarius
Standard for Named Vegetable Oils (CXS 210-1999),
coconut oil primarily contains approximately 45.1%-
53.2% lauric acid (C12:0), which is comparable to palm
kernel oil (45%-55%). By contrast, oleic (C18:14°) or
linoleic acid (C18:2%%'2) are the primary FA in other oil-
producing crops like almond, corn, pistachio, peanut,
sesame, soybean, canola, and sunflower (FAO/WHO
2007). CPCRI (2013) reported an annual average copra
yield of >25 kg-palm™ from PLNT palms (Supplementary
Table 1). Gas chromatography showed 93.2% saturated
FA and 6.8% unsaturated FA from copra based on 10,000
PLNT fruits sampled over a three-year period (Kumar
2007, 2011; Kumar and Balakrishnan 2009).

High-performance  liquid chromatography
(HPLC) revealed that LAGT coconut contains 90.86%
saturated and 9.15% unsaturated FA (Laureles et al.
2002), while PLNT coconut has 96.90% saturated and
3.10% unsaturated FA (Rodriguez 2013). The saturated
medium chain FA (MCFA) composition is the same for
LAGT and PLNT, except for different levels of lauric
acid (C12:0) in LAGT (49.70%) and PLNT (52.10%).
Concentrations of saturated long chain FA (LCFA)
were lower in LAGT (26.41%) than in PLNT (35.90%),
and stearic acid (C18:0; 6.10%) was only observed in
the latter. Unsaturated oleic acid (C18:1%% 6.02%) and
linoleic acid (C18:2%%1%; 3.13%) were detected in LAGT,
whereas PLNT only contained C18:1%%'2 (0.90%).

FA biosynthesis (Fig. 1) is a repetitive cycle
of condensation, reduction of the carbonyl group,
dehydration, and the reduction of the carbon-carbon
double bond (Dussert et al. 2013). The fatty acid synthase
(FAS) complex catalyzes all enzymatic processes during
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FA synthesis to produce a palmitoyl-ACP complex
(C16:0) that is cleaved by acyl-ACP thioesterases (Reshef
et al. 2003). Developing seeds of plants like Arabidopsis
thaliana (L.) Heynh. have low levels of oleoyl-ACP
thioesterase (FatA) transcription (Moreno-Pérez et al.
2011), whereas high palmitoyl-ACP thioesterase (FatB)
transcription was observed in developing tissues, such
as the coffee (Coffea arabica L.) endosperm (Joét et al.
2009). The upregulation of FatB apparently increases
C16:0 levels in oil bodies (Dussert et al. 2013).

Additional genes are required for FA elongation
and desaturation to produce very long chain fatty acids
(VLCFA) that accumulate in embryonic cells as seed
oil storage compounds (Haslam and Kunst 2013). The
3-ketoacyl-CoA synthases utilized for VLCFA synthesis
are encoded by the multigenic ELO gene family, such as
an Arabidopsis elongation of FA 3 (ELO3)-like gene (Quist
et al. 2009). VLCFA are used to produce sphingolipids,
which control various cellular processes (Haslam and
Kunst 2013). Sphingolipid structures are formed via the
desaturation of long-chain bases (LCB) by sphingoid
desaturases like delta(8)-fatty-acid desaturase 2 (d8-
DES2), which produces a cis or trans delta(8) double
bond (Chen et al. 2012). However, the metabolic and
physiological significance of LCB wunsaturation is
unknown.

Free FA are used to synthesize and maintain
structural components in organellar membranes or to
assemble TAG in the endoplasmic reticulum (Dussert
et al. 2013). Intracellular TAG are deposited in oil
bodies or oleosomes (Siloto et al. 2006). Oleosome size
and stability are maintained by oleosins, hydrophobic
proteins in the phospholipid coat that facilitate oil body
biogenesis and stabilization (Barre et al. 2008). Oleosin
(OLE) genes have been characterized in African oil palm
(Elaeis quineensis Jacq.) (Jamek et al. 2010) and coconut
(Regalado et al. 2008; Vargas et al. 2017; Reynolds et al.
2019). The roles of oleosins in seed development and
dormancy have not been fully explored.

Given the consistently high demand for coconut
oil in the international market, coconut cultivar
improvement and hybrid development would benefit
from a detailed understanding of the major components
of coconut oil as well as the underlying biosynthetic
pathways for oil biosynthesis. Putative genes and
transcription factors involved in oil biosynthesis have
been identified in silico from the Hainan Tall coconut
transcriptome (Fan et al. 2013). Similarly, RNA-Seq
analysis has been used to compare transcriptomes of
fruit and seed tissues in oil palm (Dussert et al. 2013)
and analyze differential expression between the oil palm
and date palm (Phoenix dactylifera L.) mesocarp (Bourgis
etal. 2011).

The high FA and fat contents of PLNT copra
makes it a promising variant for improved coconut oil
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production. The potential of PLNT remains unexplored
because of the low probability of obtaining true Lono
fruits and the limited success of its propagation via
embryo rescue and tissue culture. Genomic and
transcriptomic data could elucidate the molecular
events that cause the PLNT phenotype. Transcriptomics
can compare the expression profiles between several
cultivars or various developmental stages. RNA-Seq
analysis of the PLNT endosperm could facilitate the
discovery of novel genes and gene networks underlying
oil biosynthesis.

The present study aimed to differentiate the
expression of genes for oil biosynthesis in LAGT and
PLNT endosperm samples using next-generation
sequencing of RNA (RNA-Seq). Differentially expressed
oil biosynthesis genes in PLNT and LAGT were profiled
by real-time quantitative PCR (RT-qPCR) of endosperm
samples at 6 to 10 months after pollination (MAP).
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Fig 1. A simplified lipid biosynthesis pathway showing the

genes related to triacylglycerol (TAG) production in palms
(modified from Dussert et al. 2013). WRI1, ethylene-
responsive transcription factor WRI1; PDH(E1a/E1B/E2/
E3), pyruvate dehydrogenase E1 component subunit
alpha/E1 component subunit beta/E2/E3; ACC-CTa/
CTB/BC/BCCP, acetyl-CoA carboxylase carboxyl
transferase subunit alpha/beta/biotin carboxylase/biotin
carboxyl carrier protein; ACP, acyl carrier protein; MAT,
malonyl-CoA:ACP  malonyltransferase; = FabB/FabF/
FabH, 3-oxoacyl-ACP synthase I/Il/lll; FabG, 3-oxoacyl-
ACP reductase; Fabl, enoyl-ACP reductase; KAS /I/ll/
Ill, 3-ketoacyl-CoA synthase I/ll/lll; KAR, ketoacyl-ACP
reductase; ACAA, 3-ketoacyl-CoA thiolase; HADA, enoyl-
CoAhydratase; MECR, trans-2-enoyl-CoAreductase; HAD,
hydroxyacyl-ACP dehydrase; EAR, enoyl-ACP reductase;
SAD, stearate desaturase; PHS2, very-long chain (3R)-3-
hydroacyl-CoA dehydratase 2; TER, very-long-chain enoyl-
CoA reductase; LACS, long chain acyl-CoA synthetase;
GPD, glycerol-3-phosphate  dehydrogenase; GPAT,
glycerol-3-phosphate acyltransferase; LPAAT, 1-acyl-sn-
glycerol-3-phosphate acyltransferase; PAP, phosphatidate
phosphatase; LPEAT, lysophospholipid acyltransferase;
PSAT, phospholipid-sterol-O-acyltransferase;  LCAT,
lecithin-cholesterol acyltransferase; DGAT1/2,
diacylglycerol-O-acyltransferase 1/2; CPT, diacylglycerol
cholinephosphotransferase; FAD2, omega-6 fatty acid
desaturase 2; FAD3, omega-3-fatty acid desaturase;
LPCAT, 1-acylglycerol-3-phosphate-O-acyltransferase;
PDAT, phospholipid:diacylglycerol acyltransferase; PL,
phospholipase; OLE, oleosin.

MATERIALS AND METHODS

Plant Materials

A total of 10 fruits each were collected from PLNT
and LAGT coconut palms at the PCA Albay Research
Center (PCA-ARC) in Guinobatan City and from LAGT
coconut palms at the PCA Zamboanga Research Center
(PCA-ZRC) in Zamboanga City. PLNT fruits could only
be identified using sensory tests. The collected fruits
were aged 6, 7, 8, 9, and 10 MAP. The endosperm was
isolated from the shell and ground in liquid nitrogen
before indefinite storage at -80°C.

De novo Sequencing, Assembly, and Annotation

Total RNA was isolated from the endosperms of two
6-7 MAP PLNT and LAGT fruits using the Li and
Trick (2008) method for the Modified RNA Isolation
from Germinating Seeds. Eluted RNA was treated

103



Transcriptome Analysis of ‘Philippine Lono Tall” Coconut (Cocos nucifera L.) Endosperm

with Turbo™ DNase (Invitrogen, Carlsbad, CA,
USA) for one hour at 37°C. The solution was purified
using the RNA cleanup protocol of the RNeasy Plant
Mini Kit (Qiagen, Chatsworth, CA, USA). Total RNA
quality was visualized by agarose gel electrophoresis.
Spectrophotometric absorbance readings for the 260
and 280 wavelengths (A260/A280) were also obtained
using a Nanodrop® spectrophotometer. Quantification
of RNA samples were done using Qubit® RNA High
Sensitivity (HS) Assay Kit (Molecular Probes, Eugene,
OR, USA) and Qubit® 2 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). The RNA integrity
number (RIN) was also obtained for each sample using
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.,
California, USA). After library preparation using the
TruSeq® Stranded Total RNA kit, the extracted RNA was
sequenced using the Illumina® HiSeq 2000 and NovaSeq
6000 platforms (Illumina, San Diego, CA, USA).

The raw sequences were deposited at the National
Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under BioProject accession number:
PRJNA511560. Contigs were generated and unigenes
were assembled by a de novo assembly algorithm based
on de Bruijn graphs (Li et al. 2010) as implemented in the
stand-alone CLC Genomic Workbench 9.0.1 (CLC Bio,
Aarhus, Denmark; https://www.qiagenbioinformatics.
com/products/clc-genomics-workbench/). The above-
mentioned unigenes were merged and used as the
reference transcriptome for subsequent read mapping
and abundance estimation of transcripts for LAGT
and PLNT. A local database was created from all plant
non-redundant (nr) protein sequences in NCBI using
Blast2GO software (Conesa et al. 2005). The assembled
contigs were queried against the local database with an
expectation value cut-off of 1x10°. The tabulated BLAST
result was used as the expression data annotation file.

Statistical Analysis of Read Abundance
Differential expression analysis was performed using the

Table 1. Primers designed for the amplification of candidate genes related to oil biosynthesis

in coconut endosperm.
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RNA-Seq Analysis tool of the CLC Genomic Workbench
with default parameters. Pairwise comparisons were
performed using the Baggerley et al.’s test, a 3-binomial
sampling model comparing the proportions of counts in
a group of samples against another that is suited to cases
where replicates are available in the groups (Baggerley
et al. 2003). Contigs were considered to be differentially
expressed when the false discovery rate p-values (FDR
p-val) were less than 0.05. Additionally, the absolute
value of the log2 fold change for the differentially
expressed contigs (DEC) should be greater than 3, with
differences greater than 5. The data were reanalyzed
using stricter parameters (FDR p-val < 0.01) however
the results did not significantly change; hence, default
parameters were used for RNA-Seq analysis. The
expression values of the filtered dataset were normalized
using a scaling method with a trimming percentage
cutoff of 5%. The identified DEC were clustered using
the Euclidean distance measure with the assumption of
complete linkage.

Real-time Quantitative PCR of Selected Differentially
Expressed Contigs

Candidate genes for preliminary RT-qPCR experiments
were selected from literature and from the DEC of
LAGT vs. PLNT transcriptome comparison. Primer
pairs for each gene of interest (Table 1) were designed
using Primer-BLAST (Ye et al. 2012). RT-qPCR of 100 ng
cDNA templates of PLNT and LAGT at 6-10 MAP was
performed using Step One® Real-Time PCR (Applied
Biosystems, Austin, TX, USA) with the PowerUp™
SYBR® Green Master (Thermo Fisher Scientific) Mix
kit. The amplification profile consisted of an initial
denaturation step at 95°C for 10 min, followed by 35
cycles of denaturation at 95°C for 45 sec, annealing at
optimum temperature for 30 sec, and elongation at 72°C
for 60 sec, and a final elongation step at 72°C for 10 min.
Relative quantification (RQ) of the candidate genes was
based on the comparative AC, (AAC,) method. Actin
was used as the internal
control gene (dela Cruz
et al. 2011). Student’s

Gene ID Forward Primer

Reverse Primer

Ta(°C)  t-test was performed
d8-DES2  TGCCTCTCAAACACCAAGTTGA ACTTCTCGGCGAGCGTCTA 60.6 to determine if the RQ
ELO3 GCCCAGGCCCCCTCA CCACCGACACGGCGAAG 6og  values observed from
FatA CTTATATCGGATGGGTCCTTGAA TGCTGGCATTCTCTCCTGTAATC  59.0 EILHI\GI rTe;Vtere Sflr%r;ﬁcanég
FatB AATTGCCGGACTGGAGCAT TCCGCGGCCGAAAAG 590 values of LAGT across
OLET6k-  \pGAAGCCAGTGGCAGTGT — TGATAAAGAGCGACGAGGGAG ~ 090  developmental stages
Da-isoform1 for each gene (a = 0.05)
Dg_fs’f; ;frk,;m GTTAGCACAGCACAGCATTA  GACAAAGTGAAGTTGGAGGG 59.0 Elsmlg Teersslzts ?I:_ 2%@%12
OLE18kDa CGAAGGCCTGAAGGGTCTC GGGAGATGTTTTCATGTCCTGC ~ 59.0  Core Team 2019; https://
OLE5  CTTGACGTAGCTCACCACCC  TTTGATCACCGATGGCGGA 500  Www.R-projectorg).
ACTIN  CGTGCCCGCAATGTATGTT TGTGCGGCCACTAGCATAGA 59.0
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Oil Isolation and FA Analysis

Solid endosperm comprising three replicate samples
were pulverized in liquid nitrogen using a mortar and
pestle, transferred to a 50 mL tube, and mixed with
HPLC-quality water in a 1:1 volume ratio following
the protocol of Raghavendra and Raghavarao (2010)
for coconut oil extraction using the “chilling and
thawing” method with modifications. The resulting
homogenate was vigorously mixed using a vortex mixer
and spun at 6,000 xg for 20 min. The upper creamy
layer was transferred to 15 mL tubes. Centrifugation of
the homogenate was repeated until no upper creamy
layer can be obtained. The tubes were stored at 4°C
for 24 hours. The samples were placed inside a water
bath at 50°C for one hour. The top oily layer (>1 mL)
was transferred to new 2 mL tube and stored at 4°C.
The FA profile of the oil samples was analyzed using
AOAC standard protocols (AOAC 969.33 and AOAC
963.22, 16th edition) by the Central Analytical Services
Laboratory, National Institute of Molecular Biology
and Biotechnology (CASL, BIOTECH), UPLB. Gas
chromatography (GC) was performed through a 1.10
mm wide x 2.10 mm long column with Chromosorb W
packing material. The following temperature program
was used: 90°C for 6 min; increased to 180°C at 5°C-min™
and held for 2 min; increased to 220°C at 10°C-min™ and
held for 15 min. The injector and detector temperatures
were set at 260°C for three replicates. Each FA was
identified against a virgin coconut fatty acid methyl
ester and quantified using area normalization. Results
were expressed as percent of individual FA.

The FA composition of LAGT and PLNT at 7-12
MAP were statistically analyzed using the stats package
in R version 3.6.0 (R Core Team 2019; https://www.R-
project.org). The Wilk-Shapiro test was conducted

Table 2. Summary statistics of the reads, contigs, and unigenes of 6-7 months old

‘Laguna Tall’, “Lono’, and merged endosperm transcriptomes.
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to check for normal distribution of the data (Shapiro
and Wilk 1965) while Mauchly’s sphericity test was
performed to validate the homogeneity of variance
(Mauchly 1940). Three tests were performed to
identify significant differences: (1) between the overall
percentage of FA, (2) within the FA profile across
developmental stages via Hotelling’s t-squared statistic
(Hotelling 1931), and (3) among the percent composition
of each FA across developmental stages. Statistical
analysis using Student’s t-test (p-val < 0.05) was also
done to determine if there are significant differences
between FA composition of LAGT and PLNT for each
developmental stage.

RESULTS AND DISCUSSION

Transcriptome Assembly and Annotation in “Lono”
After quality assessment, adapter and poly-A tail
trimming, and filtering of low quality reads, a total of
263,251,316 reads from ‘Laguna Tall’ and 132,259,706
reads from ‘Lono were obtained (Table 2). De novo
assembly of LAGT and PLNT solid endosperm
transcriptomes at 6-7 MAP yielded 285,037 and 267,827
contigs, respectively. The average contig lengths of
LAGT and PLNT transcriptomes were 723 bp and 398
bp, respectively. The two sets of reads were pooled to
generate the contigs and then assembled into a non-
redundant unigene set. A total of 416,488 unigenes made
up of 266,653,479 bases, with an average length of 640 bp
and median length of 376 bp, were generated from the
merged LAGT and PLNT reads. Among these, 58,428
(14%) were over 1,000 bp long. The assembled unigenes
were of sufficient length (N50 = 874) and mapped to a
high percentage of the original reads (92.60% mapped
reads).

Read Mapping and Differential
Expression Analysis

Statistics Laguna Tall Lono Merged A high percentage of the LAGT and
Total reads 263,251,316 132,259,706 395,511,022 PLNT reads successfully mapped
Total length of reads 26,724,380,103  13,389,253,978  40,113,634,081 back to the reference unigene set
Mean Q30 (%) 95.0 94.0 95.0 whlchblshows the .efﬁafency of th(eiz
Number of contigs 283,145 265,349 413678 2SSemply accounting for a goo
majority of the sequencing reads
Total length of contigs (bp) 201,141,791 105,509,561 255,595,263 (Table 3). The reference was able to
Mean contig length (bp) 710 398 618 align a high percentage of the LAGT
N50 contig length (bp) 1,039 401 817 and PLNT reads with over 85.75%
Contig GC content (%) 39.2 41.1 39.4 arﬁd 88.55% 1maPPing/ reSPeCSVelyé
, The uniquely mapping reads o
Number of unigenes 285,037 267,827 416,488 . .
g . LAGT were slightly higher than the
Total length of unigenes 209,928,010 108,731,964 266,653,479 PLNT reads at 83.26% and 83.04%
b : .04%,
(be) _ respectively. There were only 14.25%
Mean unigene length (bp) 736 406 640 and 11.45% unmapped reads for
NS0 unigene length (bp) 1,108 410 874 LAGT and PLNT, respectively.
Unigene GC content (%) 38.7 40.6 38.9
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Table 3. RNA-Seq mapping statistics for ‘Laguna Tall’
(LAGT) and ‘Lono” (PLNT) reads mapped to the reference
unigene set.

Top-hit Species Distribution

Read statistics Laguna Tall Lono
Counted 125,102,115 117,111,723
fragments (85.75%) (88.55%)
Unique 121,464,733 109,827,385
(83.26%) (83.04%)
Non-specific 3,637,382 (2.49%) 7,284,338 (5.51%)
Uncounted 20,784,583 15,147,983
fragments (14.25%) (11.45%)
Total fragments 145,886,698 132,259,706

Among the assembled unigenes, 15,497 were
differentially expressed between LAGT and PLNT
at 67 MAP (Fig. 2). Based on fold change, 14,356
(92.64%) of the DEC were upregulated and 1,141
(7.36%) were downregulated in PLNT. Among the DEC,
2,280 (14.71%) showed significant similarity to known
proteins in the NCBI nr protein database. The remaining
13,217 (85.29%) with missing annotations may be
attributed to the short query sequences and limited
genomic information in coconut. A total of 436 unigenes
(19.12%) had BLAST hits that significantly matched with
the aligned proteins (E-value < 1x10%). Approximately
1,000 unigenes (43.86%) showed greater than 75%
similarity to the protein entries. The de novo assembled
Cocos nucifera (L.) contigs had high sequence homology
with transcripts from other monocot species, namely, E.
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Fig 2. Characterization of the
15,497 differentially
expressed contigs in
‘Laguna Tall’ and ‘Lono’
solid endosperms using
the NCBI non-redundant
version 5 (nr_v5)
database. (A) E-value
distribution with a cutoff
of 1E-5. (B) Similarity
distribution above 40%.
(C) Species distribution
of BLAST hits. (D)
Distribution of top 5
species with BLAST hits.

guineensis (54.65%) and P. dactylifera (26.93%). Although
the genomes of different coconut varieties have been
recently published (Fan et al. 2013; Lantican et al.
2019), much of the sequence annotation is incomplete.
The predominance of homologous genes from species
other than C. nucifera may be explained by the more
comprehensive annotation of the complete E. guineensis
(Singh et al. 2013) and P. dactylifera (Al-Dous et al.
2011) genomes. From the 2,280 identified differentially
expressed genes (DEG), only 1,759 (77.15%) DEG were
successfully mapped and only 1,268 (55.61%) DEG were
successfully annotated. The functionally annotated DEG
were classified into three gene ontology (GO) categories
- molecular function, biological process, and cellular
component (Fig. 3). Each category is composed of level
5 GO annotation terms.

PLNT has a higher number of upregulated
DEG than LAGT (Fig. 4). The most upregulated DEG
(Table 4) was annotated as cocosin 1, which has been
associated with nutrient reservoir activity during seed
development (Caldo et al. 2015). Several upregulated
DEG encoded integral membrane proteins, such as
“fasciclin-like arabinogalactan protein 2” (Johnson et
al. 2003) and “formin-like protein 16” (Kawahara et
al. 2013). Coconut fruit undergoes nuclear endosperm
development and cellularization occurs at 7 MAP to form
the solid endosperm (Berger 1999). Integral membrane
proteins are crucial in building endosperm cells; the
upregulation of these proteins in PLNT implies an early
buildup of transcripts for cell biogenesis.
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Fig 3. Distribution of the top gene ontology (GO) terms under
the biological process, molecular function, and cellular
component categories for the identified DEG in ‘Laguna
Tall’ and ‘Lono’.
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Fig 4. Venn diagram showing the distribution of upregulated
differentially expressed genes (DEG) in ‘Laguna Tall
and ‘Lono’ endosperm transcriptome.

The upregulated cytosolic “embryonic cell protein
63" was previously associated with BHLH109-mediated
regulation of somatic embryogenesis (Nowak and Gaj
2016), whereas the chloroplastic “adenine nucleotide
alpha hydrolases-like superfamily protein” has been
linked to embryo development ending in seed dormancy
(Apuya et al. 2002). Several of the most downregulated
DEG encode for membrane proteins, such as “ABC
transporter G family member 31” (Verrier et al. 2008)
and “syntaxin-related protein KNOLLE” (Lukowitz et
al. 1996). Notable downregulated DEG associated with
cell division and the cell cycle include “syntaxin-related
protein KNOLLE” (Lukowitz et al. 1996), “cyclin-B2-2
isoform X2” (Al-Mssallem et al. 2013), and “cyclin-
dependent kinase B2-1” (Lee et al. 2003).

The differential expression of genes involved in
oil biosynthesis was also revealed by comparing the
LAGT and PLNT transcriptomes. The oil biosynthesis
genes identified in the present analysis (Table 5) were
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compared with genes previously identified in ‘Hainan
Tall’ by Fan et al. (2013) and in LAGT by Punzalan et
al. (2019). Contrasting gene expression patterns during
endosperm development may account for observed
phenotypic differences between PLNT and LAGT in
terms of the FA composition and oil yield.

Real-Time Quantitative PCR of Selected Differentially
Expressed Contigs

Based on the results of RNA-Seq analysis of LAGT and
PLNT transcriptomes and a review of related literature,
8 genes related to lipid biosynthesis were identified for
preliminary analysis via RT-qPCR experiments. The
expression profiles of d8-DES2, ELO3, FatB, and OLE5
were revealed to be significantly different between
LAGT and PLNT across developmental stages (Fig. 5).

Delta(8)-desaturase 2 (d8-DES2) and Elongation of
fatty acids 3 (ELO3). Increased transcription of d§-DES?2
was observed in LAGT and PLNT at 6 MAP (Fig. 5A).
The transcript levels differed greatly between the two
variants at 7 MAP, with significantly higher expression
in LAGT. Subsequent transcript levels at 8-10 MAP
decreased in both samples. The abundance of ELO3
transcriptsin LAGT and PLNT at 6-7 MAP was observed
to suddenly decrease at 7-8 MAP then plateau at almost
half the original levels at 9-10 MAP with significantly
lower expression levels in PLNT (Fig. 5B). These trends
of gene expression in LAGT and PLNT are observed for
both computational RNA-Seq analysis and experimental
FA profiling. The differential gene expression may
account for the low levels of unsaturated FA in PLNT
at 10 MAP.

The sudden increase of ELO3 transcript level
in LAGT at 7 MAP implies that unsaturated FA
accumulation could require other enzymes for FA
elongation because the increased transcriptional activity
does not coincide to any visible differences between
LAGT and PLNT in terms of LCFA accumulation. The
observed average amounts of C16:0-C18:x FA at 10 MAP
may be explained by the low to intermediate expression
levels of ELO3 in LAGT and PLNT after 7 MAP. The
spike in transcript abundance of ELO3 in LAGT at 7
MAP could indicate that other FA elongation enzymes
(e.g., VLCOR, KAS, LACS) are equally being utilized
during unsaturated FA accumulation.

FA elongation and desaturation are critical
points in oil biosynthesis. The functions of plant ELO3
homologs have not been well-studied, although an
Arabidopsis homolog has been reported to control
VLCFA composition and influence cell signaling
(Quist et al. 2009). The functional importance of LCB
delta(8) unsaturation in plant development is likewise
uncertain, although desaturation is required to produce
the wide array of sphingolipid structures (Chen et al.
2012). The moderate levels of saturated and unsaturated
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Table 4. List of the top 50 differentially expressed genes in the ‘Laguna Tall’ vs. ‘Lono’ transcriptome comparison at 6-7
months after pollination based on log?2 transformed values.

Description Difference Fold Change

Upregulated Differentially Expressed Genes

cocosin 1 14.44 5.81
fasciclin-like arabinogalactan protein 2 10.79 4.12
hypothetical protein Osl_34071 9.11 3.01
embryonic cell protein 63 9.62 3.40
alpha-galactosidase 2 12.05 13.05
uncharacterized protein LOC103700431, partial 8.78 3.77
adenine nucleotide alpha hydrolases-like superfamily protein 9.03 4.49
egg cell-secreted protein 1.2-like 11.59 0
uncharacterized protein LOC103715169 7.99 3.23
egg cell-secreted protein 1.2-like 9.86 10.86
eukaryotic aspartyl protease family protein 7.77 3.59
egg cell-secreted protein 1.2-like 7.85 3.80
hypothetical protein Osl_34071 7.07 3.05
formin-like protein 16 7.06 3.04
G-type lectin S-receptor-like serine/threonine-protein kinase SD2-5 8.32 5.16
G-type lectin S-receptor-like serine/threonine-protein kinase SD2-5 8.32 5.16
polypyrimidine tract-binding-like protein 8.28 5.14
zinc finger CCCH domain-containing protein 18 isoform X2 8.25 5.12
gibberellin-regulated family protein 7.64 3.96
pectin acetylesterase 5 7.37 3.63
uncharacterized protein LOC105048222 6.85 3.06
putative polyprotein 7.15 3.38
ABC transporter G family member 36-like 6.77 3.04
retrotransposon protein, putative, Ty3-gypsy subclass 9.09 10.09
enolase-phosphatase E1 7.43 3.88
Downregulated Differentially Expressed Genes

ABC transporter G family member 31 -9.61 -3.60
cotton fiber (DUF761) -9.16 -3.56
syntaxin-related protein KNOLLE -11.79 -0
ribonucleoside-diphosphate reductase small chain -8.62 -3.72
serine carboxypeptidase-like 40 -8.89 -4.83
phosphoinositide binding -9.81 -10.81
cyclin-B2-2 isoform X2 -7.47 -3.25
probable serine/threonine-protein kinase PBL25 isoform X1 -7.34 -3.45
ATP-dependent DNA helicase SRS2-like protein At4g25120 isoform X2 -8.61 -6.43
cyclin-dependent kinase B2-1 -7.59 -3.94
high mobility group B protein 7 -8.56 -6.40
chaperone protein dnaJ 6 -8.00 -5.00
calmodulin-binding transcription activator 1 isoform X1 -7.97 -4.99
probable pectinesterase 68 -7.36 -3.85
protein argonaute 16 -6.82 -3.27
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Cont. Table 4
Description Difference Fold Change

remodeling and spacing factor 1-like -7.80 -4.90
metal tolerance protein 1 -7.21 -3.79
transmembrane protein -7.77 -4.88
ATP-dependent DNA helicase SRS2-like protein At4g25120 isoform X1 -7.41 -4.19
copper transporter 1 -8.11 -6.12
uncharacterized protein LOC105056672 -6.47 -3.04
ubiquitin-conjugating enzyme E2 20 -6.78 -3.42
TIMELESS-interacting protein -7.41 -4.71
origin of replication complex subunit 6 -6.41 -3.14
B3 domain-containing protein Os06g0194400 -6.79 -3.63

NOTE: Positive values indicate higher expression in PLNT while negative values indicate higher expression in LAGT.

Table 5. List of genes involved in lipid biosynthesis identified from three available Cocos nucifera Tall cultivar transcriptome

assemblies.
Pathway Hainan Tall Laguna Tall Lono Tall
(Fan et al. 2013) (Punzalan et al. 2019)
Fatty acid biosynthesis and triacylglycerol assembly
acetyl CoA-ACP carboxylase + +
B-ketoacyl-ACP synthase + +
B-ketoacyl-ACP reductase +
3-ketoacyl-CoA synthase +
enoyl-ACP reductase + +
fatty acyl-ACP thioesterase +
B-hydroxyacyl-ACP dehydratase + + +
3-oxoacyl-ACP-synthase +
oleoyl-ACP hydrolase +
oleoyl-ACP thioesterase +
palmitoyl-ACP thioesterase +
stearyl-ACP desaturase +
ACP S-malonyltransferase +
acetyl-Coa carboxylase caboxyltransferase +
oxidoreductases + +
fatty acid desaturase + +
fatty-acyl-CoA synthase + +
cytochrome P450 + +
glycerol-3-phosphate 1-O-acyltransferase + +
glycerol-3-phosphate dehydrogenase + +
diacylglycerol acyltransferase + +
1-acylglycerol-3-phosphate O-acyltransferase + +
1-acyl-sn-glycerol-3-phosphate acyltransferase +
phosphatidate phosphatase + +
oleosin + +
The Philippine Agricultural Scientist Vol. 102 Special Issue (December 2019) 109
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Pathway

Hainan Tall Laguna Tall Lono Tall

(Fan et al. 2013) (Punzalan et al. 2019)

Fatty acid metabolism

long-chain-fatty-acid-CoA synthetase +

long-chain-fatty-acid--CoA ligase + +
acyl-CoA oxidase +

acyl-CoA C-acetyltransferase +

acyl-CoA dehydrogenase + +
acyl-CoA N-acyltransferase +
alcohol dehydrogenase + +
aldehyde dehydrogenase + +
enoyl-CoA hydratase + +
enoyl-ACP reductase +

lysophospholipid acyltransferase +
mitochondrial carnitine/acylcarnitine carrier-like protein +
glyoxysomal fatty acid $-oxidation multifunctional protein +
monogalactosyldiacylglycerol synthase 1 +

Fatty acid elongation
quinone reductase + +
lecithin-cholesterol acyltransferase-like 4 +
trans-2-enoyl-CoA reductase + +
palmitoyl-protein thioesterase + +
elongation of fatty acids protein 3 +
Citrate cycle

citrate synthase + +
malate dehydrogenase + +
isocitrate dehydrogenase + +
pyruvate dehydrogenase + + +
oxoglutarate dehydrogenase + +
fatty acid synthase +

succinate dehydrogenase + +
phosphoenolpyruvate carboxykinase + +
2-oxoglutarate dehydrogenase +
fumarate hydratase + +
succinate-CoA ligase + +
aconitate hydratase + +

NOTE: + means the gene is present in the corresponding transcriptome data.

MCFAs and LCFA in LAGT may be attributed to the
increased abundance of d8-DES2 and ELO3, which are
both involved in VLCFA biosynthesis. Variations in the
temporal expression of d8-DES2 and ELO3 imply that
the synthesis of VLCFA may be triggered earlier in
PLNT than in LAGT.

Acyl-ACP thioesterases (FATA, FATB). The expression
profiles of oleoyl-ACP thioesterase (FatA) in LAGT

110

and PLNT endosperms steadily decreased from 6-11
MAP (Fig. 5C). A significant decline in FatA transcript
abundance was observed in the LAGT endosperm
between 6 and 7 MAP. FatB transcription was higher in
PLNT than LAGT at 6 MAP, but the amount of PLNT
FatB transcripts was relatively lower at the subsequent
developmental stages (Fig. 5D). By contrast, relatively
constant FatB abundance was detected in LAGT
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Fig 5. Relative quantification values for (A) d8-DES2, (B) ELO3, (C) FatA, (D) FatB, (E) OLE16kDa isoform1, (F) OLE16kDa
isoform2, (G) OLE18kDa, and (H) OLE5 based on real-time quantitative PCR of ‘Laguna Tall’ and ‘Lono’ coconut
endosperms aged 6—10 months after pollination (MAP). *Genes with significantly different expression levels between

‘Laguna Tall’ and ‘Lono’ (a=0.05).
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endosperms from 7-10 MAP.

FatA cleaves oleoyl-ACP (18:1-ACP) to produce
unsaturated oleic acid (Dussert et al. 2013). The lower
levels of FatA expression at 7 MAP may explain the
reduced amount of free oleic acid due to decreased
hydrolysis by oleoyl-ACP. The amount of oleic acid
was previously reported to decrease from 23% to 10%
throughout endosperm development until only 6% oleic
acid is observed in the coconut endosperm at 11 MAP
(Kumar and Balakrishnan 2009). FatA transcription
similarly decreasesinboth PLNT and LAGT endosperms
after the initial accumulation phase at 6-7 MAP.

Palmitoyl-ACP  thioesterases  (FatB) cleave
palmitoyl-ACP (16:0-ACP) to produce free palmitic acid
and regulate the premature termination of FA synthesis
to continue producing other saturated FA. The FatB3
paralog encodes the enzyme that catalyzes the reaction
producing saturated MCFA (Dussert et al. 2013). The
early transcription of FatB in PLNT at 6 MAP may
compensate for the subsequent decrease in transcription
at later developmental stages. Hypothetically, FatB
transcription in PLNT endosperms could occur before
6 MAP, but the coconut endosperm is still loose and
watery at 4-5 MAP.

Oleosins (OLE5, OLE16kDa isoform1 and isoform2,
OLE18kDa). The expression of OLE isoforms was
observed earlier in PLNT at 6 MAP, but transcript levels
were significantly lower at later stages of development
(Fig. 5E-5H). By contrast, oleosin transcripts in LAGT
began to accumulate at approximately 7-8 MAP and
their expression persisted at 10 MAP. The onset of
oleosin accumulation in PLNT could not be determined
because endosperm samples younger than 6 MAP were
unavailable. Although oleosin transcription in PLNT
may be triggered before 6 MAP, the coconut endosperm
is predominantly liquid prior to this stage, thus, making
RNA isolation extremely difficult.

OLE5 showed higher levels of transcript
abundance in PLNT at 6 MAP, although LAGT did
exhibit peak OLE5 transcript activity at 8 MAP (Fig.
5G). The relatively early increase of OLE5 abundance
in PLNT implies that a crucial threshold of oleosin
accumulation may be required before the irreversible
transition to seed dormancy. Oleosins are a highly
diverse group of oil storage proteins; results suggest
that OLE5 and OLE18kDa have overlapping functions
in the PLNT endosperm. Four oleosin sequences
identified in the present study had high sequence
similarity with the coding and protein sequences of
C. nucifera oleosin genes available in the GenBank
database (Supplementary Table 2). Nucleotide BLAST
revealed that the sequences had high homology with
partial coding sequences of isoforms OLE500a (99% and
79% identity), OLE500c (99% identity), and OLE300a
(96% identity) mRNAs (Regalado et al. 2008), complete
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coding sequences of isoforms 500a (99% and 79%
identity), 500c (99% identity), and 300a (96% identity)
mRNAs (Vargas et al. 2017), and complete coding
sequence of oleosin mRNA (93% identity) (Reynolds et
al. 2019). Likewise, protein BLAST showed homology
with the same oleosin isoforms. Three contigs had the
highest amino acid sequence similarity with partial
sequence of oleosin isoform OLE500a (Regalado et al.
2008), oleosin isoform 500c (Vargas et al. 2017), and
oleosin (Reynolds et al. 2019) with 100%, 100%, and 89%
identities, respectively.

Ontogenetic FA Profile of the PLNT Solid Endosperm
Samples of the PLNT solid endosperm were observed
to contain 11 different FAs, with C12:0 as the major
component (48.12%), followed by C14:0 (20.76%),
C16:0 (9.62%), C18:1*° (6.91%), C8:0 (5.33%), and C10:0
(5.33%). C6:0 (0.17%), C16:1%° (non detectable, defined
as < 0.05%, ND), C18:0 (2.80%), C18:2%%12 (1.04%), and
C20:0 (ND) were detected at low to very low levels
(Table 6). The observed FA composition coincides with
the range of total fatty acid percentages recorded by
the CODEX STAN 210-1999 (FAO/WHO 2007). Across
PLNT endosperm developmental stages, the saturated
FA decreased from 10.42% at 7 MAP to 6.43% at 10
MAP. Saturated MCFA, which account for the bulk of
observed FAs, continuously increased until 10 MAP
(56.25%—63.48%). However, it declined as the fruit
matures (60.85%). The composition of saturated LCFA
was less varied, ranging from 32.21% to 34.70%. Overall,
FA profile of PLNT showed no significant difference as
endosperm development progressed. However, when
the percent composition of each FA across development
was analyzed, all FA types showed significant difference
across maturity except for caproic acid and stearic acid.

Further comparison of the PLNT and LAGT FA
profiles revealed significant changes in the caprylic
acid and capric acid compositions between varieties for
four developmental stages, i.e.,, 7, 8, 10, and 11 MAP
vs. 8, 9, 10, and 11 MAP, respectively. The lauric acid
composition was only significantly different between
PLNT and LAGT at 10 MAP. Significant differences
were also observed at 9 and 10 MAP for myristic acid.
Stearic acid was observed to be similar between PLNT
and LAGT throughout endosperm development. Oleic
acid and linoleic acid significantly differed at 8 and 11
MAP vs. 10 and 11 MAP, respectively. Most changes in
the FA composition were significant at 10 MAP, which
suggests that the temporal collection of PLNT fruits at
this stage is recommended.

Differential Expression of Oil Biosynthesis Genes
May Account for Lono Endosperm Phenotype

The in silico RNA-Seq analysis and corresponding
preliminary investigation of gene expression via
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Table 6. Fatty acid composition in the solid endosperms of ‘Philippine Lono Tall’ and ‘Philippine Laguna Tall’ coconut (Cocos

nucifera L.) cultivars across developmental stages (7—12 months after pollination).

. Philippine Lono Tall (MAP) Philippine Laguna Tall (MAP)
Fatty Acid*

7 8 9 10 11 12 7 8 9 10 1" 12

Caproic acid (C6:0) ND ND 0.12 0.21 ND 0.18 ND ND 0.19 039 038 0.29
Caprylic acid (C8:0) 5.34 5.41 6.04 519 445 556 | 429 649 649 781 754 592
Capric acid (C10:0) 547 452 513 7.78 423 486 | 420 532 595 6.15 579 492
Lauric acid (C12:0) 4544 46.01 4798 50.31 48.71 50.25| 43.27 47.18 50.74 48.81 49.65 48.52
Myristic acid (C14:0) 2046 2126 20.21 2116 21.10 20.36 | 19.86 19.96 18.23 19.60 19.79 20.69
Palmitic acid (C16:0) 10.23 10.57 949 800 10.22 921 | 1245 965 841 893 861 9.55
Palmitoleic acid (C16:1) ND ND ND ND ND ND ND ND ND ND 253 ND
Stearic acid (C18:0) 2.63 287 236 305 273 316 | 540 296 264 284 402 280
Oleic acid (C18:1) 8.93 833 739 382 740 558 | 1115 563 585 420 261 6.12
Linoleic acid (C18:2) 1.50 1.04 128 042 115 085 | 3.65 142 138 110 0.73 1.08
Arachidic acid (C20:0) ND ND ND  0.06 ND ND ND ND ND ND ND ND
Unsaturated FA 1042 936 867 423 856 643 | 1479 705 723 530 587 719
Saturated MCFA 56.25 55.93 59.27 6348 57.39 60.85| 51.76 5899 63.36 63.16 63.35 59.64
Saturated LCFA 33.32 3470 32.06 3221 34.05 3272 37.70 3257 29.27 3137 3242 33.04

*NOTE: FA - fatty acids; MCFA - medium chain fatty acids; LCFA - long chain fatty acids; ND - Non Detectable, defined as < 0.05%.

RT-gPCR in the present study reveals contrasting
oil biosynthesis profiles for LAGT and PLNT. Both
FA elongation and desaturation are critical points
in oil biosynthesis. The moderate levels of saturated
and unsaturated MCFA and LCFA in LAGT could be
correlated with the increased transcription of ELO3 and
d8-DES2. Substrate-specific acyl-ACP thioesterases that
terminate FA synthesis determine the available FA for
TAG biosynthesis. Relatively higher FatA transcript
levels coincide with the high amounts of unsaturated
FA in the LAGT endosperm. By contrast, increased
levels of C12:0 and C16:0 in the PLNT endosperm are
accompanied by relatively higher amounts of FatB3
transcription. Oleosins participate in seed oil body
biogenesis and seed development. The sudden increase
of OLE5 transcription in PLNT at 7 MAP was not

SUPPLEMENTARY TABLE

observed in the developing normal endosperm. The
highest level of OLE5 transcription in LAGT at 8 MAP
was noticeably lower than that observed in the PLNT
endosperm at the same stage.

Additional genes could still be verified using
RT-gPCR to complete the ongoing work on PLNT.
RNA-Seq analysis of subsequent developmental stages
beyond 7 MAP would complement existing RT-qPCR
data. The oil content in each developmental stage must
be quantified and compared between LAGT and PLNT
to clarify other differences between the two endosperm
variants. The effect of oleosin overexpression on
endosperm development could also be explored. The
genetics of ‘Lono’ endosperm occurrence has yet to
be established, and its mode of inheritance should be
elucidated by further study.

Supplementary Table 1. Information for ‘Philippine Lono Tall’ registered at the Central Plantation Crops Research Institute

in Kasaragod, Kerala, India (CPCRI 2013).

A. PLANT MORPHOLOGY

Plant height
Total number of leaves

597.75 (SD=78.77)
33.63 cm (SD=2.45)
116.87 cm (SD=8.87)

436.00 cm (SD=31.31)

Length of petiole
Length of leaflet bearing portion

Number of leaflets (right) 117.87 (SD=10.76)

Number of leaflets (left) 116.38 (SD=11.48)
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Length of leaflet
Breadth of leaflet
Girth of trunk

Number of leaf scars in 1 m
length

124.50 cm (SD=14.77)
5.76 cm (SD=0.60)
91.37 cm (SD=4.21)
28.25 (SD=3.54)

Length of 10 internodes 47.37 (SD=6.16)
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Cont. Supplementary Table 1

B. REPRODUCTIVE BIOLOGY

Age at first flowering 130.50 mo No. of ¢ flowers/inflorescence 27.00 (SD=5.93)
Length of inflorescence 109.50 cm (SD=9.64) Number of inflorescences/year 12
Length of spikelet bearing portion 61.38 cm (SD=2.83) Length of male phase 20.00 days
Length of stalk 48.13 cm (SD=7.95) Length of female phase 5.00 days
Length of spikelet 37.25 cm (SD=2.92) Gap between & and Q phases 3.00 days
No. of spikelets in inflorescence 37.63 (SD=2.97) Intraspadix/interspadix 0.00/5.00 days
overlapping
C. HARVEST DATA
Age at first harvest 148.50 mo Number of nuts/year 40.63 (SD=18.98)
Setting percentage 22.00% Bunches with button 7.63 (SD=1.51)
Number of bunches/year 8.88 (SD=2.03) Bunches with nuts 6.88 (SD=1.73)
D. FRUIT CHARACTERISTICS
1. Tendernut Weight of nut 795 ¢
Quantity of water 340.00 mL Percentage of husk in whole fruit 47.64% (SD=2.59)
Total sugar content 5.32 g/100 mL Thickness of kernel 1.60 cm (SD=0.21)
Potassium content 2450.00 ppm Weight of kernel 338.00 g
Sodium content 29.64 ppm Thickness of shell 0.30 cm (SD=0.02)
Amino acids 1.60 mg/100 mL Copra content/nut 243.00 g/nut
2. Mature nut Copra/palm/year 9.87 kg
Length of fruit 30.60 cm (SD=0.75) Copra/ha 1.73 t
Breadth of fruit 19.00 cm (SD=0.60) Oil content 64.50%
Weight of fruit 1509.00 g Oil/ha 111t
Thickness of husk 3.15 cm (SD=0.21)
E. BIOCHEMICAL TRAITS
Leaf protein content 3.69 mg/g FW Leaf polyphenol content 5.53 mg/g FW

Supplementary Table 2. Nucleotide and protein sequence data of Cocos nucifera oleosin genes found in the ‘Laguna Tall’ and
‘Lono’ transcriptome comparison at 6-7 months after pollination.

Seq:’; nece Description E-value Identity (%) GenBank ID  Reference*
Nucleotide BLAST

Contig 1065 oleosin isoform OLE500a mRNA, partial cds ~ 0.00E+00  526/529 (99%) FJ012156.1 1
oleosin isoform 500a mRNA, complete cds 0.00E+00  395/396 (99%) KU711778.1 2

Contig 2443 oleosin isoform OLE500c mRNA, partial cds  0.00E+00  501/504 (99%) FJ012157.1 1
oleosin isoform 500c mRNA, complete cds 3.00E-138  275/276 (99%) KU711779.1 2

Contig oleosin isoform 300a mRNA, complete cds 5.00E-42 110/115 (96%)  KU711777.1 2
315158 oleosin isoform OLE300a mRNA, partial cds ~ 5.00E-42  110/115 (96%)  FJ012155.1 1
oleosin mRNA, complete cds 7.00E-170  392/423 (93%) MH158654.1 3

Contig 93807 oleosin isoform 500a mRNA, complete cds 1.00E-08 85/107 (79%) KU711778.1 2
oleosin isoform OLE500a mRNA, partial cds 5.00E-07 82/104 (79%) FJ012156.1 1
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Cont. Supplementary Table 2

Seq:’; nece Description E-value Identity (%) GenBank ID  Reference*
Protein BLAST

oleosin isoform 500a 5.00E-49 130/131 (99%) AQT25673.1 2

oleosin isoform OLE500a, partial 3.00E-39 73/73 (100%)  ACH91012.1 1

Contig 1065 oleosin isoform 500c 1.00E-30 101/128 (79%) AQT25674.1 2
oleosin isoform OLE500c, partial 2.00E-28 56/70 (80%) ACH91013.1 1

oleosin isoform 500c 4.00E-50 91/91 (100%)  AQT25674.1 2

Contig 2443 oleosin isoform OLE500c, partial 1.00E-40 76/76 (100% ACH91013.1 1
oleosin isoform 500a 3.00E-33 73/92 (79%) AQT25673.1 2

oleosin isoform OLE500a, partial 8.00E-33 63/79 (80%) ACH91012.1 1

Contig 93807 oleosin 3.00E-76 124/140 (89%) AZZ09171.1 3

*NOTE: 1 - Regalado et al. 2008, 2 - Vargas et al. 2017, 3 - Reynolds et al. 2019.

CONCLUSION

To aid in understanding the genetic and molecular
mechanisms that give rise to the Lono endosperm
phenotype, a pilot RNA-Seq survey of differentially
expressed genes between the normal LAGT and the
mutant PLNT was performed. The present study
provides evidence of the early upregulation of oil
biosynthesis genes such as d§8-DES2, ELO3, FatA, FatB,
OLE16kDa isoform1, OLE16kDa isoform2, OLE18kDa,
and OLES5 in the growing PLNT endosperm as compared
with the more common LAGT variety. A molecular
mechanism to explain the PLNT phenotype may be
further elucidated by validating other differentially
expressed genes that were identified by the present
RNA-Seq analysis. Reference-guided assembly of the
LAGT and PLNT transcriptomes using the recently-
published Catigan Dwarf coconut genome (Lantican
et al. 2019) is ongoing. An improved understanding of
endosperm development in ‘Lono” fruits would enable
the design of appropriate propagation methods to
compensate for the difficulty of establishing true-to-
type PLNT breeding populations.
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