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Abstract

Key message Transcriptomes generated by laser capture microdissected abnormal staminodes revealed adoption of
carpel programming during organ initiation with decreased expression of numerous HSPs, EgDEF1, EgGLO1 but
increased LEAFY expression.

Abstract The abnormal mantled phenotype in oil palm involves a feminization of the male staminodes into pseudocarpels in
pistillate inflorescences. Previous studies on oil palm flowering utilized entire inflorescences or spikelets, which comprised
not only the male and female floral organs, but the surrounding tissues as well. Laser capture microdissection coupled with
RNA sequencing was conducted to investigate the specific transcriptomes of male and female floral organs from normal and
mantled female inflorescences. A higher number of differentially expressed genes (DEGs) were identified in abnormal versus
normal male organs compared with abnormal versus normal female organs. In addition, the abnormal male organ transcrip-
tome closely mimics the transcriptome of abnormal female organ. While the transcriptome of abnormal female organ was
relatively similar to the normal female organ, a substantial amount of female DEGs encode HEAT SHOCK PROTEIN genes
(HSPs). A similar high amount (20%) of male DEGs encode HSPs as well. As these genes exhibited decreased expression
in abnormal floral organs, mantled floral organ development may be associated with lower stress indicators. Stamen identity
genes EgDEFI and EgGLOI were the main floral regulatory genes with decreased expression in abnormal male organs or
pseudocarpel initials. Expression of several floral transcription factors was elevated in pseudocarpel initials, notably LEAFY,
FIL and DL orthologs, substantiating the carpel specification programming of abnormal staminodes. Specific transcriptomes
thus obtained through this approach revealed a host of differentially regulated genes in pseudocarpel initials compared to
normal male staminodes.
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Introduction

Tissue culture propagation is the only approach used to
vegetatively propagate selected oil palm trees with desired
traits. However, the mantled somaclonal variant is one of the
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prevailing problems arising from tissue culture (Corley et al.
1986). This abnormal phenotype is due to a feminization of
the stamens and staminodes in the male and female inflores-
cences, respectively (Rival et al. 1996; Adam et al. 2005).
Mantled fruits usually abort during development, leading
to poor oil yields from these trees. Although mantling rates
have decreased with stricter culling procedures and good
practices applied during clonal propagation, the circum-
stances contributing to mantling remain to be elucidated.
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As a monoecious plant, the oil palm produces separate
male and female inflorescences in a single plant. Mantling
mainly affects the male staminodes in female inflorescences
whereby pseudocarpels are formed in place of arrested
developing staminodes (Adam et al. 2005). However, there
is minimal phenotypic difference between female carpels
from normal and mantled female inflorescences. Occasion-
ally, androgynous male inflorescences are observed on man-
tled palms, whereby staminate flowers develop as carpelloid
structures. Mantling therefore morphologically affects the
male floral organs in pistillate or staminate flowers through
a feminization effect.

As the mantling phenotype is similar to that of B-type
floral mutants in Arabidopsis thaliana and Antirrhinum
majus (Coen and Meyerowitz 1991), the homeotic MADS-
box genes, particularly the B-type MADS-box genes, were
earlier hypothesized to be involved (Adam et al. 2007a).
Recently, aberrant demethylation of a Karma transposon
in the intron of a B-type MADS-box gene, EgDEF I, was
attributed to the mantling phenotype (Ong-Abdullah et al.
2015). Karma demethylation associates with an increased
expression of the kDEFI isoform of EgDEFI in female
inflorescences at stage 3 floral development onward. At this
developmental stage in normal flowers, staminode devel-
opment is still active while carpels start to develop (Adam
et al. 2005). Soon after this, the staminodes will arrest in
development in normal female inflorescence but develop
into pseudocarpels in mantled female inflorescence. Under
anatomical observations, developing pseudocarpels and nor-
mal developing staminodes are generally indistinguishable
at stage 3 floral development.

Previous studies on oil palm floral development generally
employed the use of entire inflorescences. Hence, transcrip-
tomes from this tissue would include those from the male
and female floral organs as well as other parts, such as the
bracts and rachis (Adam et al. 2005). The heterogeneity of
the tissue increases the complexity of the transcriptomes
obtained. To better understand the development of abnor-
mal floral organs and gene expression signatures associ-
ated with mantling, studying the specifically affected floral
organs itself would be advantageous to provide more precise
information on the specific transcriptomes. Laser capture
microdissection is one such technique to isolate highly pure
or homogenous cell populations via direct visualization of
the cells (Emmert-Buck et al. 1996).

In this study, a laser capture microdissection (LCM) cou-
pled with RNA sequencing (RNA-seq) approach was used
to profile transcriptomes in male and female floral organs
from normal and mantled oil palm female inflorescences.
As there were limited published reports on the use of LCM
in plants and as far as we know, none from oil palm tissues,
optimization of the processing steps for LCM was conducted
as well. Subsequently, differential expression was analyzed
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from transcriptome sequences of the corresponding normal
and abnormal floral organs, focusing especially on the differ-
ences between the normal and abnormal male floral organs.
The results provided insights into the regulatory genes, espe-
cially transcription factors that are possibly involved in the
early manifestation of mantling.

Materials and methods
Plant materials

Unopened oil palm inflorescences were sampled from two
normal and three mantled clonal palms (nine years of age) at
the Malaysian Palm Oil Board Station in Keratong, Pahang,
Malaysia. Inflorescence length at stage 3 floral develop-
ment (Adam et al. 2007a) was predicted using the ordinal
logistic regression model for oil palm floral staging (Sarpan
et al. 2015). Inflorescences with lengths of 7-15 cm were
sampled and the floral development stage was subsequently
verified through histological analysis (Fisher 1968; Sarpan
et al. 2015).

Tissue processing

Spikelets were removed from the inflorescence, cut into
~0.5 cm in length and subsequently immersed in a 20%
(w/v) sucrose solution (Chai et al. 2016). Infiltration was
performed under vacuum for 30 min. The tissues were
arranged in Tissue-Tek® Cryomold (Sakura, Torrance CA)
and infiltrated with Tissue-Tek® O.C.T. mounting medium
(Sakura, Torrance CA) under vacuum for 20 min. The tis-
sues in the mounting medium were quickly solidified on
liquid nitrogen and stored at —20 °C until further use.

Cryosectioning

Temperatures for the Leica CM 1950 cryostat (Leica Bio-
systems) were set at — 16 °C and — 18 °C for the chamber
and holder, respectively. The embedded tissues were allowed
to equilibrate in the cryostat prior to cryosectioning. Serial
sections of 10 um thickness were collected on polyethylene
naphthalate (PEN) membrane slides (Applied Biosystems).
The slides were then subjected to rehydration (95% (v/v)
ethanol for 30 s and 75% (v/v) ethanol for 30 s), staining
(0.5 g/L toluidine blue for 30 s), rinsing (0.1% DEPC-treated
water several times) and dehydration process (75% (v/v)
ethanol for 30 s, 95% (v/v) ethanol for 30 s, twice in 100%
(v/v) ethanol for 1 min each, xylene (v/v) for 3 min and a
final xylene (v/v) for 5 min). The slides were air-dried at
room temperature for at least 20 min, prior to laser capture
microdissection.
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Laser capture microdissection (LCM)

The dried tissue sections on PEN membrane slides were
immediately used for LCM using ArcturusXT™ Microdis-
section Instrument (Applied Biosystems). The microdis-
sected tissues were captured on Arcturus® CapSure® HS
LCM Caps (Applied Biosystems) using a dual laser function
consisting of both infrared (IR) laser capture and ultraviolet
(UV) laser cutting. LCM was conducted to isolate the male
and female developing floral organs present in the oil palm
female inflorescences.

RNA isolation, library construction and sequencing

Total RNA was extracted from laser capture microdissected
tissues on LCM caps using Arcturus® PicoPure® RNA Isola-
tion Kit (Applied Biosystems) in conjunction with RNase-
free DNase (Qiagen) treatment, according to the manufac-
turers’ recommendations. RNA was eluted in 22 pl elution
buffer and pooled from the respective tissues on LCM caps.
The pooled samples were then vacuum concentrated until
the volume was lower than 14 ul. The entire extract was
then subjected to rRNA removal using Ribo-Zero rRNA
Removal Kit (Plant Leaf) (Illumina Inc.) according to the
manufacturer’s recommendations. Stranded RNA-seq librar-
ies were then prepared using SMARTer® Stranded RNA-Seq
Kit (Clontech Laboratories Inc.) according to the manufac-
turer’s instructions. Concentration and quality of the ampli-
fied libraries were assessed using Qubit® 2.0 Fluorometer
(Life Technologies) and Bioanalyzer 2100 (Agilent Tech-
nologies). A total of 12 bar-coded LCM sample libraries
were then sequenced to generate 150 bp paired-end reads
(PE150) or 100 bp reads (PE100) on the Illumina HiSeq
platform. A few libraries were resequenced using MiSeq
platform (PE100) to obtain the required data quantity.

Differential gene expression analysis

Quality assessment of reads was conducted with FastQC
(Andrews 2010). TrimGalore! v.0.4.0 (https://www.bioin
formatics.babraham.ac.uk/projects/trim_galore/) at a Phred
score of Q20 and cutadapt (Martin 2011) tools were used
to filter and trim the first five to six bases from reads 1 and
2, respectively (the first three bases of read 1 correspond to
part of the SMARTer Stranded Oligo, according to recom-
mendations by Clontech Laboratories Inc.). Reads contain-
ing more than 35 consecutive A (or 35 T-bases from read 2)
were also trimmed, and finally, reads shorter than 20 bases
were removed using cutadapt. Clean reads from sequenc-
ing and resequencing corresponding to the same sample
were concatenated. Read mapping of paired reads to the
E. guineensis P5-build of an AVROS pisifera palm (Singh
et al. 2013) was conducted with Tophat2 v.2.0.13 with intron

length set at 30-50,000 nucleotides and fr-secondstrand option
specified for library type (Kim et al. 2013). Read counts for
CDS feature were obtained using HTSeq-Count ver 0.6.1p1
(Anders et al. 2015). All raw reads and read counts have been
deposited in NCBI’s Gene Expression Omnibus (Edgar et al.
2002) and are accessible through GEO series accession num-
ber GSE115345. Differential expression was analyzed using
DESeq2 (Love et al. 2014), with the normal group of samples
generally specified as control or reference. The differentially
expressed genes (DEGs) were annotated using BLASTX anal-
ysis to the RefSeq database with limit set to flowering plants
and were designated by their palmXplore IDs (http://palmx
plore.mpob.gov.my). GO annotations and GO-Slim ontologies
were assigned using Blast2GOPro software. The pisifera P5
genome data can be accessed at the BioProject of the National
Center for Biotechnology Information (NCBI) with accession
ID PRINA345530 or at genomsawit.mpob.gov.my. Neighbor-
joining tree with JTT matrix-based and bootstrapping methods
for MUSCLE sequence alignment was constructed using Mega
X (Felsenstein 1985; Saitou and Nei 1987; Jones et al. 1992;
Edgar 2004; Hall 2013; Kumar et al. 2018).

In situ RNA hybridization

FFPE sections from paraffin-embedded female inflorescence
tissues were prepared as previously described (Ooi et al.
2012). Five genes were selected for design and synthesis of
double DIG-labeled LNA™-enhanced probes (Exiqon). The
probes were designed to the unique regions in exons associ-
ated with the RNA-seq reads. Sequences of the probes are as
follows: 5'Dig-TGCTGGAGAACATGATAAGCGA-Dig3’
for EgDEFI (first exon), 5'Dig-AGCAATCTCTCATTCTTC
TTGA-Dig3' for EgGLO1, 5'Dig-TCTAGCATTATTACTCTC
TTCA-Dig3' for BAG family molecular chaperone gene, 5'Dig-
AGGTAGCATGAATAGAATCCGA-Dig3' for HSPS3 gene
and 5'Dig-ACAGTAGTGGCAGCAGTAGC-Dig3' for YABBY
gene. The double DIG-labeled Scramble-ISH probe (5'Dig-
GTGTAACACGTCTATACGCCCA-Dig3") (Exiqon) was
used as the negative control. In situ RNA hybridizations were
carried out as previously described (Ooi et al. 2012, 2016)
with incorporation of the TSA Plus DIG Kit (Perkin Elmer)
according to the manufacturer’s instructions. Hybridizations
were carried out at 45 °C overnight with 40-100 nM of probe.
Hybridization with the Scramble-ISH probe was conducted
at 55 °C. Washing and detection of hybridized tissue sections
were carried out as previously described (Ooi et al. 2012).
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Results

Establishment of LCM workflow for oil palm floral
tissues

Female inflorescences with lengths of 7.2-12 cm from
normal palms and from 8.0 to 15.2 cm from mantled
(abnormal) palms were sampled, and their floral devel-
opment stages were evaluated via histological analysis
(Fig. 1). Inflorescences at approximately stage 3 of floral
development were of 7.5 cm and 12 cm in length (both
associated with frond 17) from normal palms while from

Fig. 1 Fruit phenotypes, inflorescence and florets of sampled palms.
Fruit phenotypes from a mantled palms P273/123, b P273/144, ¢
P291/193 and d normal palms P273/145, e P273/86. f A representa-
tive female inflorescence. Length of inflorescence is indicated by red

the abnormal palms, inflorescences were 14 cm, 15 cm,
15.2 cm in length (fronds 19, 17 and 18, respectively)
(Table 1). Sampling of inflorescences at stage 3 develop-
ment in this study was made easier due to the use of a
predictive model (Sarpan et al. 2015) as sampling could
be halted after reaching the approximate predicted target
length of inflorescence. Although this predictive model
previously showed that there was no difference in inflores-
cence lengths between normal and mantled phenotypes at
specific developmental stages, we observed in this study
that mantled inflorescences were longer than normal inflo-
rescences at stage 3 development.

arrow, and a spikelet is indicated by black arrow. Bar=1 cm. Repre-
sentatives of histologically stained sections of florets at stage 3 devel-
opment for g normal floret, h mantled floret. ¢ carpel, st staminodium,
pc pseudocarpel initials. Bar =100 pm

Table 1 Measurements of sampled female inflorescences and microdissected male and female floral organs

Clone/palm  Inflores- Frond no. Inflores- Male floral organs Female floral organs
ID cence cence length - -
phenotype (cm) Total area of Tptal RNA Yleld: of Total area of Tptal RNA Y1el(! of
LCM male yield® (ng) amplified seq. LCM female yield® (ng) amplified seq.
organs (um?) library (ng) organs (um?) library (ng)
P273/145 Normal 17 12.0 770,177 7.53 216.5 1,012,558 9.90 218.3
P273/145 Normal 17 12.0 652,475 2.98 218.3 811,838 3.71 226.0
P273/86 Normal 17 7.5 384,658 2.55 175.2 528,976 3.51 110.1
P291/193 Mantled 19 14.0 1,182,485 9.79 108.8 2,394,500 19.86 190.4
P273/123 Mantled 18 15.2 691,227 13.37 144.9 625,305 12.10 216.9
P273/144 Mantled 17 15.0 596,069 3.8 148.5 1,193,164 7.60 147.2

#Estimated from RNA yields of the remaining tissues on the slide after microdissection of specific organs
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Prior to LCM, cryosections of spikelets were stained and
screened microscopically for the presence of target floral
organs. Once the cryosection was observed to have the target
organs for LCM, three to four cryosections were prepared
on PEN membrane slides. These staining steps followed by
preparation of cryosections on PEN membrane slides were
repeated for several cryoembedded tissues until the esti-
mated target number of floral organs was achieved. The use
of both UV and IR lasers was required to excise and capture
the desired cell regions. Although IR laser is considered
less damaging to cells, using it alone could not lift up the
desired floral organs onto the HS LCM cap. It was important
to obtain flat cryosections on the PEN membrane slide as
bubbles or creases in sections can impede capture on LCM
cap. Moreover, sections must be completely dried for LCM.
A preliminary LCM of floral organs demonstrated a yield of
19.52 ng total RNA/mm? section (10 um thick). Therefore,
the estimated average yield of total RNA from one stami-
nodium was 0.133+0.050 ng, while the estimated aver-
age yield from a developing carpel was 0.276 +0.027 ng.
However, RNA yields varied among different extractions,
ranging from 4.6 to 19.3 ng total RNA/mm? (based on six
different extractions). Overall, a total of 646 male organs
(staminodes) and 295 female organs (developing carpels)
were microdissected for RNA extraction (Table 1; Fig. 2).
Reference samples were obtained by laser capture microdis-
section of the remaining tissues after excision of target floral
organs. RNA yields and quality from microdissected floral
organs were estimated from the microdissected reference,

which demonstrated RIN values of approximately 7.0 (Sup-
plementary Figure 1).

Differential transcriptome analysis
between abnormal and normal floral organs

Principal components analysis showed that the Illumina
PE150 sequencing and PE100 resequencing reads clus-
tered together and the normal and mantled groups of sam-
ples were reasonably separated (Supplementary Figure 2).
PE150 and PE100 reads were quality filtered, trimmed and
pooled. The Q20 percentages of the samples ranged from
83 to 91%. Quality assessment of the sequenced reads indi-
cated a high percentage of reads with stretches of polyA
or polyT (reverse reads). Evaluation of a good-quality oil
palm RNA-seq dataset indicated that 0.13% of reads con-
tain sequences with at least 35 bases of polyA, while a
dataset from the LCM tissues contained 9.1-54% of this
type of reads. We were unable to determine which part of
the workflow that contributed to the polyA contamina-
tion. Attempts at read mapping with the quality-trimmed
raw data were unsuccessful as processing became unre-
sponsive possibly due to the high number of repetitive
A-T stretches. Following that, reads with a minimum of
35 bases of polyA or 35 bases of polyT (reverse reads)
were trimmed from the LCM datasets using cutadapt tool.
The processed reads were then mapped to the E. guineen-
sis pisifera reference genome using tophat2 read map-
per. Unique paired-end reads ranging from 4.76 to 18.17

Fig.2 Laser capture microdissection of staminodes and carpels from
cryosections of spikelets from female inflorescence. a Individual
developing pistillate flower before microdissection, b After micro-
dissection of staminodes (indicated by green outlined zones), ¢ after

microdissection of carpel (indicated by blue zone), d microdissected
staminodes on Arcturus HS Cap, e microdissected carpels on HS
Cap. Bar=100 um
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Table2 Assessment of mapped

Sample ID Phenotype Sex Inflorescence Mapped paired reads % of
RNA-seq data length (cm) mapped

pairs
N12M1 Normal M 12.0 9,878,884 59.4
NI12M2 Normal M 12.0 7,850,744 63.5
N7-5M Normal M 7.5 5,228,621 51.2
NI12F1 Normal F 12.0 6,785,066 57.6
NI12F2 Normal F 12.0 10,119,369 66.9
N7-5F Normal F 7.5 5,730,736 60.4
M14 M Mantled M 14 6,976,237 48.1
MI15-2M Mantled M 15.2 9,279,048 46.5
MI5M Mantled M 15.0 5,911,319 53.8
MI14F Mantled F 14 10,842,359 62.7
M15-2F Mantled F 15.2 4,764,061 51.1
MISF Mantled F 15.0 18,174,771 58.7

million reads (Table 2) were then used for subsequent dif-
ferential transcriptomics analysis. RNA-seq data from two
highly related biological replicates, N12M1 and N12M2,
independently pooled floral organs that were microdis-
sected from the same inflorescence, were highly correlated
with a Pearson correlation coefficient of 0.86 (Supplemen-
tary Table 1). This indicated that the mapped RNA-seq
data were likely usable, despite high initial amounts of
unusable reads. Similarly, correlation between the biologi-
cal replicates N12F1 and N12F2, M14F and M15F was
highest for the female datasets (Supplementary Table 2).
Differential analysis between normal and abnormal male
or female organs was conducted by HTSeq read count anal-
ysis (Anders et al. 2015) to predicted gene models (Chan
et al. 2017), followed by DESeq?2 analysis (Love et al. 2014).
Significant differentially expressed genes (DEGs) with Ben-
jamini-Hochberg p,4; <0.05 were analyzed in more detail.
BlastX search was conducted to the RefSeq protein database
(limit to flowering plants), with a cutoff E value of 107, fol-
lowed by GO annotation. Generally, more than half of the
DEGs were down-regulated in abnormal compared to their
normal counterparts. In male floral organs, 61.5% (88 of
143) of significantly expressed DEGs were down-regulated
in abnormal organs while 90.9% (30 of 33) of DEGs from
female datasets were down-regulated in abnormal female
organs. Seventeen DEGs were identified in common from
both the abnormal versus normal male and female datasets
(Supplementary Table 3). All of these genes exhibited rel-
atively lower expression levels in abnormal floral organs,
irrespective of whether male or female organs. DEGs from
abnormal versus normal female organs were more enriched
for GO terms associated with metabolic and protein modifi-
cation processes while DEGs from abnormal versus normal
male organs were enriched for cell differentiation and flower
development GO terms (Supplementary Figure 3).
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To evaluate whether transcriptomes from abnormal male
or pseudocarpel initials were similar to female carpels, dif-
ferential analyses were also conducted for abnormal male
versus normal female, abnormal female versus normal male
and abnormal male versus abnormal female organs (Fig. 3).
While 113 and 173 DEGs were identified from former two
analyses, respectively, no DEGs were identified from the
third analysis. Many of the DEGs in the former two analyses
were also represented in the set of DEGs from abnormal
versus normal male organs. While 17 DEGs were identified
in normal male versus normal female organs, these DEGs
will be discussed elsewhere (manuscript in prep.). As there
was minimal biological variation between the abnormal
male and female organs which were sampled from the same
inflorescences, the absence of DEGs suggested that the tran-
scriptomes of abnormal male and abnormal female organs
were highly similar. This would then suggest that DEGs
from abnormal versus normal male and abnormal female
versus normal male would be similar as well, but the com-
mon genes between the two DEG sets was only 32% of total
DEG:s in the latter.

As the emphasis in this study was on the transcriptome
differences between normal and abnormal male floral
organs, we found that 20 of the 88 down-regulated DEGs
in abnormal versus normal male organs encoded heat shock
protein (HSP) genes and putative BAG family molecular
chaperones (Fig. 3; Supplementary Table 3). These HSPs
constituted to approximately 20% of down-regulated genes
from not only the abnormal male, but also from the abnor-
mal versus normal female. No HSPs or BAG genes were
detected in the up-regulated DEGs.

Several YABBY genes involved in carpel development
were also identified from the abnormal versus normal male
DEGs. These were related to the Arabidopsis FILAMEN-
TOUS FLOWER (FIL) and CRABS CLAW (CRC) from
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Fig. 3 Differential expression analysis of LCM RNA-seq data. a
Number of DEGs obtained from differential analyses of all datasets.
Normal floral organs are colored green while mantled organs are
colored red. b Neighbor-joining tree based on amino acid sequences
of the differentially expressed YABBY genes in abnormal versus nor-
mal male organs with YABBY genes of Arabidopsis thaliana and
Oryza sativa. Bootstrap values are indicated on branches (1000 rep-
licates). The evolutionary distances are in the units of the number of

amino acid substitutions per site. Oil palm YABBY genes (palmXplore
IDs) are boxed, and accession numbers for the other genes are as
labeled on the tree. ¢ Expression heat map of DEGs (p,q;<0.05) com-
prising HSPs and their co-chaperones, B-type MADS-box, LEAFY,
YABBY and reproduction-associated genes, between mantled (abnor-
mal) and normal, male and female organs. Genes are labeled by their
PalmXplore annotations (refer Supplementary Table 3)
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Arabidopsis or DROOPING LEAF (DL) from rice (Fig. 3).
Of major importance are the B-type MADS-box floral
organ identity genes, EgDEFI and EgGLO1, which were
lowly expressed in the abnormal feminized male organs as
expected. However, the other oil palm GLO gene (Adam
et al. 2006), EgGLO2 (Acc. No. AF411848), was not dif-
ferentially expressed in these tissues.

The meristem identity LEAFY (LFY) gene expression was
up-regulated not only in abnormal male organs, but also in
abnormal and normal female carpels. Expression of EgDEF1
and EgGLO1 was also down-regulated in both abnormal and
normal female carpels. Overall, the expression patterns of
EgDEFI, EgGLOI, LFY, the four YABBY genes and several
genes related to reproduction or flowering were similar in
abnormal male and female as well as normal female organs,
suggesting that floral patterning at this developmental stage
in these three tissues was similar, in contrast to their expres-
sion patterns in normal male organs. The expression pat-
terns of HSPs and their co-chaperones were, however, more
similar between abnormal male and abnormal female organs,
suggesting that normal floral development associates with
higher stress states corresponding with higher expression of
HSPs and their co-chaperones.

Transcript localization of selected DEGs
through in situ RNA hybridization

Five DEGs with fold-change levels in abnormal versus
normal male floral organs from 4.1 to 17.9 (Fig. 4) were
selected for mRNA localization experiments via RNA
in situ hybridization on female inflorescence FFPE sections.
These genes encoded for EgDEF1 (palmXplore ID: p5.00_
sc00322_p0006), EgGLO1 (p5.00_sc00051_p0055; Acc.
No. AF227195), a BAG family molecular chaperone regula-
tor (p5.00_sc00001_p0352) and a heat shock protein gene
(HSPS83) associated with stress response (p5.00_sc00062_
p0021), and a YABBY gene (p5.00_sc00348_p0023).

From RNA-seq analysis, EgDEF] transcript levels
were ~ tenfold higher in normal male floral organs compared
to abnormal male organs while EgGLO] levels were 16-fold
higher in normal male organs. The relative expression level
of the BAG family molecular chaperone regulator-like gene
was ~ sixfold higher in normal male and ~ fourfold higher
in normal female floral organs compared with their abnor-
mal counterparts (Fig. 4). In situ RNA hybridization results
qualitatively verified the expression patterns detected from
RNA-seq analysis, demonstrating higher signal intensities
in normal organs compared to the abnormal floral organs
(Fig. 4). EgDEF1, EgGLOI and BAG molecular chaper-
one gene transcripts accumulated in the developing female
carpel and also localized to the adaxial region of normal
male staminodes. Transcripts of the heat shock protein gene
(HSP83), which was detected at ~ 18-fold higher expression
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levels in normal male floral organs, appeared diffused over
the entire normal floret. In contrast to the four genes above,
the YABBY gene displayed fourfold higher expression level
in abnormal male floral organs and its transcripts accumu-
lated in the developing carpel and possibly abaxial epider-
mal cells of pseudocarpel initials in abnormal florets. The
neighbor-joining tree for YABBY genes from the abnormal
versus normal male DEGs suggested that this YABBY gene
was closely related to OsYABBY5 and clustered with the
Arabidopsis FIL (Fig. 3a).

Discussion

Microdissection and RNA sequencing of developing
floral organs from female inflorescences

Laser capture microdissection coupled with transcriptomic
analyses has yielded detailed information on specific cell
types from various organisms. Important regulatory genes
have been identified through this approach from studies on
tumor clusters, stem cells, endosperm (Thakare et al. 2014),
specific cell types in algae (Saint-Marcoux et al. 2015), giant
cells in rice (Ji et al. 2013) and stem tissues from spruce
(Abbott et al. 2010). In oil palm, stage 3 floral development
involves the arrest of staminode development in normal
female inflorescence while in mantled female inflorescence,
pseudocarpels form in place of the staminodes (Adam et al.
2005).

As the target floral organs constitute only a small part
of the entire inflorescence, the LCM approach with NGS
technology provided specific transcriptomes from only the
microdissected cell types, allowing for a more precise com-
parative analysis. Transcript diversity from microdissected
floral organs consisting of a few cell types would be lower
compared to that obtained from an entire inflorescence with
more diverse and multiple cell types. In this study, 4.8—18.2
million uniquely mapped reads per sequencing library were
used for differential expression analysis. A previous report
on LCM of maize generated sequencing data of four to seven
million reads (Thakare et al. 2014). Above one to three
million uniquely mapped reads are possibly sufficient for
mRNA-seq analysis from single cells (Ramskold et al. 2012;
Wu et al. 2014) or low-input RNA-seq using SMART-seq
(Bhargava et al. 2014).

Male floral organs are converted into pseudocarpels in
mantled female inflorescences but the mantled female car-
pels are conserved and phenotypically similar to the nor-
mal carpels in the female inflorescence (Adam et al. 2005).
Nevertheless, 33 DEGs were identified from female car-
pels of abnormal versus normal inflorescences while 143
DEGs were identified from abnormal versus normal male
staminodes. No differentially expressed genes were detected
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Fig.4 Transcript levels of
significant DEGs in normal

and abnormal, male and female
organs based on RNA-seq
analysis and correspond-

ing hybridized transcripts on
developing female inflorescence
FFPE sections at stage 3 floral
development. a p5.00_sc00322_
p0006 (EgDEFI); b p5.00_
sc00051_p0055 (EgGLO1I);

¢ p5.00_sc00062_p0021
(HSP83); d p5.00_sc00001_
p0352 (BAG family molecu-

lar chaperone regulator-like
gene); e p5.00_sc00348_p0023
(YABBY gene). Error bars on bar
charts are standard error (n=23);
*P4qj <0.01. For inflorescence
in situ hybridization images,
bar= 100 pm for normal (V)
and mantled (M) florets; cor-
responding negative control
hybridization with Scramble
probe (-ve) is below each N or
M image. ¢ carpel, st stamino-
dium, pc pseudocarpel initials

between abnormal male and abnormal female organs, sug-
gesting that their transcriptomes are highly similar at that
developmental stage. Thus, it is probable that the main
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carpel in a severely mantled fruit bunch is molecularly
similar to the pseudocarpels surrounding it. In addition, a
normal carpel only differs from the abnormal carpel by the
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differential expression of 33 genes, of which a major subset
encodes HSP genes. In mildly mantled oil palms, the main
carpel is usually fertile but in severely mantled palms, the
main carpel is parthenocarpic and sterile. Whether the dif-
ferential expression of these 33 genes at this stage in floral
development triggers molecular events leading to sterility
will require further investigation.

Normal floral organs exhibited higher expression
levels of HSPs and their co-chaperones

Most of the highly down-regulated DEGs in male and female
abnormal floral organs relative to their normal counterparts
were associated with stress response and redox regulation
such as heat shock protein (HSP) genes, STI-like, BAG
molecular chaperones, ascorbate oxidase, disulfide isomer-
ase-like and glutathione-S-transferase. Moreover, HSP
genes and their co-chaperones represented a large part of the
down-regulated DEGs in abnormal floral organs, suggesting
that suppression of HSPs expression may play important
accompanying roles in the manifestation of the mantling
abnormality during early floral organ development of the
third and fourth whorls.

Flowers destined to be male or female begin as hermaph-
roditic flowers but later undergo a programmed degenera-
tion of their gynoecium or androecium early in reproductive
development (Smith and Zhao 2016). In pistillate flowers
of the monoecious oil palm, staminodes at stage 3 rapidly
arrest in development soon after and remain a rudimentary
structure (Adam et al. 2005). The BAG family of proteins
generally regulates diverse processes ranging from prolifera-
tion to growth arrest and cell death as well as cell differentia-
tion (reviewed in Takayama and Reed 2001). The Arabidop-
sis BAG genes may inhibit programmed cell death (PCD)
pathways or promote cell survival in response to stress
(Doukhanina et al. 2006). BAG proteins are also known to
regulate HSP70 proteins and can form complexes with vari-
ous transcription factors (Zeiner and Gehring 1995; Wang
et al. 1996; Takayama et al. 1997). Two BAG genes were
down-regulated in pseudocarpel initials together with several
HSP70 genes. Therefore, BAG and HSP70 genes may be
co-expressed in pseudocarpel initials as BAG proteins have
high binding affinity to HSP70 and modulate HSP70 chap-
erone activity (Takayama et al. 1997; Kabbage and Dickman
2008). Competition between BAG1 and HSP70 for bind-
ing to RAF1 protein may represent a molecular switch to
encourage proliferation or to become quiescent (Takayama
and Reed 2001).

Other than HSP70s, various types of HSPs were also
represented in the down-regulated DEGs in abnormal male
floral organs. Several putative HSP83 genes belonging to the
HSP90 gene family (Conner et al. 1990; Felsheim and Das
1992) were identified as down-regulated in abnormal male
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organs. Recently, HSP90 was associated with vegetative-
to-reproductive transition in Arabidopsis (Margaritopoulou
et al. 2016). Depletion of HSP90 mRNAs in shoot apex dis-
rupted flower formation and patterning. Strong interactions
between HSP90 system and major flowering genes such as
LFY, SOCI and AGL24 were also observed. Aberrant levels
of HSP90 affected flower organ formation into phenotypes
resembling Ify, apl and ap3 mutants.

Differentially expressed flowering-related
transcription factors in abnormal floral organs

The stamen identity B-type MADS-box genes, EgDEF1 and
EgGLOI (Adam et al. 2007b), were significantly up-regu-
lated in normal staminodes compared to abnormal pseudo-
carpel initials (p,q; < 107). Their transcript levels in pseu-
docarpel initials or abnormal male floral organs were close
to those in normal developing carpels. This is in line with
the functional conservation of these two B-type MADS-box
genes in oil palm (Beulé et al. 2011; Jaligot et al. 2014).
However, EgGLO2 was not differentially expressed between
these tissues, suggesting that only EgGLO1 expression is
highly associated with EgDEF I at this developmental stage.
The expression patterns of EgDEF1 and EgGLO]1 at stage
3 developing male and female floral organs further sug-
gested that pseudocarpel identity or the feminized state of
male floral parts is already present at this stage rather than a
conversion in identity of the staminodes into pseudocarpels
later. This is again supported by the absence of DEGs from
the differential analysis between pseudocarpel initials and
developing abnormal carpel.

LEAFY, which regulates AP3 and PI among other flo-
ral development genes (Parcy et al. 1998; Moyroud et al.
2010), was expressed at higher levels in pseudocarpel ini-
tials. Interaction of the LFY-UFO complex with AP3 pro-
moter activates its expression for petal and stamen specifica-
tion (Chae et al. 2008). AP3 and PI then autoregulate their
expression through positive feedback loops in Arabidopsis
(Liu and Mara 2010). As the oil palm kDEF ] transcript iso-
form detected in stage 3 mantled inflorescences probably
leads to a truncated protein (Ong-Abdullah et al. 2015), this
may break the positive feedback loop, therefore resulting in
low levels of EgDEF1/EgGLO1 expression. Elevated LFY
expression may then be required to regulate other genes such
as AG for carpel development (Lohmann and Weigel 2002).

Besides EgDEFI and EgGLO1, several other floral tran-
scription factors were differentially expressed in abnormal
and normal male floral organs. Increased expression of
putative orthologs of several YABBY genes, SPATULA,
SHORT INTERNODES 2 and BELI-like genes was
detected in abnormal male organs. Organ identity genes
interact with multiple transcription factors to regulate
networks that control adaxial-abaxial patterning, organ
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boundary formation and organ margin development
(Sablowski 2015). The YABBY gene family are plant-
specific transcription factors important for organ polarity
determination. The Arabidopsis FIL, a YABBY gene, is
required for normal flower development, and fil mutants
have severe abaxial-adaxial polarity defects in their floral
organs (Chen et al. 1999; Kumaran et al. 1999; Sawa et al.
1999; Siegfried et al. 1999). OsYABI, arice YABBY-gene
member, is preferentially expressed in flowers, especially
in stamen and carpel primordia (Jang et al. 2004). Trans-
genic rice overexpressing OsYABI was normal during veg-
etative growth period but exhibited abnormalities in their
spikelets which contained supernumerary stamens and car-
pels compared with wild types. The mantling abnormality
of oil palm exhibits a similar phenotype through develop-
ment of pseudocarpel structures, and the oil palm putative
FIL ortholog was highly expressed in pseudocarpel initials
compared with normal staminodes.

SPATULA and CRC are necessary for carpel develop-
ment, and disruption in function of these genes removed
carpelloid properties (Alvarez and Smyth 1999). CRC is
another member of the YABBY family (Bowman and Smyth
1999) and ortholog of the rice DL. This may explain the rela-
tively higher transcript levels of SPATULA and DL orthologs
in pseudocarpel initials and abnormal carpel regions. More-
over, function of the class B MADS-box genes negatively
regulates CRC and DL expression in the third whorl (Bow-
man and Smyth 1999; Yamaguchi et al. 2004), suggesting
that down-regulation of class B genes in oil palm pseudo-
carpels may lead to increased expression of DL orthologs.
This further corroborates that the abnormal male organs
have already assumed the carpel specification program at
stage 3 floral development.

In addition to establishing a laser capture microdissec-
tion protocol for oil palm tissues, transcriptomics analysis
of microdissected floral organs in this study demonstrated
that normal floral organ development at the third and fourth
floral whorls in oil palm is accompanied by high levels of
stress indicators such as HSPs and their co-chaperones. The
associated increased expression of BAG molecular chaper-
ones supports the cytoprotective role of these genes (Douk-
hanina et al. 2006) during the postulated high stress state of
floral development. Decreased expression of EgDEFI and
EgGLOI and elevated expression of genes associated with
carpel specification in pseudocarpel initials together with
the transcriptome similarity between this floral organ and
developing mantled carpels suggest that these two abnormal
organs experience similar developmental programs leading
to formation of pseudocarpels and abnormal carpels. All
of these observations strongly indicate that pseudocarpel
initials may have already adopted a feminized identity at
stage 3 floral development. Further investigations would
help to unravel the pathways involving these genes and

their interactions with each other during reproductive organ
development and formation of the mantled flower.
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