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A B S T R A C T

Plukenetia volubilis is a promising oilseed crop due to its seeds being rich in unsaturated fatty acids, especially
alpha-linolenic acid. P. volubilis is monoecious, with separate male and female flowers on the same inflorescence.
We previously reported that male flowers were converted to female flowers by exogenous cytokinin (6-benzy-
ladenine, 6-BA) treatment in P. volubilis. To identify candidate genes associated with floral sex differentiation of
P. volubilis, we performed de novo transcriptome assembly and comparative analysis on control male in-
florescence buds (MIB) and female inflorescence buds (FIB) induced by 6-BA using Illumina sequencing tech-
nology. A total of 57,664 unigenes with an average length of 979 bp were assembled from 104.1 million clean
reads, and 45,235 (78.45%) unigenes were successfully annotated in the public databases. Notably, Gene
Ontology analyses revealed that 4193 and 3880 unigenes were enriched in the categories of reproduction and
reproductive processes, respectively. Differential expression analysis identified 1385 differentially expressed
unigenes between MIB and FIB, of which six unigenes related to cytokinin and auxin signaling pathways and 16
important transcription factor (TF) genes including MADS-box family members were identified. In particular,
several unigenes encoding important TFs, such as homologs of CRABS CLAW, RADIALIS-like 1, RADIALIS-like 2,
HECATE 2, WUSCHEL-related homeobox 9, and SUPERMAN, were expressed at higher levels in FIB than in MIB.
The expression patterns of the 36 selected unigenes revealed by transcriptome analysis were successfully vali-
dated by quantitative real-time PCR. This study not only provides comprehensive gene expression profiles of P.
volubilis inflorescence buds, but also lays the foundation for research on the molecular mechanism of floral sex
determination in P. volubilis and other monoecious plants.

1. Introduction

Floral sex differentiation plays an important role in fruit set and
seed production, and this biological process is regulated by both genetic
factors and the external and internal environmental conditions
(Tanurdzic and Banks, 2004). Monoecious species provide a compre-
hensive system for studying the developmental programs underlying
the establishment of male and female organs in unisexual flowers
(Rocheta et al., 2014). Many studies have reported floral sex determi-
nation in monoecious species, such as cucumber (Cucumis sativus),
bitter gourd (Momordica charantia), maize (Zea mays), Jatropha curcas,
and Quercus suber (Bai and Xu, 2013; Chen et al., 2016; Rocheta et al.,
2014; Shukla et al., 2015; Thompson, 2014; Wu et al., 2010). However,
molecular data resources are limited for most monoecious non-model
species, especially those without a reference genome, and the me-
chanisms that control floral sex in different plant species are far from

conclusive.
Plukenetia volubilis, a species of the Euphorbiaceae family, also

known as Sacha inchi, or Inca peanut, is a perennial oilseed vine and
native to the rainforests of South America. P. volubilis seeds contain
25–27% protein and 41–54% oil, which comprises approximately 90%
unsaturated fatty acids (oleic, linoleic, linolenic) and is rich in vitamins
E and A (Chirinos et al., 2013; Gutierrez et al., 2011; Niu et al., 2014).
P. volubilis oil has great potential economic value in cosmetic, phar-
maceutical, and food industries (Chirinos et al., 2013; Hanssen and
Schmitz-Huebsch, 2011). Wang et al. (2012) reported the transcriptome
analysis of Sacha inchi seeds at the initial and fast oil accumulation
stages, and identified 397 unigenes associated with the biosynthesis of
fatty acids. Recently, an in vitro regeneration system for P. volubilis has
been successfully established using cotyledons as explants (Dong et al.,
2016). These studies lay the foundation for further gene function stu-
dies and utilization of P. volubilis. However, studies on flower
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development, especially floral sex determination, in P. volubilis remain
limited. P. volubilis is monoecious, with separate female and male
flowers on the same inflorescence. Only one or two female flowers are
at the basal-most node, and numerous male flowers are radially set
around the narrow raceme-like inflorescence axis (Gillespie, 1993). We
previously developed an efficient method to convert most of the male
flower buds to female flower buds by exogenous 6-benzyladenine (6-
BA) treatment (Fu et al., 2014). Therefore, the molecular mechanisms
of floral sex determination in P. volubilis are worthy of further research.

Many studies have shown that phytohormones are significantly in-
volved in modulating floral sex-developmental processes in a variety of
species. In general, ethylene, cytokinin, and auxin promote female sex
development, while gibberellic acid promotes male sex development
(Chailakhyan and Khryanin, 1978; Heslopharrison, 1956; Orozco-
Arroyo et al., 2012; Pan et al., 2014; Yin and Quinn, 1995). Some
phytohormone biosynthesis and perception genes that affect sex de-
termination have been discovered, such as the key regulatory genes of
ethylene biosynthesis, the 1-aminocyclopropane-1-carboxylic acid
synthase (ACS) genes CmACS-7 and CmACS-11, which regulate the sex
determination in melon (Boualem et al., 2008). Some transcription
factors (TFs) play important roles in regulating floral sex development,
such as SUPERMAN (SUP) (Kazama et al., 2009), MYB (Song et al.,
2013; Wu et al., 2010), and basic helix-loop-helix (bHLH) (Gremski
et al., 2007), in different plant species. In addition, MADS-box TF genes
are also implicated in sex differentiation of male and female flowers in
unisexual plants. Chawla et al. (2015) demonstrated that HrAP1
showed female-specific expression, while HrAP2 was expressed parti-
cularly in male flowers of seabuckthorn (Hippophae rhamnoides). SpAP3
of spinach (Spinacia oleracea) is strongly expressed in male flowers and
weakly expressed in female flowers, and SpPI is expressed early in male
flower development (Pfent et al., 2005). These results indicate that
floral sex determination is governed by many signals and complex
transcriptional regulatory networks.

In recent years, transcriptome-sequencing technology has become
increasingly common for unravelling the genetic networks that regulate
floral sex determination and development in many species. Rocheta
et al. (2014) analyzed the transcriptome of male and female flowers in
monoecious Quercus suber using 454 pyrosequencing technology, and
identified some genes involved in pollen development and ovule for-
mation. In the transcriptome analysis of flower buds at different de-
velopmental stages in Jatropha curcas, 15 sex-related genes contributing
to stamen differentiation and embryo sac development were obtained
(Xu et al., 2016). Other studies have also been conducted to detect the
candidate genes underlying sex determination in a variety of plant
species, such as wild grapevine (Vitis vinifera) (Ramos et al., 2014,
2017), bitter gourd (Shukla et al., 2015), and castor bean (Ricinus
communis) (Tan et al., 2016). Although many genes involved in reg-
ulating floral sex have been identified in different species, the gene
expression information in florescence buds and the factors regulating
floral sex in P. volubilis remain poorly understood.

To reveal sex differences in P. volubilis at the transcription level, we
performed de novo transcriptome assembly and comparative analysis on
control male inflorescence buds (MIB) and female inflorescence buds
(FIB) induced by 6-BA. More than 104.1 million clean reads and 57,664
unigenes were obtained from the two transcriptome libraries. We
identified multiple phytohormone-related genes and some important
transcription factors (TFs) genes including MADS-box family members,
some of which might play important roles in flower development and
floral sex determination in P. volubilis.

2. Materials and methods

2.1. Plant material

Two-year-old P. volubilis trees were grown at Xishuangbanna
Tropical Botanical Garden (21°54′ N, 101°46′ E, 580m asl), Chinese

Academy of Sciences, located in Mengla County, Yunnan Province,
China, under natural conditions. Because only one to two female
flowers are located near the base of the inflorescences, it is difficult to
obtain female flower buds in the early developmental stage of in-
florescence. To obtain female flower buds, P. volubilis trees were treated
with 20mg/L 6-BA in July–August 2014, as previously reported (Fu
et al., 2014); control trees were sprayed with distilled water containing
0.05% (v/v) Tween-20. When the first poly-female inflorescence (> 2
female flowers) was observed, the fourth to sixth inflorescences of the
branch were selected as FIB. The selected inflorescences were less than
0.5 cm in length. MIB were selected from control inflorescences during
a similar developmental stage. Each sample consisted of more than 20
male or female inflorescence buds, respectively. The collected samples
were immediately frozen in liquid nitrogen and stored at −80 °C for
RNA extraction.

2.2. RNA isolation, library construction, and transcriptome sequencing

Total RNA of each sample was isolated using Trizol reagent
(Invitrogen, USA) and purified using an RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturers’ protocols. The
quality and quantity of total RNA were assessed using a 1.0% agarose
gel and a Nano-Drop ND1000 spectrophotometer, and RNA integrity
was evaluated using an Agilent 2100 Bioanalyzer. Then, the isolated
RNA samples were prepared for construction of transcriptome libraries
and quantitative real-time PCR (qRT-PCR) validation.

Poly (A) mRNA was isolated and enriched from total RNA using
oligo (dT)-attached magnetic beads according to the manufacturer’s
(Illumina) instructions and then chemically broken into short fragments
in fragmentation buffer. Using these short mRNA fragments as tem-
plates, random hexamers were used as primers to synthesize first-strand
cDNA. Subsequently, second-strand cDNA was synthesized in a buffer
containing dNTPs, DNA polymerase I, and RNaseH. Short cDNA frag-
ments were purified with a QIAquick PCR extraction kit and resolved in
extraction buffer (10mmol/L Tris-HCl, pH 8.4). After the purified cDNA
ends were repaired and single nucleotide adenine (A) was added, the
fragments were ligated to sequencing adapters. The suitable fragments
were screened and purified as templates for PCR amplification to enrich
the cDNA. The cDNA libraries were sequenced using an Illumina
HiSeq™ 2000 sequencing platform at the Beijing Genomics Institute
(BGI, Shenzhen, China), and the raw reads were generated in a 90-bp
paired-end format.

2.3. De novo transcriptome assembly and unigene functional annotation

Before data analysis, the raw reads were filtered using the Filter_fq
(an internal program of BGI) by removing adaptor reads, low-quality
reads (containing more than 20% bases with Q-value≤ 10), and reads
containing more than 5% unknown nucleotides. The clean reads ob-
tained from each library were assembled separately, and pooled reads
of both libraries were also assembled de novo into unigenes using
Trinity program (Grabherr et al., 2011). The longest non-redundant
unigenes were acquired by removing sequence splicing and redundancy
using TGI Clustering tools (TGICL) (Pertea et al., 2003). Then the uni-
genes were divided into two classes: “clusters”, with the prefix “CL”,
and “singletons”, with the prefix “unigene”. The transcriptome data
have been deposited in the National Center for Biotechnology In-
formation (NCBI) Short Read Archive (SRA) database under the ac-
cession number SRP101414 (ftp://ftp-trace.ncbi.nlm.nih.gov/sra/
review/SRP101414_20171019_083700_
a3f2a910685f5b07f5f45a5fc1fdb389).

For further annotation of unigenes, all the assembly unigenes were
first searched against the NCBI non-redundant protein database (Nr)
and Swiss-Prot protein database using BLASTx alignment (E-
value < 1.0E-05), and the NCBI non-redundant nucleotide sequence
(Nt) database using BLASTn (E-value < 1.0E-05). The best aligning
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results were used to decide sequence direction of unigenes. Then the
Blast2GO program (Conesa et al., 2005) was used to obtain GO anno-
tation of unigenes based on the Nr annotation. The GO functional
classification was then performed using WEGO software (Ye et al.,
2006) to deduce the distribution of each unigene catalogued as biolo-
gical processes, cellular components, and molecular functions ontolo-
gies. The unigene sequences were also aligned to the Clusters of Or-
thologous Groups of proteins (COG) database to predict and classify
their functions. Pathway assignments were carried out according to the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
(Kanehisa et al., 2012) using BLASTx (E-value < 1.0E-05).

2.4. Gene expression analysis and screening of differentially expressed
unigenes

To quantify transcript abundances and identify significant changes
in transcript expression levels, all read counts were calculated using the
fragments per kilobase of transcript per million fragments mapped
(FPKM) method (Trapnell et al., 2010). The method described by Audic
and Claverie (1997) was used to determine the differences in gene
expression analysis. The false discovery rate (FDR) ≤0.001 and |log2
ratio| ≥1 were used as thresholds to judge the differentially expressed
unigenes (DEGs) between the two samples.

2.5. Quantitative real-time PCR analysis

cDNA was synthesized from the same RNA samples used for tran-
scriptome sequencing with the PrimeScript® RT reagent kit (Takara)
following the manufacturer’s protocols. qRT-PCR was performed on a
Roche LightCycler 480 Real-Time PCR instrument (Roche Diagnostics)
using a LightCycler® 480 SYBR Green I Master (Roche). The cycling
procedure was initiated at 95 °C for 3min, followed by 40 cycles of
95 °C for 10 s, 59 °C for 10 s, and 72 °C for 30 s. Three biological re-
plicates for each sample and three technical replicates were performed.
The relative expression levels of the candidate genes were calculated
according to the 2–ΔΔCT method (Livak and Schmittgen, 2001) using the
PvoGAPDH gene as a reference gene (Niu et al., 2015). Gene-specific
primers were designed based on the candidate unigene sequences
(Supplemental Table 6).

3. Results

3.1. Sequencing and de novo assembly of male and female inflorescence bud
transcriptome of P. volubilis

To identify candidate genes involved in flower development and sex
differentiation of P. volubilis, female inflorescence buds (FIB) induced
by 6-BA and control male inflorescence buds (MIB) at early develop-
mental stages (Fig. 1A and B), which may further develop into female
inflorescences and male inflorescences, respectively (Fig. 1C and D),
were collected for transcriptome sequencing in this study.

The two cDNA libraries constructed from MIB and FIB were se-
quenced on an Illumina high-throughput sequencing platform. After
filtering the adaptors and low-quality sequences, 51,201,412 and
52,876,984 high-quality clean reads (90 bp) were generated from the
male and female flower buds libraries, respectively (Supplemental
Table 1). The Q20 percentage reached more than 96%, and the GC
contents of the two libraries were 43.21% (MIB) and 43.36% (FIB),
respectively (Supplemental Table 1). A total of 67,019 and 66,723
unigenes with mean sizes of 750 bp and 775 bp were generated from the
MIB and FIB libraries, respectively (Table 1). Altogether, 57,664 uni-
genes with a mean size of 979 bp and an N50 value of 1525 bp were
obtained (Table 1). The size distribution of the assembled contigs and
unigenes are presented in Supplemental Fig. S1.

3.2. Functional annotation of unigenes from inflorescence buds of P.
volubilis

To identify the putative functions of the assembled unigenes, these
unigene sequences were aligned to the Nr, Swiss-Prot, KEGG, COG, and
GO (E-value < 1.0E-05) protein databases by BLASTx and to the Nt (E-
value< 1.0E-05) nucleotide database by BLASTn. The results showed
that 43,690 (75.77%), 43,049 (74.65%), 28,182 (48.87%), 24,888
(43.16%) 15,919 (27.61%), and 36,387 (63.10%) of the 57,664 uni-
genes were significantly matched with sequences in the Nr, Nt, Swiss-
Prot, KEGG, COG, and GO databases, respectively. In total, 45,235
(78.45%) unigenes were successfully annotated in the public databases
(Table 2).

The E-value distribution of the top hits showed that 56.0% of the
unigenes had high homologies to previously deposited sequences
(< 1.0E-45) and 34.0% had E-values in the range of 1.0E-05 to 1.0E-45
(Fig. 2A). Likewise, the similarity distribution of the top BLAST hits
revealed that 50.4% of the matched sequences had reached higher than
80% similarity, and 45.8% had similarities ranging from 40 to 80%
(Fig. 2B). Further analysis of homologies among different species
showed that 76.5% of the annotated sequences matched sequences from
castor bean, 9.7% to poplar (Populus trichocarpa), 4.2% to grape, 2.2%
to peach (Amygdalus persica), and 1.1% to woodland strawberry (Fra-
garia vesca) (Fig. 2C).

3.3. Functional classification of unigenes by clusters of orthologous groups,
gene ontology, and Kyoto encyclopedia of genes and genomes

The annotated unigenes were aligned to the Clusters of Orthologous
Groups of proteins (COG) database for functional prediction and clas-
sification. In total, 15,919 unigenes (27.61% of all unigenes) were as-
signed a Cluster of Orthologous Groups classification (Table 2). Among
the 25 categories, transcripts associated with “transcription” (2651;
16.65%), “replication, recombination and repair” (2554; 16.04%),
“signal transduction mechanisms” (2135; 13.41%), and “post-transla-
tional modification, protein turnover, chaperones” (2039; 12.81%)
were dominant. The categories “nuclear structure” (1), “extracellular
structures” (5) and “cell motility” (177) represented the smallest
groups. However, categories with no concrete assignment, such as
“function unknown” (1396; 8.77%) and “general function prediction
only” (5232; 32.87%) accounted for a large fraction of the transcripts
(Supplemental Table 2; Supplemental Fig. S2).

The Gene Ontology (GO) analysis categorized 36,387 unigenes into
41 functional groups under three main categories (biological processes,
cellular components, and molecular functions) (Supplemental Table 3;
Fig. 3). Among the biological processes category, “cellular processes”
(22,788; 62.63%), “metabolic processes” (22,371; 61.48%), and
“single-organism processes” (15,941; 43.81%) were the predominant
groups. Notably, unigenes categorized into “reproduction” and “re-
productive processes” were also significantly enriched and reached
4193 (11.52%) and 3880 (10.66%) unigenes, respectively. Within the
cellular components category, “cell” (27,335; 75.12%), “cell part”
(27,335; 75.12%), and “organelle” (21,919; 60.24%) were the most
overrepresented groups. For the molecular function category, a large
proportion of unigenes were clustered into “binding” (18,630; 51.20%),
“catalytic activity” (18,014; 49.51%), and “transporter activity” (2464;
6.78%) groups. Additionally, 1338 (3.68%) unigenes categorized into
“nucleic acid binding transcription factors” were identified (Supple-
mental Table 3; Fig. 3).

To further understand the biological functions of unigenes, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database
was used. A total of 24,888 matched sequences were assigned to 128
KEGG pathways (Supplemental Table 4). The most represented path-
ways included “metabolic pathways” (5252; 21.10%), “biosynthesis of
secondary metabolite pathways” (2688; 10.80%), “plant-pathogen in-
teraction” (1623; 6.52%), and “plant hormone signal transduction
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pathways” (1515; 6.09%). Notably, unigenes involved in “zeatin bio-
synthesis” (152; 0.61%) and “indole alkaloid biosynthesis” (23; 0.09%)
were also identified (Supplemental Table 4).

3.4. Identification of differentially expressed unigenes between MIB and FIB

Analysis of differentially expressed genes (DEGs) between MIB and

FIB could reveal potential key genes underlying floral sex determina-
tion in P. volubilis. The differences of gene expression levels are plotted
with differently colored dots. Red and green dots represent up-regu-
lated and down-regulated DEGs in FIB compared with MIB, respec-
tively. Blue dots represent genes without significant expression changes
(Fig. 4A). A total of 1385 unigenes exhibited the threshold ≥two-fold
difference in expression levels between MIB and FIB. Among these

Fig. 1. 6-BA converts male flower buds to female flower buds
and induces poly-female inflorescence in P. volubilis. A.
Female inflorescence buds induced by exogenous 6-BA; B.
Control male inflorescence buds; C. Inflorescence from 6-BA-
treated plants; D. Inflorescence from control plants.
Bar=1mm. Red arrow indicates a male flower; red arrow-
head indicates a female flower. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred
to the web version of this article.)
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DEGs, 451 unigenes were up-regulated, and 934 unigenes were down-
regulated in FIB compared with MIB (Fig. 4B), from which candidate
genes that might be involved in floral sex determination were selected
and are shown below.

3.4.1. Phytohormone biosynthesis-, metabolism-, and signaling-related
genes

Phytohormones are essential factors for floral sex determination in
various plant species (Golenberg and West, 2013). Among DEGs, two
transcripts (Unigene12983 and Unigene21253) encoding ethylene-re-
sponsive transcription factor (ERF) homolog (PvoERF109 and
PvoERF017) were down-regulated by 3.0- and 2.8-fold, respectively,
while one transcript (CL3383.contig1) encoding PvoERF034 was up-
regulated by 9.9-fold in FIB compared with MIB (Table 3). Two tran-
scripts (CL1556.contig1 and CL4094.contig1) encoding cytokinin oxi-
dase1 (CKX1) homolog (PvoCKX1) and adenine phosphoribosyl-
transferase 1 (APT1) homolog (PvoAPT1) were down-regulated by 1.1-
and 1.0-fold (Table 3), respectively, and unigene16829 encoding a two-
component Arabidopsis response regulator 9 (ARR9) homolog protein
(PvoARR9) was up-regulated by 4.2-fold in FIB (Table 3). In particular,
auxin-related genes, such as auxin-conjugating Gretchen Hagen3.1
homolog gene (PvoGH3.1; unigene30072), were differentially up-
regulated, reaching 9540.5-fold in FIB compared with MIB (Table 3;
Fig. 5). PvoGH3.3 (unigene31691) and indole-3-acetic acid gene (IAA)
homolog PvoIAA14 (CL2060.contig1) were also up-regulated by 6.7-
and 4.7-fold, respectively, in FIB compared with MIB (Table 3; Fig. 5).
These results indicated that these phytohormone-related genes might be
involved in male and female flower bud development in P. volubilis.

3.4.2. Transcription factor genes
Transcription factors (TFs) play important roles in the regulation of

sex differentiation in plants (Harkess and Leebens-Mack, 2017). Some

Table 1
Summary of MIB and FIB transcriptome assembly.

Sample Total
Number

Total Length
(nt)

Mean
Length
(nt)

N50 Total
Consensus
Sequence

Contig MIB 88,567 41,884,082 473 1059 –
FIB 91,384 42,311,215 463 1064 –

Unigene MIB 67,019 50,258,475 750 1226 67,019
FIB 66,723 51,721,957 775 1260 66,723
All 57,664 56,464,422 979 1525 57,664

Table 2
Statistics on the number of all the assembled unigenes in two libraries annotated with the
National Center for Biotechnology Information (NCBI) non-redundant nucleotide se-
quence (Nt) database, the NCBI non-redundant protein (Nr) database, Swiss-Prot, Kyoto
Encyclopedia of Genes and Genomes (KEGG), Clusters of Orthologous Groups of proteins
(COG), and Gene Ontology (GO) databases.

Sequences Nt Nr Swiss-Prot KEGG COG GO All

All Unigenes 43,049 43,690 28,182 24,888 15,919 36,387 45,235
Percent (%) 74.65 75.77 48.87 43.16 27.61 63.10 78.45

Fig. 2. The annotation and classification of the assembled unigenes in the non-redundant protein databases. E-value distribution (A), similarity distribution (B), and species distribution
(C) of the result of non-redundant protein annotation.

Q. Fu et al. Journal of Plant Physiology 221 (2018) 107–118

111



important TFs were found differentially expressed between MIB and FIB
in P. volubilis. The expression levels of two transcripts (unigene20388
and CL6356.contig1) encoding an ABORTED MICROSPORES (AMS)
homolog (PvoAMS) and a bHLH homolog (PvobHLH) were down-
regulated by 5.4- and 5.2-fold, respectively, in FIB compared with MIB
(Table 3; Fig. 5). In FIB, the expression levels of two transcripts (uni-
gene30446 and unigene31003) encoding HECATE (HEC) homolog
(PvoHEC) were up-regulated by 8191.0- and 42.7-fold, respectively
(Table 3; Fig. 5), and the expression levels of two transcripts
(CL4156.contig1 and unigene12502) encoding RADIALIS-like (RL)
homolog protein (PvoRL) were up-regulated by 46.2- and 27.8-fold,
respectively (Table 3). CL5764.contig2 encoding CRABS CLAW (CRC)
homolog (PvoCRC) had a 13.5-fold higher expression in FIB compared
with MIB (Table 3). Furthermore, CL2866.contig3 and unigene18781
encoding WUSCHEL-related homeobox 9 (WOX9) homolog (PvoWOX9)
and SUP homolog (PvoSUP) were also identified as highly expressed in
FIB (Table 3; Fig. 5).

The expression analysis of the ABC floral organ identity genes
showed that A-class gene APETALA1 (AP1) homolog (PvoAP1,
CL5426.contig2) was slightly up-regulated in MIB (Table 3; Fig. 5), and
B-class gene APETALA3 (AP3) homolog (PvoAP3, CL1230.contig3),
PISTILLATA (PI) homolog (PvoPI, unigene22152), PI-like homolog
(PvoPIL, unigene14817), and TOMATO MADS BOX 6 (TM6) homolog

(PvoTM6, unigene12072) were highly expressed in MIB (Table 3;
Fig. 5). In contrast, the expression levels of the C-class gene AGAMOUS
(AG) homolog (PvoAG, CL7379.contig2) were up-regulated by 0.9-fold
in FIB compared with MIB (Table 3; Fig. 5). The expression levels of AG-
like homolog (PvoAGL11, unigene30578) and MADS-box JOINTLESS-
like homolog gene (PvoJOL, CL5107.contig1) were also up-regulated by
97.4- and 1.1-fold, respectively, in FIB (Table 3; Fig. 5). These MADS-
box genes might be responsible for the differentiation of MIB and FIB.

3.4.3. Energy transfer-, storage-, and metabolism-related genes
We also identified some genes that have not previously been char-

acterized in flower development among DEGs. Genes encoding proteins
involved in energy transfer, storage, and metabolism were also identi-
fied from DEGs between the MIB and FIB. Unigene26431 encoding non-
specific lipid-transfer homolog protein (PvoNSLTP) was down-regu-
lated by 526.4-fold in FIB compared with MIB (Table 3). Two tran-
scripts (unigene26980 and CL395.contig3) encoding ABC transporter G
family homolog protein (PvoABCG) were down-regulated by 14.9-fold
and up-regulated 2.6-fold, respectively, in FIB compared with MIB.
PvoTKPR1 (unigene5320) encoding tetraketide alpha-pyrone reductase
1 homolog was also down-regulated by 10.3- fold in FIB (Table 3;
Fig. 5). PvoUGT85A2 (unigene5320) and PvoSUC2 (unigene690) en-
coding UDP-glycosyltransferase 85A2 homolog and sucrose transport

Fig. 3. Gene Ontology categories of the assembled unigenes. Unigenes were assigned to three categories: biological processes, cellular components, or molecular functions.

Fig. 4. Comparison of gene expression levels be-
tween the MIB library and the FIB library using the
FPKM method. A. The difference of gene expression
levels was plotted for the MIB library versus the FIB
library. The DEGs with FDR ≤0.001 and |log2 ratio|
≥1 are shown in red dots and green dots, respec-
tively. Genes without significant expression changes
are shown in blue dots. B. Number of DEGs. Red and
green columns represent the number of significantly
up-regulated and down-regulated expressed genes in
the FIB library compared with the MIB library, re-
spectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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protein SUC2 homolog were up-regulated by 13.2- and 1.4-fold, re-
spectively, in FIB (Table 3). Two transcripts (unigene9493 and uni-
gene15165) encoding Bark Storage Protein A (BSPA) homolog
(PvoBSPA) were also up-regulated by 6.9- and 3.7-fold, respectively, in
FIB (Table 3; Fig. 6).

3.4.4. Other functional genes
Some other functional and unknown genes were identified among

the DEGs. PvoSSG (unigene26964), PvoCYS (unigene27104), PvoAGG
(unigene26506), PvoEXOL (unigene26711), and an unknown gene
(CL8116.contig2) were specifically and highly expressed in MIB

(Table 3). PvoAPG (CL5036.contig1) and PvoBCP (CL5129.contig2)
encoding anther-specific proline-rich homolog protein APG and blue
copper homolog protein, respectively, were down-regulated by 429.5-
and 249.7-fold in FIB compared with MIB (Table 3). Two PvoCHS genes
(unigene27397 and unigene5446) encoding chalcone synthase
homolog were down-regulated by 150.2- and 35.8-fold (Table 3; Fig. 5),
respectively, and two transcripts (unigene12710 and unigene17527)
encoding male-enhanced homolog protein (PvoMen-8) were also down-
regulated by 6.1- and 5.6-fold, respectively, in FIB (Table 3). PvoCLE43
(unigene19410) encoding CLAVATA3/ESR (CLE)-related 43 (CLE43)
homolog protein was highly up-regulated, and PvoCYCD1-1

Table 3
Candidate genes related to flower development and sex differentiation of P. volubilis.

Functional group Gene designation Unigene ID MIB (FPKM) FIB (FPKM) Log2 ratio P-value Annotation

Phytohormones biosynthesis, metabolism,
and signaling related genes

PvoERF109 Unigene12983 22.8 5.7 −2.00 6.83E-54 Ethylene-responsive transcription factor
ERF109

PvoERF017 Unigene21253 132.6 34.6 −1.94 4.81E-95 Ethylene-responsive transcription factor
ERF017

PvoCKX1 CL1556.contig1 6.0 2.9 −1.04 1.53E-07 Cytokinin oxidase 1
PvoAPT1 CL4094.contig1 121.0 60.4 −1.00 5.51E-107 Adenine phosphoribosyltransferase 1
PvoGH3.1 Unigene30072 0 9.6 13.22 2.02E-39 Auxin conjugating Gretchen Hagen3.1
PvoERF034 CL3383.contig1 1.3 13.6 3.44 4.81E-46 Ethylene-responsive transcription factor

ERF034
PvoGH3.3 Unigene31691 0.7 5.6 2.95 4.74E-43 Auxin conjugating Gretchen Hagen3.3
PvoIAA14 CL2060.contig1 2.1 11.5 2.51 1.09E-33 Auxin-responsive protein IAA14
PvoARR9 Unigene16829 2.6 13.8 2.39 1.36E-17 Two-component response regulator

ARR9

Transcription factors genes PvoAMS Unigene20388 48.2 7.6 −2.67 8.51E-113 ABORTED MICROSPORES
PvobHLH CL6356.contig1 30.6 4.9 −2.63 4.46E-130 Basic helix-loop-helix protein
PvoHEC1 Unigene30446 0 8.2 13.00 7.01E-24 Transcription factor HECATE 1
PvoRL2 CL4156.contig1 1.5 71.6 5.56 8.17E-264 RADIALIS-like 2
PvoHEC2 Unigene31003 0.5 20.3 5.45 2.50E-47 Transcription factor HECATE 2
PvoRL1 Unigene12502 4.8 139.1 4.85 0 RADIALIS-like 1
PvoCRC CL5764.contig2 25.8 375.5 3.86 0 CRABS CLAW protein
PvoWOX9 CL2866.contig3 5.1 40.2 2.99 1.53E-108 WUSCHEL-related homeobox 9
PvoSUP Unigene18781 2.1 15.5 2.92 4.97E-47 Transcriptional regulator SUPERMAN

Floral organ identity MADS- box genes PvoAP3 CL1230.contig3 268.9 74.3 −1.86 0 APETALA3
PvoPIL Unigene14817 227.1 75.7 −1.59 1.18E-186 PISTILLATA-like
PvoPI Unigene22152 420.2 143.1 −1.55 0 PISTILLATA
PvoTM6 Unigene12072 186.7 74.7 −1.32 1.32E-251 TOMATO MADS BOX 6
PvoAP1 CL5426.contig2 49.3 28.1 −0.81 1.89E-38 APETALA1
PvoAGL11 Unigene30578 0.07 6.4 6.62 6.52E-29 AGAMOUS-like 11
PvoJOL CL5107.contig1 21.0 43.2 1.04 1.33E-55 MADS-box protein JOINTLESS-like
PvoAG CL7379.contig2 76.8 145.8 0.92 1.60E-108 Floral homeotic protein AGAMOUS

Energy transfer, storage and metabolism
related genes

PvoNSLTP Unigene26431 41.4 0.1 −9.04 5.47E-155 Non-specific lipid-transfer protein
PvoABCG26 Unigene26980 10.1 0.6 −3.99 1.06E-79 ABC transporter G family member 26
PvoTKPR1 Unigene5320 47.5 4.2 −3.50 3.35E-212 Tetraketide alpha-pyrone reductase 1
PvoPER9 Unigene4280 139.7 24.3 −2.52 0 Peroxidase 9 precursor
PvoUGT85A2 Unigene31590 1.6 23.1 3.83 3.95E-83 UDP-glycosyltransferase 85A2
PvoFAD Unigene17998 2.1 28.9 3.82 4.77E-181 Omega-6 fatty acid desaturase
PvoBSPA4 Unigene9493 19.0 149.9 2.98 0 Bark storage protein A
PvoBSPA2 Unigene15165 863.6 4076.1 2.24 0 Bark storage protein A
PvoABCG40 CL395.contig3 15.1 53.6 1.83 3.23E-155 ABC transporter G family member 40
PvoSUC2 Unigene690 6.7 15.7 1.24 3.35E-27 Sucrose transport protein SUC2

Other functional genes PvoSSG Unigene26964 30.4 0 −14.89 8.31E-72 Sulfated surface glycoprotein
PvoCYS Unigene27104 16.0 0 −14.0 2.64E-44 Cysteine proteinase inhibitor
Unknown CL8116.contig2 11.7 0 −13.52 1.13E-94 Conserved hypothetical protein
PvoAGG Unigene26506 11.5 0 −13.49 1.58E-96 Agglutinin family protein
PvoEXOL Unigene26711 10.0 0 −13.29 3.41E-54 Exopolygalacturonase-like
PvoAPG CL5036.contig1 57.4 0.1 −8.75 1.20E-126 Anther-specific proline-rich protein APG
PvoBCP CL5129.contig2 55.7 0.2 −7.97 7.76E-218 Blue copper protein
PvoCHS1 Unigene27397 34.2 0.2 −7.24 3.25E-301 Chalcone synthase
PvoCHS2 Unigene5446 53.4 1.5 −5.20 0 Chalcone synthase
Unknown Unigene24560 92.2 2.6 −5.14 1.26E-160 Probable F-box protein
PvoMen-8.2 Unigene12710 83.3 11.8 −2.82 9.00E-184 Men-8 protein precursor
PvoMen-8.1 Unigene17527 1556.8 234.9 −2.73 0 Men-8 protein precursor
Unknown Unigene30610 0.6 19.3 4.95 3.14E-48 Unknown
PvoCLE43 Unigene19410 0.8 16.0 4.25 9.59E-80 CLAVATA3/ESR (CLE)-related protein

43
Unknown Unigene24633 14.2 114.6 3.01 8.10E-89 Unknown
pvoCYCD1-1 Unigene7730 31.3 87.1 1.48 3.22E-254 Cyclin-D1-1
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Fig. 5. qRT-PCR validation of differentially expressed unigenes. MIB means male inflorescence buds and FIB means female inflorescence buds. These differentially expressed genes (DEGs)
include two auxin-related genes (Unigene30072: PvoGH3.1 and CL2060.contig1: PvoIAA14), four TF genes (unigene20388: PvoAMS, unigene31003: PvoHEC, CL2866.contig3: PvoWOX9,
and unigene18781: PvoSUP), four MADS-Box genes (CL5426.contig2: PvoAP1, CL1230.contig3: PvoAP3, CL7379.contig2: PvoAG, and unigene30578: PvoAGL11), and six other genes
(unigene26980: PvoABCG26, unigene5320: PvoTKPR1, CL8116.contig2: Unknown, Unigene27397: PvoCHS, unigene19410: PvoCLE43, and unigene7730: PvoCYCD1-1).
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(unigene7730) encoding cyclin-D1-1 homolog was slightly up-regulated
in FIB (Table 3; Fig. 5).

3.5. Highly expressed DEGs in MIB and FIB

To further select highly expressed DEGs, we used FPKM values
≥100 as the threshold (Sablok et al., 2014). Among the 43 unigenes
with FPKM values ≥100 in MIB, 36 unigenes were down-regulated in
FIB compared with MIB, such as unigene17527 encoding PvoMen-8.1
(Supplemental Table 5; Fig. 6) and three transcripts (CL3645.contig2,
unigene2246, and CL5998.contig1) encoding EXTENSIN (EXT)
homolog (PvoEXT) (Supplemental Table 5) required for male fertility.
PvoERF017 (unigene21253) and PvoAPT1 (CL4094.contig1) were
abundant in MIB (Supplemental Table 5; Fig. 6). Consistent with re-
sponding to the development of floral buds, four unigenes (uni-
gene22152; CL1230.contig3; unigene14817; and unigene12072) en-
coding PvoPI, PvoAP3, PvoPIL, and PvoTM6, respectively, were also
down-regulated in FIB compared with MIB (Supplemental Table 5).
Sixteen unigenes with FPKM values ≥100 were up-regulated in FIB
compared with MIB, and four transcripts (CL5018.contig1; uni-
gene15165; unigene12423; and unigene9493) encoding PvoBSPA,
CL5764.contig2 encoding PvoCRC, unigene12502 encoding PvoRL1,
and CL2088.contig3 encoding a GRF1-interacting factor 1 (GIF1)
homolog protein (PvoGIF1) were identified (Supplemental Table 5;
Fig. 6).

3.6. Validation of the differentially expressed candidate genes by qRT-PCR
analysis

To validate the reliability of the transcriptome sequencing results, a
total of 36 genes (Supplemental Table 7) with high or low expression
levels were selected for qRT-PCR analysis. The results of 22 genes are
shown in Fig. 5 and 6, and the expression patterns of the tested genes
were all consistent with the transcriptome data. Meanwhile, a highly
significant correlation (Pearson correlation coefficient r= 0.93) of the
36 genes was found between the qRT-PCR results and the transcriptome
data (Fig. 7), suggesting that our transcriptome data are reliable and do,
in fact, reflect the expression levels of the transcripts.

4. Discussion

Transcriptome sequencing is widely applied in revealing the key
genes regulating growth and development of many species. Genetic
information on P. volubilis is limited; only transcriptome information of
its seeds has been reported (Wang et al., 2012). In this study, a com-
parative transcriptome analysis between MIB and FIB in P. volubilis was
performed. A total of 104.1 million 90-bp paired-end clean reads were
generated and assembled into 57,664 unigenes with a mean size of
979 bp (Table 1), and 45,235 unigenes were successfully annotated in
the public databases (Table 2). The species distribution of the annotated
unigenes showed that 76.5% of unigenes had the highest similarity with

Fig. 6. qRT-PCR validation of highly expressed DEGs (FPKM values≥ 100). MIB means male inflorescence buds and FIB means female inflorescence buds. These highly expressed DEGs
include unigene17527: PvoMen-8.1; CL4094.contig1: PvoAPT1; unigene15165: PvoBSPA2; unigene9493: PvoBSPA4; CL5764.contig2: PvoCRC; and unigene12502: PvoRL1.

Q. Fu et al. Journal of Plant Physiology 221 (2018) 107–118

115



sequences from castor bean (Fig. 2C), a species that belongs to the same
family (Euphorbiaceae) as P. volubilis. These results suggested that the
assembly and annotation of the transcriptome were reliable, and the
genome of castor bean (Chan et al., 2010) can be used as a reference for
the transcriptome analysis of inflorescence buds in P. volubilis. The
other top-hit species, such as poplar (9.7%), grape (4.2%), peach
(2.2%), and woodland strawberry (1.1%) (Fig. 2C), are perennial
woody plants in line with P. volubilis. These results provided valuable
information for selecting candidate genes involved in flower develop-
ment and sex determination in P. volubilis.

Cytokinin is a positive regulator exerting a feminizing effect in Luffa
cylindrica (Takahashi et al., 1980) and spinach (Chailakhyan and
Khryanin, 1978). Treatment with exogenous cytokinin was also found
to induce floral feminization in P. volubilis (Fu et al., 2014). The
breakdown and metabolism of cytokinin is catalyzed by CKXs and APTs
(Allen et al., 2002; Bartrina et al., 2011), and ARRs are rapidly induced
by cytokinin treatment (To and Kieber, 2008). Our data showed that the
expression levels of PvoCKX1 and PvoAPT1 were down-regulated,
whereas PvoARR9 was up-regulated in FIB (Table 3; Fig. 6), suggesting
that cytokinin might play a positive role in female floral bud develop-
ment, which occurs prior to the development of male floral buds in P.
volubilis. Auxin also exerts a feminizing effect in Cannabis sativus
(Heslopharrison, 1956) and Opuntia stenopetala (Orozco-Arroyo et al.,
2012). Tan et al. (2016) reported that auxin signaling was up-regulated
during the transformation from leaf apices to floral buds in the pistillate
line compared with the wild monoecious line of Ricinus communis. GH3
genes encode IAA-amido synthetases, which help to maintain auxin
homeostasis (Staswick et al., 2005). In this study, several genes, such as
PvoGH3.1, PvoGH3.3, and PvoIAA14, were up-regulated in FIB (Table 3;
Fig. 5). Therefore, an abundance of auxin signaling in FIB may poten-
tially lead to female tissue development of P. volubilis. In addition,
ethylene has been proven to have a strong feminizing effect in cu-
cumber (Yamasaki et al., 2001) and melon (Boualem et al., 2008). We
found that PvoERF109 and PvoERF017 were significantly down-regu-
lated; however, PvoERF034 was up-regulated in FIB compared with MIB
(Table 3). These results indicated that the mechanism of sex differ-
entiation in P. volubilis might be different from that of cucumber,
melon, or Opuntia stenopetala. The crosstalk and balance of multiple
phytohormones might affect sex differentiation in P. volubilis.

Many TFs exert pivotal roles in flower sex differentiation, such as
QsAMS in Quercus suber (Rocheta et al., 2014), JcCRC in Jatropha curcas
(Xu et al., 2016), and SlSUP in Silene latifolia (Kazama et al., 2009).
AMS is a master regulator that coordinates pollen wall development

and sporopollenin biosynthesis in Arabidopsis (Xu et al., 2014). The sex-
specific candidate gene PvoAMS, a homolog of AMS, exhibited high
expression levels in MIB (Table 3; Fig. 5). The conserved function of
CRC and its’ orthologs have been reported in carpel fusion and style and
nectary development (Bowman and Smyth, 1999; Fourquin et al.,
2014). We found that PvoCRC had a higher expression in FIB compared
with MIB (Table 3; Fig. 6). Therefore, PvoCRC is expected to exert si-
milar functions in the development of gynoecium in P. volubilis. AtRL2
is expressed in the funiculus of ovules and in embryos (Baxter et al.,
2007). PvoRL1 and PvoRL2 showed up-regulated expression in FIB
(Table 3; Fig. 6). HEC controls gynoecium development by balancing
auxin and cytokinin signaling in Arabidopsis (Schuster et al., 2015).
PvoHEC1 and PvoHEC2 were significantly more highly expressed in FIB
than in MIB (Table 3; Fig. 5). Two PvoHECs might also be involved in
mediating auxin and cytokinin signaling pathways during FIB devel-
opment, in agreement with notably up-regulated expression of the two
phytohormone-related genes in FIB, as mentioned above. WOX9 is re-
quired for shoot apical meristem growth and maintenance and em-
bryonic development in Arabidopsis (Wu et al., 2005). PaWOX9 is
highly expressed in early embryo development (Palovaara et al., 2010)
and is an important regulator of apical-basal embryo pattern estab-
lishment in Norway spruce (Picea abies) (Zhu et al., 2014). Our results
showed that PvoWOX9 was up-regulated in FIB (Table 3; Fig. 5), sug-
gesting its involvement in female reproductive development in P. vo-
lubilis. SUP has been reported as an important regulator of floral organ
boundaries between whorl 3 and whorl 4 in Arabidopsis (Sakai et al.,
1995) and increased feminization in monoecious flowers (Nibau et al.,
2011). Similarly to SlSUP in S. latifolia (Kazama et al., 2009), the up-
regulated PvoSUP in FIB might also play a positive role in female flower
development of P. volubilis. Moreover, similarly to HEC, SUP also sti-
mulated auxin- and cytokinin-regulated processes (Nibau et al., 2011).
Therefore, PvoSUP might regulate FIB development by balancing auxin
and cytokinin signaling together with PvoHEC.

Generally, differential expression of the ABC floral organ-identity
genes, specifically the B-class genes AP3 and PI and the C-class gene AG,
has been implicated in regulating the development of male and female
flowers (Ainsworth et al., 1995; Pfent et al., 2005), as well as in spe-
cifying the identity of the stamen and carpel whorls (Coen and
Meyerowitz, 1991). Comparing female-specific expression of the AP1
homolog in Quercus suber (Rocheta et al., 2014) and seabuckthorn
(Chawla et al., 2015), the expression of PvoAP1 was slightly lower in
FIB than in MIB (Table 3; Fig. 5). As the expression levels of HoAP3_1,
HoAP3_2, and HoPI_2 from Hedyosmum orientale with unisexual in-
florescence were higher in male flowers than in female flowers (Liu
et al., 2013), the expression of B-class homolog genes, such as PvoTM6,
PvoAP3, PvoPI, and PvoPIL, was also highly expressed in MIB (Table 3;
Fig. 5). These results showed that these B-class homolog genes might be
involved in the development of male flowers. In contrast, the expression
of C-class homolog gene PvoAG was up-regulated in FIB (Table 3;
Fig. 5), which is consistent with the significant expression of HrAG in
seabuckthorn female flower buds at stage II (Chawla et al., 2015).
AGL11 (now named SEEDSTICK) is specifically expressed in developing
ovules and associated placental tissues (Rounsley et al., 1995) and is
required for ovule identity and normal funiculus development in Ara-
bidopsis (Pinyopich et al., 2003). Similarly, PvoAGL11 had higher ex-
pression levels in FIB than in MIB (Table 3; Fig. 5). Thus, these floral
organ-identity genes may have crucial roles in establishing floral organ
identity and sexual differentiation in male and female flower buds of P.
volubilis, respectively.

CHS is known to be involved in the metabolic pathway of flavonoids
and anthocyanin pigments in several species (Winkel-Shirley, 2002).
QsCHSA is uniquely and highly expressed in male flowers of Quercus
suber (Rocheta et al., 2014). Similarly, we found that two PvoCHS genes
were highly up-regulated in MIB compared with FIB (Table 3; Fig. 5).
Men is specifically expressed in male flower buds of Silene latifolia (Scutt
et al., 1997), and, interestingly, we found that two PvoMen-8 members

Fig. 7. Correlation between qRT-PCR and the transcriptome data. The values of
log2(relative expression ratios) in qRT-PCR (x-axis) were plotted against the values of
log2(FPKM ratios) in transcriptome data (y-axis) for the 36 selected genes.
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were also primarily expressed in MIB (Table 3; Fig. 6). It has been
commonly proposed that females expend more resources on seed pro-
duction than males, and an abundance of energy could promote plants
to produce more female flowers (Bickel and Freeman, 1993; Torices and
Mendez, 2011). BSPA is involved in nitrogen storage and cycling
pathways (Wildhagen et al., 2010; Zhu and Coleman, 2001), and SUC2
serves sucrose transport in phloem (Gould et al., 2012). Correlated with
the additional allocation of resources to FIB, we found that four
PvoBSPA genes and a PvoSUC2 gene were markedly up-regulated in FIB
compared with MIB (Table 3 and Supplemental Table 5). UGT85A2 is
mainly expressed in areas of active cell division in Arabidopsis (Koroleva
et al., 2004), and CYCD1-1 can accelerate the cell cycle in cultured
tobacco BY-2 cells (Woo et al., 2007). In our study, PvoUGT85A2 and
PvoCYCD1-1 were up-regulated in FIB compared with MIB (Table 3;
Fig. 5) and possibly involved in the regulation of cell cycle and division
in FIB. Furthermore, we also obtained some genes of unknown function
among the DEGs. These genes might play specific roles during the dif-
ferentiation and development of MIB and/or FIB in P. volubilis.

5. Conclusions

Our study provides comprehensive transcripts of inflorescence buds
in monoecious species P. volubilis. Transcriptome analysis revealed
many important genes with known roles in flower development, such as
genes involved in phytohormone signaling pathways, transcription
regulation, and floral organ identity. Some genes that have not pre-
viously been characterized in flower development or in other species
were identified, such as unigenes encoding homologs of bark storage
protein A, non-specific lipid-transfer protein, CLAVATA3/ESR (CLE)-
related protein 43, Cyclin-D1-1, and some proteins of unknown func-
tion. In addition, some genes expressed exclusively in each type of MIB
and FIB were also identified. These candidate genes provide the foun-
dation for further studies on the molecular mechanisms that regulate
flower development and sex differentiation in P. volubilis. Further re-
search is needed to investigate the biological function of these genes
and the application of these genes in the modification of flower sex.
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