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Abstract
Key message ABCE model genes along with genes related to GA biosynthesis and auxin signalling may play significant 
roles in male flower development in Jatropha curcas.
Abstract Flowering plants exhibit extreme reproductive diversity. Jatropha curcas, a woody plant that is promising for 
biofuel production, is monoecious. Here, two gynoecious Jatropha mutants (bearing only female flowers) were used to 
identify key genes involved in male flower development. Using comparative transcriptome analysis, we identified 17 dif-
ferentially expressed genes (DEGs) involved in floral organ development between monoecious plants and the two gynoe-
cious mutants. Among these DEGs, five floral organ identity genes, Jatropha AGAMOUS, PISTILLATA , SEPALLATA 2-1 
(JcSEP2-1), JcSEP2-2, and JcSEP3, were downregulated in ch mutant inflorescences; two gibberellin (GA) biosynthesis 
genes, Jatropha GA REQUIRING 1 and GIBBERELLIN 3-OXIDASE 1, were downregulated in both the ch and g mutants; 
and two genes involved in the auxin signalling pathway, Jatropha NGATHA1 and STYLISH1, were downregulated in the ch 
mutant. Furthermore, four hub genes involved in male flower development, namely Jatropha SOMATIC EMBRYOGENESIS 
RECEPTOR-LIKE KINASE 1, CRYPTOCHROME 2, SUPPRESSOR OF OVEREXPRESSION OF CO 1 and JAGGED, were 
identified using weighted gene correlation network analysis. These results suggest that floral organ identity genes and genes 
involved in GA biosynthesis and auxin signalling may participate in male flower development in Jatropha. This study will 
contribute to understanding sex differentiation in woody perennial plants.

Keywords Comparative transcriptome analysis · Flower development · Gynoecy · Monoecy · Physic nut · Sex 
differentiation and determination

Introduction

Land plants have extremely diverse sexual systems (Bar-
rett 2002; Henry et al. 2018). In flowering plants, sex dif-
ferentiation or determination is a developmental decision 
that occurs during the life cycle of each plant and leads to 
the differentiation of male (stamens) and female (carpels) 
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reproductive organs; these organs can occur on different 
flowers (monoecy) or individuals (dioecy) (Aryal and Ming 
2014; Diggle et al. 2011; Tanurdzic and Banks 2004). To 
avoid the deleterious effects of inbreeding depression and 
promote heterozygosity, genetic variability, and genetic 
exchange, outcrossing (allogamy) is a common breeding 
strategy for most species of flowering plants (Dellaporta and 
Calderonurrea 1993). Sex differentiation or determination 
leads to the development of unisexual flowers from an origi-
nally bisexual floral meristem (Diggle et al. 2011; Tanurdzic 
and Banks 2004). Among plant taxa, approximately 13% of 
flowering plants have developed unisexual flower reproduc-
tive systems (Barrett 2002; Irish and Nelson 1989; Renner 
2014). Sex differentiation and determination in plants is a 
complex and dynamic process that requires the coordina-
tion of gene activities, phytohormones, and environmental 
conditions (Feng et al. 2020; Hartwig et al. 2011; Henry 
et al. 2018).

Various phytohormones, such as auxin (Trebitsh et al. 
1987), brassinosteroids (BR) (Hartwig et al. 2011), cytokinin 
(CK) (Fu et al. 2014; Pan and Xu 2011), ethylene (Aryal 
and Ming 2014; Tao et al. 2018b), gibberellin (GA) (Rood 
et al. 1980) and jasmonic acid (JA) (Acosta et al. 2009), 
are directly involved in the regulation of sex organ develop-
ment (Heikrujam et al. 2015). Ethylene is a key factor in the 
regulation of sex determination in melon (Pawełkowicz et al. 
2019; Switzenberg et al. 2014). In gynoecious cucumber 
(Cucumis sativus cv. Alma), the level of 1-aminocyclopro-
pane-1-carboxylic acid (ACC) in the shoot apex is higher 
than that in monoecious cucumber (Cucumis sativus cv. 
Elem) (Trebitsh et al. 1987). Exogenous application of eth-
ylene, ACC (an ethylene precursor), or an ethylene-releasing 
agent to monoecious cucumber induces the formation of 
female flowers (Takahashi and Jaffe 1984; Yamasaki et al. 
2003). Conversely, application of AgNO3 (an inhibitor of 
ethylene action) or aminoethoxyvinyl-glycine (AVG, an 
inhibitor of ethylene synthesis) promotes male flower for-
mation in gynoecious plants (Takahashi and Jaffe 1984). 
Furthermore, exogenous indole-3-acetic acid (IAA) appli-
cation to cucumber enhances ethylene and ACC production 
in the shoot apex, especially in gynoecious cucumber, and 
this process induces feminization (Trebitsh et al. 1987). In 
melon, the andromonoecious gene CmACS-7 suppresses sta-
men development in female flowers (Boualem et al. 2008). 
In contrast, the inactivation of CmWIP1 by promoter hyper-
methylation induces a transition from male to female flow-
ers in gynoecious lines; the expression of CmWIP1 leads to 
carpel abortion, resulting in the development of unisexual 
male flowers (Martin et al. 2009). Moreover, CmWIP1 indi-
rectly represses the expression of CmACS-7 to allow sta-
men development (Martin et al. 2009). The androecy-related 
gene CmACS11 encodes a rate-limiting enzyme in ethylene 
biosynthesis, thus controlling female flower development, 

and loss of function of CmACS11 causes abortion of female 
flower development; in addition, CmACS11 represses the 
expression of CmWIP1 to control the development and cooc-
currence of male and female flowers in monoecious species 
(Boualem et al. 2015).

In corn, low levels of GAs, particularly nonpolar GAs, 
favour maleness, whereas high GA levels favour femaleness 
(Rood et al. 1980). Jatropha curcas (hereafter referred to as 
Jatropha) is a monoecious shrub or small tree that produces 
female and male flowers in the same inflorescence (Jong-
schaap et al. 2007; Wu et al. 2009). Pi et al. (2013) reported 
that exogenous application of GA induces the generation of 
bisexual flowers from female flowers, and Song et al. (2013) 
reported that soil application of paclobutrazol (PAC), an 
inhibitor of GA biosynthesis, increases the number of female 
flowers per inflorescence in Jatropha. Exogenous applica-
tion of 6-benzyladenine (6-BA, a synthetic CK) increases the 
total number of flowers per inflorescence and the female-to-
male flower ratio and induces bisexual and asexual flowers 
in Jatropha (Chen et al. 2014; Pan et al. 2014; Pan and Xu 
2011). Thidiazuron (TDZ), a synthetic compound with CK 
activity, promotes pistil development and induces bisexual 
flower formation by reversing stamen abortion in female 
flowers in Jatropha (Pan et al. 2016). Hui et al. (2017) 
reported that CK signalling triggers the initiation of the 
female floral primordium; Hui et al. (2018) also reported 
that high concentrations of zeatin (Zt) and  GA3 accumu-
late during female floral initiation; low concentrations of 
Zt and  GA3, along with other phytohormones, promote the 
development of female flowers in Jatropha (Hui et al. 2017; 
Hui et al. 2018). In addition, JA participates in sex differ-
entiation in maize (Acosta et al. 2009). The absence of the 
JA biosynthesis gene Tasselseed1 (TS1) suppresses stamen 
development, whereas exogenous application of JA rescues 
ts1 mutant inflorescences, suggesting that JA is necessary for 
ts1-mediated pistil abortion and for the acquisition of male 
characteristics by staminate spikelets (Acosta et al. 2009). 
Tassel spikelets of the nana plant1 (na1) mutant exhibit pis-
til maturation with concomitant arrest of stamen primordia; 
this mutant carries a loss-of-function mutation in a DET2 
homologue that participates in the BR biosynthetic path-
way (Hartwig et al. 2011). The results of tissue-specific na1 
expression in anthers throughout the developmental period 
support the hypothesis that BR promotes male phenotype in 
the male inflorescence (Hartwig et al. 2011).

Jatropha is regarded as a promising biofuel plant, but its 
high male-to-female flower ratio significantly limits its seed 
productivity (Govender et al. 2018b; Mazumdar et al. 2018; 
Pan and Xu 2011). Therefore, elucidation of the sex differ-
entiation mechanism in Jatropha is important for breeding 
high-yield Jatropha cultivars. Recently, RNA-Seq technol-
ogy has increasingly been used to reveal the complexity 
inherent in transcriptomes and facilitate genetic research in 
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non-model plants (Cheng et al. 2018; Fox et al. 2018; Gov-
ender et al. 2018a; Landis et al. 2017; Ma et al. 2019b). In 
this study, we identified several important regulators of male 
flower development in Jatropha by comparative transcrip-
tome analysis between wild-type (WT, monoecious) and sex 
differentiation mutants (gynoecious). Our results will be use-
ful for understanding sex differentiation and determination 
in woody perennial plants.

Materials and methods

Plant materials

Two-year-old cutting-propagated plants of monoecious Jat-
ropha (WT) and two gynoecious mutants (g and ch, bearing 
only female flowers) were grown in an experimental field at 
2 × 2 m per plant at the Xishuangbanna Tropical Botanical 
Garden, Chinese Academy of Sciences, located in the town 
of Menglun in Mengla County, Yunnan Province, Southwest 
China (21°54′N, 101°46′E, 580 m in altitude) (Pan et al. 
2014; Tang et al. 2016). The g mutant, the male flowers of 
which degenerate during inflorescence development, was 
derived from a spontaneous mutation in a natural popula-
tion (Chen et al. 2017). The ch mutant, which produced only 
abnormal female flowers, was derived from a colchicine-
treated population. Cutting-propagated plants from a single 
plant with a stable phenotype, which can flower within 1 
year, were used as the experimental materials.

At the reproductive stage, the leaves were removed. Shoot 
apices with inflorescence meristems were harvested from 
ch mutant and WT plants before flowering (developmen-
tal stage I). Inflorescence buds in developmental stage II 
(approximately 0.4 cm in diameter, 3–5 days after appear-
ance), which is equivalent to stage I described by Chen et al. 
(2017), were harvested from ch mutant, g mutant and WT 
plants. In stage II, the differentiation of male and female 
flowers is complete, and the abortion of male flowers in the g 
mutant has just begun (Chen et al. 2017). Three shoot apices 
or inflorescence buds were pooled as one biological replicate 
for RNA isolation. Each sample contained three biological 
replicates. Then, the prepared samples were frozen in liquid 
nitrogen immediately and transferred to a deep freezer to be 
stored at − 80 °C.

RNA isolation

Sample RNA was extracted using the Biozol Plant RNA 
Extraction Kit (Bioflux, Hangzhou, China). The concen-
tration and quality of the RNA were determined using a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA) and agarose gel electrophoresis, 
respectively (Ni et al. 2017). An Agilent 2100 Bioanalyzer 

(Agilent, Santa Clara, CA, USA) and the Qiagen RNeasy 
Kit (Venlo, Netherlands) were used to verify RNA integrity 
and purify the total RNA, respectively. RNA samples with 
RIN > 0.7 were selected for library construction. Floral mor-
phology was observed by using a 3D Super Depth Digital 
Microscope (Zeiss Smartzoom 5, Germany).

Library construction and sequencing

We used a NEBNext Ultra RNA Library Prep Kit for Illu-
mina (NEB, MA, USA) to prepare the sequencing libraries 
according to the manufacturer’s specifications, as previously 
described (Ni et al. 2017). The quality and quantity of the 
libraries were assessed using an Agilent 2100 Bioanalyzer 
and ABI StepOnePlus Real-Time PCR System (Thermo Sci-
entific, Wilmington, DE, USA), respectively. Clustering of 
the index-coded samples was performed on a cBot Cluster 
Generation System according to the manufacturer’s specifi-
cations (Illumia, San Diego, California, USA). The librar-
ies were sequenced with 125-base paired-end reads on an 
Illumina HiSeq 2500 platform (Nonogene Bioinformatics 
Technology, Beijing, China).

De novo transcriptome assembly and read mapping

Fastq_clean software was used to trim raw reads with Phred 
scores < 20 as previously described (Zhang et al. 2014). The 
filtered reads were assessed with FASTQC (http://www.
bioin forma tics.babra ham.ac.uk/proje cts/fastq c) (Andrews 
2010). The Trinity package (version 2.0.6) with the default 
parameters (Grabherr et al. 2011; Haas et al. 2013) was used 
to perform de novo transcriptome assembly. The paired-end 
reads from each library were mapped to the assembly using 
Bowtie version v1.1.1, allowing two mismatches (-v 2 -m 
10) (Supplementary Table S1) (Langmead et al. 2009).

Identification of differentially expressed transcripts

Corset (version 1.03) was used to estimate the transcript abun-
dance (Davidson and Oshlack 2014). The edgeR package was 
used to process the cluster-level count data (Robinson et al. 
2010). For subsequent analysis, low-count transcripts (< 10) 
were removed, and transcripts with at least one count per 
million reads (CPM) in at least three libraries were retained. 
Then, we constructed a design matrix that fit generalized linear 
models (GLMs) and used the Cox-Reid profile-adjusted likeli-
hood (CR) method to estimate common, trended, and tagwise 
dispersions. Differentially expressed genes (DEGs) were iden-
tified as transcripts with a false discovery rate (FDR) ≤ 0.05 
and fold change (FC) ≥ 2, which was determined using the 
GLM likelihood ratio test. A Venn diagram of the DEGs was 
generated by using Venny (http://bioin fogp.cnb.csic.es/tools /
venny /index .html). The pheatmap R package (version 1.0.7) 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://bioinfogp.cnb.csic.es/tools/venny/index.html
http://bioinfogp.cnb.csic.es/tools/venny/index.html
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(https ://githu b.com/cran/pheat map) was used for hierarchical 
clustering of the transcripts (Kolde 2015).

Annotation of transcripts

In total, 50,198 filtered transcripts were used for differen-
tial expression analysis and were annotated by performing a 
BLASTX search against the Ensembl Plants database (http://
plant s.ensem bl.org) with an E-value < 1.0E−05. Among these 
transcripts, 23,492 were annotated, and 26,706 were novel 
transcripts (Supplementary Table S2).

Validation of gene expression by quantitative 
real‑time PCR analysis

The RNA samples used were the same as the RNA-Seq sam-
ples. One microgram of RNA was used to synthesize cDNA 
with the PrimeScript RT Reagent Kit with gDNA Eraser 
(Perfect Real Time) (TaKaRa Biotechnology, Dalian, China). 
Quantitative real-time PCR (qRT-PCR) was performed with 
SYBR Green fluorescent labelling on a LightCycler 480 II 
(Roche Diagnostics, Mannheim, Germany). Each sample 
consisted of three independent biological replicates, and three 
technical replicates per biological replicate were analysed. Ct 
values were obtained with LightCycler 480 software (version 
1.5). Relative fold changes in expression were calculated by the 
comparative Ct method: fold change was calculated as  2−ΔΔCT. 
The ΔCt values were calculated as the difference between the 
Ct value of each DEG and the Ct value of JcGAPDH (Zhang 
et al. 2013). The primers used for the qRT-PCR analysis are 
listed in Supplementary Table S3.

Construction and analysis of weighted gene 
coexpression networks

The raw count expression data for the DEGs from edgeR were 
transformed with Log2 (x + 1) and used to construct coexpres-
sion networks using the weighted gene correlation network 
analysis (WGCNA) R package (Langfelder and Horvath 
2008). A soft thresholding power of six was chosen based on 
the criterion of approximate scale-free topology. The mini-
mum module size was 30, and the modules were merged with 
a cutoff value of 0.2. The interaction network was visualized 
using Cytoscape software (Shannon et al. 2003).

Results

Morphological comparison of WT, g mutant, and ch 
mutant plants

WT Jatropha is monoecious, bearing both male and female 
flowers in the same inflorescence; the g and ch mutants are 

gynoecious, bearing only female flowers. The g mutant 
has normal female flowers; all male flowers are aborted at 
an early stage of development (Chen et al. 2017); the ch 
mutant has abnormal female flowers with only two whorls 
of floral organs (Figs. 1, 2). Moreover, the leaves of the 
WT are smaller than those of the g mutant and larger than 
those of the ch mutant. The leaf shape of the ch mutant is 
curly (Supplementary Figure S1). The fruits of the WT are 
round, while those of the g mutant are spindle-shaped; the ch 
mutant is infertile but occasionally has seeds (Supplemen-
tary Figure S2). The seeds of the WT and g mutant plants 
have similar sizes and shapes, as previously reported (Chen 
et al. 2017).

Identification of DEGs

To further investigate the genes involved in sex differentia-
tion in Jatropha, we carried out a comparative transcriptome 
analysis between WT plants and g and ch mutant samples 
to identify DEGs (Supplementary Table S4). These samples 
included shoot apices and inflorescence buds representing 
the two stages of inflorescence development, before and after 
flowering. The shoot apices of WT plants and the ch mutant 
are hereafter referred to as ckI and chI, respectively; the 
inflorescence buds of WT plants and the ch and g mutants 
are hereafter referred to as ckII, chII and gII, respectively. 
Relationships among the five group samples were displayed 
in a multidimensional scaling (MDS) plot with the biological 
coefficient of variation. The plot showed that the WT, ch and 
g samples were well separated (Supplementary Figure S3). 
For simplicity, we hereafter refer to the pairwise comparison 
ckII versus ckI as ckII_ckI, chII versus chI as chII_chI, chI 
versus ckI as chI_ckI, chII versus ckII as chII_ckII, gII ver-
sus ckII as gII_ckII, and gII versus chII as gII_chII. In total, 
5147 DEGs in the ckII_ckI comparison, 915 DEGs in chII_
chI, 939 DEGs in chI_ckI, 4672 DEGs in chII_ckII, 3218 
DEGs in gII_ckII and 5095 DEGs in gII_chII were identi-
fied at FDR < 0.01 (Supplementary Figure S4 and Table S4). 
The expression of 312 DEGs was downregulated, and that 
of 603 DEGs was upregulated in the chII_chI comparison; 
the expression of 2187 DEGs was downregulated, and that 
of 2960 DEGs was upregulated in the ckII_ckI comparison. 
In the chI_ckI comparison, 725 DEGs were downregulated, 
and 214 were upregulated, whereas in the chII_ckII compari-
son, 3187 DEGs were downregulated, and 1485 DEGs were 
upregulated. These results showed that DEGs between the ch 
mutant and WT plants were mainly present in inflorescence 
buds (after flowering) rather than in inflorescence meristems 
(before flowering); these genes may be the primary reason 
for the phenotypic differences between ch mutant and WT 
plants. The expression of 1989 DEGs was downregulated, 
and that of 1229 DEGs was upregulated in inflorescence 
buds in the pairwise comparison of g mutant plants to WT 

https://github.com/cran/pheatmap
http://plants.ensembl.org
http://plants.ensembl.org
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plants (gII_ckII); 2076 DEGs were downregulated and 2983 
DEGs were upregulated in inflorescence buds in the pair-
wise comparison of g mutant to the ch mutant (gII_chII) 
(Supplementary Figure S4 and Table S4). These results sug-
gested that the gene expression differences between the g 
mutant and the ch mutant are greater than those between the 
g mutant and WT plants during the regulation of inflores-
cence development, implying that the genetic bases of the 

two mutant phenotypes are essentially different, although 
they have similar gynoecious phenotypes. We focused on 
71 coexpressed genes that had similar expression patterns in 
the pairs chII_ckII and gII_ckII (Supplementary Figure S5 
and Table S5) to investigate common regulatory networks 
that may cause the formation of a gynoecious phenotype 
in Jatropha. Nine of these genes were involved in auxin 
biosynthesis and signalling pathways, suggesting that auxin 

Fig. 1  Inflorescence phenotypes of monoecious (WT) plants and two 
gynoecious mutants, g and ch. A-C show young inflorescences of 
WT plants and g and ch gynoecious mutants, respectively. D-F show 

mature inflorescences of WT plants and g and ch mutants, respec-
tively. The mark “♂” indicates a male flower, and “♀” indicates a 
female flower. The bars represent 1.0 cm

Fig. 2  Morphological comparison of WT, g and ch mutant flowers. 
A and E show intact and dissected female flowers of WT plants; B 
and F show intact and dissected male flowers of WT plants; C and 

G show intact and dissected female flowers of the g mutant; D and 
H show intact and dissected female flowers of the ch mutant. The bar 
represents 1.0 mm



196 Plant Reproduction (2020) 33:191–204

1 3

may play a vital role in the regulation of male flower devel-
opment in Jatropha.

Identification of DEGs involved in flower 
development

Through annotation of our transcriptome dataset and com-
parison with homologous genes that participate in flower 
development in Arabidopsis, we identified 17 homologous 
genes that may participate in flower development. Eleven of 
these genes were differentially expressed in inflorescence 
buds in the pairwise comparison between ch mutant and 
WT plants (chII_ckII) (Supplementary Table S6). Four 
genes, namely Jatropha AGAMOUS-LIKE 14 (JcAGL14), 
JcAGL24, KNOTTED-like homeobox gene 6 (JcKNAT6), 
and TERMINAL FLOWER 1 (JcTFL1), were upregulated in 
the chII_ckII comparison but downregulated in the gII_ckII 
comparison (Fig. 3). Jatropha AGAMOUS (JcAG), JcAGL6, 
WIP DOMAIN PROTEIN 1 (JcWIP1), PISTILLATA  (JcPI), 
SEPALLATA 2-1 (JcSEP2-1), JcSEP2-2, JcSEP3, and UNU-
SUAL FLORAL ORGANS (JcUFO) were downregulated in 
chII_ckII but upregulated in gII_chII (Fig. 3). We specu-
late that JcPI, JcSEP2-1, JcSEP2-2, and JcSEP3 might be 
related to the missing floral organs in ch mutant flowers, and 
JcAG and JcPI might participate in sex differentiation in 

Jatropha. The above results demonstrated that these genes 
are involved in the process of inflorescence development, 
but they may play different roles in the regulation of inflo-
rescence development in the ch mutant and the g mutant.

DEGs involved in auxin and GA biosynthesis 
and signalling pathways

Auxin and GA play important roles in flower develop-
ment in Arabidopsis (Krizek 2011). Through annotation 
and comparison with homologous genes that participate 
in auxin and GA biosynthesis and signalling pathways 
in Arabidopsis, we identified five homologous genes, 
namely Jatropha JcAGL14, AUXIN RESPONSE FAC-
TOR 4 (JcARF4), NGATHA1 (JcNGA1), PIN-FORMED 
1 (JcPIN1), and STYLISH1 (JcSTY1), involved in auxin 
transportation and signalling pathways, and two genes, 
namely Jatropha GA REQUIRING 1 (JcGA1) and GA 
3-oxidase 1 (JcGA3ox1), involved in GA biosynthesis; 
JcSEP3 is involved in both the auxin and GA signal-
ling pathways (Fig. 4 and Supplementary Table S7). The 
expression of JcAGL24, JcARF4 and JcPIN1 was upregu-
lated in inflorescence buds in the pairwise comparison 
of ch mutant and WT plants (chII_ckII) but downregu-
lated in the pairwise comparison of the g mutant to the 

Fig. 3  Hierarchical clustering of differentially expressed genes 
(DEGs) involved in inflorescence development. The abbreviations 
ckII_ckI and chII_chI indicate pairwise comparisons between inflo-
rescence buds and shoot apices in WT plants and ch mutants, respec-
tively; chI_ckI indicates the pairwise comparison between the shoot 
apices of ch mutants and WT plants; chII_ckII, gII_ckII and gII_chII 
indicate pairwise comparisons between the inflorescence buds of ch 

mutants and WT plants, g mutants and WT plants, and g mutants and 
ch mutants, respectively. The genes shown in the figure are listed in 
Supplementary Table  S6. The colours from red to blue indicate the 
upregulated and downregulated expression of genes in each pair; dark 
colours represent high fold changes, and light colours represent low 
fold changes; the number in each coloured cell indicates the corre-
sponding fold change value
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ch mutant (gII_chII) (Fig. 4). The expression of JcGA1, 
JcGA3ox1, JcNGA1, JcSEP3 and JcSTY1 was downreg-
ulated in the chII_ckII comparison and upregulated in 
gII_chII (except GA3ox1) (Fig. 4). These results suggest 
that both auxin and GA may participate in floral organ 
development but may have different functions in the con-
trol of inflorescence development in the ch mutant and 
the g mutant.

Validation of candidate gene expression profiles 
by qRT‑PCR

To validate the gene expression profiles revealed by the 
RNA-Seq analysis, the transcript levels of nine DEGs 
were selected for qRT-PCR validation. These DEGs, 
including JcAGL6, JcAGL14, JcAGL24, JcGA3ox1, JcK-
NAT6, JcPI, JcSEP2-2, JcSEP3, and JcTFL1, have been 
implicated in inflorescence and floral organ development. 
The results showed that the expression patterns of these 
genes in the ch mutant, g mutant and WT plants were 
similar between the RNA-Seq and qRT-PCR methods 
(Figs. 3, 4, 5, Supplementary Tables S6 and S7), sug-
gesting that the results obtained by the RNA-Seq analy-
sis in this study were reliable. As shown in Fig. 5, the 
expression of JcAGL6, JcPI, JcSEP2-2, and JcSEP3 was 
downregulated in inflorescence buds in the pairwise 
comparison of ch mutant and WT plants (chII_ckII) but 
upregulated in the pairwise comparison of the g mutant 
and the ch mutant (gII_chII); the expression of JcAGL14, 
JcAGL24, JcKNAT6, and JcTFL1 was upregulated in the 
chII_ckII comparison but downregulated in gII_chII; and 
the expression of JcGA3ox1 was downregulated in both 
chII_ckII and gII_chII.

Identification of hub genes associated 
with gynoecious phenotypes by weighted gene 
correlation network analysis

The WGCNA package (Langfelder and Horvath 2008) was 
used to construct gene coexpression networks. We identified 
25 merged “modules”, in which a high correlation coefficient 
between genes indicates a high degree of interconnection, 
and an eigengene represents the expression profile of each 
module (Supplementary Figure S6). We then investigated 
the relationships between the module eigengenes and phe-
notype traits (gynoecious and monoecious phenotypes) 
or tissue traits (shoot apices and inflorescence buds). The 
MEblack, MElightsteelblue1 and MEplum2 modules were 
closely associated with the phenotypes, and the MEdarksea-
green3, MEblue2 and MElightblue4 modules were closely 
associated with the tissues (Fig. 6 and Supplementary Fig-
ure S7). We focused on the MEblack, MElightsteelblue1 
and MEplum2 modules because these modules were asso-
ciated with the development of male flowers. Three gene 
coexpression networks were identified from the MEblack, 
MElightsteelblue1 and MEplum2 modules, containing 45, 
75 and 14 genes, respectively, among which 42, 15 and six 
genes were DEGs (Supplementary Table S4). On the basis 
of node connectivity, which reflects how frequently a node 
interacts with others in a biological network, four hub genes, 
namely Jatropha SOMATIC EMBRYOGENESIS RECEP-
TOR-LIKE KINASE 1 (JcSERK1), CRYPTOCHROME 2 
(JcCRY2), SUPPRESSOR OF OVEREXPRESSION OF CO 
1 (JcSOC1) and JAGGED (JcJAG), were identified from 
the MEblack, MElightsteelblue1 and MEplum2 modules 
(Figs. 7, 8, 9 and Supplementary Table S8).   

In Arabidopsis, SERK1 and SERK2 interact with 
EXCESS MICROSPOROCYTES 1 (EMS1) and promote the 

Fig. 4  Hierarchical cluster-
ing of differentially expressed 
genes (DEGs) involved in 
auxin and gibberellin meta-
bolic or signalling pathways. 
The abbreviations ckII_ckI, 
chII_chI, chI_ckI, chII_ckII, 
gII_ckII and gII_chII indicate 
the same pairwise comparisons 
as in Fig. 3. The genes shown in 
this figure are listed in Supple-
mentary Table S7. The colours 
from red to blue indicate the 
upregulated and downregulated 
expression of the genes in each 
pair; dark colours represent high 
fold changes, and light colours 
represent low fold changes; the 
number in each coloured cell 
indicates the corresponding fold 
change value



198 Plant Reproduction (2020) 33:191–204

1 3

phosphorylation of EMS1, which is required for reproductive 
cell differentiation during early anther development (Li et al. 
2017). CRY2 is a blue-light receptor apoprotein that regulates 
floral initiation in Arabidopsis by promoting the flowering-
time-associated gene CONSTANS (CO) (Guo et al. 1998). JAG 
is a direct mediator between genes involved in organ pattern-
ing and cellular activities that are required for organ growth, 
and with HANABA TARANU (HAN), it regulates the devel-
opment of stamens and carpels (Ding et al. 2015; Schiessl 
et al. 2014). SOC1 and AGL24 integrate flowering signals 
from several genetic pathways, including the GA pathway, by 
directly promoting mutual transcription to regulate the floral 
transition from vegetative growth to reproductive growth (Liu 
et al. 2008). These results indicated that the four hub genes, 
along with their relevant networks, may play vital roles in the 
control of male flower development in Jatropha.

Discussion

Flower development genes may be involved 
in the transition from monoecious to gynoecious 
Jatropha

In Arabidopsis, AG is involved in the formation of repro-
ductive floral organs and the control of meristem determi-
nacy (Ó’Maoiléidigh et al. 2013; Pinyopich et al. 2003; 
Zhu et al. 2018); stamens and carpels are absent in the 
ag mutant, suggesting that AG is an important regula-
tor of sexual reproduction (Bowman et al. 1991). In rice 
and Magnolia wufengensis, OsMADS6 (homologue to 
AGL6) and MawuAGL6-1 are essential for the specifica-
tion of floral organs and meristem identity, respectively 

Fig. 5  Validation of the expression profiles of nine candidate genes 
involved in inflorescence and floral organ development by quan-
titative real-time PCR (qRT-PCR).  A JcAGL6;  B JcAGL14;  C 
JcAGL24;  D JcGA3ox1;  E JcKNAT6;  F JcPI;  G JcSEP2-2;  H 
JcSEP3 and  I JcTFL1. JcGAPDH was used as the internal reference. 
The mean was calculated from three biological replicates. Error bars 
represent SEs (n = 3). J  The expression patterns of nine candidate 
genes in six pairs revealed by RNA-Seq as shown in Figs. 3 and 4. 

The abbreviations ckII_ckI, chII_chI, chI_ckI, chII_ckII, gII_ckII and 
gII_chII indicated the same pairwise comparisons as in Fig.  3. The 
genes shown in the figure are listed in Supplementary Tables S6 and 
S7. The colours from red to blue indicate the upregulated and down-
regulated expression of the genes in each pair; dark colours represent 
high fold changes, and light colours represent low fold changes; the 
number in each coloured cell indicates the corresponding fold change 
value
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(Li et al. 2010; Ma et al. 2019a; Tao et al. 2018a); the 
rice osmads6-1 osmads58 mutant exhibits high numbers 
of stigmas and ectopic carpels/ovules (Li et al. 2011). 
The Arabidopsis jag-1 mutant exhibits relatively few 
anthers with little pollen and male sterility (Dinneny 
et al. 2004). Arabidopsis PI is required for petal and sta-
men identity (Lamb and Irish 2003; Sablowski and Mey-
erowitz 1998); the petals and stamens of the pi mutant are 
converted to sepals and carpels, respectively (Goto and 
Meyerowitz 1994). In grasses, the SEP-like gene Leafy 
Hull Sterile1 (LHS1) is expressed in pistils, stamens, and 
lodicules (Malcomber and Kellogg 2004). In melon, the 
expression of CmWIP1 causes carpel abortion, resulting 
in the development of unisexual male flowers, and DNA 
methylation of the CmWIP1 promoter causes the transi-
tion from male to female flowers observed in gynoecious 
lines (Martin et al. 2009). In Jatropha, JcAG, JcAGL6, 
JcJAG, JcPI, JcSEP2-1, JcSEP2-2, JcSEP3, and JcWIP1 

are differentially expressed in the inflorescence buds of 
gynoecious and monoecious plants (Fig. 3), implying that 
these genes may have similar functions in the regulation 
of reproductive organ development and cause a transi-
tion from monoecy to gynoecy in Jatropha. Among these 
genes, JcAG, JcPI, JcSEP2-1, JcSEP2-2, and JcSEP3 are 
ABCE model genes, which are required to specify floral 
organ identity (Soltis et al. 2007). This result is also sup-
ported by our previous research, in which JcAG and JcPI 
were found to participate in the process of sex differentia-
tion in Jatropha (Chen et al. 2017).

In Arabidopsis, SEP genes are required for the identifica-
tion of petals, stamens, and carpels; all the floral organs in 
the sep1 sep2 sep3 triple mutant are converted into sepals, 
and floral organs develop as leaf-like organs in the sep1 
sep2 sep3 sep4 quadruple mutant (Pelaz et al. 2000). Ditta 
et al. (2004) reported that the SEP4 gene plays a vital role 
in meristem identity and the development of four whorls 
of floral organs. In rice, the SEP-like gene OsMADS34, 
combined with OsMADS1, specifies the identities of floral 
organs (Gao et al. 2010). We speculated that JcPI, JcSEP2-
1, JcSEP2-2, and JcSEP3 may play similar roles in sepal/
petal development in Jatropha. In Arabidopsis, XAANTAL2 
(XAL2/AGL14) is necessary for flowering induction, and the 
regulation of XAL2 is important for floral meristem main-
tenance and determinacy; overexpression of XAL2 induces 
early flowering, while the xal2 mutant exhibits late flowering 

Fig. 6  Correlation analysis between module eigengenes (MEs) and 
biological traits using weighted gene correlation network analysis 
(WGCNA). Each coloured block in the leftmost column indicates an 
identified module (25 modules). The colours shown in the scale bar 
at right indicate the correlation coefficients; red represents a posi-
tive correlation, and green represents a negative correlation. The two 
middle columns correspond to monoecious or gynoecious phenotype 
traits (mutant g and ch inflorescences) and tissue traits (shoot apices 
or inflorescence buds), and each coloured cell indicates the correla-
tion coefficient between a module and one of the two types of traits; 
the number in each coloured cell indicates the value of the correlation 
coefficient between the module and trait

Fig. 7  Gene coexpression network from the MEblack module shown 
in Fig.  6. Green, purple, and yellow indicate genes involved in the 
metabolic and signalling pathways of ethylene, brassinosteroids and 
abscisic acid, respectively. Detailed information on the genes shown 
in this figure is provided in Supplementary Table S8
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(Perez-Ruiz et al. 2015). Overexpression of AGL24 changes 
flowering time and transforms floral meristems to inflores-
cence meristems, indicating that AGL24 participates in the 
regulation of inflorescence identity (Yu et al. 2004a). TFL1 
is a negative regulator of flowering time, the phase change of 
shoot apical meristems from inflorescence meristems to flo-
ral meristems, and the vegetative to reproductive transition 
(Hanano and Goto 2011). In Jatropha, JcAGL14, JcAGL24 
and JcTFL1 are differentially expressed in the inflorescence 
buds of gynoecious and monoecious plants, indicating that 
these genes may be important for floral meristem mainte-
nance and determinacy. UFO is required to establish the 
proper identity of floral meristems in Arabidopsis; DOT, a 
homologue of UFO, plays a major role in the regulation of 
cymose inflorescence meristem patterning in petunia and 
tomato (Levin and Meyerowitz 1995; Souer et al. 2008). In 
Jatropha, the expression of JcUFO is downregulated in the 
inflorescence buds of the ch mutant but upregulated in those 
of the g mutant (Fig. 3), and this change may be associated 

with the difference in the inflorescence architectures of the 
two mutants (Fig. 1).

Auxin may play important roles in the development 
of floral organs and leaves in Jatropha

Phytohormones and their crosstalk play important roles 
in sex differentiation (Hui et al. 2017). The Arabidopsis 
pin1 mutant exhibits abnormal flower structures, such as 
wide petals, lack of stamens and pistil-like ovaries with-
out ovules (Okadal et al. 1991); the expression of PIN1 
is required for megagametogenesis (Ceccato et al. 2013). 
AGL14/XAL2 regulates auxin transport and gradients in the 
roots via direct regulation of PIN1 transcription, and muta-
tion of XAL2 leads to altered stem-cell patterning, root mer-
istem size and root growth (Garay-Arroyo et al. 2013). In 
Jatropha, JcPIN1 is associated with the reproductive phase 
transition and the development of female flowers (Gang-
war et al. 2016), consistent with our results that JcPIN1 and 

Fig. 8  Gene coexpression network from the MElightsteelblue1 mod-
ule shown in Fig. 6. Blue indicates genes in the cytokinin metabolic 
and signalling pathways; light green indicates genes involved in gib-
berellin signalling; light purple indicates genes involved in both the 
abscisic acid and cytokinin signalling pathways; orange indicates 
genes involved in both the inflorescence development and cytokinin 
signalling pathways; pink indicates genes involved in both the absci-

sic acid and gibberellin signalling pathways; purple indicates genes 
involved in the brassinosteroid signalling pathway; red indicates 
genes involved in inflorescence development; and yellow indicates 
genes involved in the abscisic acid metabolic and signalling path-
ways. Detailed information regarding the genes shown in this figure is 
provided in Supplementary Table S8
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JcAGL14 were differentially expressed in inflorescence buds 
in the pairwise comparison of ch mutant and WT plants 
(chII_ckII). In Arabidopsis, STY1 regulates auxin biosyn-
thesis by directly binding to the YUC4 promoter (Eklund 
et al. 2010). STY1 can conditionally activate NGA genes that 
are essential for style specification; constitutive expression 
of both NGA3/TOP1 and STY1 induces the conversion of 
the ovary to style tissue, suggesting that NGA and STY act 
cooperatively to promote style specification (Alvarez et al. 
2009; Trigueros et al. 2009). In Jatropha, the expression of 
JcNGA1 and JcSTY1 was downregulated in inflorescence 
buds in the pairwise comparison of ch mutant and WT plants 
(chII_ckII) (Fig. 4), consistent with the abnormal style phe-
notype of the ch mutant (Fig. 2) and implying that JcNGA1 
and JcSTY1 may play similar roles in style development in 
Jatropha. During the vegetative development of Arabidop-
sis, ARF4 is expressed in the abaxial domains of leaf primor-
dia and in the phloem of mature leaves (Pekker et al. 2005). 
In tomato, ARF3 and ARF4 are involved in the regulation 
of wiry leaf syndrome; increased activity of both ARF3 and 
ARF4 causes the formation of ‘shoestring’ leaves that lack 
blade expansion, whereas decreased activity of either can 
rescue the shoestring leaf phenotype (Yifhar et al. 2012). 
In Jatropha, the expression of JcARF4 is upregulated in the 
chII_ckII comparison (Fig. 4), consistent with the shoestring 
leaf phenotype of the ch mutant (Fig. 1 and Supplementary 
Figure S1).

GA may play important roles in male flower 
development in Jatropha

In Arabidopsis, GA1 encodes the enzyme ent-kaurene 
synthetase A, which directly catalyses the conversion of 
GGPP to CPP (Sun and Kamlya 1994). The GA-deficient 
ga1-3 mutant shows retarded growth of all floral organs, 
notably including abortive stamen development, which 
results in complete male sterility (Yu et al. 2004b). SEP3 
has multiple links with auxin signalling pathways and is 
involved in GA biosynthesis via the regulation of GA1 
expression (Kaufmann et al. 2009). In Jatropha, JcSEP3 
expression was downregulated in inflorescence buds in 
the pairwise comparison of the ch mutant and WT plants 
(chII_ckII) (Fig. 4), suggesting that JcSEP3 may play a 
vital role in stamen development. This hypothesis is sup-
ported by the observation that overexpression of JcSEP3 
causes defective anther dehiscence in Jatropha (data not 
published). Gibberellin 3-oxidase (GA3ox) catalyses the 
final step in the synthesis of bioactive GAs; the produc-
tion of bioactive GAs is catalysed by GA3ox1 in stamen 
filaments and mainly by GA3ox3 in anthers (Sun 2008). 
Bioactive GAs are required for stamen development in 
young flowers (Schwarz et  al. 2008). In Jatropha, the 
expression of GA3ox1 and GA1 was downregulated in 
both g mutant and ch mutant inflorescences (Fig. 4), sug-
gesting that decreased GA biosynthesis may cause stamen 
abortion in g and ch mutants, consistent with our previous 
results showing that GA can promote the development of 
stamens in female flowers of monoecious plants to produce 
bisexual flowers (Chen et al. 2017; Pi et al. 2013; Song 
et al. 2013).

Author contribution statement Z-F X, M-S C and M-L Z 
designed the experiments and revised the manuscript. M-L 
Z analysed the data and drafted the manuscript. M-S C, M-L 
Z, J N, Q Y, and C-J X carried out experiments.

Acknowledgements This work was supported by funding from 
the National Natural Science Foundation of China (31670612, 
3197141078, 31370595, and 31971628), the Program of Chinese 
Academy of Sciences (kfj-brsn-2018-6-008), and the CAS 135 pro-
gram (2017XTBG-T02). The authors gratefully acknowledge the Cen-
tral Laboratory of the Xishuangbanna Tropical Botanical Garden for 
research facilities. The authors would like to thank Springer Nature 
Author Services (SNAS) for the English language editing.

Availability of data and material RNA-Seq data from ch and WT sam-
ples were deposited in China National GeneBank under the accession 
number CNP0000603 (https ://db.cngb.org/searc h/proje ct/CNP00 00603 
/). RNA-Seq data from three g samples were deposited under acces-
sion numbers SRR4473569, SRR4473570 and SRR4473575 (Chen 
et al. 2014). Transcriptome sequences used for differential expression 
analysis of genes are listed in Supplementary file S9.

Fig. 9  Gene coexpression network from the MEplum2 module shown 
in Fig. 6. Light blue indicates genes involved in the auxin metabolic 
and signalling pathways; pink indicates genes involved in inflores-
cence development; and purple indicates genes involved in the brassi-
nosteroid metabolic and signalling pathways. Detailed information 
regarding the genes shown in this figure is provided in Supplemen-
tary Table S8

https://db.cngb.org/search/project/CNP0000603/
https://db.cngb.org/search/project/CNP0000603/


202 Plant Reproduction (2020) 33:191–204

1 3

Compliance with ethical standards 

Conflict of interest The authors declare that they have no competing 
interests.

References

Acosta IF et al (2009) tasselseed1 is a lipoxygenase affecting jas-
monic acid signaling in sex determination of maize. Science 
323(5911):262–265

Alvarez JP, Goldshmidt A, Efroni I, Bowman JL, Eshed Y (2009) 
The NGATHA distal organ development genes are essential for 
style specification in Arabidopsis. Plant Cell 21(5):1373–1393. 
https ://doi.org/10.1105/tpc.109.06548 2

Andrews S (2010) FastQC: a quality control tool for high throughput 
sequence data. http://www.bioin forma tics.babra ham.ac.uk/proje 
cts/fastq c/. Accessed 9 Aug 2019

Aryal R, Ming R (2014) Sex determination in flowering plants: 
papaya as a model system. Plant Sci 217–218:56–62. https ://
doi.org/10.1016/j.plant sci.2013.10.018

Barrett SC (2002) The evolution of plant sexual diversity. Nat Rev 
Genet 3(4):274–284. https ://doi.org/10.1038/nrg77 6

Boualem A et al (2008) A conserved mutation in an ethylene bio-
synthesis enzyme leads to andromonoecy in melons. Science 
321(5890):836–838

Boualem A et  al (2015) A cucurbit androecy gene reveals how 
unisexual f lowers develop and dioecy emerges. Science 
350(6261):688–691

Bowman JL, Smyth DR, Meyerowitz EM (1991) Genetic interac-
tions among floral homeotic genes of Arabidopsis. Development 
112(1):1–20

Ceccato L et al (2013) Maternal control of PIN1 is required for 
female gametophyte development in Arabidopsis. PLoS ONE 
8(6):1–7. https ://doi.org/10.1371/journ al.pone.00661 48

Chen MS, Pan BZ, Wang GJ, Ni J, Niu LJ, Xu ZF (2014) Analysis 
of the transcriptional responses in inflorescence buds of Jat-
ropha curcas exposed to cytokinin treatment. BMC Plant Biol 
14(1):318

Chen MS et al (2017) Comparative transcriptome analysis between 
gynoecious and monoecious plants identifies regulatory networks 
controlling sex determination in Jatropha curcas. Front Plant Sci 
7:1953. https ://doi.org/10.3389/fpls.2016.01953 

Cheng H, Chen X, Fang JL, An ZW, Hu YS, Huang HS (2018) Com-
parative transcriptome analysis reveals an early gene expression 
profile that contributes to cold resistance in Hevea brasiliensis 
(the Para rubber tree). Tree Physiol 38:1409–1423. https ://doi.
org/10.1093/treep hys/tpy01 4

Davidson NM, Oshlack A (2014) Corset: enabling differential gene 
expression analysis for de novo assembled transcriptomes. 
Genome Biol 15(7):410. https ://doi.org/10.1186/PREAC CEPT-
20888 57056 12205 4

Dellaporta SL, Calderonurrea A (1993) Sex determination in flowering 
plants. Plant Cell 5(10):1241–1251

Diggle PK, Di Stilio VS, Gschwend AR, Golenberg EM, Moore RC, 
Russell JR, Sinclair JP (2011) Multiple developmental pro-
cesses underlie sex differentiation in angiosperms. Trends Genet 
27:368–376

Ding L et  al (2015) HANABA TARANU (HAN) bridges meristem 
and organ primordia boundaries through PINHEAD, JAGGED, 
BLADE-ON-PETIOLE2 and CYTOKININ OXIDASE 3 during 
flower development in Arabidopsis. PLoS Genet 11:e1005479. 
https ://doi.org/10.1371/journ al.pgen.10054 79

Dinneny JR, Yadegari R, Fischer RL, Yanofsky MF, Weigel D (2004) 
The role of JAGGED in shaping lateral organs. Development 
131:1101–1110. https ://doi.org/10.1242/dev.00949 

Ditta G, Pinyopich A, Robles P, Pelaz S, Yanofsky MF (2004) The 
SEP4 gene of Arabidopsis thaliana functions in floral organ 
and meristem identity. Curr Biol 14(21):1935–1940. https ://doi.
org/10.1016/j.cub.2004.10.028

Eklund DM et al (2010) The Arabidopsis thaliana STYLISH1 protein 
acts as a transcriptional activator regulating auxin biosynthesis. 
Plant Cell 22(2):349–363. https ://doi.org/10.1105/tpc.108.06481 6

Feng G et al (2020) Pathways to sex determination in plants: how many 
roads lead to Rome? Curr Opin Plant Biol 54:61–68. https ://doi.
org/10.1016/j.pbi.2020.01.004

Fox HG et al (2018) Transcriptome analysis of Pinus halepensis under 
drought stress and during recovery. Tree Physiol 38:423–441. 
https ://doi.org/10.1093/treep hys/tpx13 7

Fu QT, Niu LJ, Zhang QF, Pan BZ, He HY, Xu ZF (2014) Benzy-
ladenine treatment promotes floral feminization and fruiting in 
a promising oilseed crop Plukenetia volubilis. Ind Crop Prod 
59:295–298. https ://doi.org/10.1016/j.indcr op.2014.05.028

Gangwar M, Sood H, Chauhan RS (2016) Genomics and relative 
expression analysis identifies key genes associated with high 
female to male flower ratio in Jatropha curcas L. Mol Biol Rep 
43(4):305–322. https ://doi.org/10.1007/s1103 3-016-3953-7

Gao X et al (2010) The SEPALLATA -like gene OsMADS34 is required 
for rice inflorescence and spikelet development. Plant Physiol 
153(2):728–740. https ://doi.org/10.1104/pp.110.15671 1

Garay-Arroyo A et al (2013) The MADS transcription factor XAL2/
AGL14 modulates auxin transport during Arabidopsis root devel-
opment by regulating PIN expression. EMBO J 32(21):2884–
2895. https ://doi.org/10.1038/emboj .2013.216

Goto K, Meyerowitz EM (1994) Function and regulation of the 
Arabidopsis floral homeotic gene PISTILLATA . Genes Dev 
8(13):1548–1560

Govender N, Senan S, Mohamed-Hussein ZA, Wickneswari R (2018a) 
A gene co-expression network model identifies yield-related vicin-
ity networks in Jatropha curcas shoot system. Sci Rep 8:9211. 
https ://doi.org/10.1038/s4159 8-018-27493 -z

Govender N, Senan S, Sage EE, Mohamed-Hussein ZA, Mackeen 
MM, Wickneswari R (2018b) An integration of phenotypic and 
transcriptomic data analysis reveals yield-related hub genes in 
Jatropha curcas inflorescence. PLoS ONE 13:e0203441. https ://
doi.org/10.1371/journ al.pone.02034 41

Grabherr MG et al (2011) Full-length transcriptome assembly from 
RNA-Seq data without a reference genome. Nat Biotechnol 
29(7):644–652. https ://doi.org/10.1038/nbt.1883

Guo H, Yang HY, Mockler TC, Lin CT (1998) Regulation of 
f lowering time by Arabidopsis photoreceptors. Science 
279(5355):1360–1363

Haas BJ et al (2013) De novo transcript sequence reconstruction from 
RNA-seq using the Trinity platform for reference generation and 
analysis. Nat Protoc 8(8):1494–1512. https ://doi.org/10.1038/
nprot .2013.084

Hanano S, Goto K (2011) Arabidopsis TERMINAL FLOWER1 is 
involved in the regulation of flowering time and inflorescence 
development through transcriptional repression. Plant Cell 
23(9):3172–3184. https ://doi.org/10.1105/tpc.111.08864 1

Hartwig T et al (2011) Brassinosteroid control of sex determination 
in maize. PNAS 108(49):19814–19819. https ://doi.org/10.1073/
pnas.11083 59108 

Heikrujam M, Sharma K, Prasad M, Agrawal V (2015) Review on 
different mechanisms of sex determination and sex-linked molec-
ular markers in dioecious crops: a current update. Euphytica 
201(2):161–194. https ://doi.org/10.1007/s1068 1-014-1293-z

Henry IM, Akagi T, Tao R, Comai L (2018) One hundred ways to 
invent the sexes: theoretical and observed paths to dioecy in 

https://doi.org/10.1105/tpc.109.065482
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1016/j.plantsci.2013.10.018
https://doi.org/10.1016/j.plantsci.2013.10.018
https://doi.org/10.1038/nrg776
https://doi.org/10.1371/journal.pone.0066148
https://doi.org/10.3389/fpls.2016.01953
https://doi.org/10.1093/treephys/tpy014
https://doi.org/10.1093/treephys/tpy014
https://doi.org/10.1186/PREACCEPT-2088857056122054
https://doi.org/10.1186/PREACCEPT-2088857056122054
https://doi.org/10.1371/journal.pgen.1005479
https://doi.org/10.1242/dev.00949
https://doi.org/10.1016/j.cub.2004.10.028
https://doi.org/10.1016/j.cub.2004.10.028
https://doi.org/10.1105/tpc.108.064816
https://doi.org/10.1016/j.pbi.2020.01.004
https://doi.org/10.1016/j.pbi.2020.01.004
https://doi.org/10.1093/treephys/tpx137
https://doi.org/10.1016/j.indcrop.2014.05.028
https://doi.org/10.1007/s11033-016-3953-7
https://doi.org/10.1104/pp.110.156711
https://doi.org/10.1038/emboj.2013.216
https://doi.org/10.1038/s41598-018-27493-z
https://doi.org/10.1371/journal.pone.0203441
https://doi.org/10.1371/journal.pone.0203441
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1105/tpc.111.088641
https://doi.org/10.1073/pnas.1108359108
https://doi.org/10.1073/pnas.1108359108
https://doi.org/10.1007/s10681-014-1293-z


203Plant Reproduction (2020) 33:191–204 

1 3

plants. Annu Rev Plant Biol 69:553–575. https ://doi.org/10.1146/
annur ev-arpla nt-04281 7-04061 5

Hui W, Yang Y, Wu G, Peng C, Chen X, Zayed MZ (2017) Transcrip-
tome profile analysis reveals the regulation mechanism of floral 
sex differentiation in Jatropha curcas L. Sci Rep 7(1):16421. https 
://doi.org/10.1038/s4159 8-017-16545 -5

Hui WK et al (2018) Simultaneous analysis of endogenous plant 
growth substances during floral sex differentiation in Jatropha 
curcas L. using HPLC–ESI–MS–MS. Sci Hortic. https ://doi.
org/10.1016/j.scien ta.2018.06.086

Irish EE, Nelson T (1989) Sex determination in monoecious and 
dioecious plants. Plant Cell 1:737–744. https ://doi.org/10.1105/
tpc.1.8.737

Jongschaap REE, Corré WJ, Bindraban PS, Brandenburg WA (2007) 
Claims and facts Jatropha curcas L. vol 158. global Jatropha 
curcas evaluation, breeding and propagation programme. Plant 
Research International B.V., Wageningen Stichting Het Groene 
Woudt, Laren

Kaufmann K, Muino JM, Jauregui R, Airoldi CA, Smaczniak C, 
Krajewski P, Angenent GC (2009) Target genes of the MADS 
transcription factor SEPALLATA3: integration of developmen-
tal and hormonal pathways in the Arabidopsis flower. PLoS Biol 
7(4):854–875. https ://doi.org/10.1371/journ al.pbio.10000 90

Kolde R (2015) pheatmap: pretty heatmaps. https ://cran.r-proje ct.org/
web/packa ges/pheat map/index .html. Accessed 4 Jan 2019

Krizek BA (2011) Auxin regulation of Arabidopsis flower development 
involves members of the AINTEGUMENTA-LIKE/PLETHORA 
(AIL/PLT) family. J Exp Bot 62(10):3311–3319. https ://doi.
org/10.1093/jxb/err12 7

Lamb RS, Irish VF (2003) Functional divergence within the 
APETALA3/PISTILLATA  floral homeotic gene lineages. PNAS 
100(11):6558–6563

Landis JB, Soltis DE, Soltis PS (2017) Comparative transcriptomic 
analysis of the evolution and development of flower size in 
Saltugilia (Polemoniaceae). BMC Genom 18:1–15. https ://doi.
org/10.1186/s1286 4-017-3868-2

Langfelder P, Horvath S (2008) WGCNA: an R package for weighted 
correlation network analysis. BMC Bioinform 9(1):559. https ://
doi.org/10.1186/1471-2105-9-559

Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and 
memory-efficient alignment of short DNA sequences to the 
human genome. Genome Biol 10(3):1–10. https ://doi.org/10.1186/
gb-2009-10-3-r25

Levin JZ, Meyerowitz EM (1995) UFO: an Arabidopsis gene involved 
in both floral meristem and floral organ development. Plant Cell 
7:529–548. https ://doi.org/10.1105/tpc.7.5.529

Li H, Liang W, Jia R, Yin C, Zong J, Kong H, Zhang D (2010) The 
AGL6-like gene OsMADS6 regulates floral organ and meristem 
identities in rice. Cell Res 20(3):299–313. https ://doi.org/10.1038/
cr.2009.143

Li HF et al (2011) Rice MADS6 interacts with the floral homeotic genes 
SUPERWOMAN1, MADS3, MADS58, MADS13, and DROOPING 
LEAF in specifying floral organ identities and meristem fat. Plant 
Cell 23(7):2536–2552

Li Z et al (2017) Two SERK receptor-like kinases interact with EMS1 
to control anther cell fate determination. Plant Physiol 173:326–
337. https ://doi.org/10.1104/pp.16.01219 

Liu C et al (2008) Direct interaction of AGL24 and SOC1 integrates 
flowering signals in Arabidopsis. Development 135:1481–1491. 
https ://doi.org/10.1242/dev.02025 5

Ma J et al (2019a) Gene duplication led to divergence of expression 
patterns, protein–protein interaction patterns and floral develop-
ment functions of AGL6-like genes in the basal angiosperm Mag-
nolia wufengensis (Magnoliaceae). Tree Physiol 00:1–16. https ://
doi.org/10.1093/treep hys/tpz01 0

Ma YP, Reddy VR, Devi MJ, Song LH, Cao B (2019b) De novo charac-
terization of the Goji berry (Lycium barbarium L.) fruit transcrip-
tome and analysis of candidate genes involved in sugar metabo-
lism under different  CO2 concentrations. Tree Physiol 00:1–14. 
https ://doi.org/10.1093/treep hys/tpz01 4

Malcomber ST, Kellogg EA (2004) Heterogeneous expression pat-
terns and separate roles of the SEPALLATA  gene LEAFY HULL 
STERILE1 in grasses. Plant Cell 16(7):1692–1706. https ://doi.
org/10.1105/tpc.02157 6

Martin A et al (2009) A transposon-induced epigenetic change leads to 
sex determination in melon. Nature 461(7267):1135–1138. https 
://doi.org/10.1038/natur e0849 8

Mazumdar P, Singh P, Babu S, Siva R, Harikrishna JA (2018) An 
update on biological advancement of Jatropha curcas L.: new 
insight and challenges. Renew Sust Energ Rev 91:903–917. https 
://doi.org/10.1016/j.rser.2018.04.082

Ni J, Zhao ML, Chen MS, Pan BZ, Tao YB, Xu ZF (2017) Comparative 
transcriptome analysis of axillary buds in response to the shoot 
branching regulators gibberellin A3 and 6-benzyladenine in Jat-
ropha curcas. Sci Rep 7(1):11417. https ://doi.org/10.1038/s4159 
8-017-11588 -0

Ó’Maoiléidigh DS et al (2013) Control of reproductive floral organ 
identity specification in Arabidopsis by the C function regulator 
AGAMOUS. Plant Cell 25(7):2482–2503. https ://doi.org/10.1105/
tpc.113.11320 9

Okadal K, Ueda J, Komaki MK, Bell CJ, Shimura Y (1991) Require-
ment of the auxin polar transport system in early stages of Arabi-
dopsis floral bud formation. Plant Cell 3(7):677–684

Pan BZ, Xu ZF (2011) Benzyladenine treatment significantly increases 
the seed yield of the biofuel plant Jatropha curcas. J Plant Growth 
Regul 30:166–174. https ://doi.org/10.1007/s0034 4-010-9179-3

Pan BZ, Chen MS, Ni J, Xu ZF (2014) Transcriptome of the inflores-
cence meristems of the biofuel plant Jatropha curcas treated with 
cytokinin. BMC Genom 15(1):974

Pan BZ, Luo Y, Song L, Chen MS, Li JL, Xu ZF (2016) Thidiazuron 
increases fruit number in the biofuel plant Jatropha curcas by 
promoting pistil development. Ind Crop Prod 81:202–210. https 
://doi.org/10.1016/j.indcr op.2015.11.054

Pawełkowicz ME, Skarzyńska A, Pląder W, Przybecki Z (2019) 
Genetic and molecular bases of cucumber (Cucumis sativus L.) 
sex determination. Mol Breed. https ://doi.org/10.1007/s1103 
2-019-0959-6

Pekker I, Alvarez JP, Eshed Y (2005) Auxin response factors medi-
ate Arabidopsis organ asymmetry via modulation of KANADI 
activity. Plant Cell 17(11):2899–2910. https ://doi.org/10.1105/
tpc.105.03487 6

Pelaz S, Dltta GS, Baumann E, Wlsman E, Yanofsky MF (2000) B and 
C floral organ identity functions require SEPALLATA  MADS-box 
genes. Nature 405(6783):200–203

Perez-Ruiz RV et al (2015) XAANTAL2 (AGL14) is an important 
component of the complex gene regulatory network that under-
lies Arabidopsis shoot apical meristem transitions. Mol Plant 
8(5):796–813. https ://doi.org/10.1016/j.molp.2015.01.017

Pi XJ, Pan BZ, Xu ZF (2013) Induction of bisexual flowers by gib-
berellin in monoecious biofuel plant Jatropha curcas (Euphor-
biaceae). Plant Divers Resour 35:26–32. https ://doi.org/10.7677/
ynzwy j2013 12063 

Pinyopich A, Ditta GS, Savidge B, Liljegren SJ, Baumann E, Wis-
man E, Yanofsky MF (2003) Assessing the redundancy of 
MADS-box genes during carpel and ovule development. Nature 
424(6944):85–88

Renner SS (2014) The relative and absolute frequencies of angio-
sperm sexual systems: dioecy, monoecy, gynodioecy, and an 
updated online database. Am J Bot 101:1588–1596. https ://doi.
org/10.3732/ajb.14001 96

https://doi.org/10.1146/annurev-arplant-042817-040615
https://doi.org/10.1146/annurev-arplant-042817-040615
https://doi.org/10.1038/s41598-017-16545-5
https://doi.org/10.1038/s41598-017-16545-5
https://doi.org/10.1016/j.scienta.2018.06.086
https://doi.org/10.1016/j.scienta.2018.06.086
https://doi.org/10.1105/tpc.1.8.737
https://doi.org/10.1105/tpc.1.8.737
https://doi.org/10.1371/journal.pbio.1000090
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
https://doi.org/10.1093/jxb/err127
https://doi.org/10.1093/jxb/err127
https://doi.org/10.1186/s12864-017-3868-2
https://doi.org/10.1186/s12864-017-3868-2
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1186/gb-2009-10-3-r25
https://doi.org/10.1105/tpc.7.5.529
https://doi.org/10.1038/cr.2009.143
https://doi.org/10.1038/cr.2009.143
https://doi.org/10.1104/pp.16.01219
https://doi.org/10.1242/dev.020255
https://doi.org/10.1093/treephys/tpz010
https://doi.org/10.1093/treephys/tpz010
https://doi.org/10.1093/treephys/tpz014
https://doi.org/10.1105/tpc.021576
https://doi.org/10.1105/tpc.021576
https://doi.org/10.1038/nature08498
https://doi.org/10.1038/nature08498
https://doi.org/10.1016/j.rser.2018.04.082
https://doi.org/10.1016/j.rser.2018.04.082
https://doi.org/10.1038/s41598-017-11588-0
https://doi.org/10.1038/s41598-017-11588-0
https://doi.org/10.1105/tpc.113.113209
https://doi.org/10.1105/tpc.113.113209
https://doi.org/10.1007/s00344-010-9179-3
https://doi.org/10.1016/j.indcrop.2015.11.054
https://doi.org/10.1016/j.indcrop.2015.11.054
https://doi.org/10.1007/s11032-019-0959-6
https://doi.org/10.1007/s11032-019-0959-6
https://doi.org/10.1105/tpc.105.034876
https://doi.org/10.1105/tpc.105.034876
https://doi.org/10.1016/j.molp.2015.01.017
https://doi.org/10.7677/ynzwyj201312063
https://doi.org/10.7677/ynzwyj201312063
https://doi.org/10.3732/ajb.1400196
https://doi.org/10.3732/ajb.1400196


204 Plant Reproduction (2020) 33:191–204

1 3

Robinson MD, McCarthy DJ, Smyth GK (2010) EdgeR: a bioconductor 
package for differential expression analysis of digital gene expres-
sion data. Bioinformatics 26(1):139–140. https ://doi.org/10.1093/
bioin forma tics/btp61 6

Rood SB, Pharis RP, Major DJ (1980) Changes of endogenous gibber-
ellin-like substances with sex reversal of the apical inflorescence 
of corn. Plant Physiol 66(5):793–796

Sablowski RWM, Meyerowitz EM (1998) A homolog of NO APICAL 
MERISTEM is an immediate target of the floral homeotic genes 
APETALA3/PISTILLATA . Cell 92(1):93–103

Schiessl K, Muino JM, Sablowski R (2014) Arabidopsis JAGGED 
links floral organ patterning to tissue growth by repressing Kip-
related cell cycle inhibitors. PNAS 111:2830–2835. https ://doi.
org/10.1073/pnas.13204 57111 

Schwarz S, Grande AV, Bujdoso N, Saedler H, Huijser P (2008) The 
microRNA regulated SBP-box genes SPL9 and SPL15 control 
shoot maturation in Arabidopsis. Plant Mol Biol 67:183–195

Shannon P et al (2003) Cytoscape: a software environment for inte-
grated models of biomolecular interaction networks. Genome Res 
13(11):2498–2504. https ://doi.org/10.1101/gr.12393 03

Soltis DE, Chanderbali AS, Kim S, Buzgo M, Soltis PS (2007) The 
ABC model and its applicability to basal angiosperms. Ann Bot 
100:155–163. https ://doi.org/10.1093/aob/mcm11 7

Song J, Chen MS, Li JL, Niu LJ, Xu ZF (2013) Effects of soil-applied 
paclobutrazol on the vegetative and reproductive growth of biofuel 
plant Jatropha curcas. Plant Divers Resour 35:173–179. https ://
doi.org/10.7677/ynzwy j2013 12086 

Souer E, Rebocho AB, Bliek M, Kusters E, de Bruin RA, Koes R 
(2008) Patterning of inflorescences and flowers by the F-Box 
protein DOUBLE TOP and the LEAFY homolog ABERRANT 
LEAF AND FLOWER of petunia. Plant Cell 20(8):2033–2048. 
https ://doi.org/10.1105/tpc.108.06087 1

Sun TP (2008) Gibberellin metabolism, perception and signaling path-
ways in Arabidopsis. In: The Arabidopsis Book, pp 1–28. https ://
doi.org/10.1199/tab.0103

Sun TP, Kamlya Y (1994) The Arabidopsis GA1 Locus encodes the 
cyclase ent-kaurene synthetase a of gibberellin biosynthesis. Plant 
Cell 6(10):1509–1518

Switzenberg JA, Little HA, Hammar SA, Grumet R (2014) Floral 
primordia-targeted ACS (1-aminocyclopropane-1-carboxylate 
synthase) expression in transgenic Cucumis melo implicates fine 
tuning of ethylene production mediating unisexual flower devel-
opment. Planta 240(4):797–808. https ://doi.org/10.1007/s0042 
5-014-2118-y

Takahashi H, Jaffe MJ (1984) Further studies of auxin and ACC 
induced feminization in the cucumber plant using ethylene inhibi-
tors. Phyton 44:81–86

Tang M, Tao Y-B, Fu Q, Song Y, Niu L, Xu Z-F (2016) An ortholog 
of LEAFY in Jatropha curcas regulates flowering time and floral 
organ development. Sci Rep 6:37306. https ://doi.org/10.1038/
srep3 7306

Tanurdzic M, Banks JA (2004) Sex-determining mechanisms in land 
plants. Plant Cell 16:S61–S71. https ://doi.org/10.1105/tpc.01666 7

Tao J, Liang W, An G, Zhang D (2018a) OsMADS6 controls flower 
development by activating rice FACTOR OF DNA METH-
YLATION LIKE1. Plant Physiol 177(2):713–727. https ://doi.
org/10.1104/pp.18.00017 

Tao Q et al (2018b) Ethylene responsive factor ERF110 mediates ethyl-
ene-regulated transcription of a sex determination-related ortholo-
gous gene in two Cucumis species. J Exp Bot 69(12):2953–2965. 
https ://doi.org/10.1093/jxb/ery12 8

Trebitsh T, Rudich J, Riov J (1987) Auxin, biosynthesis of ethylene 
and sex expression in cucumber (Cucumis sativus). Plant Growth 
Regul 5(2):105–113

Trigueros M et al (2009) The NGATHA genes direct style development 
in the Arabidopsis gynoecium. Plant Cell 21(5):1394–1409. https 
://doi.org/10.1105/tpc.109.06550 8

Wu PZ et al (2009) Cloning and functional characterization of an 
acyl-acyl carrier protein thioesterase (JcFATB1) from Jatropha 
curcas. Tree Physiol 29:1299–1305. https ://doi.org/10.1093/treep 
hys/tpp05 4

Yamasaki S, Fujii N, Takahashi H (2003) Characterization of ethylene 
effects on sex determination in cucumber plants. Sex Plant Reprod 
16(3):103–111. https ://doi.org/10.1007/s0049 7-003-0183-7

Yifhar T et al (2012) Failure of the tomato trans-acting short unter-
fering RNA program to regulate AUXIN RESPONSE FAC-
TOR3 and ARF4 underlies the wiry leaf syndrome. Plant Cell 
24(9):3575–3589. https ://doi.org/10.1105/tpc.112.10022 2

Yu H, Ito T, Wellmer F, Meyerowitz EM (2004a) Repression of AGA-
MOUS-LIKE 24 is a crucial step in promoting flower develop-
ment. Nat Genet 36(2):157–161. https ://doi.org/10.1038/ng128 6

Yu H, Ito T, Zhao YX, Peng JR, Kumar P, Meyerowitz EM (2004b) 
Floral homeotic genes are targets of gibberellin signaling in flower 
development. PNAS 101(20):7827–7832

Zhang L, He LL, Fu QT, Xu ZF (2013) Selection of reliable reference 
genes for gene expression studies in the biofuel plant Jatropha 
curcas using real-time quantitative PCR. Int J Mol Sci 14:24338–
24354. https ://doi.org/10.3390/ijms1 41224 338

Zhang M, Sun HH, Fei ZJ, Zhan F, Gong XJ, Gao S (2014) Fastq_
clean: an optimized pipeline to clean the Illumina sequencing 
data with quality control. IEEE BIBM. https ://doi.org/10.1109/
bibm.2014.69993 09

Zhu B et al (2018) Functional specialization of duplicated AGAMOUS 
homologs in regulating floral organ development of Medicago 
truncatula. Front Plant Sci 9:854. https ://doi.org/10.3389/
fpls.2018.00854 

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1073/pnas.1320457111
https://doi.org/10.1073/pnas.1320457111
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/aob/mcm117
https://doi.org/10.7677/ynzwyj201312086
https://doi.org/10.7677/ynzwyj201312086
https://doi.org/10.1105/tpc.108.060871
https://doi.org/10.1199/tab.0103
https://doi.org/10.1199/tab.0103
https://doi.org/10.1007/s00425-014-2118-y
https://doi.org/10.1007/s00425-014-2118-y
https://doi.org/10.1038/srep37306
https://doi.org/10.1038/srep37306
https://doi.org/10.1105/tpc.016667
https://doi.org/10.1104/pp.18.00017
https://doi.org/10.1104/pp.18.00017
https://doi.org/10.1093/jxb/ery128
https://doi.org/10.1105/tpc.109.065508
https://doi.org/10.1105/tpc.109.065508
https://doi.org/10.1093/treephys/tpp054
https://doi.org/10.1093/treephys/tpp054
https://doi.org/10.1007/s00497-003-0183-7
https://doi.org/10.1105/tpc.112.100222
https://doi.org/10.1038/ng1286
https://doi.org/10.3390/ijms141224338
https://doi.org/10.1109/bibm.2014.6999309
https://doi.org/10.1109/bibm.2014.6999309
https://doi.org/10.3389/fpls.2018.00854
https://doi.org/10.3389/fpls.2018.00854

	Comparative transcriptome analysis of gynoecious and monoecious inflorescences reveals regulators involved in male flower development in the woody perennial plant Jatropha curcas
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials
	RNA isolation
	Library construction and sequencing
	De novo transcriptome assembly and read mapping
	Identification of differentially expressed transcripts
	Annotation of transcripts
	Validation of gene expression by quantitative real-time PCR analysis
	Construction and analysis of weighted gene coexpression networks

	Results
	Morphological comparison of WT, g mutant, and ch mutant plants
	Identification of DEGs
	Identification of DEGs involved in flower development
	DEGs involved in auxin and GA biosynthesis and signalling pathways
	Validation of candidate gene expression profiles by qRT-PCR
	Identification of hub genes associated with gynoecious phenotypes by weighted gene correlation network analysis

	Discussion
	Flower development genes may be involved in the transition from monoecious to gynoecious Jatropha
	Auxin may play important roles in the development of floral organs and leaves in Jatropha
	GA may play important roles in male flower development in Jatropha

	Acknowledgements 
	References




