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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 differentially expressed genes (DEGs) involved in floral organ development between monoecious plants and the two gynoecious 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
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Land plants have extremely diverse sexual systems (Barrett 2002; Henry et al. 2018). In flowering plants, sex differentiation 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 originally bisexual floral meristem (Diggle et al. 2011; Tanurdzic
and Banks 2004). Among plant taxa, approximately 13% of
flowering plants have developed unisexual flower reproductive systems (Barrett 2002; Irish and Nelson 1989; Renner
2014). Sex differentiation and determination in plants is a
complex and dynamic process that requires the coordination 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 development (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-aminocyclopropane-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 ethylene, 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 formation in gynoecious plants (Takahashi and Jaffe 1984).
Furthermore, exogenous indole-3-acetic acid (IAA) application 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 stamen development in female flowers (Boualem et al. 2008).
In contrast, the inactivation of CmWIP1 by promoter hypermethylation induces a transition from male to female flowers 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 indirectly represses the expression of CmACS-7 to allow stamen development (Martin et al. 2009). The androecy-related
gene CmACS11 encodes a rate-limiting enzyme in ethylene
biosynthesis, thus controlling female flower development,
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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 cooccurrence 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 (Jongschaap 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 application of 6-benzyladenine (6-BA, a synthetic CK) increases the
total number of flowers per inflorescence and the female-tomale 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 G
 A3 accumulate during female floral initiation; low concentrations of
Zt and G
 A3, 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 differentiation 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 pistil 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 pathway (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 differentiation mechanism in Jatropha is important for breeding
high-yield Jatropha cultivars. Recently, RNA-Seq technology 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; Govender 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 transcriptome analysis between wild-type (WT, monoecious) and sex
differentiation mutants (gynoecious). Our results will be useful for understanding sex differentiation and determination
in woody perennial plants.

Materials and methods
Plant materials
Two-year-old cutting-propagated plants of monoecious Jatropha (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 population (Chen et al. 2017). The ch mutant, which produced only
abnormal female flowers, was derived from a colchicinetreated 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 (developmental stage I). Inflorescence buds in developmental stage II
(approximately 0.4 cm in diameter, 3–5 days after appearance), 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 concentration 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
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(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 morphology 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 Illumina (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 Scientific, Wilmington, DE, USA), respectively. Clustering of
the index-coded samples was performed on a cBot Cluster
Generation System according to the manufacturer’s specifications (Illumia, San Diego, California, USA). The libraries 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.
bioinformatics.babraham.ac.uk/projects/fastqc) (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 abundance (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 likelihood (CR) method to estimate common, trended, and tagwise
dispersions. Differentially expressed genes (DEGs) were identified 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://bioinfogp.cnb.csic.es/tools/
venny/index.html). The pheatmap R package (version 1.0.7)
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(https://github.com/cran/pheatmap) was used for hierarchical
clustering of the transcripts (Kolde 2015).

Annotation of transcripts
In total, 50,198 filtered transcripts were used for differential expression analysis and were annotated by performing a
BLASTX search against the Ensembl Plants database (http://
plants.ensembl.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 samples. 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 coexpression 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 minimum 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
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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 (Supplementary 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 differentiation 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 versus 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 identified 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 comparison, 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
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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, respectively. 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

plants (gII_ckII); 2076 DEGs were downregulated and 2983
DEGs were upregulated in inflorescence buds in the pairwise comparison of g mutant to the ch mutant (gII_chII)
(Supplementary Figure S4 and Table S4). These results suggested 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 inflorescence 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
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may play a vital role in the regulation of male flower development in Jatropha.

Identification of DEGs involved in flower
development
Through annotation of our transcriptome dataset and comparison 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 UNUSUAL FLORAL ORGANS (JcUFO) were downregulated in
chII_ckII but upregulated in gII_chII (Fig. 3). We speculate 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

Fig. 3  Hierarchical clustering of differentially expressed genes
(DEGs) involved in inflorescence development. The abbreviations
ckII_ckI and chII_chI indicate pairwise comparisons between inflorescence buds and shoot apices in WT plants and ch mutants, respectively; 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

13

Plant Reproduction (2020) 33:191–204

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 inflorescence 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 development 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 FACTOR 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 signalling pathways (Fig. 4 and Supplementary Table S7). The
expression of JcAGL24, JcARF4 and JcPIN1 was upregulated in inflorescence buds in the pairwise comparison
of ch mutant and WT plants (chII_ckII) but downregulated in the pairwise comparison of the g mutant to the

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 corresponding fold change value
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ch mutant (gII_chII) (Fig. 4). The expression of JcGA1,
JcGA3ox1, JcNGA1, JcSEP3 and JcSTY1 was downregulated 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 control 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, JcKNAT6, 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), suggesting that the results obtained by the RNA-Seq analysis 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.
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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 phenotype 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 MEdarkseagreen3, MEblue2 and MElightblue4 modules were closely
associated with the tissues (Fig. 6 and Supplementary Figure S7). We focused on the MEblack, MElightsteelblue1
and MEplum2 modules because these modules were associated 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 RECEPTOR-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 clustering of differentially expressed
genes (DEGs) involved in
auxin and gibberellin metabolic 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 Supplementary 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
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Fig. 5  Validation of the expression profiles of nine candidate genes
involved in inflorescence and floral organ development by quantitative 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 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

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 floweringtime-associated gene CONSTANS (CO) (Guo et al. 1998). JAG
is a direct mediator between genes involved in organ patterning and cellular activities that are required for organ growth,
and with HANABA TARANU (HAN), it regulates the development 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
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Flower development genes may be involved
in the transition from monoecious to gynoecious
Jatropha
In Arabidopsis, AG is involved in the formation of reproductive floral organs and the control of meristem determinacy (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 regulator of sexual reproduction (Bowman et al. 1991). In rice
and Magnolia wufengensis, OsMADS6 (homologue to
AGL6) and MawuAGL6-1 are essential for the specification of floral organs and meristem identity, respectively
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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 positive 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 correlation 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

(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 stamen identity (Lamb and Irish 2003; Sablowski and Meyerowitz 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 transition 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
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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

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 transition 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 supported by our previous research, in which JcAG and JcPI
were found to participate in the process of sex differentiation in Jatropha (Chen et al. 2017).
In Arabidopsis, SEP genes are required for the identification 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, JcSEP21, 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 maintenance and determinacy; overexpression of XAL2 induces
early flowering, while the xal2 mutant exhibits late flowering
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Fig. 8  Gene coexpression network from the MElightsteelblue1 module shown in Fig. 6. Blue indicates genes in the cytokinin metabolic
and signalling pathways; light green indicates genes involved in gibberellin 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 pathways. Detailed information regarding the genes shown in this figure is
provided in Supplementary Table S8

(Perez-Ruiz et al. 2015). Overexpression of AGL24 changes
flowering time and transforms floral meristems to inflorescence 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 floral 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 maintenance 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).
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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 without 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 mutation of XAL2 leads to altered stem-cell patterning, root meristem 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 (Gangwar et al. 2016), consistent with our results that JcPIN1 and
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GA may play important roles in male flower
development in Jatropha

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 inflorescence development; and purple indicates genes involved in the brassinosteroid metabolic and signalling pathways. Detailed information
regarding the genes shown in this figure is provided in Supplementary Table S8

JcAGL14 were differentially expressed in inflorescence buds
in the pairwise comparison of ch mutant and WT plants
(chII_ckII). In Arabidopsis, STY1 regulates auxin biosynthesis 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 phenotype 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 Arabidopsis, ARF4 is expressed in the abaxial domains of leaf primordia 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).

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 supported 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 production 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), suggesting 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).
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