
Vol.:(0123456789)1 3

Planta         (2022) 255:111  
https://doi.org/10.1007/s00425-022-03886-3

ORIGINAL ARTICLE

An ortholog of the MADS‑box gene SEPALLATA3 regulates stamen 
development in the woody plant Jatropha curcas

Mei‑Li Zhao1 · Zhi‑Fang Zhou1 · Mao‑Sheng Chen1,3 · Chuan‑Jia Xu1 · Zeng‑Fu Xu1,2 

Received: 14 November 2021 / Accepted: 28 March 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract
Main conclusion Overexpression of JcSEP3 causes defective stamen development in Jatropha curcas, in which brassi-
nosteroid and gibberellin signaling pathways may be involved.

Abstract SEPALLATAs (SEPs), the class E genes of the ABCE model, are required for floral organ determination. In this 
study, we investigated the role of the JcSEP3 gene in floral organ development in the woody plant Jatropha curcas. Transgenic 
Jatropha plants overexpressing JcSEP3 displayed abnormal phenotypes such as deficient anthers and pollen, as well as free 
stamen filaments, whereas JcSEP3-RNA interference (RNAi) transgenic plants had no obvious phenotypic changes, suggest-
ing that JcSEP3 is redundant with other JcSEP genes in Jatropha. Moreover, we compared the transcriptomes of wild-type 
plants, JcSEP3-overexpressing, and JcSEP3-RNAi transgenic plants. In the JcSEP3-overexpressing transgenic plants, we 
discovered 25 upregulated genes involved in anther and pollen development, as well as 12 induced genes in brassinosteroid 
(BR) and gibberellin (GA) signaling pathways. These results suggest that JcSEP3 directly or indirectly regulates stamen 
development, concomitant with the regulation of BR and GA signaling pathways. Our findings help to understand the roles 
of SEP genes in stamen development in perennial woody plants.
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Abbreviations
BR  Brassinosteroid
DEGs  Differentially expressed genes

GA  Gibberellin
PCD  Programmed cell death
SEP  SEPALLATA 

Introduction

SEPALLATA  (SEP) genes are the plant-specific MIKC-type 
MADS-box genes, belonging to the class E genes in the 
ABCE model of flower organ development (Malcomber 
and Kellogg 2005). MIKC-type MADS-box genes have a 
DNA-binding MADS domain (M), an intervening domain 
(I), a keratin-like domain (K), and a C-terminal domain (C) 
(Kaufmann et al. 2005). Based on the phylogeny of 113 SEP 
genes, the SEP subfamily consists of two major clades, the 
SEP3 (AGL9) and the LOFSEP (AGL2/3/4) groups (Mal-
comber and Kellogg 2005). SEP3 and LOFSEP proteins 
have distinct C-terminal motifs (Malcomber and Kellogg 
2005). In Arabidopsis thaliana, four SEP genes, named as 
AtSEP1, AtSEP2, AtSEP3, and AtSEP4, are expressed in all 
flower organs, but their timely expression pattern was differ-
ent (Theißen 2001). At the early phases of flower develop-
ment in Arabidopsis, AtSEP1/2/4 genes are mainly expressed 

Communicated by Dorothea Bartels.

Mei-Li Zhao and Zhi-Fang Zhou have contributed equally to this 
work.

 * Mao-Sheng Chen 
 chenms@xtbg.org.cn

 * Zeng-Fu Xu 
 zfxu@gxu.edu.cn

1 CAS Key Laboratory of Tropical Plant Resources 
and Sustainable Use, Xishuangbanna Tropical Botanical 
Garden, The Innovative Academy of Seed Design, Chinese 
Academy of Sciences, Menglun, Mengla 666303, Yunnan, 
China

2 State Key Laboratory for Conservation and Utilization 
of Subtropical Agro-Bioresources, College of Forestry, 
Guangxi University, Nanning 530004, Guangxi, China

3 Center of Economic Botany, Core Botanical Gardens, 
Chinese Academy of Sciences, Menglun, Mengla 666303, 
Yunnan, China

http://orcid.org/0000-0001-6045-5865
http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-022-03886-3&domain=pdf


 Planta         (2022) 255:111 

1 3

  111  Page 2 of 15

in floral meristems and sepal primordia, AtSEP3 gene in 
petal, stamen, and pistil primordia (Urbanus et al. 2009; 
Jetha et al. 2014), and AtSEP4 in sepals and pistil (Ditta et al. 
2004; Urbanus et al. 2009). In Arabidopsis, AtSEP3 targets 
directly regulatory elements of both MADS and non-MADS 
transcription factors, such as APETALA1 (AP1), AGAMOUS 
(AG), AP3, PISTILLATA  (PI), SEPs, SHATTERPROOF1 
(SHP1), SHP2, bHLH/bZIP, TCP, and AUXIN RESPONSE 
FACTOR (ARF), to modulate floral organ outgrowth and 
morphogenesis (Kaufmann et al. 2009). In addition, SEP3 
can bind to gene sets of GRF1-INTERACTING FACTOR 1 
(GIF1), GENERAL REGULATORY FACTOR (GRF), JAG-
GED (JAG), TCP, ARF8, ARGOS-LIKE (ARL), BIGPETAL 
(BPEp), and MEDIATOR SUBUNIT 8 (MED8) to regulate 
flower size in aspects of cell proliferation and expansion 
(Krizek and Anderson 2013). SEP3 is a ‘glue’ protein medi-
ating the multimeric complex formation and function in the 
initial steps of floral organ formation and various other plant 
developmental processes; and SEP3 forms protein com-
plexes with other combinational proteins to function in the 
specification of floral organ identity and determination of 
flowering time (Immink et al. 2009). In other angiosperm 
species, SEP-like proteins, as ‘hub’-like proteins, can inter-
act with AP1/ FRUITFULL (FUL), B- and C/D-class pro-
teins as well as AGAMOUS-LIKE 6 (AGL6)-like MADS-
box proteins (Malcomber and Kellogg 2005). Chen et al. 
(2018) reported that SEP3 regulates miR319/TCP4 module 
to control petal size. In Arabidopsis, SEP3 participates in 
the regulation of floral organ identity and overexpression 
of SEP3 enhances the early flowering phenotype of plants 
expressing AP1 (Pelaz et al. 2001; Kaufmann et al. 2009; 
Theißen et al. 2016). Gerbera regulator of capitulum devel-
opment 1 (GRCD1) and GRCD2, orthologs of Arabidopsis 
SEP3, regulate stamen identity and reproductive organ deter-
mination (Kotilainen et al. 2000). In many plants, the SEP-
class genes are required for floral organ development (Pelaz 
et al. 2000; Mitoma and Kanno 2018; Zhang et al. 2018; Lin 
et al. 2020; Pu et al. 2020). In Arabidopsis, aspen (Populus 
tremuloides) and Phalaenopsis orchid, suppression of single 
SEP gene only produces subtle phenotype changes in flowers 
(Pelaz et al. 2000; Cseke et al. 2005; Pan et al. 2014b), while 
overexpression of single SEP gene affects floral morphology 
and flowering time (Zhang et al. 2017; Xiang et al. 2020). 
These results showed that the function of SEPs in the regula-
tion of floral organ development is widely present in plants.

Jatropha curcas (hereafter referred to as Jatropha) 
belongs to the family Euphorbiaceae and is regarded as 
a promising biofuel plant due to its high seed oil con-
tent (Tang et al. 2020). Jatropha is monoecious, bear-
ing unisexual flowers in same inflorescence (Negussie 
et al. 2014), and individual male and female flowers are 
arranged in a compound dichasial cyme (Dasumiati et al. 
2015). The male flowers are generated from unisexual 

flowers, but the female flowers are generated from bisex-
ual flowers (Xiao et al. 2018). Each flower has five sepals 
and petals surrounded by five nectaries (Adriano-Anaya 
et al. 2016). The female flowers have a style arising from 
ovary apex with a distinct ovoid ovary terminating in a 
three-lobed stigma (Alam et al. 2011). The male flowers 
have ten functional stamens arranged in two circles of five 
stamens each, with the lower parts of the five stamen fila-
ments of the inner whorl being connate (Wang et al. 2011). 
Each male flower had 3062–5016 pollen grains (266–647 
per anther) (Rincón-Rabanales et al. 2016). The stamens 
have two anthers and one filament (Ohmido et al. 2017), 
and anther is dithecal with longitudinally dehisced pollen 
(Alam et al. 2011).

Yang et al. (2011) reported Jatropha DOF PROTEIN 
3 (JcDof3), a circadian clock regulated gene, might be 
involved in the flowering time regulation. Jatropha FLOW-
ERING LOCUS T (JcFT) showed higher expression in repro-
ductive phases, especially in female flowers (Li et al. 2015a), 
and overexpression of JcFT caused early flowering (Li et al. 
2014; Tang et al. 2022). The Jatropha LEAFY (JcLFY) 
was highly expressed during the early stages of flowering, 
and overexpression of JcLFY showed early flowering and 
increased transcript levels of floral meristem identity genes, 
such as JcAP1, JcAP3, JcSEP1, JcSEP3, and JcAG (Tang 
et al. 2016). In addition, co-suppression of JcLFY in Jat-
ropha resulted in delayed flowering, abnormal floral organs, 
and an increased rate of floral abortion (Tang et al. 2016). 
Overexpression of homologs of TERMINAL FLOWER 1 
(TFL1) resulted in delayed flowering due to reduced AP1 
and FT gene expression (Li et al. 2017). Cytokinin (CK) 
treatment promoted pistil development along with the regu-
lation of expression of GIGANTEA (GI), SUPPRESSOR 
OF OVEREXPRESSION OF CO 1 (SOC1), LFY, CONSTI-
TUTIVE PHOTOMORPHOGENIC 1 (COP1), and TFL1b 
(Chen et al. 2014; Pan et al. 2014a, 2016). Xu et al. (2016) 
reported that Jatropha homolog of CRABS CLAW (CRC ), a 
gene involved in the regulation of carpel fusion and growth, 
nectary formation, and floral meristem termination, was 
upregulated during developmental stages of female flow-
ers, and suggested that genes encoding inorganic phosphate 
transporter and ubiquitin carboxyl-terminal hydrolase may 
contribute to embryo sac development in Jatropha. Chen 
et al. (2017) reported that JcMYC2, JcTS2, KNOTTED1-
LIKE HOMEOBOX GENE 6 (JcKNAT6), SHORT VEG-
ETATIVE PHASE (JcSVP), JcTFL1, and SHI-RELATED 
SEQUENCE 5 (JcSRS5) maybe participate in sex determi-
nation in Jatropha. Recently, Gangwar and Shankar (2020) 
suggested that SUPERMAN gene may suppress the develop-
ment of male tissues and promote female tissues in Jatropha. 
However, the function of JcSEP genes in regulating flower 
development remains unclear in Jatropha. In this study, we 
investigated the biological functions of JcSEP3 gene. Our 
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results will facilitate new insights into the regulatory mecha-
nism of floral organ development in Jatropha.

Materials and methods

Plant materials

Wild-type (WT) and transgenic Jatropha curcas L. plants 
were grown with 2 × 2  m2 per plant in an experimental field 
at the Xishuangbanna Tropical Botanical Garden, Chinese 
Academy of Sciences located at Menglun town in Mengla 
County, Yunnan Province, southwest China (21° 54′ N, 101° 
46′ E, 580 m above sea level). Various tissues were harvested 
from WT seedlings (90-day-old), young plants (180-day-
old), and adult plants (2-year-old) for quantitative real-time 
reverse-transcriptase polymerase chain reaction (qRT-PCR) 
analysis. These samples contained roots, shoots, leaves, and 
stem apices of seedlings, young and adult plants; female 
flowers, sepals, petals, and pistils of female flowers; male 
flowers, sepals, petals, and stamens of male flowers; and 
fruits. Multiple inflorescence buds (approximately 0.4 cm 
in diameter) of the same plant from 2-year-old WT, the 
JcSEP3-overexpressing and JcSEP3-RNA interference 
(RNAi) transgenic plants were collected for transcriptome 
sequencing (RNA-Seq) analysis and qRT-PCR validation. 
Each group contained three biological replicates. Flower 
morphology was observed using a 3D super-depth digital 
microscope (3D super-depth digital microscope, ZEISS, 
Smart zoom 5).

Analysis of phylogeny, gene structure, and protein 
conserved domains

Phylogenetic analysis of JcSEPs and AtSEPs was per-
formed using MEGA7 (http:// www. megas oftwa re. net/) with 
AtAGL6 as an outgroup. And the neighbor-joining method 
was used for constructing the phylogenetic tree. The Gene 
Structure Display Server (GSDS 2.0, http:// gsds. cbi. pku. edu. 
cn/ index. php) was used to analyze JcSEP3 gene structure. 
The Conserved Domain Database (CDD) of NCBI (https:// 
www. ncbi. nlm. nih. gov/ Struc ture/ cdd/ wrpsb. cgi) was used 
to analyze conserved protein domains.

Vector construction and plant transformation

A full-length JcSEP3 cDNA (MN262467) was cloned into 
the SmaI and BamHI sites of the binary vector pOCA30 
containing a cauliflower mosaic virus (CaMV) 35S promoter 
(Chen and Chen 2002) to construct the JcSEP3 overexpres-
sion vector. A 151-bp sequence of coding region of JcSEP3 
(ctatggagcaccggagacaaatgtgtcgacaagggaggctttgcaggagctaa-
gcagccagcaagaatatttgaagcttaaagctcgctatgaagccctgcaacgatc-

ccaaagaaatcttcttggagaagaccttggccctctaagtagc) was amplified 
and cloned into the RNAi vector pJL10 in opposing ori-
entations on either side of a pdk intron (Li et al. 2017) to 
construct the JcSEP3-RNAi vector. Jatropha genetic trans-
formation was performed as described by Fu et al. (2015). 
Primers are listed in Supplementary Table S1.

RNA isolation, library construction, and sequencing

A Biozol Plant RNA Extraction Kit (Bioflux, Hangzhou, 
China) was used to extract total RNA according to the man-
ufacturer’s manual. A NanoDrop 2000 spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA) and agarose gel 
electrophoresis were used to determine the concentration and 
quality of RNA, respectively. cDNA was synthesized using a 
PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara 
Biotechnology, Dalian, China) according to the manu-
facturer’s instructions. The RNA integrity was confirmed 
using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, 
CA, USA). A Qiagen RNeasy kit (Venlo, Netherlands) was 
used to purify total RNA. RNA samples with RNA integrity 
number > 0.7 were selected for library construction. RNA-
Seq libraries were prepared using an NEBNext Ultra RNA 
Library Prep Kit for Illumina (NEB, MA, USA), following 
the recommended protocol. An Agilent 2100 Bioanalyzer 
(Agilent) and ABI StepOnePlus Real-Time PCR System 
(Thermo Scientific) were used to assess the quality and 
quantity of each RNA-Seq library, respectively. The cBot 
Cluster Generation System was used to cluster the index-
coded samples, following the manufacturer’s instructions, 
which were then sequenced with 150-base paired-end reads 
on an Illumina Hiseq 2500 platform (Novogene Bioinformat-
ics Technology, Beijing, China).

Identification of differentially expressed genes

The paired-end reads from each library were mapped to Jat-
ropha reference genome (Chen et al. 2020), and transcript 
abundance was estimated using the Subread package (ver-
sion 1.6.2) with default parameters (Liao et al. 2013, 2014). 
DEGs were identified using the edgeR package (Robinson 
et al. 2010). Gene ontology (GO) enrichment analysis was 
performed using DAVID (Huang et al. 2009).

Validation of gene expression by qRT‑PCR analysis

RNA samples for qRT-PCR analysis were the same as ones 
for RNA-Seq. One microgram of RNA and a PrimeScript RT 
reagent Kit with gDNA Eraser (Perfect Real Time) (Takara 
Biotechnology) were used to generate cDNA. qRT-PCR 
was performed on a LightCycler 480 II (Roche Diagnostics, 
Mannheim, Germany) using a LightCycler 480 SYBR Green 
I Master kit (Roche Diagnostics). Each sample had three 
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biological replicates. Ct values were obtained using Light-
Cycler480 Software (version 1.5). Relative fold expression 
changes were calculated by the comparative Ct method: fold 
change was calculated as  2−ΔCT. The ΔCt values were cal-
culated as the difference between Ct value and the Ct value 
of JcACTIN or JcGAPDH (Zhang et al. 2013). Primers used 
in qRT-PCR analysis are listed in Supplementary Table S1.

Statistical analysis

In this study, each experiment contains three biological rep-
licates, and results are expressed as the means ± standard 
errors (SE) of data.

Results

Tissue‑specific expression of JcSEP3 in Jatropha

An ortholog of Jatropha SEP3 gene was identified from 
our transcriptome data (Chen et  al. 2019) based on 
sequence similarity to Arabidopsis SEP3 (Fig. 1a). The 
length of JcSEP3 genomic sequence was 5558 bp, contain-
ing eight exons and seven introns (Fig. 1b). The protein-
coding sequence of JcSEP3 contained 732 nucleotides, 
encoding a 243-amino acid protein having a highly con-
served MADS-box domain (M-domain) (Fig. 1c). JcSEP3 
was mainly expressed in the reproductive organs, such as 
sepals, petals, pistils, and stamens; and few in vegetative 
tissues (Fig. 1d). These results suggested that the function 
of JcSEP3 is relevant to flower development of Jatropha.

Overexpression of JcSEP3 causes deficient anthers 
and pollen

To investigate the function of JcSEP3, we constructed the 
JcSEP3-overexpressing and RNAi vectors to transform Jat-
ropha. Positive transgenic plants were further confirmed 
using qRT-PCR analysis (Fig. 2a, b). The JcSEP3-overex-
pressing transgenic line L61 and JcSEP3-RNAi transgenic 
line L9 were chosen for further analysis. The JcSEP3-over-
expressing transgenic plants had abnormal male flowers and 
occasionally bisexual flowers (Fig. 2d); the JcSEP3-RNAi 
transgenic plants had normal flowers that are the same as 
WT ones (Fig. 2c, e). The JcSEP3-overexpressing trans-
genic plants displayed a deficient anther and pollen phe-
notype (Figs. 2g, j, 3), while the JcSEP3-RNAi transgenic 
plants had no obvious phenotype changes (Fig. 2h, k). In WT 
and the JcSEP3-RNAi transgenic plants, anthers dehisced 
for the release of mature pollen grains, but anthers could 
not open and pollen was abnormal in the JcSEP3-overex-
pressing transgenic plants (Fig. 3). Moreover, the JcSEP3-
overexpressing transgenic plants had free stamen filaments 
and smaller nectaries in male and bisexual flowers (Fig. 2). 
We compared the expression profiles of JcSEP1, JcSEP3, 
JcSEP4a, and JcSEP4b in inflorescences of the JcSEP3-
overexpressing and JcSEP3-RNAi transgenic plants and 
WT plants using qRT-PCR. The expression of JcSEP3 was 
remarkably upregulated in inflorescences of the JcSEP3-
overexpressing plants and downregulated in inflorescences 
of the JcSEP3-RNAi plants compared with WT plants, while 
the expression of JcSEP1, JcSEP4a, and JcSEP4b had lit-
tle changed (Fig. 4a, b). These results suggested that the 
abnormal phenotypes of the JcSEP3-overexpressing trans-
genic plants are indeed caused by overexpressing JcSEP3 
in inflorescence buds, implying that JcSEP3 is an important 
regulator in the development of stamens of Jatropha.

Comparative transcriptome analysis 
between transgenic and WT plants

To further understand genetic changes in transgenic plants at 
genome-wide level, we compared transcriptome changes in 
inflorescences between the JcSEP3-overexpressing, JcSEP3-
RNAi transgenic and WT plants (Supplementary Fig. S1 and 
Table S2). For simplicity, we hereafter refer to the compari-
son of the JcSEP3-overexpressing transgenic and WT plants 
as the JcSEP3O_WT pair; and the JcSEP3-RNAi transgenic 
and WT plants as the JcSEP3i_WT pair. We identified 1012 
and 572 differentially expressed genes (DEGs) (FDR ≤ 0.01) 
from the JcSEP3O_WT and JcSEP3i_WT pairs, respectively 
(Supplementary Table S2). In total, 230 DEGs were down-
regulated and 782 DEGs were upregulated in the JcSEP3O_
WT pair, and 153 DEGs were downregulated and 419 DEGs 
were upregulated in the JcSEP3i_WT pair (Supplementary 

Fig. 1  Characters and expression profile of JcSEP3 in Jatropha cur-
cas. a Phylogenetic analysis of SEP homologs from Jatropha and 
Arabidopsis. Species abbreviations: At, Arabidopsis thaliana; Jc, 
Jatropha curcas. The amino acid sequence of AtAGL6 was used as 
an outgroup. b Genomic structure of JcSEP3. c Alignment of JcSEPs 
(JcSEP1, JcSEP3, JcSEP4a, and JcSEP4b) and AtSEPs (AtSEP1-4) 
amino acid sequences. Dots denote gaps; black lines under the align-
ment indicate different domains of SEP homologs; M-domain repre-
sents a highly conserved MADS-box domain; I-domain represents a 
intervening domain; K-domain represents a conserved keratin-like 
domain; C domain represents a C-terminal domain; SEP-motif I 
and SEP-motif II represent two shorter SEP I and SEP II conserved 
sequence domains. d Expression profile of JcSEP3 in various tis-
sues of Jatropha. The qRT-PCR results were obtained from three 
independent biological replicates per sample. Amplification levels 
were normalized using the amplified products of JcACTIN (red) and 
JcGAPDH (green) genes as references. Error bars represent the stand-
ard error (SE) (n = 3)

◂
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Table S2). Among these DEGs, 927 DEGs were specifically 
expressed in the JcSEP3-overexpressing transgenic plants 
and 487 DEGs in the JcSEP3-RNAi transgenic plants; 85 
DEGs were co-regulated in both the JcSEP3-overexpressing 
and JcSEP3-RNAi transgenic plants (Fig. 4c and Supple-
mentary Table S3). Clustering analysis of the 85 co-regu-
lated DEGs showed that 66 DEGs have the same expression 

patterns and 19 have opposite ones in inflorescences between 
the JcSEP3-overexpressing and JcSEP3-RNAi transgenic 
plants (Fig. 4c, d). GO annotation of DEGs (FDR ≤ 0.01) 
in JcSEP3O_WT and JcSEP3i_WT pairs (Supplementary 
Table S2) showed that the “anther wall tapetum develop-
ment”, “pollen tube”, “pollen exine formation”, “pollen 
wall assembly”, and “sporopollenin biosynthesis process” 
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functional categories are enriched in the JcSEP3O_WT pair, 
but not in the JcSEP3i_WT pair (Fig. 4e and Supplementary 
Table S4), which is consistent with their respective pheno-
types (Figs. 2 and 3).

Genes related to anther and pollen development

We identified 25 DEGs that may be involved in anther and 
pollen development (Supplementary Table S5) from the 
JcSEP3O_WT and JcSEP3i_WT pairs (Fig. 5a–d and Sup-
plementary Table S5). Among these 25 DEGs, eight Arabi-
dopsis homologous genes, AT3G23770 (Ye et al. 2010), 
MYB DOMAIN PROTEIN 80 (MYB80) (Xiong et al. 2016), 
ABORTED MICROSPORE (AMS) (Xiong et  al. 2016), 
bHLH091 (Zhu et al. 2015), CYTOCHROME P450, FAM-
ILY 703, SUBFAMILY A, POLYPEPTIDE 2 (CYP703A2) 
(Xiong et  al. 2016), CEP1 (Zhang et  al. 2014), MALE 
STERILITY1 (MS1), and MYB35 (Ye et al. 2010), partici-
pated in pollen development and tapetal PCD pathways in 
Arabidopsis; five genes, ATP-BINDING CASSETTE G1 
(ABCG1) (Yadav et al. 2014), Callose synthase 5 (CalS5) 
(Dong et al. 2005), QRT3 (Rhee et al. 2003), UNEVEN 
PATTERN OF EXINE 1/ KAONASHI 4 (UPEX1/KNS4) 
(Suzuki et al. 2017), and 4-COUMARATE: COA LIGASE 3 
(4CL3) (Dobritsa et al. 2011; Li et al. 2015b), in pollen wall 
development; five genes, MALE DISCOVERER1 (MDIS1) 
(Wang et al. 2016), MscS-like 8 (MSL8) (Hamilton et al. 
2015; Hamilton and Haswell 2016), MYB101 (Liang et al. 
2013), POLYOL/MONOSACCHARIDE TRANSPORTER 1 
(PMT1) (Klepek et al. 2010) and TurgOr regulation Defect 1 
(TOD1) (Chen et al. 2015) in pollen germination; and seven 
genes, Acyl-CoA Synthetase5 (ACOS5) (Xie et al. 2017), 
CYP704B1 (Yi et al. 2010), LESS ADHERENT POLLEN 

3 (LAP3) (Dobritsa et  al. 2009), POLYKETIDE SYN-
THASE B (PKSB), PKSA (Zou et al. 2017), TETRAKETIDE 
a-PYRONE REDUCTASE1 (TKPR1), and TKPR2 (Grienen-
berger et al. 2010), in pollen exine formation. All these 25 
DEGs were upregulated in the JcSEP3-overexpressing trans-
genic plants (Fig. 5a-d and Supplementary Table S5), while 
had no significant changes in the JcSEP3-RNAi transgenic 
plants, except Jc4CL3, JcQRT3, and JcTOD1 (Supplemen-
tary Table S5). In addition, we identified 61 DEGs that may 
be involved in various phytohormone metabolic and signal-
ing pathways (Supplementary Table S6). Among these 61 
DEGs, Arabidopsis homologous genes AMS, MS1, MYB80, 
MYB35, LIPID TRANSFER PROTEIN 12 (LTP12), TAPE-
TUM1 (TA1), and AT3G23770 were involved in anther and 
pollen development and negatively regulated by brassinos-
teroid (BR) (Ye et al. 2010); CYP734A1 (Neff et al. 1999), 
CYP87A2 (Pischke et al. 2006), and IWS1 (Li et al. 2010) 
were reported to be involved in BR pathways; gibberellin 
(GA) 20-oxidase 2 (GA2ox2) and GA2ox8 were involved 
in GA pathways (Hu et al. 2017). All these 12 genes were 
upregulated in the JcSEP3-overexpressing transgenic plants 
(Fig. 5e and Supplementary Table S6), but had no changes 
in the JcSEP3-RNAi transgenic plants except JcGA2ox8 
(Supplementary Table S6). These results showed that genes 
related to anther and pollen development and various phy-
tohormone metabolic and singling pathways may participate 
in the regulation of male flower development in Jatropha.

We validated the expression profiles of the 31 DEGs 
described above that may be involved in flower organ devel-
opment and various phytohormone metabolic and signaling 
pathways in Jatropha using qRT-PCR (Supplementary Fig. 
S2). These genes include Jc4CL3, JcABCG1, JcACOS5, 
JcAGL6, JcbHLH91, JcCALS5, JcCEP1, JcCYP703A2, 
JcCYP704B1, JcLAP3, JcMDIS1, JcMSL8, JcPKSA, 
JcPKSB, JcQRT3, JcSVP, and JcTKPR2 that are involved 
in flower organ development; CHALCONE SYNTHASE 
(JcCHS), CYTOKININ OXIDASE/DEHYDROGENASE 1 
(JcCKX1), GA 20-oxidase2 (JcGA20OX2), JcGA2OX8, ISO-
PENTENYLTRANSFERASE 1 (JcIPT1), JcIPT5, JcIWS1, 
JcLTP12, and JcTA1 that are involved in phytohormone 
metabolic and signaling pathways; and JcAMS, Jc003491 
(an ortholog of Arabidopsis AT3G23770), JcMS1, JcMYB35, 
and JcMYB80 that are involved in flower organ develop-
ment and phytohormone metabolic and signaling pathways. 
The results showed that their expression patterns measured 
by qRT-PCR and RNA-Seq methods are consistent (Fig. 5f 
and Supplementary Fig. S2), implying that our results of 
the transcriptome analysis are reliable.

Fig. 2  Phenotypes of wild-type (WT), JcSEP3-overexpressing and 
JcSEP3-RNAi transgenic plants. a, b Relative expression levels of 
JcSEP3 in the JcSEP3-overexpressing and JcSEP3-RNAi transgenic 
plants, respectively. L1, L51, L55, L61, and L91 represent different 
JcSEP3-overexpressing transgenic lines; L2, L6, L8, L9, and L15 
represent different JcSEP3-RNAi transgenic lines. Multiple inflores-
cence buds (approximately 0.4  cm in diameter) of the same plants 
from 2-year-old WT, the JcSEP3-overexpressing and JcSEP3-RNAi 
transgenic plants were collected for qRT-PCR validation. The qRT-
PCR results were obtained from three independent biological repli-
cates per sample. Amplification levels were normalized using the 
amplified products of the JcGAPDH gene. **  P < 0.01 level and  
* P < 0.05 level were determined by one-way ANOVA. Error bars 
represent standard errors (SE) (n = 3). c, d and e Inflorescences of 
WT, JcSEP3-overexpressing, and JcSEP3-RNAi transgenic plants. 
Here, “♂” indicates male flowers and “♀” indicates female flowers. 
Bars represent 1.0 cm. f and i Male flowers of WT. g, j Male flowers 
of the JcSEP3-overexpressing transgenic plants. h, k Male flowers of 
the JcSEP3-RNAi transgenic plants. l, p Female flowers of WT. m, 
q Young bisexual flowers of the JcSEP3-overexpressing transgenic 
plants. n, r Opened bisexual flowers of the JcSEP3-overexpressing 
transgenic plants. o, s Female flowers of the JcSEP3-RNAi transgenic 
plants. Bars = 1.0 mm

◂
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Discussion

JcSEP3 gene regulates the development of male 
floral organs in Jatropha

The SEP genes play central roles in development of floral 
organs and floral meristems (Pelaz et al. 2000; Ditta et al. 
2004; Malcomber and Kellogg 2005; Immink et al. 2009). 
In Arabidopsis, SEP3 is required for protein–protein 
interaction driving multimerization with other MADS-
box transcription factors (Immink et al. 2009; Smaczniak 
et al. 2012). In several species, overexpression of SEP 
genes promotes flowering (Pelaz et al. 2001; Malcomber 
and Kellogg 2005; Zhang et al. 2017; Pu et al. 2020). In 
Jatropha, however, the JcSEP3-overexpressing transgenic 
plants have no obvious early flowering phenotype, but dis-
play abnormal male floral organs, suggesting that JcSEP3 
has a novel function in the regulation of floral organ devel-
opment. The JcmiR172-overexpressing or JcLFY co-sup-
pressing plants displayed abnormal floral organs, concomi-
tant with downregulation of floral organ identity genes, 
such as JcAP1, JcAP2, JcAP3, JcAG, JcSEP1, JcSEP2, 
and JcSEP3 (Tang et al. 2016). Hui et al. (2017) reported 
that JcSEP3 gene plays a key role in male floral initiation 

in Jatropha. These results showed that JcSEP genes are 
essential in Jatropha flower development. In Arabidopsis, 
aspen and Phalaenopsis orchid, suppression of single SEP 
gene causes subtle phenotype changes (Pelaz et al. 2000; 
Cseke et al. 2005; Pan et al. 2014b), which is like the 
phenotype of the JcSEP3-RNAi transgenic plants (Fig. 2). 
However, we indeed monitored a major number of differ-
entially expressed genes in the JcSEP3i_WT pair (Fig. 4c, 
d and Supplementary Tables S2 and S3), which could 
be considered as a “molecular phenotype” of knocking 
down JcSEP3, although there is no obvious morphologi-
cal change in the JcSEP3-RNAi transgenic plants. These 
results imply that functional redundancy of SEP genes may 
be widely present in plants.

Genes related to anther and pollen development are 
induced by overexpressing JcSEP3

In Arabidopsis, AMS, bHLH091, CEP1, CYP703A2, MS1, 
MYB35, and MYB80 are involved in pollen development 
and tapetal PCD pathways (Ye et al. 2010; Xu et al. 2014; 
Zhang et al. 2014; Zhu et al. 2015; Xiong et al. 2016). 
The nutrients, metabolites, and sporopollenin precursors 
for pollen development come from tapetal PCD, and thus, 

Fig. 3  Phenotypic comparison 
of male flowers between WT 
and the JcSEP3-overexpressing 
transgenic plants. a, b Intact 
and dissected young male 
flower buds of WT (above) and 
the JcSEP3-overexpressing 
transgenic plants (below). c, 
d Intact and dissected anthers 
of male flower buds in WT. 
f, g Intact and dissected 
anthers of male flower buds 
in the JcSEP3-overexpressing 
transgenic plants. e, h Pollen 
of male flower buds of WT and 
the JcSEP3-overexpressing 
transgenic plants. i, j Intact and 
dissected open male flowers of 
WT and the JcSEP3-overex-
pressing transgenic plants. k, l 
Intact and dissected anthers of 
male flowers in WT. n, o Intact 
and dissected anthers of male 
flowers in the JcSEP3-overex-
pressing transgenic plants. m, 
p Pollen of male flowers of WT 
and the JcSEP3-overexpressing 
transgenic plants. q, r Dis-
sected male flowers of WT and 
the JcSEP3-overexpressing 
transgenic plants. Bars = 1.0 cm 
(a, b, i, j, q, r) and 1.0 mm 
(c–h, k–p)
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Fig. 4  Clustering and GO annotation of JcSEPs and differentially 
expressed genes among the two transgenic plants and WT. a Cluster-
ing of JcSEP genes in the JcSEP3-overexpressing transgenic plants 
and WT plants. b Clustering of JcSEP genes in the JcSEP3-RNAi 
transgenic plants and WT plants. WT_rep1-5, JcSEP3O_rep1-3, and 
JcSEP3i_rep1-3 indicate inflorescence bud samples of WT, JcSEP3-
overexpressing, and JcSEP3-RNAi transgenic plants, respectively. 
The colored bar from red to blue indicates upregulated and down-
regulated expression of genes in each pair; dark colors represent high 
fold changes and light colors represent low fold changes; the num-
ber in each color cell indicates the corresponding expression value. 

c Venn diagram of DEGs from the JcSEP3O_WT and JcSEP3i_WT 
pairs. d Clustering of co-regulated genes in inflorescences between 
the JcSEP3-overexpressing transgenic plants and WT, and the 
JcSEP3-RNAi transgenic plants and WT. e GO analysis of DEGs 
between the JcSEP3-overexpressing transgenic plants and WT, and 
the JcSEP3-RNAi transgenic plants and WT. The percentage refers 
to the number of DEGs in each GO term divided by the number of all 
DEGs. JcSEP3O_WT pair indicates the pairwise comparison between 
inflorescences of the JcSEP3-overexpressing transgenic plants and 
WT; JcSEP3i_WT pair indicates the pairwise comparison between 
inflorescences of JcSEP3-RNAi transgenic plants and WT
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Fig. 5  Expression levels of genes related to stamen development and 
BR and GA signaling pathways in the JcSEP3-overexpressing trans-
genic and WT plants. a Expression levels of genes related to pollen 
development and tapetal programmed cell death pathways. b Expres-
sion levels of genes related to pollen wall development. c Expression 
levels of genes related to pollen germination. d Expression levels of 

genes related to pollen exine formation. e Expression levels of genes 
related to BR and GA signaling pathways. f Correlation analysis 
gene transcription between the RNA-Seq and qRT-PCR methods. 
JcSEP3O indicates the JcSEP3-overexpressing transgenic plant. FC, 
fold change
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the timing of tapetal PCD is vital for pollen development 
(Kurusu et al. 2017). In the JcSEP3-overexpressing trans-
genic plants, JcAMS, JcbHLH091, JcCEP1, JcCYP703A2, 
JcMS1, JcMYB35, and JcMYB80 are upregulated (Fig. 5a), 
although having no changes in the JcSEP3-RNAi transgenic 
plants (Supplementary Table S5), suggesting that there are 
also similar pollen development and tapetal PCD pathways 
in Jatropha. The upregulated expression of these genes 
may result in premature tapetal PCD, which causes defi-
cient anthers and pollen in the JcSEP3-overexpressing trans-
genic plants (Figs. 2, 3). 4CL3, ABCG1, CalS5, KNS4, and 
QRT3 are involved in anther, pollen, and pollen wall devel-
opment in Arabidopsis (Rhee et al. 2003; Dong et al. 2005; 
Dobritsa et al. 2011; Yadav et al. 2014; Li et al. 2015b). 
JcABCG1, JcCalS5, and JcKNS4 are upregulated in the 
JcSEP3-overexpressing transgenic plants; whereas Jc4CL3 
and JcQRT3 upregulated in both the JcSEP3-overexpressing 
and JcSEP3-RNAi transgenic plants (Fig. 5b and Supple-
mentary Table S5), suggesting that JcABCG1, JcCalS5, and 
JcKNS4 may have more important roles in anther and pollen 
development than Jc4CL3 and JcQRT3 in Jatropha. MDIS1, 
MSL8, MYB101, PMT1, and TOD1 have function in pol-
len germination and pollen tube reception in Arabidopsis 
(Liang et al. 2013; Chen et al. 2015; Hamilton et al. 2015; 
Hamilton and Haswell 2016; Wang et al. 2016). JcMDIS1, 
JcMSL8, JcMYB101, JcPMT1, and JcTOD1 are upregulated 
in the JcSEP3-overexpressing transgenic plants (Fig. 5c); 
and only JcTOD1 is upregulated in the JcSEP3-RNAi trans-
genic plants. These results suggest that these genes may 
have similar functions in pollen germination in Jatropha 
and Arabidopsis. Moreover, these genes are induced at the 
initial stage of pollen development in the JcSEP3-overex-
pressing transgenic plants, which might affect normal pollen 
maturation. These results indicate that JcSEP3 may directly 
or indirectly mediate stamen development by regulating the 
expression of these genes in Jatropha (Fig. 6).

BR and GA participate in stamen development

In Arabidopsis, BR influences filament elongation, pollen 
tube growth, microspore mother cell development, micro-
spore and tapetal development, and pollen wall formation 
by negatively regulating the expression of anther and pollen 
development genes, such as AMS, MS1, MYB80, SPL/NZZ, 
MYB35, and AT3G23770 (Ye et al. 2010). In the JcSEP3-
overexpressing transgenic plants, JcAMS, JcMS1, JcMYB80, 
JcMYB35, JcLTP12, JcTA1, and Jc003491 are upregulated 
(Fig. 5a, e and Supplementary Tables S5 and S6), while 
have no changes in the JcSEP3-RNAi transgenic plants, 
suggesting that BR pathway may play similar roles in the 
stamen development of Jatropha (Fig. 6). GABR partici-
pates in tapetum, pollen, pollen tube, and stamen filament 
development as well as exine formation and tapetal PCD 

(Cheng et al. 2004, 2009; Kurusu et al. 2017). GA synthe-
sis and degradation are mainly controlled by three oxidase 
gene families: GA20ox, GA3ox, and GA2ox (Hu et al. 2017). 
The GA20ox members produce bioactive GA precursors, 
while GA2ox members promote GA deactivation (Hirano 
et al. 2008). In the JcSEP3-overexpressing transgenic plants, 
JcGA20ox2 is upregulated and JcGA2ox8 is downregulated 
(Fig. 5e), while JcGA2ox8 is upregulated in the JcSEP3-
RNAi transgenic plants (Supplementary Table S6). This 
result suggests that GA biosynthesis is promoted and GA 
deactivation is prevented in the JcSEP3-overexpressing 
transgenic inflorescences, implying that a high GA content 
may cause abnormal anther and pollen development (Fig. 6). 
Pi et al. (2013) reported that the exogenous application of 
 GA3 induced bisexual flowers of Jatropha. Xu et al. (2016) 
reported that GA may function in the differentiation and 
development of the stamens in Jatropha. Hui et al. (2016) 
reported that GA could induce female and male flower dif-
ferentiation in Jatropha. And Hui et al. (2018) reported that 
exogenous GA could promote expression of floral homeotic 
B- (JcAP3 and JcPI) and E-class (JcSEP1-3) genes, which 
may increase floral number in Jatropha. In the JcSEP3-over-
expressing transgenic plants, a high GA content may result 
in bisexual flower formation.  GA3 promotes stamen filament 
growth in the morning glory Ipomoea nil (Kiss and Koning 
1990) and regulates cell elongation during stamen filament 
elongation in Arabidopsis (Cheng et al. 2004). Cheng et al. 
(2009) reported that GA modulates jasmonic acid pathway 
by controlling the expression of MYB21/24/57 to promote 
stamen filament growth. JcUEP:JcGA2ox6 transgenic Jat-
ropha plants display a small flower phenotype, suggest-
ing that low GA content in inflorescences may encumber 
flower growth (Hu et al. 2017). However, in the JcSEP3-
RNAi transgenic plants flower size is normal, indicating that 
upregulation of JcGA2ox8 alone cannot decrease GA content 
enough to influence flower growth.

Fig. 6  Proposed model for the role of JcSEP3 in the regulation of sta-
men development in Jatropha. The arrows indicate positive regula-
tion. BR brassinosteroid, GA gibberellin
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