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Sex differentiation of flower buds is an important developmental process that directly
affects fruit yield of cucumber (Cucumis sativus L.). Plant hormones, such as gibberellins
(GAs) and ethylene can promote development of male and female flowers, respectively,
however, the regulatory mechanisms of GA-induced male flower formation and potential
involvement of ethylene in this process still remain unknown. In this study, to unravel the
genes and gene networks involved in GA-regulated cucumber sexual development, we
performed high throughout RNA-Seq analyses that compared the transcriptomes of
shoot tips between GA3 treated and untreated gynoecious cucumber plants. Results
showed that GAz application markedly induced male flowers but decreased ethylene
production in shoot tips. Furthermore, the transcript levels of M (CSACS2) gene, ethylene
receptor CsETR7 and some ethylene-responsive transcription factors were dramatically
changed after GA3 treatment, suggesting a potential involvement of ethylene in GA-
regulated sex expression of cucumber. Interestingly, GA3 down-regulated transcript of
a C-class floral homeotic gene, CAG2, indicating that GA may also influence cucumber
sex determination through an ethylene-independent process. These results suggest a
novel model for hormone-mediated sex differentiation and provide a theoretical basis for
further dissection of the regulatory mechanism of male flower formation in cucumber.
Statement: We reveal that GA can regulate sex expression of cucumber via an
ethylene-dependent manner, and the M (CsACS2), CsETR1, and ERFs are probably
involved in this process. Moreover, CAG2, a C-class floral homeotic gene, may
also participate in GA-modulated cucumber sex determination, but this pathway is
ethylene-independent.

Keywords: cucumber, ethylene, gibberellin, sex expression, transcriptome

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylate; DEG, differentially expressed gene; DGE, digital gene
expression; FDR, false discovery rate; FID, flame ionization detector; FPKM, fragments per kilobase of transcript sequence
per millions base pairs sequenced; GA, gibberellin; GO, gene ontology; qRT-PCR, quantitative real-time PCR.
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INTRODUCTION

Cucumber (Cucumis sativus L.) is a typical monoecious plant
with distinct male and female flowers, and has been served as a
model system for studying physiological and molecular aspects
of sex determination in plants (Malepszy and Niemirowicz-
Szezytt, 1991; Bai and Xu, 2013). During the early stages of
cucumber flower development, both stamen primordia and
carpel primordia are initiated, however, sex differentiation occurs
just after the hermaphroditic stage, subsequently, female or
male flower is formed and developed through the selective
developmental arrest of stamen or carpel, respectively (Bai et al.,
2004).

Sex differentiation in cucumber is mainly determined by F,
M, and A genes. Among them, F (CsACSIG) and M (CsACS2)
genes encoding two ACC synthases (key enzymes in ethylene
biosynthetic pathway) govern female sex expression in cucumber,
and the F gene promotes female flower development (Trebitsh
etal., 1997; Mibus and Tatlioglu, 2004; Knopf and Trebitsh, 2006),
while the M gene inhibits stamen development in flower buds
(Yamasaki et al., 2001, 2003; Saito et al., 2007; Li et al., 2009, 2012).
In contrast, the A gene inhibits female flower development and
facilitates male flower formation (Pierce and Wehner, 1990). The
interaction of F, M, and A genes eventually determines various
sexual phenotypes of cucumber.

In addition to genetic control, sex expression of cucumber
can be affected by phytohormones, such as ethylene and GAs.
Particularly, ethylene is considered as a potent sex hormone in
cucumber that can induce formation of female flowers (Malepszy
and Niemirowicz-Szczytt, 1991). Ethylene content in shoot tip
of gynoecious cucumber is higher than that of monoecious
plant (Rudich et al., 1972; Fujita and Fujieda, 1981; Trebitsh
et al., 1987). Treatment with exogenous ethylene or ethylene-
releasing reagent can increase the numbers of female and
bisexual flowers in monoecious and andromonoecious lines,
respectively (MacMurray and Miller, 1968; Iwahori et al., 1969).
Until now, the molecular mechanism of ethylene-regulated sex
determination of cucumber has been well understood. Except
for the F and M genes, other ethylene biosynthetic genes, such
as CSACO2 and CSACO3, which encode ACC oxidases, are also
involved in sex expression of cucumber, but the transcript levels
of CSACO2 and CSACO3 in the shoot tips show a negative
correlation with femaleness, indicating an existence of a feedback
inhibition mechanism underlying such correlation (Kahana et al.,
1999). Overexpression of CsACO2, driven by the AP3 promoter,
can arrest the stamen development by inducing chromatin
condensation in Arabidopsis (Hao et al., 2003; Duan et al., 2008).
Moreover, an ethylene receptor, CsETR1, has been demonstrated
to play a key role in stamen arrest in female cucumber flowers
through induction of DNA damage (Wang et al., 2010).

Gibberellins, one class of tetracyclic diterpenoid
phytohormones, can promote the male tendency in cucumber.
GA production in andromonoecious cucumber in higher than
that in gynoecious and monoecious plants (Hemphill et al,
1972). Exogenous GAj3 application can increase the ratio of
maleness to femaleness in monoecious cucumber and induce
the formation of male flowers in gynoecious plants (Wittwer

and Bukovac, 1962; Pike and Peterson, 1969). In addition, GA
signaling pathway is involved in stamen and anther development
in hermaphroditic plants, such as Arabidopsis and rice (Oryza
sativa) (Cheng et al., 2004; Fleet and Sun, 2005; Aya et al., 2009;
Sun, 2010, 2011; Plackett et al., 2011; Song et al., 2013). In this
pathway, GA first binds with GIDI receptor and promotes the
interaction between GID1 and DELLA proteins (repressors of
GA signaling), leading to a rapid degradation of DELLA proteins
by an ubiquitin-proteasome pathway, and the proteolysis of
DELLA proteins releases their inhibitory effect on GA action
and allows plant growth and development (Fleet and Sun,
2005; Murase et al., 2008; Harberd et al., 2009; Sun, 2010, 2011;
Plackett et al,, 2014). GAMYB is a positive regulator in GA
signaling pathway and acts as an important downstream gene
of DELLA proteins (Olszewski et al., 2002; Achard et al., 2004;
Fleet and Sun, 2005). GA can induce GAMYB transcript through
degradation of DELLA proteins, resulting in an enhanced
flowering and anther development (Achard et al., 2004). In our
previous studies, we identified two GA signaling genes, CsGAIP
and CsGAMYBI, which belong to DELLA and GAMYB family,
respectively. Both of them were predominantly expressed in
the male specific organs during cucumber flower development.
CsGAIP can inhibit stamen development through transcriptional
repression of B class floral homeotic genes APETALA3 (AP3) and
PISTILLATA (PI) in Arabidopsis (Zhang et al., 2014a). However,
whether CsGAIP is involved in GA-regulated sex determination
in cucumber flowers is still unknown. Notably, CsGAMYBI
can also mediate sex expression of cucumber. Knockdown of
CsGAMYBI in cucumber results in decreased ratio of nodes
with male to female flowers (Zhang et al., 2014b). Despite the
current knowledge of GA-regulated sex expression of cucumber,
the precise regulatory pathway in this complex process remains
elusive.

Although both ethylene and GA can mediate sex expression
of cucumber, their regulatory functions appear to be opposite.
Atsmon and Tabbak (1979) interpreted that the GA-regulated sex
differentiation has no effect on ethylene production, and there
is a balance in the content of ethylene and GA in controlling
the sex expression of cucumber. However, Yin and Quinn
(1995) proposed a “one-hormone hypothesis” which posited that
ethylene plays a dominant role in cucumber sex determination
and GA may regulate the maleness through inhibiting ethylene
production. However, our previous studies demonstrated that
GA-CsGAMYBI signaling could regulate sex differentiation in
cucumber through an ethylene-independent process (Zhang
et al., 2014b). Therefore, a potential crosstalk between GA and
ethylene pathways that determine sex expression in cucumber
still remains unclear.

Besides, members of the MADS-box gene family can also
regulate the sexual development in cucumber. AGAMOUS (AG),
the C-class floral homeotic gene, specifies stamen and carpel
identity (Lohmann and Weigel, 2002). There are three AG
homologs in cucumber, CAG1, CAG2, and CAG3, in which CAGI
and CAG3 are expressed in both stamen and carpel, while CAG2
is particularly restricted to the carpel. However, the expression
levels of these three genes do not appear to be mediated by
ethylene and GA (Kater et al., 1998; Perl-Treves et al.,, 1998).
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Moreover, ERAF17, an another MADS-box gene, can be induced
by ethylene and may be involved in female flowers formation in
cucumber (Ando et al., 2001).

In our study, in order to understand the genes and gene
networks that may be involved in GA-modulated cucumber
sex determination, we performed RNA-Seq analyses to compare
the transcriptomes of shoot apices between GAj-treated and
control gynoecious cucumber plants. GA3z application induced
male flowers but reduced ethylene production in the shoot apices.
Notably, GA-regulated sex differentiation was associated with
the changes in transcript levels of M (CsACS2) gene, ethylene
receptor ETRI, ethylene-responsive transcription factors, and
CAG2 (a C-class floral homeotic gene), suggesting a potential
involvement of both ethylene-dependent and -independent
processes in GA-mediated cucumber sexual development. Thus,
our results built a foundation for dissecting the molecular
mechanism of male flower development in cucumber.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

A gynoecious cucumber (C. sativus L.) line 13-3B was used in
this study. The seeds were germinated on wet filter paper in a
Petri dish at 28°C in dark overnight. Then the resulting seedlings
were grown in a growth chamber under 16 h/8 h with 25°C/18°C
in day/night, respectively. Upon two true-leaf stage, plants were
transferred to a greenhouse in the experimental field of the
Northwest A&F University. Pest control and water management
were carried out according to standard practices.

Exogenous GA3; Treatment

For male flowers induction in the gynoecious cucumber 13-3B,
1000 ppm GAj (dissolved in 0.1% ethanol) or deionized water
with 0.1% ethanol (Control) were applied by foliar spray for three
times at 7 day intervals, starting when the first true leaf was
approximately 2.5 cm in diameter. The sex of the flowers on each
node of the main stem was recorded until anthesis of flowers on
node 25.

In addition, ethylene production in shoot apices was measured
after 7 days of the third GAjz treatment. And the RNA-Seq
analyses were performed in shoot apices from the cucumber
plants firstly treated with GA3 for 6 h, 12 h and the Control,
respectively. GA3 was acquired from Sigma-Aldrich Chemical
Co. (Shanghai, China).

Quantification of Ethylene

The ethylene production was measured by gas chromatography
as described previously with some modifications (Zhang et al,,
2014b). In brief, the excised shoot apices from cucumber plants
treated with exogenous GA3 and the Control were enclosed in
10 mL vessels after weighing and sealed with rubber stoppers.
After incubation at 25°C for 16 h, 1 mL of head gas was
withdrawn from each vessel using a syringe and injected into
a gas chromatograph (GC-9A, Shimadzu, Japan) equipped with
a hydrogen FID and an activated alumina column for the
measurement of ethylene production. Standard ethylene gas was

used for calibrating the instrument. Amount of ethylene was
calculated per 1 g fresh weight and per hour.

RNA Extraction and Quality Test

The shoot apices from the gynoecious cucumber plants were
collected at 6 and 12 h after the first treatment with GA3 and the
Control. Samples were immediately frozen in liquid nitrogen and
stored at —80°C for RNA-Seq analyses. Total RNA was isolated
using the RNA extraction kit (Promega, USA). RNA was checked
by RNase-free agarose gel electrophoresis to avoid possible
degradation and contamination, and then examined using
the NanoPhotometer spectrophotometer (IMPLEN, Westlake
Village, CA, USA) for RNA purity. RNA concentration and
integrity were measured and assessed using the Qubit RNA
Assay Kit in Qubit 2.0 Flurometer (Life Technologies, Carlsbad,
CA, USA) and RNA Nano 6000 Assay Kit of the Bioanalyzer
2100 system (Agilent Technologies, Santa Clara, CA, USA),
respectively.

Digital Gene Expression (DGE) Library

Construction and Sequencing

Digital gene expression libraries were constructed using the
NEBNext Ultra Directional RNA Library Prep Kit for Illumina
(NEB, Ispawich, USA) following instructions of manufacturer
and six index codes were added to attribute sequences to
various samples (Wang et al., 2009). Briefly, poly (A) mRNA
was isolated from 3 pg total RNA using oligo-dT magnetic
beads (Life Technologies, Carlsbad, CA, USA), and then broken
into short fragments by adding fragmentation buffer. First-
strand cDNA was synthesized using random hexamer-primed
reverse transcription, followed by the synthesis of the second-
strand cDNA using RNase H and DNA polymerase 1. After
adenylation of the 3’ ends of cDNA fragments, NEBNext adapter
oligonucleotides were ligated to prepare for hybridization, and
then the ¢cDNA fragments were purified using AMPure XP
system (Beckman Coulter, Beverly, MA, USA) to select the
fragments of preferentially 150-200 bp in length. The size-
selected, adaptor-ligated cDNA fragments were enriched using
Phusion High-Fidelity DNA polymerase, Universal PCR primers
and Index Primer in the PCR reaction. PCR products were
purified with AMPure XP system and library quality was assessed
using the Agilent Bioanalyzer 2100 system. At last, the cDNA
libraries were sequenced on an Illumina HiSeq 4000 platform
using the paired-end technology by Novogene Co. (Beijing,
China).

Bioinformatics Analysis of DGE Data

Raw reads were pre-processed to remove low quality sequences
(there were more than 50% bases with quality lower than 20
in one sequence), reads with more than 5% N bases (bases
unknown) and reads containing adaptor sequences. Then the
clean reads were mapped to the cucumber genome (Chinese
long) v2' using TopHat (Huang et al., 2009; Trapnell et al,
2009), allowing up to one mismatch. Unigenes mapped by at

'http://www.icugi.org/
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least one read, in at least one sample, were identified for further
analysis.

In this study, samples from three treatments (GA 6 h, GA
12 h, and Control) were prepared for genome-wide expression
analyses. Two biological replicates were performed for each
treatment, and thus six DGE libraries were sequenced. 44.28—
60.29 million raw reads from each library were generated. After
removal of low-quality tags and adapter sequences, 42.31-57.63
million high-quality clean reads with a total of 6.35-8.64G bases
were obtained. Among these clean reads, the percentage of Q20
(base quality more than 20) and GC was 97.28-97.52% and
43.46-43.63%, respectively (Table 1). Furthermore, we clustered
these clean reads into unique tags, which were mapped to the
cucumber genome using TopHat (Huang et al., 2009; Trapnell
et al.,, 2009). About 36.28-49.30 million clean reads (85.21-
85.74% of total clean reads) from RNA-Seq data in the six libraries
were mapped uniquely to the cucumber genome (Table 1).

The R package edgeR used to identify the DGEs (Robinson
et al.,, 2010). The expression level of each gene was calculated
and normalized to FPKM. The FDR was used to determine the
threshold of the P-value in multiple tests. In our study, the
FDR < 0.05 and fold change > 2 were used as significance cut-offs
of the expression differences.

Furthermore, GO enrichment analysis of DGEs was
performed using the GOseq R package (Young et al., 2010).
GO terms with corrected P-value < 0.05 were considered
significantly enriched by differential expressed genes.

Quantitative Real-Time PCR (qQRT-PCR)

Validation

Quantitative Real-Time PCR analyses were performed using the
independent cucumber shoot apices in the same time point
of GAj3 application as those used for RNA-Seq. Total RNA
was isolated using the RNA extraction kit (Promega, USA),
and cDNA was synthesized using the PrimeScript RT reagent
Kit (TaKaRa, China). qRT-PCR was carried out using SYBR
Premix Ex Taq (TaKaRa, China) on an ABI 7500 Real-Time PCR
System (Applied Biosystems, USA). The cucumber a-TUBULIN
(TUA) gene was used as an internal control in analyzing gene
expression. Three biological replicates were performed for each
experiment. The gene specific primers for qRT-PCR are listed in
Supplementary Table S5.

RESULTS

Exogenous GA; Induces Male Flowers
Formation and Inhibits Ethylene

Production in Gynoecious Cucumber

To verify the effect of GA on sex expression of cucumber, a
gynoecious cucumber line 13-3B was treated with GA3 and the
sex of flowers on each node was recorded until anthesis of the
flowers on node 25 of the main stems. As shown in Figure 1,
there were no male flower nodes in the control plants, however,
GAj; treatment induced male flowers in the gynoecious cucumber
line (Figure 1A), accounting for 51.2% of nodes with male

flowers (Figure 1B). Interestingly, formation of male flowers
occurred mainly at the lower node positions as compared with
the location of female flowers on the main stems (Figure 1A).
These observations suggested that exogenous GA can promote
male flowers formation in cucumber.

It is well known that ethylene can also control sex
determination of cucumber (Malepszy and Niemirowicz-Szczytt,
1991; Bai and Xu, 2013). To assess potential involvement
of ethylene in GA-regulated sex expression of cucumber,
ethylene production in the shoot apices was measured in
GAj-treated and control plants. As shown in Figure 1C,
ethylene production was significantly decreased after GAj
treatment, suggesting that ethylene might function as a
negative factor in GA-regulated male flower formation in
cucumber.

Identification of Differentially Expressed
Genes (DEGs) in Shoot Apices from the
Gynoecious Cucumber Plants Treated
with GA3; and the Control

To identify the genes and gene networks that are involved in GA-
regulated cucumber sex expression, the genome-wide expression
analyses were performed to compare the transcriptome profiles
of the shoot apices between the gynoecious cucumber plants
treated with GAj for different time points (6 and 12 h) and
the Control through the digital gene expression (DGE) approach
(Eveland et al., 2010). Based on deep sequencing, 23,911 unigenes
were collected in six libraries. Using fold change > 2 and
FDR < 0.05 as the significance cut-offs, we identified 1073 DEGs
including 727 up-regulated genes and 346 down-regulated genes
after GA3 treatment for 6 h compared with the Control. And
we also found that 1590 genes were differentially expressed, in
which 765 genes were up-regulated and 825 genes were down-
regulated after GA3 treatment for 12 h (Figure 2; Supplementary
Tables S1 and S2). Moreover, 594 DEGs containing 303 up-
regulated genes (Figure 2A) and 291 down-regulated genes
(Figure 2B) were shared in the two sets of transcriptome
comparisons.

Verification of RNA-Seq Data by

Quantitative Real Time RT-PCR Analyses

To validate the DEGs identified by RNA-Seq, we performed
quantitative real time RT-PCR (qRT-PCR) assays using the
independent cucumber shoot apices in the same time point after
GAj; treatment as those used for RNA-Seq analysis. Twenty DEGs
were randomly chosen for qRT-PCR analyses, in which 10 genes
including five up-regulated genes and five down-regulated genes
were from the set of GA 6 h vs. Control, and the other 10
genes containing five up-regulated genes and five down-regulated
genes were from the set of GA 12 h vs. Control. As shown in
Figure 3, all the 20 genes showed the similar expression patterns
in the qQRT-PCR analyses as those in the RNA-Seq data, although
the particular values of fold-change were different. The Pearson
correlation coefficient between qRT-PCR and RNA-Seq data was
0.975 (P = 3.5E—13), indicating that the RNA-Seq results were
highly reliable.
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TABLE 1 | Summary of the transcriptome assembly.

Samples Control_rep1 Control _rep2 GA 6 h_rep1 GA 6 h_rep2 GA 12 h_rep1 GA 12 h_rep2
Raw reads 50,991,998 56,788,784 60,288,014 58,393,488 44,280,996 52,072,848
Clean reads (%) 48,705,848 54,275,188 57,631,340 55,720,738 42,311,862 49,993,570
(95.52) (95.57) (95.59) (95.42) (95.55) (96.01)
Clean bases 7.31G 8.14G 8.64G 8.36G 6.35G 7.50G
Q20 (%) 97.52 97.42 97.38 97.43 97.28 97.36
GC (%) 43.63 43.60 43.51 43.53 43.46 43.54
Mapped clean 42,119,358 46,783,558 49,881,555 48,281,412 36,728,637 43,283,227
reads (%) (86.48) (86.20) (86.55) (86.65) (86.80) (86.58)
Unique mapped 41,622,535 46,245,871 49,302,733 47,674,994 36,276,717 42,766,514
clean reads (%) (85.46) (85.21) (85.55) (85.56) (85.74) (85.54)
A B
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FIGURE 1 | Effects of exogenous GA3 on sex expression and ethylene production in gynoecious cucumber. (A) Sex expression of the flowers on the first
25 nodes of the main stems in gynoecious cucumber plants treated with deionized water (with 0.1% ethanol) (Control) or 1000 ppm GAg. The black and white
circles represent female and male flowers, respectively. Lower nodes without circle indicate the vegetative nodes. (B) The percentage of the nodes with female or
male flowers up to the 25th node on the main stems of the Control and GAg treatment lines. Values are the means + SE from six independent plants.

(C) Quantification of ethylene released from shoot tips in gynoecious cucumber plants at 7 days after treatment with GAz and the Control. Six biological replicates
were performed for this experiment. Vertical bars represent the standard errors. The asterisk indicates the significant difference (P < 0.01) between the Control and

The M Gene Is Involved in GA-Regulated

Sex Differentiation of Cucumber

Given that ethylene production was significantly decreased in
the cucumber plants treated with GA3 (Figure 1C), we screened
the ethylene biosynthetic genes in the DGEs. We found that the
transcript of M (CsACS2) gene encoding an ACC synthase was
inhibited in both sets of transcriptome comparisons (GA 6 h vs.
Control and GA 12 h vs. Control) (Table 2), and the qRT-PCR
verification displayed the same expression pattern (Figure 3).
Since the M gene is believed to inhibit stamen development in

flower buds (Saito et al., 2007; Li et al., 2009, 2012), we speculated
that GA might release the inhibitory effect of the M gene and
allow male flowers to develop in cucumber.

In addition, another two ethylene biosynthetic genes, CsACO1
and CsACO3 which encode two ACC oxidases, were also
differently expressed in the shoot apices after GA3 treatment.
CsACO3 expression was dramatically down-regulated in the set
of GA 12 h vs. Control, but not changed in GA 6 h vs. Control.
However, there was an increase in the transcript level of CsACO1
in both GA 6 h vs. Control and GA 12 h vs. Control, but the
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GA 12h vs Control

Up-regulated genes

GA 6h vs Control

GA 12h vs Control

GA 6h vs Control

Down-regulated genes

FIGURE 2 | Venn diagrams of DEGs that were significantly upregulated (A) or downregulated (B) after 6 or 12 h of GA3 treatment.
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FIGURE 3 | qRT-PCR validation of DEGs identified by RNA-Seq. Twenty DEGs including ten up-regulated genes and ten down-regulated genes from the two
sets of transcriptome comparisons (GA 6 h vs. Control and GA 12 h vs. Control) were randomly selected for gRT-PCR confirmation. The blue and red bars represent
RNA-Seq and gRT-PCR data, respectively. The cucumber TUA gene was used as an internal control, and these experiments were repeated with three biological
samples. Error bars indicate the standard errors.
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TABLE 2 | List of differentially expressed ethylene biosynthetic genes identified by RNA-Seq in the shoot apices of GA3 treatment plants and the Control.

Gene ID Gene annotation Fold change (GA 6 h/Control) FDR Fold change (GA 12 h/Control) FDR
Csa1M580750 M (CsACS2, ACC Synthase 2) —8.53 5.33E-23 —12.47 9.94E—-22
CsabM160180 CsACOT1 (ACC Oxidase 1) 2.24 1.25E-06 2.56 5.59E-05
CsabM421630 CsACO3 (ACC Oxidase 2) / / —2.07 6.92E—-04
The oblique line represents that the gene expression has no change in GA 6 h vs. Control.
-Log10 (Corrected P-value)
0 0.5 1 1.5 2 25
cellular carbohydrate biosynthetic process I
m BP
cellular carbohydrate metabolic process [N MF

oxidoreductase activity, acting on paired donors
heme binding

tetrapyrrole binding

iron ion binding

sequence-specific DNA binding transcription factor activity

FIGURE 4 | Gene ontology (GO) terms that were significantly enriched in the DEGs after 6 h of GAz treatment. GO terms belong to biological processes
(BP) and molecular functions (MFs) were shown in blue and green, respectively. GO terms were sorted based on corrected P-value, and the corrected

P-value < 0.05 was used as the significance cut-off.

fold change was lower than that of M gene (Table 2). These
results suggested that the decreased transcript levels of M and
CsACO3 might inhibit ethylene biosynthesis in the cucumber
plants treated with GAj3. Nonetheless, an increased expression of
CsACOLI following GAj3 treatment was insufficient to rescue the
effect of M and CsACO3 on ethylene production.

The Ethylene-Responsive Transcription
Factors and Ethylene Receptor CSETR1
Participate in GA-Modulated Cucumber

Sex Expression

To further understand the potential functions of DEGs
identified by DGE, GO term enrichment analyses (Corrected
P-value < 0.05) were carried out in both sets of RNA-Seq data.
We found that the DEGs were markedly enriched in biological
process and molecular function (MF) groups. For the biological
process category, the most significantly enriched GO terms
were “cellular carbohydrate biosynthetic process” (P = 1.1E—02)
and “regulation of cellular macromolecule biosynthetic process”
(P = 5.8E—04) in GA 6 h vs. Control and GA 12 h vs. Control
groups, respectively (Figures 4 and 5). While five GO terms
including “oxidoreductase activity, acting on paired donors”
(P = 1.1E—02), heme binding (P = 1.1E—02), tetrapyrrole
binding (P = 1.5E—02), iron ion binding (P = 2.5E—02), and
“sequence-specific DNA binding transcription factor activity”

(P = 4.6E—02) in the set of GA 6 h vs. Control (Figure 4)
and two terms containing “sequence-specific DNA binding
transcription factor activity” (P = 2.2E—03) and “DNA binding”
(P = 1.1E—02) in the GA 12 h vs. Control group (Figure 5)
were detected in the MF category. Furthermore, the transcription
factors were dramatically enriched in the DGEs in both sets
of data. Accordingly, many ethylene-responsive transcription
factors (ERFs) including four in GA 6 h vs. Control (Table 3
and Supplementary Table S3) and nine in GA 12 h vs. Control
(Table 4 and Supplementary Table S4) were identified to be
down-regulated, consistent with the reduced ethylene production
(Figure 1C). Among them, three genes, ERF43 (Csa3M895680)
and CRF2s (Csa5M139630 and Csa4M051360), were shared in
the two sets. These observations indicated that ERFs may be
implicated in cucumber sex expression. Because the ERFs act
as positive regulators in ethylene signal transduction pathway
(Wang et al, 2002; Guo and Ecker, 2004; Prescott et al,
2016; Zhang et al., 2016), we speculated that the decreased
ethylene production inhibited the expression of ERFs, followed by
modulated sexual development in cucumber plants treated with
GA;.

Interestingly, we also noticed that an ethylene receptor,
CsETRI, was enriched in the GO term of “DNA binding”
(Figure 5), and its expression was increased by 2.12-fold in
shoot apices after GAj; treatment for 12 h (Table 4 and
Supplementary Table S4), but not changed in GA 6 h vs. Control
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FIGURE 5 | Gene ontology terms that were significantly enriched in the DEGs after 12 h of GAgz treatment. GO terms belong to BP and MFs were shown
in blue and green, respectively. GO terms were sorted based on corrected P-value, and the corrected P-value < 0.05 was used as the significance cut-off.
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TABLE 3 | List of selected ethylene signaling factors in the DEGs with enriched GO terms after GA3 treatment for 6 h.

Gene ID Gene annotation Fold change (GA 6 h/Control) FDR
Sequence-specific DNA binding transcription factor activity

Csa3M895680 ERFA43 (Ethylene-responsive transcription factor ERF043) —-2.93 1.08E—-16
CsabM 139630 CRF2 (Ethylene-responsive transcription factor CRF2) —2.51 1.89E—-02
Csa4M051360 CRF2 (Ethylene-responsive transcription factor CRF2) —-2.28 2.66E—-02
CsabM 151530 CRF4 (Ethylene-responsive transcription factor CRF4) —-2.12 1.14E-03

group. While the qRT-PCR verification revealed the same
expression pattern (Figure 3). ETRI is an important member
of ethylene receptors family that acts as negative regulator in
the ethylene signaling pathway (Wang et al., 2002; Guo and
Ecker, 2004; Light et al., 2016; Prescott et al., 2016). Previous
studied have confirmed that CsETRI plays a negative role in
stamen arrest during development of flower buds in cucumber
(Wang et al, 2010). In accordance with these findings, we
speculated that up-regulated CsETRI may promote male flowers
formation by alleviating stamen arrest in cucumber after GA3
treatment.

GA May Restrain the Female Tendency
via Transcriptional Inhibition on CAG2 in

Cucumber

Through GO term enrichment analyses, we further identified an
AG (C-class floral homeotic gene) homolog CAG2, which was
enriched in the “sequence-specific DNA binding transcription
factor activity” group. CAG2 is one of the three AG genes in
cucumber that controls pistil development due to its specific
expression in the carpel (Kater et al., 1998; Perl-Treves et al.,
1998). We found that the transcript level of CAG2 was
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TABLE 4 | List of selected ethylene signaling factors and AGAMOUS (AG) homolog in the DEGs with enriched GO terms after GAz treatment for 12 h.

Gene ID Gene annotation Fold change (GA 12 h/Control) FDR
equence-specific DNA binding transcription factor activity

Csa2M092800 BBM2 (AP2-like ethylene-responsive transcription factor BBM2) —00 1.86E—02
Csa2M382540 ERFO3 (Ethylene-responsive transcription factor ERFO03) —-3.44 3.98E—-02
Csa2M382550 ERFO3 (Ethylene-responsive transcription factor ERFO03) —2.08 8.55E—-05
Csa3M895680 ERF43 (Ethylene-responsive transcription factor ERFO43) -3.06 1.93E—-13
CsadM001970 RAP23 (Ethylene-responsive transcription factor RAP2-3) —-4.08 5.42E—-10
CsadM051360 CRF2 (Ethylene-responsive transcription factor CRF2) —2.44 3.40E-02
CsadM192030 RA211 (Ethylene-responsive transcription factor RAP2-11) -3.87 4.03E-02
CsadM652640 ERFO3 (Ethylene-responsive transcription factor ERFO03) —2.42 5.66E—-03
CsabM 139630 CRF2 (Ethylene-responsive transcription factor CRF2) -3.02 9.74E-03
Csa1M467100 CAG2 (Floral homeotic protein AGAMOUS 2) —23.48 7.84E-03
DNA binding

Csa2M070880 CsETR1 (Cucumber Ethylene receptor 1) 2.12 6.99E—-06

GA

/\_

Maleness Pistil development

Ethylene-independent pathway

the dotted lines represent proposed regulations.

N

FIGURE 6 | A proposed model showing GA-regulated sex expression in cucumber. GA can promote male flowers formation via ethylene-dependent (right)
and ethylene-independent (left) pathways. Arrows and T-bars indicate positive and negative effects, respectively. The solid lines define proved regulations, whereas

Stamen arrest |——  ETRI

R
N
N
N
N
N

Ethylene-dependent pathway

significantly decreased by 23.48-fold in shoot apices after 12 h of
GAj3 treatment (Table 4 and Supplementary Table S4), and the
qRT-PCR assay showed the same expression pattern (Figure 3).
Our data implied that GA may restrain the femaleness via
inhibiting the CAG2 expression in cucumber.

DISCUSSION

Sex differentiation of flower buds is an important developmental
process that directly affects the product yield in cucumber. In
addition to genetic control, sex expression can be modified by
plant hormones and environmental conditions. (Malepszy and
Niemirowicz-Szczytt, 1991). Among various plant hormones,
ethylene can induce female flowers formation (MacMurray
and Miller, 1968; Iwahori et al, 1969), and the underlying

molecular mechanism has been widely documented (Yamasaki
et al, 2001, 2003; Mibus and Tatlioglu, 2004; Knopf and
Trebitsh, 2006; Saito et al., 2007; Li et al.,, 2009, 2012; Wang
et al, 2010). GA can promote male flowers development
(Wittwer and Bukovac, 1962; Pike and Peterson, 1969),
but the regulatory pathway remains elusive. In addition, a
potential crosstalk between GA and ethylene in controlling
sex determination of cucumber still remains disputed. In
this study, through genome-wide expression analyses, we
showed that GA may promote cucumber maleness via an
ethylene-dependent pathway by altering expression of the
M (CsACS2) gene, ethylene receptor CsETRI and ethylene-
responsive transcription factors. Nevertheless, we also found
that GA may also restrain femaleness through an ethylene-
independent pathway regulating CAG2, a C-class floral homeotic
gene (Figure 6).
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GA May Promote Male Tendency via an
Ethylene-Dependent Pathway in

Cucumber

Upon exogenous GAj treatment in the gynoecious cucumber
line 13-3B, the male flowers were markedly induced, meanwhile,
ethylene production in the shoot apices was significantly
decreased (Figure 1) due to collaborative regulation by three
ethylene biosynthetic genes such as M (CsACS2), CsACOl,
and CsACO3. Notably, M and CsACOl were significantly
down-regulated and up-regulated in both sets of transcriptome
comparisons, respectively, however, CsACO3 transcript was only
decreased in GA 12 h vs. Control group (Figure 3; Table 2).
Since both CsACO1 and CsACO3 encode ACC oxidases, and they
showed opposite expression patterns and similar fold changes in
RNA-Seq data (Table 2), we speculated that interplay between up-
regulation of CsACOI and down-regulation of CsACO3 offset the
ACC oxidase activity in shoot apices after 12 h of GA3 treatment.
This implied that the reduced M transcript might play major role
in inhibiting ethylene biosynthesis. Given that the M gene can
directly inhibit stamen development in cucumber flower buds
(Saito et al., 2007; Li et al., 2009, 2012), our data revealed that
GA might release the inhibitory effect of the M gene on stamen
arrest and restrain ethylene production, by down-regulating the
M gene expression (Figure 6, right panel).

In ethylene signal transduction pathway, the receptors such as
ETRs function as negative regulators, while ERFs, downstream
components of receptors, act as positive transcription factors
(Wang et al,, 2002; Guo and Ecker, 2004; Light et al., 2016;
Prescott et al., 2016; Zhang et al., 2016). RNA-Seq data displayed
that the ethylene receptor CsETRI in cucumber, which is thought
to be a negative regulatory factor in stamen arrest of flower
buds (Wang et al., 2010), was markedly up-regulated after 12 h
of GAj treatment (Figure 3; Table 4 and Supplementary Table
S4). Up-regulation of CsETRI occurred at relatively later time
point than down-regulation of the M gene (Table 2), suggesting
that the increased CsETRI transcript was not directly caused
by GAj; rather by reduced ethylene production. Moreover, the
expression levels of some ERFs were dramatically decreased after
GA;3 treatment (Tables 3 and 4, Supplementary Tables S3 and
S$4), and they were probably involved in cucumber sex expression
through inhibiting maleness or promoting femaleness. However,
this understanding was based on bioinformatics analysis, the
precise roles of ERFs on cucumber flower development remained
unclear and should be verified in future studies using advanced
physiological and molecular techniques. These observations
indicated that increased CsETRI expression may stimulate male
tendency through direct inhibition in stamen arrest or down-
regulation on the ERFs transcript in cucumber after GA3
treatment (Figure 6, right panel).

Furthermore, despite we have shown that GA can regulate
cucumber sex expression in cooperation with ethylene, how
GA modulated ethylene and which genes participated in
this process were unknown. Given that the DELLA proteins
are central repressors of GA responses (Sun, 2010, 2011;
Plackett et al., 2014), and accumulating evidence suggested that
DELLA proteins play important roles in ethylene-mediated

plant growth and development processes through interactions
with some regulatory factors in ethylene signaling pathway,
such as CTR1 (CONSTITUTIVE TRIPLE RESPONSEL),
EIN3/EIL1 (ETHYLENE INSENSITIVE 3/EIN3-LIKE 1), RAP
2.3 (RELATED TO APETALA 2.3), and ERF11 (ETHYLENE
RESPONSE FACTOR 11) (Achard et al., 2003, 2007; Pierik et al.,
2009; An et al., 2012; Luo et al., 2013; Marin-de la Rosa et al.,
2014; Zhou et al., 2016). Therefore, we proposed that DELLA
proteins may be involved in the sex differentiation of cucumber
coupled with GA and ethylene in a collaborative regulation at the
protein level, since the expressions of four DELLA homologs in
cucumber, CsGAIP, CsGAIl, CsGAI2, and CsGAI3 (Zhang et al,,
2014a), had no change after GAj treatment (Supplementary
Tables S1 and S2).

In addition, GA and ethylene can also cooperatively regulate
other aspects of plant growth and development. For example,
GA promoted apical hook development of Arabidopsis, in part
through transcriptional regulation of several genes in ethylene
biosynthetic pathway mediated by DELLA proteins (Gallego-
Bartolome et al., 2011). In this process, GA induced ethylene
production, that was opposite to our results in cucumber sex
expression. We speculated that this distinction may be due
to different roles of hormones in various plant developmental
processes. In fact, GA and ethylene showed similar functions
in hook development, but they may play opposite roles in sex
determination, thus, the regulatory mechanisms were different.

GA May Inhibit Femaleness or Induce
Maleness of Cucumber via an

Ethylene-Independent Pathway

AGAMOUS, the C-class floral homeotic gene, belongs to the
MADS-box family. In Arabidopsis, GA can induce the expression
of AG gene (Yu et al, 2004). However, our data provided
a novel point that an AG homolog CAG2 in cucumber was
down-regulated upon GAj treatment (Figure 3; Table 4 and
Supplementary Table S4). This distinction may be due to
different abilities of these two genes to induce reproductive
organ fate, in which, AG in Arabidopsis controls stamen and
carpel development (Lohmann and Weigel, 2002), but CAG2 is
particularly restricted to the carpel (Kater et al., 1998; Perl-Treves
et al,, 1998). Previous studies showed that CAG2 transcripts
were not mediated by ethylene (Perl-Treves et al., 1998), hence,
we speculated that GA probably suppressed pistil development
through inhibiting the CAG2 expression, thereby allowing male
flowers to develop, and ethylene was not involved in this
process. Moreover, in our previous study, we demonstrated that
transcript of CsGAMYBI was upregulated by GAj treatment in
male flower buds and silencing of CsGAMYBI could suppress
masculinization of cucumber, but the ethylene production
and expression of F and M genes were not changed in the
CsGAMYBI-RNAI lines (Zhang et al., 2014b). These observations
suggested that GA can also regulate sex expression of cucumber
via an ethylene-independent pathway (Figure 6, left panel).
However, the relationship between CAG2 and CsGAMYBI
regulations remains obscure and that should be verified in further
studies.
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Besides, DELLA proteins can down-regulate the expression
of floral homeotic genes, AP3, PI and AG, subsequently
inhibit flower development in Arabidopsis (Yu et al, 2004).
CsGAIP, a DELLA homolog in cucumber, may restrain
staminate development through transcriptional repression of
AP3 and PI in Arabidopsis (Zhang et al., 2014a). However,
the expression levels of AP3 and PI were not changed after
GAj3 treatment (Supplementary Tables S1 and S2), indicating
that they did not participate in GA-regulated male tendency.
Accordingly, there may be a regulatory relationship between
DELLA proteins and floral homeotic gene CAG2 during
GA-modulated sexual development in cucumber, however,
the mechanism would be possibly different from that of
Arabidopsis.

In summary, our data revealed a novel viewpoint that GA
might control sex differentiation of cucumber via both ethylene-
dependent and ethylene-independent pathways, and DELLA
proteins were likely to be involved in both processes. However,
this model was proposed by bioinformatics data, therefore,
elucidation of the critical roles of DELLA proteins in flower
development by cucumber transformation, and identification of
the relationships among DELLAs and ethylene regulatory factors,
GA-DELLA-CsGAMYBI signaling and CAG2 gene, will shed new
light on the molecular details of GA-regulated sex expression in
cucumber.

Evolution of Unisexual Flower in
Cucumber and Potential Involvement of

Hormones

Generally, typical unisexual flowers have two morphological
types. The type I is unisexual by abortion. Initiation of
stamen and pistil occurs in all flowers, followed by the
developmental arrest in one or another organ. The type II is
unisexual from inception. Only stamen or pistil is initiated
and it does not go through a hermaphroditic stage (Lebel-
Hardenack and Grant, 1997; Ainsworth, 2000; Mitchell and
Diggle, 2005). Now, it is believed that the morphology of
cucumber flowers belongs to the type I (Bai et al, 2004),
but its evolutionary mechanism is largely unknown. Bai
and Xu proposed a “miR initiative” hypothesis (Bai and
Xu, 2013), where they speculated that unisexual cucumber
flowers are evolved from a hermaphrodite ancestor. The
first step in the evolutionary process might be the miRNA-
regulated arrest of ovary development, and this predication
is based on the altered expression of miRNAs, such as
miR396a, 156b, 159a, 171b, and 166a, in male flowers (Bai
et al., 2004; Sun et al, 2010). And this event leads to
environment-dependent andromonoecy which has no progeny.
Then, the M gene is recruited. On the one hand, the M gene
promotes ethylene biosynthesis, resulting in the rescue of ovary
development for seed set, because the ethylene might regulate
the miRNA production. On the other hand, the M gene inhibits
stamen development to avoid self-pollination and maintain
cross-pollination. So, the monoecious genotype is generated
through the cooption of the M gene. The andromonoecious
genotype is produced by the loss-of-function m gene, which

is regarded as a reverted point mutation. Further, the F gene
is coopted and generate the gynoecious genotype (Sun et al.,
2010).

Until now, a potential role of GA in unisexual flower evolution
of cucumber has not been reported. But based on the possible
function of M gene on evolutionary development of cucumber
flower and the effect of GA on the transcript of M gene
(Table 2), we speculated that GA might be involved in the
process of cucumber flower evolution through interaction with
ethylene. In addition, previous studies showed that GA signaling
system can regulate anther development by modulation of
miR159/GAMYB (Achard et al., 2004). In this pathway, miR159
acts as a post-transcriptional regulator of GAMYB transcript
levels. GA relieves the DELLA repression of GAMYB, which
is mediated by the GA activation of miR159. As mentioned
above, miR159 is likely to participate in the arrest of ovary
development in the evolutionary process of cucumber flower.
And the GAMYB homolog CsGAMYBI can regulate cucumber
sex expression via an ethylene-independent pathway (Zhang
et al., 2014b). These observations further revealed the possible
involvement of GA in unisexual flower evolution of cucumber,
but this process might be dependent on miR159 and GAMYB,
and have no relationship with ethylene. Finally, it is worth
noting that these viewpoints are built on the basis of the
“miR initiative” hypothesis and needed to be tested in further
work.
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