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Abstract
Soybean (Glycine max) is a short-day crop and the photoperiod is a crucial factor regulating its ﬂowering time. To investigate
the molecular mechanism controlling the ﬂowering time by photoperiod in soybean, cDNA-ampliﬁed fragment length polymorphism (cDNA-AFLP) was used to identify photoperiod-regulated genes in leaves of soybean growing under short-day
length, neutral photoperiod and long-day length. A total of 36 transcript-derived fragments (TDFs) were identiﬁed to be regulated by photoperiod. Among them, 26 TDFs were homologues of genes with known function. These genes are involved in
secondary metabolism, cellular metabolism, cell wall components metabolism, ion transport and hormone signalling. Silencing of the homologue genes in Nicotiana benthamiana for 14 TDFs was conducted by virus-induced gene silencing. The
ﬂowering time was delayed by silencing of the genes encoding rhodanese and 40S ribosomal protein S4 (RPS4). The results
indicated that rhodanese and RPS4 probably play important roles in regulating ﬂowering time.
[Ai-Hua S., Yin-Hua C., Zhi-Hui S., Xiao-Juan Z., Xue-Jun W., De-Zheng Q. and Xin-An Z. 2014 Identiﬁcation of photoperiod-regulated
gene in soybean and function analysis in Nicotiana benthamiana. J. Genet. 93, 43–51]

Introduction
Flowering is a critical stage in plant reproductive growth.
Regulation of ﬂowering involves a network of interactions among proteins that integrate and transduce a variety
of developmental and environmental signals. In the model
plant, Arabidopsis thaliana, many key genes involved in ﬂoral transition regulation have been identiﬁed and assigned to
four distinct regulatory pathways: the vernalization, photoperiod, gibberellin and autonomous pathways (Jung and Müller
2009). These pathways converge to regulate a set of ‘ﬂoral
integrator’ genes that integrate the output of various pathways to directly activate ﬂoral meristem identity genes under
favourable conditions (Jung and Müller 2009).
Photoperiod (24 h light–dark cycle) has major effects on
the timing of ﬂowering. There are three main photoperiod
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response types: short-day plants (SDP), long-day plants
(LDP), day-neutral plants (DNP). The ﬂower’s photoperiod
response of SDP is induced when the photoperiod is shorter
than the critical daylength (CDL), whereas that of LDP is
induced when the photoperiod exceeds the CDL, and DNP
do not respond to photoperiod (Jackson 2009). In Arabidopsis, photoperiod regulates ﬂowering time mainly through
the CONSTANS (CO)-dependent pathway (Jung and Müller
2009). CO directly induces the expression of the ﬂoral integrator gene FT (FLOWERING LOCUS T) and the closely
related TWIN SISTER OF FT (TSF). CO is regulated at
the transcriptional level by genes in the circadian clock loop
such as LHY (LATE ELONGATED HYPOCOTYL), CCA1
(CIRCADIAN CLOCK ASSOCIATED), TOC1 (TIMING
OF CAB EXPRESSION 1), GI (GIGANTEA) and CDF1
(CYCLINGDOFFACTOR 1), and at the protein level by
photoreceptors. Under LD conditions, high CO transcript
accumulation and high CO protein stability coincide at the
end of the light phase and induce ﬂowering (Jackson 2009;
Jung and Müller 2009).
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The CO-dependent promotion of ﬂowering by activation
of FT or its orthologues is conserved among LDP. However,
it differs in SDP and DNP (Turck 2008). In the SDP rice, a
CO homologue Hd1 (HEADINGDATE1) promotes ﬂowering and expression of the rice FT homologue Hd3a (HEADINGDATE3a) under SD conditions and represses Hd3a in
LD, although the expression of Hd1 shows a diurnal rhythm
similar to the Arabidopsis gene. It has been assumed that the
different day length response in rice is caused by posttranslational modiﬁcation of Hd1 mediated by light-regulated
and/or the activity of additional regulators of Hd3a that does
not exist in Arabidopsis (Jung and Müller 2009).
Soybean is a SDP and photoperiod is a critical regulatory
factor for induction of its ﬂowering (Bernier et al. 1981).
The physiology of photoperiod effects on soybean ﬂowering
has been extensively studied since Garner and Allard (1920)
discovered photoperiodism (Liu et al. 2009). Soybean breeders have also identiﬁed seven loci conditioning ﬂowering
known as the E-gene series (Bernard 1971; Buzzell 1971;
Buzzell and Voldeng 1980; McBlain and Bernard 1987;
Cober et al. 2001). Recently, several studies attempted to
unravel the mechanism of ﬂowering photoperiodism in soybean at molecular level. Soybean GmCRY1a, the homologue
of blue light receptor CRY2 (cryptochrome 2), exhibited a
strong activity promoting ﬂoral initiation and the level of
protein expression of GmCRY1a oscillated with a circadian
rhythm that has different phase characteristics in different
photoperiods (Zhang et al. 2008). GmFT2a and GmFT5a
coordinately control ﬂowering and enable the adaptation
of soybean to a wide range of photoperiodic environments
(Kong et al. 2010). The clock-gene homologous GmLCL1
and GmLCL2 (Glycine max LHY/CCA1 like 1 and 2) had
similar circadian expression patterns and both were morning genes, while GmTOC1 (Glycine max TOC1) was an
evening gene, and the expressions of GmLCL1 and GmLCL2
antiphase to that of GmTOC1 (Liu et al. 2009). In the E1
and e1 near isogenic lines of soybean, differences of gene
expression were observed in SD and LD for the putative
soybean TOC1, CO and FT genes (Thakare et al. 2010).
mRNA abundances of GmRAV, a soybean RAV orthologue
(related to ABI3/VP1), were higher in SDs than in LDs, and
transgenic tobacco overexpressing GmRAV delayed ﬂowering time and reduced photosynthetics (Zhao et al. 2008).
However, the molecular mechanism underlying photoperiod
control of ﬂowering in soybean is less understood compared
to the model species Arabidopsis.
cDNA-ampliﬁed fragment length polymorphism (cDNAAFLP) is a genomewide expression analysis tool and is efﬁcient for the isolation of differentially expressed genes, as it
does not require prior sequence information and gives reproducible results (Bachem et al. 1996; Ditt et al. 2001). Virusinduced gene silencing (VIGS) is a powerful tool to enable
gene functional analysis. Endogenous gene activity homologue to the insert fragment in the VIGS-vector is speciﬁcally
reduced when the virus spreads systemically in plant based
on posttranscriptional gene silencing (PTGS; Baulcombe
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1999). During the past decade, a number of VIGS vectors
have been developed, which have been successfully used in
a large variety of species including monocot and dicot plants
(Godge et al. 2008; Pﬂieger et al. 2008; Becker and Lange
2010; Muruganantham et al. 2009; Zhang et al. 2009).
In this study, cDNA-AFLP was used to identify differentially expressed genes from soybean subjected to different day length treatments. Thirty-six photoperiod-regulated
TDFs were isolated, and functional analysis was conducted
for 14 of these TDFs through silencing the homologues in
N. benthamiana by VIGS based on the tobacco rattle virus
(TRV). Silencing of two genes in N. benthamiana delayed
the ﬂowering time and showed developmental phenotypes.
The information from these gene analyses may be helpful
for a better understanding of the mechanism controlling the
ﬂowering time by photoperiod in soybean.

Materials and methods
Plant material preparation

Seeds of ‘Zhongdou No.24’, a photoperiod-sensitive soybean variety (Yang et al. 2001a, b), were sown in the ﬁeld
of Institute of Oil Crops Research, CAAS, Wuhan, China,
on 14 April 2005. After the ﬁrst trifolial appearance, the
plants were transferred to grow under SD (8 h light and 16 h
dark), NP (13.5 h light and 10.5 dark), and LD (16 h light
and 8 h dark), respectively, according to Yang et al. (2001a,
b). The treatments lasted for 24 days. All treatments consisted of three independent repetitions. The young leaves of
ﬁve plants under every treatment was collected at 10 am for
17 days and immediately frozen by liquid nitrogen, and kept
at −80◦ C until used for cDNA-AFLP and reverse transcription (RT-PCR) analyses. Every other day the ﬂowering was
checked in ﬁeld and when the ﬁrst ﬂower appeared, the date
was recorded as ﬂowering time.
Isolation of total RNA and cDNA-AFLP analysis

Total RNA was isolated using Tripure Isolation Reagent
(Roche Applied Science, Shanghai, China) according to the
manufacturer’s instructions. RNAs extracted from leaves of
17 day treatments of SD, NP and LD were subjected to
cDNA-AFLP analysis. Synthesis of double-stranded cDNA
was performed using the SMARTTM cDNA Synthesis Kit
(Clontech, Beijing, China). cDNA-AFLP analysis was performed as described by Bachem et al. (1996) with slight
modiﬁcations. Double-stranded cDNA (500 ng) was used
for cDNA-AFLP analysis. The restriction enzymes used
were EcoRI and MseI (Fermantas Life Sciences, Burlington,
USA). For preampliﬁcations, MseI and EcoRI primers without selective nucleotides were combined. The ampliﬁcation mixtures were diluted 100-fold, and then an aliquot
of 5 μL was used for ﬁnal selective ampliﬁcations. All
256 possible primer combinations with two additional selective nucleotides were used for transcript proﬁling. Selective
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ampliﬁcations were resolved on 6% sequencing gels using
silver staining (Chalhoub et al. 1997).

was inﬁltrated using a 1 mL syringe without needle. Plants
were covered overnight and transferred to SD, NP and LD,
respectively. Plants were grown until phenotype appeared.

Cloning and sequencing of differentially expressed fragments

Differentially expressed fragments were excised from the
gel with a razor blade. The gel slices were then hydrated
in 100 μL of water and incubated at 95◦ C for 15 min. The
eluted DNA was ampliﬁed with the same primers under
the same conditions as for selective ampliﬁcation. Sequence
information was obtained by cloning the fragments in pMD18 vector (Takara, Dalian, China) and sequencing of individual clones. The sequences were compared with nucleotide
and protein sequences in the publicly available databases
using BLAST (Altschu et al. 1997).
Plasmid construction

The VIGS vectors pTRV1 (pYL192) and TRV2-LIC
(pYY13) were described as Liu et al. (2002) and Dong et al.
(2007). TDFs that were differentially expressed were blasted
against the EST library of N. benthamiana (http://compbio.
dfci.harvard.edu/cgi-bin/tgi/Blast/index.cgi) and the homologues were ampliﬁed from N. benthamiana genome
with gene-speciﬁc primers. The fragments were cloned to
pYY13 by ligation independent cloning (LIC) method (Dong
et al. 2007). A total of 50 ng of puriﬁed PCR product was
treated with T4 DNA polymerase (New England Biolabs,
Massachusetts, England) in 1× reaction buffer containing
5 mM dATP and dithiothreitol at 22◦ C for 30 min followed
by 20 min of inactivation of T4 DNA polymerase at 70◦ C.
The TRV2-LIC vector was then digested with PstI and similarly treated with T4 DNA polymerase but dTTP replaced
dATP. A total of 50 ng of treated PCR product and TRV2-LIC
vector were mixed and incubated at 65◦ C for 2 min and then
22◦ C for 10 min. Then 5 μL of the mixture was transformed
into Escherichia coli DH10B competent cells. Transformants
were tested by PCR ampliﬁcation.
VIGS analysis

N. benthamiana was grown in pots at 25◦ C in a growth
chamber until 5–6 leaves stage under 16 h light/8 h dark
cycle with 60% humidity before VIGS analysis. For the
VIGS assay, pTRV1 or pTRV2 and its derivatives were
introduced into Agrobacterium strain GV3101 by frozen
and thawing method (An et al. 1988). A 5-mL culture was
grown overnight at 28◦ C in an appropriate antibiotic selection medium and the next day, the culture was inoculated
into a 50-mL LB medium containing antibiotics and grown
overnight in a 28◦ C shaker until OD600 = 3.0. Agrobacterium cells were harvested and resuspended in inﬁltration
media (10 mM MgCl2 , 10 mM MES, 200 mM acetosyringone). The pTRV1 and pTRV2 or its derivatives were
mixed with equal volume and adjusted to an OD600 of
2.0 and left at room temperature for 3 h. Agrobacterium

RT-PCR analysis

Total RNAs isolated from different samples were treated with
DNaseI (Promega, California, USA). Total RNA, 2 μg, was
used to synthesize the ﬁrst strand of cDNA with M-MLV
reverse transcriptase (Promega) according to the manufacturer’s instructions. Two μL 1:10 diluted ﬁrst strand cDNA
was used for a 20 μL reaction. Gene-speciﬁc primers were
used for RT-PCR analysis. For monitoring the expression
levels of Rho and Rps4 in N. benthamiana, the young leaves
that virus has been proliferating from the injection site were
prepared and gene-speciﬁc primers that anneal outside the
region targeted for silencing were designed. The actin gene
was ampliﬁed to use as a control to normalize the reaction. All the reactions were run on PTC-200 DNA Engine,
Minnesota, USA. All primers used for RT-PCR are listed in
table 1.

Results
Flowering time of ‘Zhongdou No. 24’ with different treatments

Soybean plants were under SD, NP and LD conditions when
the ﬁrst trifoliates appeared. The ﬁrst ﬂowers appeared at
22, 24 and 53 days after sowing for the SD, NP and LD
treatments, respectively. The ﬂowering time of ‘Zhongdou
No. 24’ under SD and NP treatments was similar, whereas it
was dramatically delayed under the LD treatment. The results
veriﬁed that ‘Zhongdou No. 24’ is a SDP and suitable for our
following experiments.
Identiﬁcation of photoperiod-regulated genes

To identify genes responsive to photoperiod, cDNA-AFLP
analysis was performed with leaves of Zhongdou No. 24
subjected to different day length treatments for 17 days.
The differentially expressed fragments were investigated by
selective ampliﬁcation using 256 primer combinations. More
than 17,000 bands were generated and all the bands that
were longer than 100 bp in length were compared in SD,
NP and LD. Fragments upregulated by SD or LD were
regarded as photoperiod-regulated TDFs. Thirty-six signiﬁcantly photoperiod-regulated TDFs ranging in length from
100 to 500 bp were cloned and sequenced, including 21
upregulated TDFs by LD and 15 upregulated TDFs by SD
(table 2). The clones corresponding to different TDFs were
renamed as GmPR (Glycine max photoperiod regulated).
Of the 36 unique genes, 26 showed signiﬁcant homology
with function-known proteins, seven with function-unknown
proteins, and three without any matches by BLAST searching against the public database (table 2). The 26 functionknown genes included nine secondary metabolism related
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GmPR4, GmPR9, GmPR11, GmPR19, GmPR23, GmPR24,
GmPR25 and GmPR30. The results were compatible with the
expression patterns revealed by cDNA-AFLP.

Table 1. Primers for RT-PCR analysis
Genes

Primers (5 to 3 )

GmPR3

AGAGGCGAAGGAGAAAGAGG
CACCACCGAAACCCTAACTC
AGCTCCCAAAACGACAACAG
CAGCAAAGACCAAGTCACCA
AGTAACGGTGAAGGCAAAGC
CCAATTCGCAAAGTTGTTGA
TTCGAGGAGGTGTTTGATCC
CCCATGAAGGCACTTACGAT
CCTTGGAGAACCTTGATGGA
AGAAGCCCTGCTTCCAAAAC
TACCTGGAAGCTGCACATTG
GATGTGCGCTCTCTTCATCA
GGGCCGCACATACTGTTATT
TATCTTGCTCACCGGAGCTT
TGGACATGGATGGTCTCAAA
AAGCTGGACCTTGAAAGCAA
GTGGGACAACGAGTCCAAGT
AGGGTCTCTCCCCAACAACT
AGTGACTCTCGACGGGAGAA
CGCAAACTGATCCTAAGTAATCG
TGTCAGTATCATCTTCAAGGGACT
CATCCAATGGGTGGTCTCAC
GAGAGGAAGAGGGAGGAGGA
ACAGTGAGCACACCGTCTTG
GGAAAAGGCGGAATAGTGAA
CCTCAGCACCTTTCAGAGGA
GCCTGGTGTTTGATTCTGGT
CATTGCTGCAAAACCATCAC
CCATAAAGCTGGACCTGGAA
ACTTCAATACCAACAAATC
ACTTCAATACCAACAAATC
CAATAGAGACCAAGATTGC
AGAGCCTCCAATCCAGACA
ATGAGCAATGGACTACTAGC
GTATTGTATTGGACTCTGGTGATGG
TTAGAAGCACTTCCTGTGGAC

GmPR4
GmPR9
GmPR11
GmPR13
GmPR14
GmPR15
GmPR17
GmPR19
GmPR21
GmPR23
GmPR24
GmPR25
GmPR30
Rps4
Rho
Nbactin (X69885)
GmactinA(gi18531)
˛

genes, nine related to cellular metabolism, three involved in
the metabolism of cell wall components, one involved in ion
transport, one involved in hormone signal, and three involved
in other processes (table 2). Among these 26 function-known
genes, 16 genes were upregulated by LD and 10 genes were
upregulated by SD. Among the seven function-unknown
genes and the three unmatched genes, ﬁve genes were upregulated in LD and the other ﬁve were upregulated in SD
(table 2).
Validation of the photoperiod-regulated genes by RT-PCR

To verify the expression of photoperiod-regulated genes, RTPCR was conducted for the 26 function-known genes on the
leaves of soybean in SD, NP and LD for 17 days. Fourteen
photoperiod-regulated genes were differentially expressed in
SD, NP and LD, whereas the other 12 genes showed no
signiﬁcant difference (ﬁgure 1). The expression of GmPR3,
GmPR13, GmPR14, GmPR15, GmPR17, and GmPR21 is
higher in SD and NP than in LD, whereas it is lower in
46

VIGS analysis for homologues of photoperiod-regulated genes
in N. benthamiana

TRV-based VIGS is an efﬁcient approach to induce gene
silencing in young and differentiating ﬂowers (Liu et al.
2004). To investigate whether the 14 photoperiod-regulated
genes are involved in regulation of ﬂowering or not, we
analysed their homologues in N. benthamiana by VIGS.
Using the GmPRs corresponding soybean genomic sequence
(http://www.phytozome.net/soybean) to blast against the
EST library (http://compbio.dfci.harvard.edu/tgi/plant.html),
the N. benthamiana homologues with more than 60% amino
acid similarities were selected. The homologues were ampliﬁed by PCR from N. benthamiana genomic DNA and conducted to VIGS analysis. Silencing of the genes rho and
Rps4, which are homologue of GmPR14 and GmPR17,
respectively, showed developmental phenotypes in N. benthamiana, whereas silencing of the other 12 genes did not
alter ﬂowering time signiﬁcantly. Silencing of rho resulted
in curled leaves and delayed the ﬂowering time by 5–7 days
(ﬁgure 2). Silencing of Rps4 led to a stunted plant with wrinkled leaves and the ﬂowering time delayed extremely to form
no ﬂower (ﬁgure 3). The expression of rho and Rps4 was signiﬁcantly lower in silenced plant than in control analysed by
semiquantative RT-PCR (ﬁgures 4 and 5), indicating that the
phenotypes were caused by downregulated expression of rho
and Rps4.

Discussion
Soybean is a SDP and the photoperiod affects the ﬂowering time. Although a number of key regulator genes or their
orthologues involved in photoperiodism regulatory were
identiﬁed in model plant Arabidopsis and other plants, and
parts of them were identiﬁed in soybean (see Introduction),
the molecular mechanism of ﬂowering time regulated by
photoperiod in soybean is not clear.
In this study, we adopted cDNA-AFLP to screen the differentially expressed genes from a photoperiod sensitive
soybean variety Zhongdou No. 24, the ﬂowering time of
which was much late under LD than those under SD and
NP (delayed 31 days). Thirty-six TDFs were differentially
expressed in SD, NP and LD. Of these, 21 were upregulated by LD and 15 by SD (table 2). Twenty-six of the
36 photoperiod regulated TDFs were function-known genes
involved in secondary metabolism, cellular metabolism, cell
wall components metabolism, ion transport and hormone
signal (table 2).
Soybean is difﬁcult to transform, with the transformation
efﬁciency being 1% or so (Liu et al. 2008). VIGS is a fast
method for knock-down of a target gene without transformation requirement and is a powerful tool for reverse genetic
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Table 2. Function analysis of photoperiod-regulated TDFs and their expression patterns obtained by cDNA-AFLP.

TDF

Size (bp)

Expressiona
SD NP LD

GmPR1
GmPR2
GmPR3
GmPR4
GmPR5
GmPR6
GmPR7
GmPR8
GmPR9
GmPR10
GmPR11
GmPR12
GmPR13
GmPR14
GmPR15
GmPR16
GmPR17
GmPR18
GmPR19
GmPR20
GmPR21
GmPR22
GmPR23
GmPR24
GmPR25
GmPR26
GmPR27
GmPR28
GmPR29
GmPR30
GmPR31
GmPR32
GmPR33
GmPR34
GmPR35
GmPR36

315
277
287
433
350
215
369
269
149
290
380
246
255
348
404
396
262
410
326
346
233
279
246
289
198
288
394
228
289
401
380
215
185
214
145
211

–
–
+
–
+
–
+
–
–
–
–
+
+
+
+
+
+
–
–
–
+
–
–
–
–
–
–
–
–
–
+
+
+
+
+
–

–
–
+
–
+
–
+
–
–
–
–
+
+
–
+
+
–
–
–
–
+
–
–
–
–
–
–
–
–
–
–
+
+
+
+
–

+
+
–
+
–
+
–
+
+
+
+
–
–
–
–
–
–
+
+
+
–
+
+
+
+
+
+
+
+
+
–
–
–
–
–
+

Homology

Accession no.

Function category

Acyl-peptide hydrolase-like
Dihydroneopterin triphosphate pyrophosphohydrolase
Mitogen-activated protein kinase 1
Acyl-CoA thioesterase
Adenosylmethionine decarboxylase
Serine/threonine kinase
Ubiquitin-protein ligase
CDP-4-dehydro-6-deoxy-D-glucose 4-reductase
Methionine synthase
Peptidoglycan-binding LysM
UDP-apiose/xylose synthase
Formin homology 2 domain-containing protein 5
Monosaccharide transporter
Rhodanese
Ran GTPase binding
Plastid-targeted protein 3
40S ribosomal protein S4
Peptide synthase
Ankyrin repeat-like protein
Ribosomal protein L22
ATPase subunit 4
Mitochondrial phosphate carrier
Auxin-induced protein-like
Heat shock protein
Hemolysin A
RNA-directed DNA polymerase
Unnamed protein product
T28B8.6
Hypothetical protein Tcr_2018
Conserved hypothetical protein
Hypothetical protein SO2175
Unknown protein
Hypothetical protein SAV2547
No matchb
No matchb
No matchb

gi9759033
gi15221521
gi32400274
gi15221148
gi15239612
gi79330883
gi30697386
gi29897023
gi33325957
gi71362912
gi85718018
gi47716755
gi57283538
gi124361020
gi18416604
gi13446373
gi3264763
gi9105980
gi50910197
gi2738560
gi76496345
gi24664195
gi62321722
gi37933812
gi62734664
gi87240757
gi50303095
gi71991731
gi78364643
gi87162502
gi24373732
gi50932825
gi29829089

Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Secondary metabolism
Cell-wall related
Cell-wall related
Cell-wall related
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Cellular metabolism
Ion transporter
Hormone signal
Others
Others
Others
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

a SD, short day-length; NP, neutral day-length; LD, long day-length; +, upregulated;
b No signiﬁcant sequence homology found in genome, EST and protein database.

studies of gene function (Burch-Smith et al. 2004). To date,
many plant viruses have been developed as VIGS vectors
(Becker and Lange 2010). In soybean, three virus vectors
have been applied for VIGS analysis, namely, the vectors
based on the bean pod mottle virus (BPMV, genus
Comovirus) (Zhang and Ghabrial 2006; Zhang et al. 2009),
cucumber mosaic virus (CMV, Nagamatsu et al. 2007), and
apple latent spherical virus (ALSV, Igarashi et al. 2009). The
CMV and ALSV cannot be inoculated in soybean directly.
The BPMV was modiﬁed to be applied on soybean directly
but it is quarantine limited in China. TRV-derived vectors
have been used for VIGS in many plant species including
tomato, potato, N. benthamiana and A. thaliana (Becker and
Lange 2010) and it is symptomless infective.
To investigate the function of photoperiod-regulated genes
that were differentially expressed in soybean in SD, NP
and LD, we studied the function of their homologues in N.

–, downregulated.

benthamiana for 14 GmPRs by VIGS. Silencing of genes
encoding rhodanese and 40S ribosomal protein S4, which are
homologues of GmPR14 and GmPR17, respectively, delayed
ﬂowering time and showed typical developmental phenotypes, suggesting the homologue genes of GmPR14 and
GmPR17 are involved in regulating ﬂowering time in N.
benthamiana, and the delayed or no ﬂowering phenotype is
mainly due to developmental defects. GmPR14 and GmPR17
is upregulated in soybean growing in SD for 17 days detected
by both cDNA-AFLP and RT-PCR, and the ﬂowering time of
soybean in SD is earlier than NP and LD. The results imply
that the upregulation of rho and Rps4 promote soybean ﬂowering under SD, whereas the downregulation of these two
genes suppress soybean ﬂowering as shown by VIGS study
in N. benthamiana.
Ribosomal protein S4 is a small subunit ribosomal protein.
It may function in the initiation process of protein synthesis
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Figure 1. RT-PCR analyses showing the expression levels of
GmPRs in soybeans under SD, NP and LD for 17 days. Actin is a
loading control. Twenty-eight PCR cycles were run for all GmPRs
and actin.

Figure 2. Phenotype for silence of N. benthamiana rhodanese
based on TRV-mediated VIGS. Two plants were inoculated and
three biological replicates were conducted. The plants were photographed 17 days postinoculation of TRV. (a) VIGS for rhodanese.
(b) the empty vector.

48

by cross-linking to eukaryotic initiation factor elF-3 in
mammalian system (Westermann and Nygard 1983) and
plays an important role in maintaining the accuracy of
both codon decoding and translation termination in yeast
(All-Robyn et al. 1990; Synetos et al. 1996). The haploinsufﬁcency of human S4 protein causes Turner syndrome including short stature and infertility (Zinn and Ross 1998). In
plants, although several S4 genes have been cloned from
potato (Braun et al. 1994), cotton (Turley et al. 1995), rice
(Qu et al. 2000) and wheat (Yadaiah et al. 2012), little is
known about the function of S4 proteins. Our study indicated that RPS4 is involved in regulation of ﬂowering in
plants. The no-ﬂowering and dwarf phenotypes in plants are
similar as the phenotypes of short stature and infertility in
humans, suggesting S4 protein might play similar roles in
both plants and mammalian system. The probable mechanism is that the decreased accumulation of RPS4 affects the
function of ribosome as RPS4 is an important component
of the ribosome complex structure. Mutations of other ribosome genes affected embryo viability or plant development
(Van Lijsebettens et al. 1994; Tsugeki et al. 1996; Revenkova
et al. 1999; Ito et al. 2000). On the other hand, downregulation of RPS4 may have effect on the initiation process of
protein synthesis by cutting-off the cross link to elF-3.
Rhodaneses are widely distributed in all phyla. The major
function of rhodanese is cyanide detoxiﬁcation in animals
and the similar mechanism exists in cyanogenic plants
(Saidu 2004). In plants, rhodanese probably transfers
reduced sulphur into substrates and plays a role in maintenance of the cellular redox homeostasis involved in various
essential metabolic reactions (Papenbrock et al. 2011). Rhodaneses play roles in providing labile sulphide for the synthesis of ferredoxin in the chloroplast, restore the activity of
cyanide inactivated NADH : nitrate reductase and NADH
dehydogenase, and increase the activity of malate dehydrogenase (Saidu 2004). The NADPH-dependent thioredoxin reductase and the ferredoxin-dependent thioredoxin

Figure 3. Phenotype for silence of N. benthamiana Rps4 based on
TRV mediated VIGS. Two plants were inoculated and three biological replicates. The plants were photographed 28 days postinoculation of TRV. (a) VIGS for Rps4. (b) the empty vector.
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Figure 4. Semiquantitative RT-PCR analysis of mRNA levels of rhodanese in N. benthamiana plant of silence (a panel) or control (b panel). For both panels, lanes 1–6 correspond to samples from PCR cycles 21, 24, 27, 30, 33, and 36, respectively. Lane C
(control), reverse transcriptase-lacking cDNA synthesis reaction used as PCR template;
lane M (marker), 100-bp DNA ladder. Actin is a loading control.

reductase are two thioredoxin systems in plants and are
involved in the maintenance of redox homeostasis by interacting with thioredoxins (Papenbrock et al. 2011). In our
study, downregulation of rhodanese results in delayed ﬂowering, suggesting the changes of redox homeostasis may regulate the protein biosynthesis involved in ﬂowering and other
developmental process.

To our knowledge, there is no report on rhodanese and
Rps4 involved in ﬂowering regulation. Our gene expression analysis and VIGS of Rho and Rps4 genes strongly
imply their roles in regulating ﬂowering time in soybean
as well as in N. benthamiana mainly due to developmental
defects. A further study using transgenic soybean, tobacco
and other model plants will generate more information on the

Figure 5. Semiquantitative RT-PCR analysis of mRNA levels of rps4 in N. benthamiana plant of silence (a panel) or control (b panel). For both panels, lanes 1–6 correspond
to samples from PCR cycles 21, 24, 27, 30, 33, and 36, respectively. Lane C (control),
reverse transcriptase-lacking cDNA synthesis reaction used as PCR template. Lane M
(marker), 100-bp DNA ladder. Actin is a loading control.
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functions of those two genes and contribute to understanding
of ﬂowering regulation.
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