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Abstract Previous studies have shown that ubiquitination

plays important roles in plant abiotic stress responses. In

the present study, the ubiquitin-conjugating enzyme gene

GmUBC2, a homologue of yeast RAD6, was cloned from

soybean and functionally characterized. GmUBC2 was

expressed in all tissues in soybean and was up-regulated by

drought and salt stress. Arabidopsis plants overexpressing

GmUBC2 were more tolerant to salinity and drought

stresses compared with the control plants. Through

expression analyses of putative downstream genes in the

transgenic plants, we found that the expression levels of

two ion antiporter genes AtNHX1 and AtCLCa, a key gene

involved in the biosynthesis of proline, AtP5CS, and the

copper chaperone for superoxide dismutase gene AtCCS,

were all increased significantly in the transgenic plants.

These results suggest that GmUBC2 is involved in the

regulation of ion homeostasis, osmolyte synthesis, and

oxidative stress responses. Our results also suggest that

modulation of the ubiquitination pathway could be an

effective means of improving salt and drought tolerance in

plants through genetic engineering.

Keywords GmUBC2 � Ubiquitination � Ubiquitin-

congugating enzyme � Salt and drought tolerance �
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Plants are frequently exposed to stressful environmental

stimuli, which can have an enormous impact on plant

growth and development. Drought or high salinity is

responsible for dramatic reductions in crop yield world-

wide (Boyer 1982). To adapt to such detrimental condi-

tions, plants have developed a variety of defense strategies,

requiring many genes regulated by abiotic stress. Although

a large number of genes regulated by salt and drought

stress have been identified and their functions have been

verified in abiotic stress (Bray 1997; Zhu 2002), the bio-

logical functions of many genes related to abiotic stress are

still largely unknown in higher plants. Therefore, it is

important to study the functions of stress-related genes to

improve crop tolerance to salt and drought.

Ubiquitination is an essential process found in all

eukaryotic cells, from unicellular yeast to human. The

ubiquitination-proteasomal pathway has been implicated in

diverse aspects of eukaryotic cellular regulation because of

its ability to degrade intracellular proteins (Hershko and

Ciechanover 1998; Callis and Vierstra 2000). Ubiquitin

(Ub), a small protein with 76 amino acid residues, is one of

the most highly conserved proteins known in eukaryotes.

Ubiquitination refers to the biochemical process through

which Ub is covalently attached to substrate proteins.

Ubiquitin binds to the ubiquitin-activating enzyme (E1),

which activates Ub and transfers the activated ubiquitin to

an ubiquitin-conjugating enzyme (Ubc or E2) to form an

E2-Ub thiolester. The Ub is further transferred to the target

protein either alone or in conjunction with an Ub ligase

(Ubl or E3). The protein modified by an ubiquitin chain is

subsequently degraded by the 26S proteasome. In the

ubiquitination system, substrate specificity is mainly

determined by E3 together with E2. The ubiquitin-depen-

dent protein degradation pathway is involved in photo-

morphogenesis, hormone regulation, floral homeosis,
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senescence, and pathogen defense (Suzuki et al. 2002; Xie

et al. 2002; Hellmann and Estelle 2002; Devoto et al.

2003). Previous studies suggest that ubiquitination may

also play an important role in plant tolerance against var-

ious abiotic stresses. The Arabidopsis gene AtCHIP

encodes an E3 ubiquitin ligase structurally similar to the

animal CHIP proteins, which is up-regulated by several

stress conditions such as low and high temperatures.

Overexpression of AtCHIP in Arabidopsis confers more

sensitivity to both low and high temperatures (Yan et al.

2003). PP2A appears to be ubiquitylated by AtCHIP

in vitro and the activity of PP2A is increased in AtCHIP-

overexpressing plants in the dark or under low-temperature

conditions, suggesting that PP2A might be a substrate of

AtCHIP (Luo et al. 2006). Arabidopsis HOS1 encodes a

RING finger protein E3 ubiquitin ligase which exerts a

negative control on cold response and regulates cold-

responsive gene expression (Lee et al. 2001; Ishitani et al.

1998). The RING finger E3 ubiquitin ligase SDIR1 is a

positive regulator of ABA signaling. Overexpression of

SDIR1 leads to ABA hypersensitivity and enhanced

drought tolerance through ABA-induced stomatal closure

(Zhang et al. 2007). These studies suggest that ubiquiti-

nation plays an important role in stress responses in plants.

E2s were originally defined as proteins capable of

accepting ubiquitin from an E1 through a thioester linkage

via a cysteinyl-sulfhydryl group (Glickman and Ciecha-

nover 2002). The UBC domain also interacts with the E3

enzyme and, in some cases it also interacts with the sub-

strate (Kalchman et al. 1996). Many genes encoding the

ubiquitin-conjugating enzyme have been identified in

eukaryotic organism. The yeast (S. cerevisiae) genome

encodes 11 ubiquitin E2s and there are approximately 50

and 37 E2s in the human and Arabidopsis genome,

respectively (Bachmair et al. 2001; Jiang and Beaudet

2004; Kraft et al. 2005). The RAD6 gene in S. cerevisiae

encodes a 172-amino acid, 20-kDa E2 enzyme (Ubc2) and

is required for post-replication repair of UV-damaged

DNA, induced mutagenesis, and sporulation (Reynolds

et al. 1985). Rad6 appears to have diverse functions since

rad6 mutants display a slow-growth phenotype, show

defectiveness in DNA damage-induced mutagenesis and

are sensitive to killing by various DNA-damaging agents

such as UV, ionizing radiations, and alkylating agents. rad6

diploids are also deficient in sporulation (Prakash et al.

1993). Mouse HR6A encodes an ubiquitin-conjugating

enzyme highly homologous to RAD6 and mHR6A-deficient

cells appear to have normal DNA damage resistance

properties, but mHR6A knockout male and female mice

display a small decrease in body weight (Roest et al. 2004).

AtUBC2 of A. thaliana encodes a structural homologue of

the RAD6 gene of S. cerevisiae with approximately 65%

amino acid identity and it can partially rescue the UV

sensitivity and reduced growth rate of rad6 mutants at

elevated temperatures (Zwirn et al. 1997). The Atubc1-1

and Atubc2-1 double mutant shows a dramatically reduced

number of rosette leaves, an early-flowering phenotype,

and reduced transcript levels of a set of floral repressor

genes, including Flowering Locus C (FLC), MADS Asso-

ciated Flowering 4 (MAF4) and MAF5 (Xu et al. 2009).

Although E2s have been studied in regulating various

aspects of plant growth, development, and cell process in

eukaryotes, little is known about its role in abiotic stress

responses. In this study, we identified a soybean gene

GmUBC2 encoding an ubiquitin-conjugating enzyme.

Expression of GmUBC2 is induced by salt and drought

stress. Our molecular and physiological results suggest that

GmUBC2 is involved in the regulation of ion homeostasis,

osmolyte synthesis, oxidative stress and abiotic stress

responses. We demonstrate that overexpression of

GmUBC2 in Arabidopsis conferred improved salt and

drought tolerance by regulating the expression of a set of

important stress-responsive genes.

Materials and methods

Isolation of GmUBC2

Seeds of soybean (Glycine max L. Merr.) cultivar WF7

were first germinated in vermiculite irrigated with water.

After opening of the first trifoliate, the seedlings were

transferred into Hoagland’s solution supplemented with

200 mM NaCl for 6 h. Total RNAs were extracted using

Trizol reagent (Invitrogen). A full-length cDNA homolo-

gous to the ubiquitin-conjugating enzyme was isolated

from our salt-induced cDNA library. Specific primers (50-
CATCATTCTCATATCCTCAATC-30) and (50-ACCTTG

ATGAAATCATAACCAG-30) were synthesized and the

full-length cDNA fragment was amplified from the salt-

induced first-strand cDNA by RT-PCR. The conditions for

amplification were 94�C for 5 min, then 35 cycles at 94�C

for 1 min, 60�C for 1 min, 72�C for 1 min, followed by

incubating at 72�C for 10 min. The amplified fragments

were purified and cloned into pMD18-T vector for

sequencing.

Localization of the EGFP-GmUBC2 fusion protein

The open reading frame of GmUBC2 was amplified from

the cDNA by RT-PCR with the 50-primer (50-CGGC

GAATTCATGTCGACTCCTGCTAGGAA-30) and the 30-
primer (50-GCCGAAGCTTTTAATCTGCTGTCCAACTC

TGC-30), which include an EcoRI and a HindIII restriction

site at their 50 end, respectively. The amplified DNA

fragment was cloned into the EcoRI/HindIII sites of the
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pEGAD vector, to generate EGFP-GmUBC2 fusion gene

driven by the 35S cauliflower mosaic virus promoter. The

resulting construct was introduced into the A. tumefaciens

strain C58C1 and transformed into Arabidopsis thaliana

(ecotype Columbia) plants using the floral dip method

(Clough and Bent 1998). Fifteen independent transgenic

lines were selected and used to investigate the localization

of the fusion protein. Three independent Arabidopsis lines

expressing the single EGFP gene under the control of 35S

promoter were also examined. EGFP was visualized using

a Bio-Rad 1024 confocal scanning head attached to a

Nikon (Tokyo, Japan) Optiphot 2 microscope.

Real time RT-PCR analyses

Two micrograms of total RNAs were used to reverse

transcribe target sequences using a cDNA synthesis kit

(Promega) according to the manufacturer’s protocol. Gene-

specific primers were designed according to the GmUBC2

cDNA sequence for real time RT-PCRs. The forward pri-

mer is 50-CTCACATCTATCCAGTCATTGCTTT-30 and

the reverse primer is 50-ACTAAACATTCGAGCTGCT

TCA-30. The soybean Actin gene (GenBank accession no.

V00450) was used as an internal control. The Actin gene

primers were RA3F (50-CAGAGAAAGTGCCCAAATC

ATGT-30) and RA3R (50-TTGCATACAAGGAGAGAA

CAGCTT-30). The sequences of the primers used for

comparing the abiotic stress-responsive gene expression

levels between 35S-GmUBC2 line and wild type (WT)

plants are given in Table 1. PCRs were performed in the

presence of Power SYBR green PCR Master Mix (Applied

Biosystems). Amplification was monitored in real time

with the Prism 7000 sequence detection system (Applied

Biosystems). All reactions were performed in triplicate.

Generation of transgenic plants overexpressing

GmUBC2

The open reading frame of GmUBC2 was amplified by

PCR using 50-ATCGGGGATCCAATGTCGACTCCTGC

TAGGAA-30 (forward) and 50-AGCGAGCTCTTAATC

TGCTGTCCAACTCTGC-30 (reverse) primers containing

BamHI and SacI sites, respectively. The resulting product

was digested with BamHI and SacI, and inserted into the

BamHI/SacI site of the pBI121 vector under the control of

35S promoter. The pBI121-GmUBC2 construct was trans-

ferred into A. tumefaciens (strain C58C1) by electroporation.

Arabidopsis plants (Col ecotype) were transformed by the

floral dip method (Clough and Bent 1998). T1 generation

seeds were harvested and screened on MS medium

containing 50 mg/L kanamycin. Fifty independent 35S-

GmUBC2 transgenic plants were obtained. Fifteen homo-

zygous transgenic lines were selected by screening the

transgenic seeds on MS agar plates containing 50 mg/L

kanamycin.

Plant materials, growth conditions, and stress tolerance

analyses

Arabidopsis thaliana ecotype Columbia (Col) was used as

WT for phenotypic assays of 35S-GmUBC2 plants in all

the experiments. Root elongation assay was performed as

described (Stone et al. 2006). Briefly, wild-type and

transgenic seedlings were germinated and grown vertically

on MS plates for 4 days. Seedlings were then transferred to

vertical MS plates containing different concentrations of

NaCl (0, 100, or 150 mM), and subsequent root growth was

measured after 5 days. For the plant survival test, seeds of

homozygous transgenic plant were sown on MS agar

medium and grew for 5 days, and then transferred to MS

agar medium containing 200 mM NaCl and cultured for

7 days. Plants survived were counted.

For the drought tolerance test, 3-week-old WT and 35S-

GmUBC2 plants were water withheld for 15 days, after

which the plants were re-watered for 1 day. The number of

plants that survived 1 day after re-watering was deter-

mined. For water-loss analyses, rosette leaves of 5-week-

old WT and 35S-GmUBC2 plants were detached and

placed abaxial side up in open Petri dishes on the labora-

tory bench. The leaves were weighed at different times to

determine the rate of water loss.

Determination of superoxide dismutase activity,

content of proline, Na?, and K?

To determine the Superoxide dismutase (SOD) activity,

3-week-old WT and transgenic plants were treated with

Table 1 Primers used in Real time PCR

Gene name Sequence (50–30)

AtNHX1 F: 50-CCGTGCATTACTACTGGAGACAAT-30

R: 50-GTACAAAGCCACGACCTCCAA-30

SOS1 F: 50-TCGTTTCAGCCAAATCAGAAAGT-30

R: 50-TTTGCCTTGTGCTGCTTTCC-30

AtCLCa F: 50-CACAGAGCTCCATGGTCTGA-30

R: 50-CCGGTGTGAACTTTTCCCTA-30

AtCCS F: 50-GCCATGCCTCAGCTTCTTAC-30

R: 50-ATTGGACAAATCCACCTCCA-30

AtP5CS F: 50-GAGGGGGTATGACTGCAAAA-30

R: 50-AACAGGAACGCCACCATAAG-30

DREB2A F: 50-GTGACCTAAATGGCGACGAT-30

R: 50-GCGGATCAAAACCACTTTGT-30

RD29B F: 50-GACAAGGACGCGAAGAAGAC-30

R: 50-TCCATCCCAGCTTTTGATTC-30

F forward primer; R reverse primer

Plant Mol Biol (2010) 72:357–367 359

123



150 mM NaCl for 0 and 4 days. The rosette leaves were

collected and homogenized in 0.05 M Na2HPO4/NaH2PO4

solution (pH 7.8) at 4�C and SOD activity was measured by

the nitrio blue tetrazolium (NBT) method. For proline

determination, 3-week-old control and transgenic plants

were treated with 150 mM NaCl for 0 and 6 h, then the

rosette leaves were collected for proline determination.

Proline contents were measured as previously described

(Bates et al. 1973). For Na? and K? determination,

3-week-old control and transgenic plants were treated with

150 mM NaCl for 0 and 6 days and the rosette leaves were

collected and dried at 80�C for at least 2 days and weighed.

The samples were digested with HNO3, then Na? and K?

concentrations were determined with an atomic absorption

spectrometer (model 3100; Perkin–Elmer, Norwalk, CT).

Plant ion content data are presented as averages with

standard deviations. Student’s t-test was performed using

SAS general linear models (SAS Institute, Inc., Cary, NC).

Results

GmUBC2 encodes an E2 protein conserved in higher

plants

To identify salt stress-related genes in soybean, a full-

length cDNA library was constructed from salt-treated

soybean cultivar WF7 seedling. A full-length cDNA

encoding an Ubiquitin-conjugating enzyme E2 was selec-

ted for further study. This gene was named GmUBC2 due

to its homology to other E2 genes. GmUBC2 encodes a

polypeptide of 152 amino acid residues and shares high

sequence similarities with AtUBC2 from Arabidopsis

(Zwirn et al. 1997), Ube2a from Mus musculus (Roest et al.

2004), RAD6 from S. cerevisiae (Reynolds et al. 1985),

and HR6A from Homo sapiens (Koken et al. 1991;

Fig. 1a). As predicted by the Scanprosite program,

GmUBC2 contains a conserved active-site cysteine

required for E2 enzymes catalytic activity (Fig. 1b).

Although the cysteine residue of canonical E2 catalytic site

is invariant in many E2 enzymes, it is replaced by other

amino acid residues in some ubiquitin-conjugating E2

enzyme variant (UEV) proteins (Koonin and Abagyan

1997; Sancho et al. 1998; Thomson et al. 1998). UEV

proteins are themselves inactive E2 variant enzymes that

appear to function together with bona fide E2 enzymes

(Hofmann and Pickart 1999). GmUBC2 is phylogenetically

closer to yeast RAD6 and Arabidopsis UBC1/UBC2 than

to the TSG101 or MMS2 (UEV1) families of UEVs

(Fig. 1c). The results suggest that GmUBC2 likely function

as an active ubiquitin-conjugating enzyme homologous to

yeast RAD6 and Arabidopsis UBC1/UBC2.

Expression analysis of GmUBC2 in soybean

We performed quantitative RT-PCR analysis to examine

the expression levels of GmUBC2 in different tissues of

soybean seedlings under abiotic stress conditions.

GmUBC2 transcripts increased in soybean seedlings treated

with a solution containing 200 mM NaCl, 20% PEG, or

100 lM ABA for 6 h (Fig. 2a). The GmUBC2 transcripts

were detected in leaves, stems and roots of soybean plants

without stress treatments, but the level of transcript was

more abundant in roots than in stems and leaves (Fig. 2b).

After the 6 h of treatment with 200 mM NaCl, the mRNA

level of GmUBC2 is about twofold higher in stems and

leaves than that in the control, but the level in roots only

slightly increased (Fig. 2b). These results suggest that the

expression of GmUBC2 is responsive to salt, osmotic

stress, and exogenous ABA treatments.

Localization of the GmUBC2 protein in plant cells

To investigate the localization of GmUBC2 in cells, the

full-length coding region of GmUBC2 was fused with

EGFP. Stable transgenic Arabidopsis plants expressing

EGFP-GmUBC2 fusion protein were generated and the

subcellular localization of the fusion protein was visualized

by confocal microscopy. As shown in Fig. 3, green fluo-

rescence was found in both the cytosol and nucleus in root

cells of transgenic plants expressing EGFP-GmUBC2,

which was similar to that of transgenic seedlings express-

ing EGFP alone. This observation suggests that GmUBC2

is localized in both the cytosol and nucleus in plant cells.

Overexpression of GmUBC2 confers enhanced

salt tolerance in Arabidopsis

To examine the in vivo function of GmUBC2, transgenic

Arabidopsis plants overexpressing GmUBC2 were gener-

ated. Three homozygous transgenic lines were selected for

functional analysis. Quantitative RT-PCR analysis showed

that the GmUBC2 mRNA accumulated in all three 35S-

GmUBC2 transgenic lines, but not in WT plants (Fig. 4a).

The growth of transgenic plants was compared with that of

the WT plants 2 weeks after sowing. The 35S-GmUBC2

plants grown on MS agar plates or in soil showed a phe-

notype similar to that of the WT plants. No morphological

changes were observed in 35S-GmUBC2 plants grown

either on MS agar or in soil.

To evaluate the effect of GmUBC2 overexpressing on

salt tolerance, 5-day-old seedlings grown on MS agar plate

were kept on MS agar plate or transferred to MS agar plate

supplemented with 200 mM NaCl. No significant differ-
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ence was observed for transgenic seedlings grew on MS

agar plate without NaCl, compared to WT plants (Fig. 4b).

However, in MS media containing 200 mM NaCl, the

control plants displayed growth inhibition and bleached

gradually (Fig. 4a). Only 16.67% of control plants sur-

vived. However, the transgenic plants overexpressing

GmUBC2 showed better growth than WT plants. The sur-

vival rates for transgenic line L1, L16 and L36 were 86.67,

78.33 and 58.18%, respectively (Fig. 4c).

To determine whether the transgenic plants over-

expressing GmUBC2 have enhanced salt tolerance for

postgerminative seedling growth, 4-day-old seedlings

grown on MS medium were transferred to medium con-

taining different concentration of NaCl for 5 days. When

the seedlings were growth in the medium without NaCl, the

root length of transgenic seedlings did not show significant

difference from WT plants. In contrast, root growth of both

transgenic seedlings and WT seedlings was inhibited under

NaCl stress, but root length of transgenic seedlings were

significantly longer than that that of WT seedlings (Fig. 5).

For example, in the medium containing 150 mM NaCl, the

root length of the three transgenic lines L1, L16 and L36

were 1.02, 0.99, and 0.96 cm respectively, whereas the root

length of the WT plants only reached 0.55 cm.

Fig. 1 Comparison of GmUBC2 and ubiquitin conjugation enzyme

E2-related proteins. a Alignment of the deduced amino acid sequence

of soybean GmUBC2 with Arabidopsis AtUBC2 (P42745), Mus
musculus Ube2A (NP_062642), Saccharomyces cerevisiae RAD6

(AAA34952) and human HR6A (P49459). Fully and partially

conserved amino acids were shaded in black and gray, respectively.

The asterisk symbol above the alignment denotes the active-site

cysteine of E2 enzymes. b Sequence comparison between consensus

catalytic sites from UBC (PROSITE: PS000183) and soybean

GmUBC2. The catalytic cysteine is highlighted. c Phylogenetic

analyses of GmUBC2 and other representative E2-related enzymes.

Multiple sequence alignment was performed using CluxtalW and the

polygenetic tree was constructed via the Mega 4.1 program. Tree

topology was calculated by the neighbor-joining method and 1,000

replicates were used for bootstrap test. The accession numbers for

the proteins are given below in parentheses: A. thaliana AtUBC2

(P42745), AtUBC1 (P25865), AtUBC3 (P42746), AtUBC5 (P42749),

AtUBC8 (P35131), AtUBC15 (AAC39324), and AtMMS2

(AAK68786); S. cerevisiae RAD6 (AAA34952), ScUBC9

(S52414), and ScMMS2 (AAC24241); M. musculus Ube2A

(NP_062642); H. sapiens UbcM2 (AAD40197), HR6A (P49459),

HR6B (P63146), HsUEV1 (AAB72016), HsMMS2 (CAA66717), and

HsTSG101 (AAC52083); D. melanogaster DmTSG101 (AAG29564)
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Overexpression of the GmUBC2 confers enhanced

drought tolerance in Arabidopsis

To evaluate the drought stress tolerance of 35S-GmUBC2

plants, 3-week-old WT and 35S-GmUBC2 plants grew in

soil were withheld from water for 15 days. After resump-

tion of watering for 1 day, 73.3 and 56.7% of transgenic

lines L1 and L16 survived, whereas only 18.3% of WT

plants recovered (Fig. 6a). We also quantified the loss of

fresh weight (FW) in detached leaves. The leaves from WT

plants lost about 30% of their FW in 4 h, while leaves from

35S-GmUBC2 plants had a much reduced water loss

(approximately 20%) (Fig. 6b).

The expression of stress responsive genes

in 35S-GmUBC2 plants

To understand the molecular mechanisms underlying the

enhanced tolerance to salt and drought by 35S-GmUBC2

plants, we examined transcript levels of a set of selected

abiotic stress-responsive genes in WT and 35S-GmUBC2

plants grew under normal conditions by real time PCR.

Because plants reestablish ion homeostasis under salt stress,

several genes modulating ion homeostasis were selected. As

shown in Fig. 7, expression of several genes were elevated in

the 35S-GmUBC2 transgenic plants compared to wild type

plants, including the vacuolar antiporter gene AtNHX1, At-

CLCa gene encoding a NO3
-/H? exchanger (Angeli et al.

2006), AtP5CS1 encoding a rate-limiting enzyme in the

biosynthesis of Proline and AtCCS encoding a copper

chaperone for superoxide dismutase(Strizhov et al. 1997;

Chu et al. 2005). However, the levels of SOS1 encoding a

plasma membrane antiporter (Shi et al. 2002) and the stress-

responsive transcription factor DREB2A and its target genes

RD29b appear to be insensitive to GmUBC2 abundance

under normal growth conditions (Sakuma et al. 2006).

35S-GmUBC2 plants exhibit enhanced SOD activity,

proline and Na? content, but not K? content

Because the transcripts of P5CS and AtCCS genes

increased in transgenic plants overexpressing GmUBC2,

Fig. 2 Expression of GmUBC2 is regulated by salt, drought and

ABA treatments. The seeds were first germinated in vermiculite

irrigated with water. After opening of the first trifoliate, the seedlings

were transferred into Hoagland’s solution supplemented with

200 mM NaCl, 20% polyethylene glycol (PEG), or 100 lM ABA

for 6 h. Seedlings, roots, stems and leaves were collected for total

RNA extraction and real time RT-PCR analysis. a GmUBC2 is

response to NaCl, drought, and exogenous ABA treatments.

b GmUBC2 is up-regulated in different organs under NaCl stress.

The soybean actin gene was used as an internal control. Ck, untreated

control. Error bars represent SD (n = 3)

Fig. 3 Subcellular localization of EGFP-GmUBC2 fusion protein in transgenic Arabidopsis root cells. a Localization of the EGFP protein.

b Localization of EGFP-GmUBC2 protein. Scale bar, 20 lm
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we determined the SOD activity and proline content in

rosette leaves of WT and transgenic plants. Without NaCl

treatment, the SOD activity in L1 and L16 plants was 29.8

and 14.0%, respectively, higher than that in WT plants.

After 4 days of 150 mM NaCl treatment, the SOD activity

in L1 and L16 plants was 32.2 and 13.3% higher, respec-

tively, than that in WT plants (Fig. 8a). The proline content

in L1 and L16 plants was relatively higher than that of

control plants without NaCl treatment. After 6 h of

150 mM NaCl treatment, the proline contents in both L1

and L16 plants and control plants increased, but the proline

content in L1 and L16 were 58.7 and 44.0% higher,

respectively, than that in control plants (Fig. 8b).

Because the AtNHX1 gene expression is affected in 35S-

GmUBC2 plants under normal growth conditions, we

determined the Na? and K? contents of the rosette leaves

of WT and transgenic plants grown under control and high-

NaCl conditions. Under normal growth conditions, the Na?

contents in both L1 and L16 lines was similar to that in

control plants. However, the Na? contents of both L1 and

L16 plants and control plants dramatically increased under

150 mM NaCl treatment for 6 days, and a higher Na?

content in the transgenic plants was observed (Fig. 8c).

The K? contents in both L1 and L16 and control plants

decreased slightly after 150 mM NaCl treatment for

6 days, but there was no significant difference between

plants with or without NaCl treatment (Fig. 8d). These

results suggest that the improved salt tolerance of 35S-

GmUBC2 plants could be partially due to increased com-

partmentation of Na? into the tonoplast.
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Fig. 4 Overexpression of the

GmUBC2 in Arabidopsis
confers improved NaCl

tolerance. a The GmUBC2
transcript levels in WT and

three transgenic lines (L1, L16,

and L36) were assessed by

quantitative RT-PCR. The

Arabidopsis Actin gene was

used as an internal control.

b 5-day-old homozygous

seedlings were transferred from

normal MS media to MS media

supplemented with 0 mM or

200 mM NaCl for 7 days.

c Survival rates of WT plants

and transgenic plants under

200 mM NaCl treatment for

7 days

WT L1 L16 L36 

0 mM 

100 mM 

150 mM 

Fig. 5 Seedling growth of GmUBC2 transgenic plants under different

concentration levels of NaCl. 4-day-old WT and 35S-GmUBC2

seedlings grown on MS medium were transferred to MS medium

supplemented with 1% sucrose containing 0, 100 and 150 mM NaCl

for 5 days. The graph shows root length after 5 days under different

levels of NaCl for WT and transgenic seedlings (n = 15)
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Discussion

In this study, we identified a soybean ubiquitin-conjugating

enzyme gene, GmUBC2, which contains a conserved

consensus E2 catalytic site with an invariant active-site

cysteine of E2 enzymes (Fig. 1b). Previous phylogenetic

analyses of UBC proteins in Arabidopsis, S. cerevisiae, and

H. sapiens have classified AtUBC1 and AtUBC2 as well as

AtUBC3 together with RAD6 (also named ScUBC2) and

HsUBC2 as members of group III (Kraft et al. 2005).

GmUBC2 has high sequence similarity to AtUBC2 and

RAD6 and phylogenetically clusters together with AtUBC2

and RAD6. These sequence analyses suggest that

GmUBC2 could be an active ubiquitin-conjugating enzyme

as RAD6 and AtUBC2, further biochemical analysis is

needed to further confirm whether GmUBC2 binds ubiq-

uitin via a thiol ester linkage. Previous studies have dem-

onstrated that AtUBC1 and AtUBC2 have E2 activity in

vitro (Sullivan and Vierstra 1993), that AtUBC2 could

rescue the UV-sensitive phenotype of the yeast rad6 mutant

(Zwirn et al. 1997), and that AtUBC1 and AtUBC2 have

redundant functions in suppression of flowering (Xu et al.

2009). Here, we showed that GmUBC2 played an important

role in salt and drought stress responses by regulating

stress-responsive genes.

Accumulating evidences suggest that ubiquitination may

play an important role in plant tolerance against abiotic

stresses (Yan et al. 2003; Zhang et al. 2007; Lee et al.

2001; Lopez-Molina et al. 2003; Luo et al. 2006; Stone

et al. 2006). The mRNA level of GmUBC2 increased after

exposure to salt and drought stress, suggesting that

GmUBC2 might be involved in plant tolerance against salt

and drought stress. As a prove-of-concept study, we over-

expressed the GmUBC2 under the control of 35S CaMV

promoter to examine its role in salt and drought stress in

Arabidopsis given the technical difficulty of transforming

soybean. The transgenic Arabidopsis plants were more

tolerant to NaCl during the seedling stage. As shown in

Fig. 4, seedlings expressing GmUBC2 grew in MS medium

containing 200 mM NaCl for 7 days exhibited higher

survival rates compared with the control plants. The root

length of transgenic seedlings is longer than that of WT

seedlings (Fig. 5). In addition, our data indicated that

plants overexpressing GmUBC2 were more tolerant to

drought compared to control plants (Fig. 6). These results

strongly suggest that GmUBC2 is a positive regulator of

salt and drought tolerance.

Our gene expression analysis suggests that GmUBC2 is

involved in the regulation of ion homeostasis, osmolyte

synthesis, and oxidative stress responses. We found that

expression of several abiotic stress-related genes increased

in the GmUBC2 overexpressing plants under normal

growth conditions. Among them, the Na?/H? antiporter

AtNHX1 is a vacuolar antiporter (Gaxiola et al. 1999) and

represents a mechanism of sequestering Na? into vacuoles

to adapt to higher NaCl condition in plants (Apse et al.

1999). We also found that the Na? content in transgenic

plants is higher than that in control plants. Consistent with

our observation, overexpressing plants of AtNHX1 or a rice

vacuolar Na?/H? antiporter exhibited higher vacuolar

antiport activity and Na? content than WT plants under

high NaCl condition (Apse et al. 1999; Fukuda et al. 2004).

Our result strongly suggests that GmUBC2 enhances salt

tolerance by affecting AtNHX1 expression to sequester Na?

in plants. In addition, we observed an increased expression

of the anion channel gene AtCLCa in the 35S-GmUBC2

plants. The tonoplast-localized AtCLCa is able to accu-

mulate specific nitrate in the vacuole and behaves as a

NO3
-/H? exchanger (Angeli et al. 2006). Together, our

results suggested that GmUBC2 is involved in regulation of

ion homeostasis in plant cells.

Salt and drought stress leads to accumulation of high

levels of reactive oxygen species (ROS) (Borsani et al.

WT L1 L16 

Before 

treatment 

Drought 

73.3% 
(44/60) 

(A) 

18.3% 
(11/60)

56.7% 
(34/60) 

(B) 

Fig. 6 Drought tolerance of the 35S-GmUBC2 transgenic plants.

a Three-week-old plants were grown in soil in the same container

withheld from water for 15 days and then re-watered. The photo-

graphs were taken 1 day after re-watering. Percentages of surviving

plants and numbers of surviving plants per total number of tested

plants are indicated under the photographs. b Quantification of water

loss in 3-week-old WT, L1 and L16 transgenic plants. Leaves of the

same developmental stages were excised and weighed at various time

points after detachment. Data represent average values ± SD (n = 8)
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Fig. 7 Expression of stress-

responsive genes in 35S-
GmUBC2 lines. Relative RNA

levels of stress-responsive genes

were determined by Real time

PCR using total RNAs isolated

from the shoots of 3-week-old

plants grown under normal

conditions in soil. Two

independent assays were

performed and similar results

were obtained (each n = 3).

The Arabidopsis ACT3
(ATU39480) gene was used as a

loading control

Fig. 8 Measurement of SOD

activities, proline contents, and

ion contents in wild type (WT)

and two transgenic lines (L1 and

L16) overexpressing GmUBC2.

(A and B) SOD activity (a) and

proline content (b) in WT and

two transgenic lines (L1 and

L16) overexpressing GmUBC2
grown at various salt

concentrations. Na? (C) and K?

(D) contents of WT and

transgenic plants (n = 3). DW,

dry weight. FW, fresh weight.

Asterisks represent significant

differences between the WT and

transgenic plants (** and *

represent P \ 0.01 and

P \ 0.05 respectively, Student’s

t test)
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2001). The excessive production of ROS such as super-

oxide (O2
-), hydrogen peroxide (H2O2), and hydroxyl

radicals (OH-) may disturb cellular redox homeostasis,

leading to oxidative injuries. Superoxide dismutase (SOD)

belongs to the enzymatic defense system against ROS and

catalyzes the dismutation of superoxide radicals to

molecular oxygen and hydrogen peroxide. The increased

expression level of AtCCS suggests that SOD activity may

increase in 35S-GmUBC2 plants. Indeed, we observed a

higher SOD activity in transgenic plants compared with

control plants with or without NaCl treatment (Fig. 8),

suggesting that GmUBC2 regulates SOD activity to scav-

enge ROS and is involved in oxidative stress responses.

Proline is one of the osmoprotecting molecules (osmo-

lytes), which accumulates in plants in response to water

stress and salinity. Correlations between proline accumu-

lation and osmotic stress responses indicate that pro-

line also plays a role as osmoprotectant in higher plants

(Yoshiba et al. 1995; Martinez et al. 1995). Interestingly, we

found that the expression levels of P5CS1 increased sig-

nificantly in 35S-GmUBC2 plants compared to WT plants.

P5CS1 encodes a rate-limiting enzyme in the biosynthesis of

Pro (Strizhov et al. 1997). Consistent with this, the level of

proline content was higher in the 35S-GmUBC2 transgenic

plants under stress-growing conditions. Our results suggest

that GmUBC2 may play an important role in the synthesis of

osmolytes to protect plants from water deficit.

Many abiotic-stress-inducible genes are controlled by

ABA, but some are not, which indicates that both ABA-

dependent and ABA-independent regulatory systems are

involved in stress-responsive gene expression. The ABA-

dependent signaling pathway is mediated mainly by two

types of transcription factors: one is ABRE-binding factors

(ABFs); the other is the transcription factor AtMYC, which

activates the expression of RD22 genes (Yamaguchi-

Shinozaki and Shinozaki 2005). Although the P5CS1 gene

responsive to salinity, drought, and ABA was affected in

35S-GmUBC2 transgenic plants, the expressions of ABF3,

ABF4 and AtMYC2, and some of their target genes (such as

RD22), were not affected in 35S-GmUBC2 plants (data not

shown). A substantial number of studies have reported that

overexpression of genes in the ABA signal pathway such as

ABF3, ABF4, AtMYC2 and SDIR1, confer several ABA-

or stress-associated phenotypes in transgenic plants, such

as ABA hypersensitivity, sugar hypersensitivity, salt sen-

sitivity and enhanced drought tolerance (Kang et al. 2002;

Abe et al. 2003; Zhang et al. 2007). However, 35S-

GmUBC2 transgenic plants were insensitive to various

ABA concentrations (data not shown) and had enhanced

tolerance to salt stress at seedling stages (Figs. 4, 5).

In addition, two genes of ABA-independent signaling

pathway regulated by DREB2A, Rd29b, and DREB2A

(Sakuma et al. 2006), showed no significant changes in

35S-GmUBC2 plants. Therefore, our results suggest that

GmUBC2 could be involved in ABA-independent signal-

ing pathway in the response to dehydration stress. How-

ever, it is also possible that the expressed levels of

GmUBC2 in 35S-GmUBC2 lines might not be enough to

trigger the expression of various ABA-responsive genes

even though GmUBC2 could be involved in ABA-depen-

dent pathway. Further studies are required to definitely

resolve this issue.

In conclusion, our molecular and physiological data

suggest that GmUBC2 may act as an ubiquitin-conjugating

enzyme to regulate protein degradation and abiotic stress

responses. Identification and functional characterization of

the substrate proteins will aid in the elucidation of the

regulatory mechanisms of ubiquitination-proteasome

pathway in abiotic stress responses in plants.
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