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Abstract: Stylosanthes (stylo) species are commercially significant tropical and subtropical forage
and pasture legumes that are vulnerable to chilling and frost. However, little is known about the
molecular mechanisms behind stylos’ responses to low temperature stress. Gretchen-Hagen 3 (GH3)
proteins have been extensively investigated in many plant species for their roles in auxin homeostasis
and abiotic stress responses, but none have been reported in stylos. SgGH3.1, a cold-responsive gene
identified in a whole transcriptome profiling study of fine-stem stylo (S. guianensis var. intermedia) was
further investigated for its involvement in cold stress tolerance. SgGH3.1 shared a high percentage
of identity with 14 leguminous GH3 proteins, ranging from 79% to 93%. Phylogenetic analysis
classified SgGH3.1 into Group II of GH3 family, which have been proven to involve with auxins
conjugation. Expression profiling revealed that SgGH3.1 responded rapidly to cold stress in stylo
leaves. Overexpression of SgGH3.1 in Arabidopsis thaliana altered sensitivity to exogenous IAA,
up-regulated transcription of AtCBF1-3 genes, activated physiological responses against cold stress,
and enhanced chilling and cold tolerances. This is the first report of a GH3 gene in stylos, which
not only validated its function in IAA homeostasis and cold responses, but also gave insight into
breeding of cold-tolerant stylos.

Keywords: Gretchen-Hagen 3; Stylosanthes; overexpression; transgenic; cold tolerance; auxin

1. Introduction

Species of Stylosanthes (stylo) are among the most economically important forage and
pasture legumes in tropical and subtropical regions of Asia, Africa, South America, and
Australia [1]. Since stylos were first introduced to South-East Asia in 1949, S. guianensis has
become the most productive and widely adapted stylo species for the acid infertile soils
of humid and subhumid Asia. In China, S. guianensis is mainly used as a cover crop to
suppress weed growth in plantations as well as a green manure to improve soil fertility
and nitrogen, and then freshly cut and processed into leaf meal to feed animals [2]. S.
guianensis exhibits high tolerance to drought and soil infertility, but are very vulnerable to
frost and chilling stress [3,4], which makes it difficult for most stylo cultivars to survive
through winter even in subtropical areas such as Guangzhou (113◦21′50′ ′, 23◦10′10′ ′)
(Figure S1). Fine-stem stylo (S. guianensis var. intermedia) is a variety of S. guianensis,
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but it is morphologically and physiologically very different from the other varieties of
this species. It is a much smaller plant with maximum height of 30–40 cm and stem
diameter < 3 mm, compared with common stylos which usually have a maximum height
over 100 cm and old stems highly coarse and woody. More importantly, fine-stem stylo
has much better frost tolerance than the common stylos and can survive at temperature
as low as −10 ◦C [5]. Thus, understanding molecular mechanisms associated with cold
responses and tolerance in fine-stem stylo could aid in the development of cold-tolerant
cultivars capable of surviving subtropical winters.

Temperate plants have evolved a mechanism called cold acclimation that allows them
to enhance their freezing tolerance through pre-exposure to non-freezing low temperature.
Cold acclimation requires the coordination of transcriptional, biochemical, and physiolog-
ical changes. C-repeat binding factors/dehydration-responsive protein-binding factors
(CBFs/DREBs) activate cold-responsive (COR) genes during cold acclimation, resulting
in the accumulation of cryoprotectants and the acquisition of freezing tolerance [6,7]. In
this process, adjustments in membrane composition are made to avoid damage caused
by freezing temperatures, stress-related proteins and sugars are accumulated to avoid
dehydration caused by the immobilization of water around ice nuclei, antioxidant enzymes
are activated, and the cold-sensitive photosynthetic machinery is protected [8,9]. In ad-
dition, transcript profiling indicated that CBF-regulated genes were engaged not only in
the cold stress response, but also in hormone response, implying a connection between
CBF-mediated cold acclimation and hormonal responses. [10,11].

A previous RNA-seq analysis was performed by our lab on fine stem-stylo leaves
under cold stress, which revealed that a Gretchen-Hagen 3.1 (GH3.1) homologous gene
(SgGH3.1) was induced by low temperature (NCBI BioProject PRJNA316912). GH3 pro-
teins were divided into three major clades according to their phylogenetic relationships,
identified as Groups I, II, and III [12,13]. GH3 proteins of Group II have similar substrate
preference, specifically conjugate auxins with amino acids in vitro and in vivo. Using
mutants or transgenic lines with altered gene expression, it has been demonstrated that
several Group II GH3 members are associated with responses to biotic and abiotic stresses
in A. thaliana, Oryza sativa and Citrus sinensis [14–19]. These studies suggest that Group
II GH3 proteins link regulation of plant growth and development with abiotic stress re-
sponses through mediating auxin homeostasis. Although it has been well established that
auxin plays an important role in responses to abiotic stress, how IAA conjugation changes
growth, development and defensive responses during abiotic stress remains largely un-
known due to the complicated and extensive crosstalk between auxin homeostasis and
abiotic stress responses.

To further investigate the role of SgGH3.1 in cold responses in fine-stem stylo, expres-
sion variation of SgGH3.1 gene was determined in stylos under cold stress, and transgenic
Arabidopsis plants overexpressing SgGH3.1 were generated using Agrobacterium-mediated
transformation. Effects of SgGH3.1 on cold tolerance and cold-responsive gene expression
in transgenic plants were investigated. The results indicated that SgGH3.1 responded to low
temperature rapidly in stylo leaves and SgGH3.1 overexpression changed IAA sensitivity,
increased transcription of AtCBF1-3 genes, triggered physiological responses to cold stress,
and improved chilling and cold tolerance in Arabidopsis.

2. Materials and Methods
2.1. Gene Cloning and Bioinformatic Analysis

Total RNA was extracted from the leaf tissues of the fine-stem stylo variety ‘YueNong 01’
using TransZol Plant kit (TransGen Biotech, Beijing, China). The first cDNA was synthe-
sized using TaKaRa PrimeScript II 1st Strand cDNA Synthesis Kit (Takara Biotechnology,
Shiga, Japan). The full-length coding DNA sequences (CDSs) of SgGH3.1 were ampli-
fied by PCR using a specially designed primer pair, SgGH3.1-pBA-F and SgGH3.1-pBA-R
(Table S1). PrimeSTAR® Max DNA Polymerase (Takara Biotechnology, Japan) was used
for the PCR. The 50 µL PCR reaction system contained 25 µL PrimeSTAR Max Premix
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(2X), 0.2 µM SgGH3.1-pBA-F, 0.2 µM SgGH3.1-pBA-R, and approximately 200 ng cDNA
template. The PCR protocol consisted of 30 cycles of 20 s at 98 ◦C, 5 s at 55 ◦C and 30 s at
72 ◦C. The amino acid sequence of SgGH3.1 was aligned with 20 Arabidopsis GH3 proteins
(Table S2) and 14 leguminous GH3.1 proteins (Table S3) using T-coffee [20]. A phylogenetic
tree was constructed from the alignment using MrBayes [21,22]. Percentage identities
between the leguminous GH3.1 proteins were calculated based on the alignment.

2.2. Arabidopsis Transformation

Due to the low transformation efficiency and the long periodicity of callus induction
and regeneration, generation of a transgenic stylo plantlet via Agrobacterium-mediated
transformation remains extremely challenging. As a result, in this investigation, a model
plant A. thaliana (Arabidopsis) was used to verify the function of SgGH3.1. Arabidopsis
of Columbia ecotype (Col-0) was used for gene transformation. Plants were grown in a
culture room at 22 ◦C with a relative humidity of 60% under short day conditions (12 h
light and 12 h dark) with white light illumination (100 µmol photons·m−2·s−1). SgGH3.1
was fused into an overexpression vector pBA002 carrying spectinomycin resistance gene
and basta resistance (bar) gene, yielding a recombinant plasmid, pBA002-SgGH3.1. The
recombination was conducted using T4 DNA ligase (Takara Biotechnology, Japan) after
digestion with XbaI and BamHI. The Agrobacterium tumefaciens strain EHA105 carrying
pBA002-SgGH3.1 was used for Arabidopsis transformation using the floral dip method [23].
Seeds of Arabidopsis were collected and sown on Murashige and Skoog (MS) medium
containing basta (5 mg/L) to select for transgenic plants (T1). The T1 plants were confirmed
by amplification of bar gene from genomic DNA and amplification of SgGH3.1 from cDNA.
Homozygous third-generation (T3) seedlings were derived from self-crossed T2 plants
exhibiting 1:0 segregation of basta resistance [24]. Independent T3 homozygous transgenic
lines, SgGH3.1-OE1, 3 and 4 were used for further study.

2.3. IAA Treatment

Wild-type (WT) and T3 transgenic Arabidopsis lines, SgGH3.1-OE1, 3 and 4, were
seeded on MS medium supplemented with 0, 2, 4, 6, 8 and 10 µM IAA and cultured at
22 ◦C under short day conditions (12 h light and 12 h dark) with white light illumination
(100 µmol photons·m−2·s−1). Twenty seedlings from each treatment were collected for
phenotypic measures after 18 days of cultivation.

2.4. Chilling Treatment

WT and T3 transgenic Arabidopsis lines, SgGH3.1-OE1 and 3, were seeded on MS
medium and grown at 22 ◦C and 10 ◦C, respectively, under short day conditions (12 h light
and 12 h dark) with white light illumination (60 µmol photons·m−2·s−1). Twenty seedlings
from each treatment were collected for phenotypic measures after 20 days of cultivation.

2.5. Cold Treatment

Ten fine-stem stylo plants were vegetatively propagated by cuttings. Fresh shoots
of 10 cm were cut from a single fine-stem stylo plant and cultured in water for rooting.
After one week, rooted shoots were planted in pots (10 cm in height and 12 cm in diameter)
containing soil mixtures of Jiffy® substrate and vermiculite (3:1) and cultured in a growth
chamber at 28 ◦C and 70% humidity under a 16/8-h (light/dark) photoperiod for four
weeks. Tissues of root, stem and leaf were harvested and immediately immersed in liquid
nitrogen for RNA extraction. Plants of uniform growth were selected for cold treatment
at 4 ◦C and 70% humidity under a 16/8-h (light/dark) photoperiod. Leaf tissues were
harvested at 0, 2, 6, 12, 24, and 48 h after cold treatment for relative gene expression analysis
of SgGH3.1.

WT and T3 transgenic Arabidopsis lines, SgGH3.1-OE1 and 3, were seeded on MS
medium and grown at 22 ◦C under short day conditions (12 h light and 12 h dark) with
white light illumination (60 µmol photons·m−2·s−1). Three-week old plants were used
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for cold treatment at −4 ◦C under short day conditions (12 h light and 12 h dark) with
white light illumination (60 µmol photons·m−2·s−1). Plants after an hour of cold treatment
were sampled for relative gene expression analysis of AtCBF1-3. Fresh leaves after cold
treatments of 0, 2, 6, 12, 24, and 48 h were harvested for physiological determination.
Survival rates were assessed after 2 weeks of recovery at 22 ◦C following cold treatment.

2.6. Relative Gene Expression Analysis

Total RNA was extracted from nitrogen-frozen tissues using TransZol Plant Kit (Trans-
Gen Biotech, China). RNA concentration and purity was measured by a microplate spec-
trophotometer (BioTek Epoch, Winooski, VT, USA), and RNA integrity was assessed by 1%
agarose gel electrophoresis. cDNA was synthesized with ReverTra Ace qPCR RT Master
Mix with gDNA remover (Toyobo, Japan) following the manufacturer’s manual. To remove
Genomic DNA, 8 µL reaction solution containing 0.5 µg RNA, 2 µL 4× DN Master Mix
with gDNA remover was incubated at 37 ◦C for 5 min. 2 µL 5× RT Master Mix II was
added to the reaction solution, and incubated at 37 ◦C for 15 min, 50 ◦C for 5 min and 98 ◦C
for 5 min. The synthesized cDNA of 5-time dilution was used as template for Real-Time
PCR by QuantStudio 3 Real-Time PCR System (Applied Biosystems, Forster City, CA, USA)
with specific primer pairs (Table S1). Real-time PCR was conducted using SYBR Premix
Ex Taq II kit (Takara Biotechnology, Japan). The 25 µL Real-time PCR reaction solution
contained 12.5 µL SYBR Premix Ex Taq II (2X), 0.2 µM forward primer, 0.2 µM reverse
primer, and 1 µL cDNA template. The PCR protocol consisted of an initial pre-denaturation
of 10 min at 95 ◦C, and 40 cycles of 15 s at 95 ◦C, 60 s at 60 ◦C and 30 s at 72 ◦C. The output
data was analyzed using 2−∆∆Ct method [25].

2.7. Physiological Determination

Fresh leaves after cold treatments of 0, 2, 6, 12, 24, and 48 h were harvested and used for
determination of proline content [26], MDA content [27], soluble sugar content [26], relative
electrolyte leakage and soluble protein content [26] following the published methods. Three
replicates were conducted for each measurement.

2.8. Statistical Analysis

All morphological, physiological and Real-time PCR data was analyzed using the IBM
SPSS Statistics 23.0 software. Significance of differences between samples or treatments
were evaluated by Duncan’s multiple range test.

3. Results
3.1. SgGH3.1 Is a Member of GH3 Family

SgGH3.1 consists of 602 amino acids. The phylogenic tree of SgGH3.1 and Arabidopsis
GH3.1 proteins indicates that SgGH3.1 belongs to Group II of GH3 family (Figure 1A).
Sequence alignment shows that GH3.1 protein sequences are highly conserved among
leguminous species. Percent identities between SgGH3.1 and other leguminous GH3.1 pro-
teins range from 79% to 93%. Among the 14 leguminous GH3.1 proteins, AhGH3.1 (Arachis
hypogaea), AdGH3.1 (A. duranensis), and AiGH3.1 (A. ipaensis) are closest to SgGH3.1, show-
ing percent identities of 91%, 93%, and 93%, respectively (Figure 1B). The phylogenetic
analysis also clustered SgGH3.1 and the three Arachis GH3.1 proteins into the same group,
which is consistent with the plant taxonomy that Stylosanthes and Arachis belong to the
same tribe Dalbergieae of subfamily Papilionoideae (Figure 1B).
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Figure 1. Phylogenetic tree of SgGH3.1 and Arabidopsis Gretchen-Hagen 3 (GH3) proteins (A) and percentage identity matrix
of SgGH3.1 and GH3.1 homologous proteins of 14 leguminous species (B). T-Coffee was used for the multiple alignment
and MrBayes for the tree construction. The light blue, orange, and light green indicate Subgroup I, II, and III of GH3 family,
respectively. The pie chart on the upper right and the numbers on the lower left of the matrix represent the percentage
identities between the leguminous GH3.1 protein sequences. The blue color of the pie charts and numbers indicates the level
of the percentage identity (the darker the blue, the higher the percentage identity). The abbreviations on the diagonal line
represent different leguminous species: Pa for Prosopis alba, St for Senna tora, Gm for Glycine max, Gs for Glycine soja, Ss for
Spatholobus suberectus, Va for Vigna angularis, Cc for Cajanus cajan, Mt for Medicago truncatula, Tr for Trifolium repens, Ap for
Abrus precatorius, Ai for Arachis ipaensis, Ad for Arachis duranensis, Ah for A. hypogaea, Sg for S. guianensis, and La for Lupinus
albus. The tree above the matrix is based on the phylogenetic analysis of the 15 leguminous GH3.1 protein sequences.

3.2. SgGH3.1 Is Responsive to Cold Stress

Expression of SgGH3.1 was observed in roots, stems, and leaves of stylo, and the
expression was highest in roots, followed by stems and leaves (Figure 2A). To determine
whether SgGH3.1 is responsive to cold stress, stylo plants were subjected to cold treatment
(4 ◦C). The results showed that the expression level of SgGH3.1 in stylo leaves increased
gradually as cold treatment extended, and peaked after 24-h cold treatment, when the
expression level of SgGH3.1 was 6.6 times of that before treatment (Figure 2B).

3.3. Overexpression of SgGH3.1 Altered IAA Sensitivity in Arabidopsis

Three SgGH3.1 overexpressing Arabidopsis lines—OE1, 3, and 4—were obtained
and verified by basta selection and successful amplification of bar and SgGH3.1 genes
(Figure S2). WT and the T3 transgenic lines were cultured in MS medium supplemented
with 0, 2, 4, 6, 8, and 10 µM IAA (Figure S3). IAA exhibited different effects on the growth
of underground and aboveground parts of Arabidopsis. As IAA concentration increased,
the growth of Arabidopsis root was significantly inhibited, while the leaf length and width
increased until IAA concentration reached 10 µM (Figure 3). No difference was observed
between WT and SgGH3.1-OE lines when no IAA was added to the MS medium. The
differences began to show when IAA was added, and became most significant when IAA
concentrations reached 6 and 8 µM. The root length and leaf length of SgGH3.1-OE lines
were significantly larger than WT when cultured in medium with 6 and 8 µM IAA.
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Figure 2. Expression of SgGH3.1 in different tissues of stylo (A) and expression variation of SgGH3.1 in leaf tissues of stylo
after cold treatment (B). Different letters above the columns indicate significant differences at p < 0.01 between different
tissues. * and ** indicate significant differences at p < 0.05 and p < 0.01 with 0 h, respectively.

Figure 3. Phenotypic images and measurements of wild-type (WT) and SgGH3.1 overexpressing (OE1, 3 and 4) A. thaliana
seedlings grown in MS medium supplemented with different concentrations of IAA. (A) Scans of WT and SgGH3.1-OE A.
thaliana seedlings grown in MS medium supplemented with 0, 6 and 8 µM IAA. (B) Height, rosette diameter, leaf length
and width, and root length of WT and SgGH3.1-OE A. thaliana seedlings grown in MS medium supplemented with 0, 2,
4, 6, 8 and 10 µM IAA. Different letters above the columns indicate significant differences at p < 0.01 between different
IAA treatments.

3.4. Overexpression of SgGH3.1 Enhanced Chilling and Cold Tolerance in Arabidopsis

WT and SgGH3.1-OE Arabidopsis were seeded on MS medium and cultured at 22 ◦C
and 10 ◦C. There was no significant difference in growth between WT and SgGH3.1-OE
lines at 22 ◦C. When grown at 10 ◦C, the growth of WT and SgGH3.1-OE lines were all
considerably slowed and their leaves grew slimmer and brittle. In comparison to the
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SgGH3.1-OE lines, WT has significantly smaller rosettes and leaves, as well as shorter roots,
indicating that its growth was more hampered by chilling stress (Figure 4).

Figure 4. Phenotypic differences between wild-type (WT) and SgGH3.1 overexpressing (OE1 and 3) A. thaliana seedlings
cultured at 22 ◦C and 10 ◦C. (A) Scans of Arabidopsis seedlings. (B) Phenotypic measurements of Arabidopsis seedlings.
Different letters above the columns indicate significant differences at p < 0.05 between different Arabidopsis lines within the
same treatment.

Three-week old SgGH3.1-OE and WT Arabidopsis seedlings were exposed to cold treat-
ment at−4 ◦C (12 h dark/12 h light). After 2 weeks of recovery at 22 ◦C, WT leaves showed
obvious symptoms of wilting, yellowing and mortality, whereas most SgGH3.1-OEs sur-
vived and their leaves, albeit thin and brittle, stayed green (Figure 5A), and the survival
rates of SgGH3.1-OEs were significantly higher than WT (Figure 5B). To further investigate
the improved cold tolerance of SgGH3.1-OEs, stress-related physiological changes and
CBF1-3 gene expressions were determined in SgGH3.1-OEs and WT when subjected to cold
stress. There was no significant change in any physiological indices between SgGH3.1-OEs
and WT under normal growing conditions. All physiological indices were increased in
both SgGH3.1-OEs and WT when they were subjected to cold treatment, although no
significant difference was found at first between SgGH3.1-OE and WT plantlets (after 2-h
cold treatment). With the cold treatment continued, SgGH3.1-OE started to show enhanced
physiological responses to low temperature compared to WT, including significantly higher
proline, soluble sugar and soluble protein contents, and significantly lower MDA content
and relative electrolyte leakage, and the differences between SgGH3.1-OEs and WT grew
as treatment continued (Figure 5B). Before cold treatment, CBF1, 2, and 3 gene expres-
sions were significantly higher in two SgGH3.1-OE lines than in WT. After one hour of
cold treatment, the expression levels of CBF1, 2, and 3 were significantly upregulated to
18–92 times of the original levels, CBF1 and 3 expression levels in SgGH3.1-OE and WT
were not significantly different, while CBF2 expression levels were 3.46 and 2.61 times
higher in SgGH3.1-OE1 and SgGH3.1-OE3 than in WT, respectively (Figure 5C).
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Figure 5. Comparison of growth, physiological indices and CBF gene expressions between wild-type (WT) and SgGH3.1
overexpressing (OE1 and 3) A. thaliana seedlings after cold treatment. (A) Growth of WT and SgGH3.1-OE lines after 2-week
recovery following cold treatment. (B) Survival rates and physiological variations of WT and SgGH3.1-OE lines after cold
treatment, * and ** indicate significant differences at p < 0.05 and p < 0.01 with 0 h, respectively. (C) Expression variations
of AtCBF1, 2 and 3 genes in WT and SgGH3.1-OE lines after 1 h cold treatment, the left Y axis represents the expression
level prior to cold treatment (0 HAT), and the right Y axis represents the expression level 1 h after cold treatment (1 HAT),
different letters above the columns indicate significant differences at p < 0.05 between different Arabidopsis lines within the
same treatment.

4. Discussion

Expression of some GH3 genes has been proven to be tissue or organ-specific and
responsive to biotic and abiotic stresses in many plant species, including Arabidopsis (A.
thaliana), rice (Oryza sativa), maize (Zea mays), tomato (Solanum lycopersicum), chickpea (Cicer
arietinum), soybean (Glycine max), Medicago (Medicago truncatula), Lotus (Lotus japonicus),
and oilseed rape (Brassica napus) [15,18,19,28–31]. In this study, expression of SgGH3.1 was
detected in tissues of leaf, stem, and root of fine-stem stylo. Since leaves could rapidly
sense low temperature and were easier to sample, we chose leaves to determine expression
pattern of SgGH3.1 under cold stress. The results showed that SgGH3.1 was quickly induced
by low temperature, suggesting that SgGH3.1 is a cold-responsive gene and may play a
role in cold responses of fine-stem stylo.

In plants, endogenous auxins were maintained at appropriate levels through regula-
tion of auxin biosynthesis and distribution among different organs, and through conjuga-
tion of auxins with sugars, peptides, and amino acids (18–20). Although the physiological
function of conjugates in auxin homeostasis is not yet fully understood, it is generally
accepted that conjugate formation is crucial to auxin action. According to the phylogenetic
tree, SgGH3.1 belongs to the group II of the GH3 family (Figure 1A). Members of this
group have similar substrate preference, specifically conjugate auxins with amino acids
in vitro and in vivo. As a result, we hypothesized that SgGH3.1 has the ability to conjugate
IAA, like its homologs, and thus plays a role in IAA homeostasis. If the hypothesis is
correct, SgGH3.1-OEs will react to exogenous IAA differently compared to WT. Here, we
compared the growth of WT and SgGH3.1-OE Arabidopsis under different concentration of



Genes 2021, 12, 1367 9 of 13

exogenous IAA. The responses of the aboveground and underground parts to IAA were
completely opposite. The root growth was significantly inhibited even when only 2 µM
IAA was added, while the leaf elongation was promoted by IAA until the concentration
reached 10 µM. When IAA was not added to the growth medium, no severe morphological
abbreviation was observed in SgGH3.1-OE plants compared to WT, but as IAA concentra-
tion increased to 6 and 8 µM, root and leaf lengths in SgGH3.1-OE lines were significantly
longer than in WT (Figure 3). The results indicated that overexpression of SgGH3.1 con-
ferred higher resistance to IAA suppression of root growth and enhanced IAA stimulation
of leaf elongation in Arabidopsis. Similar results were observed in a previous study. An
Arabidopsis mutant wes1-D that overexpresses AtGH3.5 was slightly less sensitive to IAA
inhibition of primary root growth, whereas a T-DNA insertional mutant wes1 was more
sensitive [19]. We speculated that overexpression of SgGH3.1 increased IAA conjugation
and decreased endogenous IAA content, but not sufficiently to cause significant changes
in root and leaf growth in SgGH3.1-OEs. When 2 µM IAA was applied, root length in
SgGH3.1-OEs were inhibited more than in WT, which could be due to the overexpressing
lines having a lower content of endogenous IAA and therefore being more sensitive to
exogenous IAA. However, when the exogenous IAA concentration was increased to 6 and
8 µM, the overexpressing lines with the help of SgGH3.1 could more effectively conjugate
excess IAA than WT, which makes them more tolerant to the inhibitory effect of exogenous
IAA on root growth. Because leaves are less sensitive to IAA than roots, when root growth
is inhibited, leaf elongation is promoted, but when IAA concentrations exceed the plant’s
regulatory threshold (10 µM in our study), leaf growth is also inhibited. When exogenous
IAA levels are within a certain range (6 and 8 µM), IAA stimulated leaf elongation more
strongly in SgGH3.1-OEs, which could be due to SgGH3.1′s ability to control IAA levels,
allowing Arabidopsis to better maintain auxin homeostasis for leaf elongation. However, it
should be noted that the morphological differences between WT and SgGH3.1-OEs were
not as significant, which could be due to the following factors: (1) Because SgGH3.1 was
heterologously expressed in Arabidopsis, it might have a restricted regulatory function in
IAA homeostasis. (2) At the time of measurement, seedlings were relatively small, and WT
and SgGH3.1-OEs phenotypes were not highly distinct, meanwhile inconsistent germina-
tion and growth led to relatively large variations of morphological data within the same
group, making the differences less significant as well. To corroborate this conclusion, we
need to further refine the exogenous IAA treatment and morphological determination, as
well as examine the difference of endogenous IAA contents between WT and SgGH3.1-OEs
in the future.

When plants are under stress conditions, reallocation of metabolic resources between
different physiological pathways will occur, leading to stressed symptoms including growth
retardation and reduced metabolism. Auxin has been demonstrated to involve with such
adaptive responses [32–34]. In this study, SgGH3.1-OEs and WT plants germinated and
grew at 10 ◦C showed different levels of growth retardation, and the symptoms of WT were
much more severe than those of SgGH3.1-OEs. We speculated that chilling stress (10 ◦C)
would induce IAA synthesis and accumulation, and therefore inhibit plant growth, and
that overexpression of SgGH3.1 would partially counteract this inhibitory effect through
IAA conjugation.

Group II GH3 proteins play crucial roles in biotic and abiotic stress responses. Trans-
genic rice lines over-expressing OsGH3.1 exhibit inhibited cell growth and cell wall loosen-
ing, as well as enhanced resistance to fungal pathogen due to reduced auxin contents [14].
OsGH3.2 differentially affects cold and drought tolerance in rice through modulating both
endogenous free IAA and ABA homeostasis [15]. Transgenic rice lines overexpressing
OsGH3.8 exhibit reduced auxin contents, leading to altered plant growth and development
and enhanced pathogen resistance [16]. Transgenic rice lines overexpressing OsGH3.13 also
exhibit reduced auxin contents, leading to enhanced drought tolerance and altered root
morphology [17]. Overexpression of GH3.3, GH3.5, GH3.6 and GH3.12 in rice individually
improves rice resistance to bacterial pathogen Xoo through modulating JA homeostasis and
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regulating expression of JA-responsive genes [18]. An Arabidopsis mutant, wes1-D, in which
a GH3 gene WES1/GH3.5 is activated by nearby insertion of the 35S enhancer, showed
enhanced resistance to both biotic (pathogen infection) and abiotic stresses (including cold,
heat, and drought stresses), and stress-responsive genes, such as pathogenesis-related
genes and CBF genes, were up-regulated in this mutant [19]. Overexpression of CsGH3.1
and CsGH3.1L in Wanjingcheng orange (Citrus sinensis Osbeck) reduces plant susceptibility
to citrus canker by repressing auxin signaling and enhancing defense responses. Here, we
also found that overexpression of SgGH3.1 could up-regulate the expression of CBF1-3
genes and activate the physiological responses against cold stress, therefore enhancing cold
tolerance in Arabidopsis. CBF is also known as the dehydration-responsive protein-binding
factor (DREB), and CBF1-3 have been identified as the most important transcription factors
in the regulation of cold response gene (COR) expression, and essential for plant cold
acclimation and cold resistance [10,11,35–38]. Many studies have demonstrated that mu-
tation or altering the transcript level of the CBF1-3 genes could dramatically change cold
tolerance in plants [10,11,37,39–41]. Park et al. (2007) demonstrated that the transcription of
AtCBF1-3 was repressed by exogenous IAA in a concentration-dependent manner, and the
expression of AtCBF1 and 2 was increased in a WES1/AtGH3.5 overexpressing mutant of
Arabidopsis, wes1-D [19]. Thus, it is likely that SgGH3.1 overexpression lowered endogenous
IAA concentration, leading to increased CBF1-3 expression in SgGH3.1-OE lines, which
aided Arabidopsis in cold acclimation.

When a plant is exposed to cold stress, a number of genes are activated, resulting in
elevated levels of a series of metabolites and proteins, some of which may be responsible
for giving some degree of cold tolerance. Understanding the changes in cellular, metabolic,
and molecular machinery that occur in response to cold stress has been critical to progress
in breeding better crops under cold stress, which in turn gives new tools and techniques to
enhance cold tolerance in crops. Low-temperature restrictions have been overcome by the
discovery of cold-tolerant genes for use in genetically modified crops [42–46]. Transgenic
technology has made it possible to improve cold tolerance in plants by introducing or
removing a gene or genes that govern a specific characteristic [47]. It also provides unusual
chances for improving plant genetic potential through the production of specialized crop
varieties that are more resistant to cold stress. Because many aspects of the cold adaptation
process are under transcriptional control, many transcription factors were chosen; thus,
genetic engineering for introgression of such genes that are known to be involved in cold
stress response and putative tolerance, may prove to be a faster track towards improving
crop varieties for enhanced cold tolerance. Although SgGH3.1 is not a transcription factor,
it can influence the transcription of AtCBF1, 2, and 3, the key regulators of the cold respon-
sive network, and increase Arabidopsis chilling and cold tolerance. Although the specific
mechanism of SgGH3.1′s effect on the cold responsive pathway and low-temperature toler-
ance remains unclear, it has shown great potential as a candidate gene for cold tolerance
breeding. Hopefully, in the near future, when stylo transgenic technology is fully estab-
lished in our lab, we will be able to generate new variety with enhanced cold tolerance by
overexpressing or editing SgGH3.1.

5. Conclusions

The results taken together, SgGH3.1 encodes as a Group II GH3 protein consisting
of 602 amino acids. SgGH3.1 was expressed in root, stem, and leaf tissues, and responds
promptly to cold stress in leaves. Overexpression of SgGH3.1 in Arabidopsis has changed
sensitivity to exogenous IAA, up-regulated AtCBF1-3 transcriptions, and conferred sig-
nificantly improved chilling and cold tolerances to the transgenic plants. Our findings
confirmed SgGH3.1′s involvement in IAA homeostasis and cold responses, and provides
insights for the improvement of cold tolerance in stylos.



Genes 2021, 12, 1367 11 of 13

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12091367/s1, Table S1: Primer pairs used in PCR and Realtime PCR, Table S2: The
information of the 20 Arabidopsis thaliana GH3 proteins used for phylogenetic tree construction,
Table S3: The information of the 14 legume GH3.1 proteins used for multiple sequence alignment and
phylogenetic tree construction, Figure S1: The growth of fine-stem stylo (Stylosanthes guianensis var.
intermedia) and S. guianensis cv. Graham before and after winter in Guangzhou, China, Figure S2: PCR
amplification of bar (A) and SgGH3.1 (B) genes from wild-type (WT) and SgGH3.1 overexpressing
(OE1, 3 and 4) Arabidopsis thaliana, Figure S3: The growth of WT and SgGH3.1 overexpressing (OE1,
3 and 4) Arabidopsis thaliana after 18 days’ cultivation in MS medium supplemented with different
concentration of IAA.

Author Contributions: Conceptualization, X.-M.X. and S.C.; Formal analysis, M.J., L.-L.M., C.-S.G.,
X.-Q.Z. and S.C.; Funding acquisition, H.-A.H. and S.C.; Investigation, M.J., L.-L.M., H.-A.H. and
C.-S.G.; Methodology, X.-Y.N. and S.C.; Project administration, M.J., L.-L.M., S.-W.K. and S.C.;
Resources, S.C.; Software, M.J., L.-L.M. and S.C.; Supervision, X.-Q.Z. and S.C.; Validation, X.-Q.Z.,
T.-X.Z., X.-M.X. and S.C.; Visualization, X.-Y.N.; Writing—original draft preparation, M.J., L.-L.M.
and S.C.; Writing—review and editing, X.-M.X. and S.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Natural Science Foundation of Guangdong Province (grant
number 2019A1515012193), National Natural Science Foundation of China (grant number 31601990),
and Science and Technology Program of Guangzhou, China (grant number 202002030366).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Noble, A.D.; Orr, D.M.; Middleton, C.H.; Rogers, L.G. Legumes in native pasture—Asset or liability? A case history with stylo.

Trop. Grassl. 2000, 34, 199–206.
2. Grigg, A.; Shelton, M.; Mullen, B. The nature and management of rehabilitated pastures on open-cut coal mines in central

Queensland. Trop. Grassl. 2000, 34, 242–250.
3. Bao, G.; Zhuo, C.; Qian, C.; Xiao, T.; Guo, Z.; Lu, S. Co-expression of NCED and ALO improves vitamin C level and tolerance to

drought and chilling in transgenic tobacco and stylo plants. Plant Biotechnol. J. 2015, 14, 206–214. [CrossRef]
4. Zhou, B.; Guo, Z.; Liu, Z. Effects of Abscisic Acid on Antioxidant Systems of Stylosanthes guianensis (Aublet) Sw. under Chilling

Stress. Crop Sci. 2005, 45, 599–605. [CrossRef]
5. Loch, D.S.; Clatworthy, J.N. Stylosanthes guianensis var. intermedia in Australia and Zimbabwe. In Forage Seed Production; CABI:

Wallingford, UK, 1997; Volume 2, pp. 421–426.
6. Liu, Y.; Dang, P.; Liu, L.; He, C. Cold acclimation by the CBF—COR pathway in a changing climate: Lessons from Arabidopsis

thaliana. Plant Cell Rep. 2019, 38, 511–519. [CrossRef]
7. Barrero-Gil, J.; Salinas, J. Gene Regulatory Networks Mediating Cold Acclimation: The CBF Pathway. In Survival Strategies in

Extreme Cold and Desiccation: Adaptation Mechanisms and Their Applications; Iwaya-Inoue, M., Sakurai, M., Uemura, M., Eds.;
Springer: Singapore, 2018; pp. 3–22. ISBN 9789811312441.

8. Ding, Y.; Shi, Y.; Yang, S. Advances and challenges in uncovering cold tolerance regulatory mechanisms in plants. New Phytol.
2019, 222, 1690–1704. [CrossRef]

9. Yadav, S.K. Cold stress tolerance mechanisms in plants. A review. Agron. Sustain. Dev. 2010, 30, 515–527. [CrossRef]
10. Jia, Y.; Ding, Y.; Shi, Y.; Zhang, X.; Gong, Z.; Yang, S. The cbfs triple mutants reveal the essential functions of CBFs in cold

acclimation and allow the definition of CBF regulons in Arabidopsis. New Phytol. 2016, 212, 345–353. [CrossRef]
11. Zhao, C.; Zhang, Z.; Xie, S.; Si, T.; Li, Y.; Zhu, J. Mutational Evidence for the Critical Role of CBF Genes in Cold Acclimation in

Mutational Evidence for the Critical Role of CBF Transcription Factors in Cold Acclimation in Arabidopsis. Plant Physiol. 2016, 171,
2744–2759. [CrossRef]

12. Terol, J.; Domingo, C.; Talón, M. The GH3 family in plants: Genome wide analysis in rice and evolutionary history based on EST
analysis. Gene 2006, 371, 279–290. [CrossRef]

13. Staswick, P.E.; Serban, B.; Rowe, M.; Tiryaki, I.; Maldonado, M.T.; Maldonado, M.C.; Suza, W. Characterization of an Arabidopsis
enzyme family that conjugates amino acids to indole-3-acetic acid. Plant Cell 2005, 17, 616–627. [CrossRef]

https://www.mdpi.com/article/10.3390/genes12091367/s1
https://www.mdpi.com/article/10.3390/genes12091367/s1
http://doi.org/10.1111/pbi.12374
http://doi.org/10.2135/cropsci2005.0599
http://doi.org/10.1007/s00299-019-02376-3
http://doi.org/10.1111/nph.15696
http://doi.org/10.1051/agro/2009050
http://doi.org/10.1111/nph.14088
http://doi.org/10.1104/pp.16.00533
http://doi.org/10.1016/j.gene.2005.12.014
http://doi.org/10.1105/tpc.104.026690


Genes 2021, 12, 1367 12 of 13

14. Domingo, C.; Andrés, F.; Tharreau, D.; Iglesias, D.J.; Talón, M. Constitutive expression of OsGH3.1 reduces auxin content and
enhances defense response and resistance to a fungal pathogen in rice. Mol. Plant-Microbe Interact. 2009, 22, 201–210. [CrossRef]

15. Du, H.; Wu, N.; Fu, J.; Wang, S.; Li, X.; Xiao, J.; Xiong, L. A GH3 family member, OsGH3-2, modulates auxin and abscisic acid
levels and differentially affects drought and cold tolerance in rice. J. Exp. Bot. 2012, 63, 6467–6480. [CrossRef]

16. Ding, X.; Cao, Y.; Huang, L.; Zhao, J.; Xu, C.; Li, X.; Wang, S. Activation of the indole-3-acetic acid-amido synthetase GH3-8 suppresses
expansin expression and promotes salicylate- and jasmonate-independent basal immunity in rice. Plant Cell 2008, 20, 228–240.
[CrossRef]

17. Zhang, S.W.; Li, C.H.; Cao, J.; Zhang, Y.C.; Zhang, S.Q.; Xia, Y.F.; Sun, D.Y.; Sun, Y. Altered architecture and enhanced drought
tolerance in rice via the down-regulation of Indole-3-acetic acid by TLD1/OsGH3. 13 activation. Plant Physiol. 2009, 151, 1889–1901.
[CrossRef]

18. Hui, S.; Hao, M.; Liu, H.; Xiao, J.; Li, X.; Yuan, M.; Wang, S. The group I GH3 family genes encoding JA-Ile synthetase act as
positive regulator in the resistance of rice to Xanthomonas oryzae pvoryzae. Biochem. Biophys. Res. Commun. 2019, 508, 1062–1066.
[CrossRef]

19. Park, J.E.; Park, J.Y.; Kim, Y.S.; Staswick, P.E.; Jeon, J.; Yun, J.; Kim, S.Y.; Kim, J.; Lee, Y.H.; Park, C.M. GH3-mediated auxin
homeostasis links growth regulation with stress adaptation response in Arabidopsis. J. Biol. Chem. 2007, 282, 10036–10046.
[CrossRef]

20. Notredame, C.; Higgins, D.G.; Heringa, J. T-coffee: A novel method for fast and accurate multiple sequence alignment. J. Mol.
Biol. 2000, 302, 205–217. [CrossRef]

21. Huelsenbeck, J.P.; Ronquist, F. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001, 17, 754–755. [CrossRef]
22. Ronquist, F.; Teslenko, M.; Van Der Mark, P.; Ayres, D.L.; Darling, A.; Höhna, S.; Larget, B.; Liu, L.; Suchard, M.A.; Huelsenbeck, J.P.

Mrbayes 32: Efficient bayesian phylogenetic inference and model choice across a large model space. Syst. Biol. 2012, 61, 539–542.
[CrossRef] [PubMed]

23. Zhang, X.; Henriques, R.; Lin, S.S.; Niu, Q.W.; Chua, N.H. Agrobacterium-mediated transformation of Arabidopsis thaliana using the
floral dip method. Nat. Protoc. 2006, 1, 641–646. [CrossRef] [PubMed]

24. Schena, M.; Lloyd, A.M.; Davis, R.W. The HAT4 gene of Arabidopsis encodes a developmental regulator. Genes Dev. 1993, 7, 367–379.
[CrossRef]

25. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−∆∆CT

Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]
26. Zhang, L.; Zhao, G.; Jia, J.; Xu, L.; Kong, X. Molecular characterization of 60 isolated wheat MYB genes and analysis of their

expression during abiotic stress. J. Exp. Bot. 2012, 63, 203–214. [CrossRef]
27. Cui, Y.; Wang, Q. Physiological responses of maize to elemental sulphur and cadmium stress. Plant Soil Environ. 2006, 52, 523–529.

[CrossRef]
28. Wei, L.; Yang, B.; Jian, H.; Zhang, A.; Liu, R.; Zhu, Y.; Ma, J.; Shi, X.; Wang, R.; Li, J.; et al. Genome-wide identification and

characterization of Gretchen Hagen3 (GH3) family genes in Brassica napus. Genome 2019, 62, 597–608. [CrossRef]
29. Zhang, D.F.; Zhang, N.; Zhong, T.; Wang, C.; Xu, M.L.; Ye, J.R. Identification and characterization of the GH3 gene family in

maize. J. Integr. Agric. 2016, 15, 249–261. [CrossRef]
30. Kumar, R.; Agarwal, P.; Tyagi, A.K.; Sharma, A.K. Genome-wide investigation and expression analysis suggest diverse roles of

auxin-responsive GH3 genes during development and response to different stimuli in tomato (Solanum lycopersicum). Mol. Genet.
Genom. 2012, 287, 221–235. [CrossRef]

31. Singh, V.K.; Jain, M.; Garg, R. Genome-wide analysis and expression profiling suggest diverse roles of GH3 genes during
development and abiotic stress responses in legumes. Front. Plant Sci. 2015, 5, 789. [CrossRef]

32. Mroue, S.; Simeunovic, A.; Robert, H.S. Auxin production as an integrator of environmental cues for developmental growth
regulation. J. Exp. Bot. 2018, 69, 201–212. [CrossRef]

33. Korver, R.A.; Koevoets, I.T.; Testerink, C. Out of Shape during Stress: A Key Role for Auxin. Trends Plant Sci. 2018, 23, 783–793.
[CrossRef]

34. Casal, J.J.; Estevez, J.M. Auxin-Environment Integration in Growth Responses to Forage for Resources. Cold Spring Harb. Perspect.
Biol. 2021, 13, a040030. [CrossRef]

35. Liu, J.; Shi, Y.; Yang, S. Insights into the regulation of C-repeat binding factors in plant cold signaling. J. Integr. Plant Biol. 2018, 60,
780–795. [CrossRef]

36. Shi, Y.; Ding, Y.; Yang, S. Molecular Regulation of CBF Signaling in Cold Acclimation. Trends Plant Sci. 2018, 23, 623–637.
[CrossRef]

37. Park, S.; Lee, C.-M.; Doherty, C.J.; Gilmour, S.J.; Kim, Y.; Thomashow, M.F. Regulation of the Arabidopsis CBF regulon by a complex
low temperature regulatory network. Plant J. Cell Mol. Biol. 2015, 82, 193–207. [CrossRef]

38. Fowler, S.; Thomashow, M.F. Arabidopsis Transcriptome Profiling Indicates That Multiple Regulatory Pathways Are Activated
during Cold Acclimation in Addition to the CBF Cold Response Pathway. Plant Cell 2002, 14, 1675–1690. [CrossRef]

39. Shu, Y.; Li, W.; Zhao, J.; Zhang, S.; Xu, H.; Liu, Y.; Guo, C. Transcriptome sequencing analysis of alfalfa reveals cbf genes
potentially playing important roles in response to freezing stress. Genet. Mol. Biol. 2017, 40, 824–833. [CrossRef]

40. Novillo, F.; Medina, J.; Salinas, J. Arabidopsis CBF1 and CBF3 have a different function than CBF2 in cold acclimation and define
different gene classes in the CBF regulon. Proc. Natl. Acad. Sci. USA 2007, 104, 21002–21007. [CrossRef]

http://doi.org/10.1094/MPMI-22-2-0201
http://doi.org/10.1093/jxb/ers300
http://doi.org/10.1105/tpc.107.055657
http://doi.org/10.1104/pp.109.146803
http://doi.org/10.1016/j.bbrc.2018.12.057
http://doi.org/10.1074/jbc.M610524200
http://doi.org/10.1006/jmbi.2000.4042
http://doi.org/10.1093/bioinformatics/17.8.754
http://doi.org/10.1093/sysbio/sys029
http://www.ncbi.nlm.nih.gov/pubmed/22357727
http://doi.org/10.1038/nprot.2006.97
http://www.ncbi.nlm.nih.gov/pubmed/17406292
http://doi.org/10.1101/gad.7.3.367
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1093/jxb/err264
http://doi.org/10.17221/3542-PSE
http://doi.org/10.1139/gen-2018-0161
http://doi.org/10.1016/S2095-3119(15)61076-0
http://doi.org/10.1007/s00438-011-0672-6
http://doi.org/10.3389/fpls.2014.00789
http://doi.org/10.1093/jxb/erx259
http://doi.org/10.1016/j.tplants.2018.05.011
http://doi.org/10.1101/cshperspect.a040030
http://doi.org/10.1111/jipb.12657
http://doi.org/10.1016/j.tplants.2018.04.002
http://doi.org/10.1111/tpj.12796
http://doi.org/10.1105/tpc.003483
http://doi.org/10.1590/1678-4685-gmb-2017-0053
http://doi.org/10.1073/pnas.0705639105


Genes 2021, 12, 1367 13 of 13

41. Ito, Y.; Katsura, K.; Maruyama, K.; Taji, T.; Kobayashi, M.; Shinozaki, K.; Yamaguchi-shinozaki, K. Functional Analysis of Rice
DREB1/CBF-type Transcription Factors Involved in Cold-responsive Gene Expression in Transgenic Rice. Plant Cell Physiol. 2006,
47, 141–153. [CrossRef]

42. Kodama, H.; Hamada, T.; Horiguchi, G.; Nishimura, M.; Iba, K. Genetic enhancement of cold tolerance by expression of a gene
for chloroplast omega-3 fatty acid desaturase in transgenic tobacco. Plant Physiol. 1994, 105, 601–605. [CrossRef] [PubMed]

43. Ishizaki-Nishizawa, O.; Fujii, T.; Azuma, M.; Sekiguchi, K.; Murata, N.; Ohtani, T.; Toguri, T. Low-temperature resistance of
higher plants is significantly enhanced by a nonspecific cyanobacterial desaturase. Nat. Biotechnol. 1996, 14, 1003–1006. [CrossRef]
[PubMed]

44. Sakamoto, A.; Sulpice, R.; Hou, C.X.; Kinoshita, M.; Higashi, S.I.; Kanaseki, T.; Nonaka, H.; Moon, B.Y.; Murata, N. Genetic
modification of the fatty acid unsaturation of phosphatidylglycerol in chloroplasts alters the sensitivity of tobacco plants to cold
stress. Plant Cell Environ. 2004, 27, 99–105. [CrossRef]

45. Sui, N.; Li, M.; Zhao, S.J.; Li, F.; Liang, H.; Meng, Q.W. Overexpression of glycerol-3-phosphate acyltransferase gene improves chilling
tolerance in tomato. Planta 2007, 226, 1097–1108. [CrossRef] [PubMed]

46. Ariizumi, T.; Kishitani, S.; Inatsugi, R.; Nishida, I.; Murata, N.; Toriyama, K. An increase in unsaturation of fatty acids in
phosphatidylglycerol from leaves improves the rates of photosynthesis and growth at low temperatures in transgenic rice
seedlings. Plant Cell Physiol. 2002, 43, 751–758. [CrossRef] [PubMed]

47. Kumar, N.; Bhatt, R.P. Transgenics: An emerging approach for cold tolerance to enhance vegetables production in high altitude
areas. Indian J. Crop Sci. 2006, 1, 8–12.

http://doi.org/10.1093/pcp/pci230
http://doi.org/10.1104/pp.105.2.601
http://www.ncbi.nlm.nih.gov/pubmed/12232227
http://doi.org/10.1038/nbt0896-1003
http://www.ncbi.nlm.nih.gov/pubmed/9631040
http://doi.org/10.1046/j.0016-8025.2003.01131.x
http://doi.org/10.1007/s00425-007-0554-7
http://www.ncbi.nlm.nih.gov/pubmed/17541789
http://doi.org/10.1093/pcp/pcf087
http://www.ncbi.nlm.nih.gov/pubmed/12154137

	Introduction 
	Materials and Methods 
	Gene Cloning and Bioinformatic Analysis 
	Arabidopsis Transformation 
	IAA Treatment 
	Chilling Treatment 
	Cold Treatment 
	Relative Gene Expression Analysis 
	Physiological Determination 
	Statistical Analysis 

	Results 
	SgGH3.1 Is a Member of GH3 Family 
	SgGH3.1 Is Responsive to Cold Stress 
	Overexpression of SgGH3.1 Altered IAA Sensitivity in Arabidopsis 
	Overexpression of SgGH3.1 Enhanced Chilling and Cold Tolerance in Arabidopsis 

	Discussion 
	Conclusions 
	References

