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DgCspC gene overexpression
Improves cotton yield and
tolerance to drought and salt
stress comparison with wild-type
plants
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!Biotechnology Research Institute, Chinese Academy of Agricultural Sciences, Beijing, China,
2Hainan Yazhou Bay Seed Lab, Sanya, China, *College of Agriculture, Xinjiang Agricultural
University, Urumgi, China

Drought and high salinity are key limiting factors for cotton quality and yield.
Therefore, research is increasingly focused on mining effective genes to
improve the stress resistance of cotton. Few studies have demonstrated that
bacterial Cold shock proteins (Csps) overexpression can enhance plants stress
tolerance. Here, we first identified and cloned a gene DgCspC encoding 88
amino acids (aa) with an open reading frame (ORF) of 264 base pairs (bp)
from a Deinococcus gobiensis -0 with high resistance to strong radiation,
drought, and high temperature. In this study, heterologous expression
of DgCspC promoted cotton growth, as exhibited by larger leaf size and
higher plant height than the wild-type plants. Moreover, transgenic cotton
lines showed higher tolerance to drought and salts stresses than wild-type
plants, as revealed by susceptibility phenotype and physiological indexes.
Furthermore, the enhanced stresses tolerance was attributed to high capacity
of cellular osmotic regulation and ROS scavenging resulted from DgCspC
expression modulating relative genes upregulated to cause proline and
betaine accumulation. Meanwhile, photosynthetic efficiency and yield were
significantly higher in the transgenic cotton than in the wild-type control
under field conditions. This study provides a newly effective gene resource to
cultivate new cotton varieties with high stresses resistance and yield.

KEYWORDS

Deinococcus gobiensis, cold shock proteins C (DgCspC), cotton, abiotic stress
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Introduction

Drought and salt significantly threaten plant growth, thus causing serious damage to
crops and limiting yield and quality (Basu et al., 2016). Salt damage affects about 20% of
the world’s cultivated land and nearly half of the irrigated land (Zhu, 2001). Cotton is an
important economic crop and is mainly grown in arid and semi-arid areas in China
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(Fradin and Thomma, 2006; Shaban et al., 2018). Xinjiang, the
main cotton-producing region in China, has a saline-alkali land
area of 110,000km’ accounting for about one-third of the
country’s saline-alkali land area. Therefore, effective drought- or
salinity-resistant genes should be identified and incorporated in
genetic engineering programs to generate drought-or salinity-
resistant cotton genotypes.

Desert microbes are exposed to intense solar radiation, cycles
of extreme temperatures and drought. The extreme environment
can cause DNA and protein damage, which is fatal to most
organisms. Desert bacteria evolve with time to protect their DNA
and proteins from damage or effectively repair them (Heinemann
and Roske, 2021). The Institute of Biotechnology, Chinese
Academy of Agricultural Sciences published the genome of
D. gobiensis I-0 in 2012. The genome of D. gobiensis I-0 contains
seven replicons: a 3.1 Mb main chromosome and six plasmids
from 433 to 53kb. GenBank accession numbers for the main
chromosome and plasmids P1-P6 are from CP002191 to
CP002197 (Yuan et al., 2012). About half of the genes in the
genome encode proteins with unknown functions. However,
D. gobiensis I-0 plays a crucial role in resisting extreme
environment of the Gobi Desert and may provide genetic
resources for stress resistance. A previous study cloned CspC from
D. gobiensis I-0. Csps are widely found in various organisms,
including animals, plants, and microorganisms, except archaea
(Weinberg et al., 2004).

Cold shock proteins (Csps) are RNA molecular chaperones in
bacteria, containing primitive cold-shock domains that bind to
nucleic acids, prevent RNase degradation of mRNA, and correct
the misfolding of mRNA (Kentaro and Ryozo, 2012). Nine
members of the Csp gene family (CspA-CspI) have been identified
in Escherichia coli (Yamanaka et al., 1994). The Csp gene of E. coli
and Bacillus subtilis can significantly improve the resistance of
transgenic plants to abiotic stresses, such as drought (Castiglioni
et al.,, 2008; Kim et al., 2009; Pingli et al., 2013; Choi et al., 2015;
Yu et al,, 2017). The Csps involved in various physiological stress
responses of cells, including antioxidant protection, DNA damage
repair and pigment synthesis through direct or indirect regulation
(Fafthauer et al., 2021). Genomic sequence analysis has revealed
that D. gobiensis I-0 contains an only Csp homologous protein-
coding gene (CspC) that is 69% similar to the amino acid sequence
of B. subtilis CspB (Yuan et al., 2009).

Sequence structure analysis revealed that the amino acid
sequence of CspC from D. gobiensis I-0 is similar to that of Csp
from other bacteria, all of which consist of five reverse-parallel
P chains. The expression of CspC and CspE in E. coli is induced
by temperature changes. However, CspD is expressed only
under nutrient deficiency or steady-state stress (Yamanaka and
Inouye, 1997; Yamanaka et al, 1998). Csp of Listeria
monocytogenes participates in stress response after salt shock
(Schmid et al., 2009). CspA of Brucella is involved in response
to stress and virulent infestation (De La Garza-Garcia et al.,
2021). Enterococcus contains four cold-excited proteins, of
which CspR is involved in bacterial virulence infestation and
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bacterial growth (Michaux et al., 2012). Csps in most bacteria
are present in multiple copies and are induced in different ways.
In contrast, D. gobiensis I-0 contains only one Csp., implying
that DgCspC may be induced by many different conditions, and
potentially regulates multiple pathways. Previous study showed
that the CspC expression can significantly improve the growth
of E. coli cells under nutrient deficiency (Mingkun, 2011). In
that study, a CspC gene expression vector driven by CaMV 35S
promoter was constructed and was transformed into tobacco by
Agrobacterium-mediated method. Transgenic tobacco lines
grew normally under drought stress, while wild-type tobacco
growth was retarded, indicating that this gene potentially
enhances plant drought stress resistance (Mingkun, 2011).
Studies on Csp gene in bacteria have mainly focused on E. coli
and model plants, such as Arabidopsis thaliana and tobacco.
However, no study has reported on the stress-resistant function
of Csp gene in transgenic crops.

As an important oil and fiber crop, cotton is classified as
moderately drought and salt tolerant crop (Zhang et al., 2013). To
overcome salt and drought stresses, maintenance of cellular ion
and osmotic pressure balance is the main adaptive mechanism in
cotton (Naidoo and Naidoo, 2001; Rontein et al., 2002; Quan
et al, 2004; Ding et al, 2010; Dai et al, 2014). Many
osmoprotectants, such as amino acids, sugars, glycine betaine,
polyols, and polyamines have been identified for positive
involving drought and salt tolerance. It has been observed high
glycine betaine and proline in response to salinity tolerance in
transgenic Choline monooxygenase (CAM) gene cotton lines or
wild cotton plants (Meloni et al., 2001; Zhang et al., 2009).
Furthermore, high betaine could maintain the integrity of
membranes against stresses and scavenging ROS (Annunziata
2019). both GhABF3 and GhMPK3
overexpression increases cotton tolerance to salt and drought

et al, Therefore,
through improving antioxidant activities (Sadau et al., 2021;
Zhang et al., 2022). As an RNA molecular chaperones, Csps could
maintain these RNA and improve these proteins content to
enhance cotton resistant to extensive stresses.

In this study, genetic engineering technology was used to
transfer the DgCspC gene into cotton. Subsequently, the
transgenic cotton lines were self-bred to T4 generation to obtain
stable lines for subsequent experiments. The DgCspC expression
could promote growth of cotton with larger leaf size and higher
plant height through improving the photosynthesis rate. The
characteristic resulted in the cotton yield being significantly
increased. Moreover, the transgenic cotton lines showed higher
tolerant to drought and salinity stresses. Proline is key in plant
response to stress (Brauc et al., 2012). Csp participates in osmotic
stress, pigment regulation and nutritional stress regulation.
Betaine is a key osmotic regulatory substance (Pukale et al,
2021). The enhanced tolerance was attributed to the proline and
betaine synthesis promoted by the DgCspC expression. This study
aimed to explore whether heterologous expression of DgCspC
gene can improve drought and other abiotic stress resistance
in cotton.
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Materials and methods

Generation and molecular
characterization of transgenic cotton
expressing DgCspC gene

Binary expression vector pPCAMBIA2300-DgCspC containing
CspC gene under the control of CaMV 35S promoter was
transformed into G. hirsutum R15 via Agrobacterium-mediated
method. CTAB method was used to extract DNA from the leaves
of the transgenic lines. The transformants were screened via PCR
to confirm the presence of DgCspC gene. Transgenic cotton lines
expressing DgCspC gene (T1) were acclimatized and then
transferred to the field. Kanamycin (mass/volume ratio:
7,000 ppm) was sprayed on the transgenic cotton plants at the
seedling stage. DNA was extracted from the leaves of the T2
progenies to confirm the presence of the DgCspC gene. Until the
stably expressed T4 transgenic DgCspC line was harvested. The T4
generation cotton plants were planted in the field and indoor
greenhouse, and the PCR positive lines were used for
follow-up experiments.

Total RNA was extracted from cotton leaves using an
RNAprep Pure Plant kit (Tiangen, Beijing, China), according to
the manufacturer’s instructions. The RNA was then used for
cDNA synthesis using a cDNA conversion kit obtained from
Transgene, Beijing, China (EasyScript First-strand cDNA
Synthesis SuperMix). Real-time quantitative forward and reverse
primers specific for DgCspC were designed using Beacon Designer
software. Real-time quantitative PCR analyses were performed on
the LightCycler® 96 System (Roche Diagnostics Corporation)
using SYBR Premix Ex Taq IT (TAKARA). The G. hirsutum UBQ7
gene were used as internal controls. The primers used are listed in
Supplementary Table S2. Relative expression level was calculated
using the 2744°T method (Livak and Schmittgen, 2001).

Cotton phenotype observation and stress
treatment under laboratory conditions

Experiments were performed on the seedlings of T4
generation. Seeds of transgenic and wild-type cotton plants were
simultaneously planted in pots before moving them to the
greenhouse with conditions of a 16-h light/8-h dark photo period,
constant temperature 30°C, 12,000 lux of light intensity and 30%
of relative humidity. When the eighth leaf of cotton appears,
measure the plant height and the surface area of all leaves with a
ruler and a leaf area meter. We evaluated the expression level of
cotton growth and development response genes CYCA3;1 (Gh_
D06G022400.1), CYCBI;1(Gh_D05G255500.1), EOD(Gh_
D11G228700.1),  AN3(Gh_D12G061800.1),  EBPI(Gh_
A09G186000.1), and GRF5(Gh_D13G220900.1) through
RT-qPCR in the control and overexpressed plants, using the
G. hirsutum UBQ7 gene as the internal control. The primers used
are listed in Supplementary Table S2.
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Plump seeds of DgCspC transgenic T4 generation and control
R15 were selected, and the nutrient soil and vermiculite were
mixed evenly with tap water in the ratio of 3:1, and placed in
flowerpots with the same specifications. During the growth of
cotton plants, MS nutrient solution was watered every other week
until 4 leaves grew. DgCspC transgenic cotton and control cotton
lines with the same development status were selected for
experimental grouping. Each group contained 1 control cotton
plant and 2 transgenic cotton lines. After the nutrient soil in the
pot was fully soaked with tap water, drought stress treatment was
carried out. The stress experiment was carried out for a total of
25days. During the drought stress experiment, each group of
cotton leaves were taken and placed in —80°C refrigerator at the
same time in each period to determine the corresponding
physiological indicators.

Salt stress was initiated by watering the plants with 250 mM of
sodium chloride (NaCl) for 12days (Magwanga et al., 2018a).
Cotton leaves of each group were placed in a—80°C refrigerator
after treatment for physiological indicator analysis. The phenotypic
changes of cotton under stress were continuously observed,
recorded, and photographed.

Measurement of physiological and
biochemical indexes

All samples were collected with three biological replicates
before treatment, and post stress treatment. We analyzed the
physiological traits

Malondialdehyde content, relative water content and relative

and morphological of the plants.
electrical conductivity of leaf extracts were measured as described
by previous researchers (Xia et al., 2021). Betaine and proline
contents in cotton leaves were determined using HPLC-MS
(Shimadzu LC20AD-API 3200MD TRAP). Sample pretreatment
was conducted as follows: Pure water was added to the samples,
then vortexed for 10 min, followed by ultrasound for 10 min and
centrifugation at 13,200 r/min for 4 min. The arginine and proline
samples were precipitated with 50 ul and 150 acetonitrile, then
vortexed for 2min, centrifuged at 13,200r/min for 4min to
obtain supernatant.

Expression profile of genes related to
betaine and proline synthesis

We evaluated the expression level of genes related to betaine
and proline synthesis-responsive, such as HMT-2 (Gh_
D08G068000.1), At4g29890(Gh_A05G415500.1), ALDH10A8
(Gh_A11G044900.1), ALDH10A8(Gh_D11G045100.1), ALDH
10A8(Gh_A07G068600.1), HMT-2(Gh_A08G073000.1), At4g298
90(Gh_D04G006200.1), HMT3(Gh_A02G039800.1), HMT3(Gh_
D02G045900.1), At4g29890(Gh_A08G188100.1), Gh_D11G
286600(Gh_D11G286600.1), Gh_A11G286400(Gh_A11G28640
0.1), ODC(Gh_D11G286700.1), AIH(Gh_D07G063100.1),
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ALDH2B4(Gh_A07G245500.1), Gh_D07G028100(Gh_D07G
028100.1),Gh_A03G228600(Gh_A03G228600.1), Gh_D02G245
200(Gh_D02G245200.1), ASP3(Gh_A07G027000.1), Gh_
A13G098000(Gh_A13G098000.1), POX2(Gh_A07G195 200.1),
ALDH3H1(Gh_D06G049900.1), ATH(Gh_A07G062700.1), SPMS
(Gh_A12G275700.2), Gh_D13G104800(Gh_D13G104800.1),
ASP3(Gh_D07G028200.1), PAO5,(Gh_A05G023200.1), ARB_
02965 (Gh_D01G183300.1), ALDH2B4(Gh_A12G299800.1),
ALDH3F1(Gh_D05G071600.1), PAO5(Gh_D05G031600.1),
ALDH2B4(Gh_D12G293500.1), P4H4(Gh_D09G248800.1),
PAO1(Gh_A08G165800.1), POX2(Gh_D07G193100.1) and
P4H7(Gh_D06G014100.1) through RT-qPCR in the tissues of
control and overexpressed plants, using the G. hirsutum UBQ7
gene as the internal control. The primers used are listed in
Supplementary Table S2. As demonstrated by previous researchers,
these genes are highly upregulated in various cotton and
Arabidopsis plants’ tissues and enhance the synthesis of betaine
and proline.

Determination of agronomic traits and
photosynthetic rate in the field

The field sowing experiment was carried out between DgCspC
transgenic cotton and the control (43°335" N, 84°976” E) in
Shawan County, Xinjiang based on the random distribution
principle (plot area; 2.25m * 5m). Each plot was replicated three
times. Photosynthetic parameters including net photosynthetic
rate, intercellular CO, concentration, stomatal conductance,
transpiration rate, vapor pressure deficiency, and net water use
efficiency were measured during full flowering using a portable
gas exchange photosynthetic GFS-3000 (WLAZ, Germany)
following the system instructions. In addition, the related
agronomic traits including plant height, number-of fruit branches,
bell number, and bell weight were assessed at the full bolling stage,
while the yield was quantified during the harvest stage.

Statistical analysis

SPSS 18.0 statistical software (SPSS Inc. Chicago, IL,
United States) was used to analyze and process the data. Origin9.0
software was used to plot the data. Data in the charts are expressed
as mean *standard error. Asterisks (* and **) represent p <0.05
and p<0.01, respectively.

Results

Identification and expression analysis of
transgenic cotton expressing DgCspC gene

Tissue culture transgenic cotton seedlings expressing DgCspC
gene were grafted to the stock and cultivated in a greenhouse to
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obtain cotton plants with DgCspC overexpression in the T1
generation. Cotton seeds of the T1 generation were successively
self-bred in Hainan and Xinjiang provinces to obtain T4 stable
lines. The presence and expression of the DgCspC gene in the T4
stable lines were confirmed by kanamycin selection and PCR
identification (Figure 1A). Lines 1 and 2, whose samples exhibited
the right band size after gel electrophoresis were selected and
named OE-C-1 and OE-C-2, respectively, for subsequent analysis.
The DgCspC gene was stable and highly expressed in OE-C-1/
OE-C-2 lines based on real-time fluorescence quantitative
analysis (Figure 1B). These results suggest that DgCspC gene was
stably expressed in T4 transgenic cotton.

DgCspC gene promote cotton growth

The harvested T4 generation OE-C-1/OE-C-2 cotton seeds and
wild-type R15 seeds were simultaneously planted in the greenhouse
and cultured for 30days. The transgenic cotton plants exhibited
significantly higher growth rate compared with the wild-type, while
their leaves gradually increased based on the area of the 1st-8th
leaves (Table 1). The area of the third leaf of OE-C-1/OE-C-2 lines
was significantly larger than that of the wild type (Table 1; Figure 2A).
The average plant height of OE-C-1/OE-C-2 lines was significantly
higher than that of the wild type (Figures 2B,D). The taproot length
of OE-C-1/OE-C-2 lines was slightly longer than that of the wild
type, but the number of lateral roots was significantly higher than
that of the wild type (Figures 2C,E,F). Cotton lines expressing CspC
gene showed significantly higher nutritional growth relative to their
wild-type counterparts. The fresh weight and dry weight of OE-C-1/
OE-C-2 lines were significantly higher than those of the wild type
(Figures 2G-TI). These data suggest that DgCspC expression promotes
the growth and leaf development of cotton.

In order to further study the reasons for the vigorous growth
of cotton, we selected six genes related to cotton cell development
for real-time quantitative expression analysis. Quantitative
analysis revealed that the Type A and type B cyclins CYCA3;1 and
CYCBI;1 were upregulated in the transgenic lines and regulated
cell growth (Figures 3D,E). Growth and development regulatory
genes, including EOD, AN3, EBPI, and GRF5 were further
selected for quantitative analysis. The results showed that EOD
and GRF5 genes were significantly upregulated in the transgenic
cotton lines, suggesting that they facilitated the rapid growth of
the transgenic cotton lines (Figures 3A-C,F). These data suggest
that the rapid growth and leaf cell development of cotton were
closely related to the upregulated expression of CYCA3;I,
CYCBI;1, EOD, AN3, EBP1, and GRF5.

DgCspC gene improves cotton tolerance
to drought and salt stress

The transgenic cotton seedlings that grew naturally for 15 days
were treated with drought to further identify the stress resistance
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FIGURE 1
Polymerase chain reaction (PCR) and quantitative RT-PCR (qRT-PCR) analysis of CspC transgenic cotton. (A) Gel image showing PCR identification
of CspC T4 transgenic cotton; (B) CspC gene expression profile in OE-C-1/OE-C-2 lines.

TABLE 1 Cotton leaf area (cm?).

Firstleaf ~ Secondleaf = Thirdleaf = Fourth leaf Fifth leaf Sixth leaf Seventh leaf  Eighth leaf
WT 28.2+0.57 29.3+0.20 35.73%0.50 59.13+0.40 81.37+1.15 105.6+0.96 121.97+1.55 123.97+0.42
OE-C-1  28.63+0.42™ 29.67+0.38™ 56.97 £ 1.31%% 69.3+0.95%%  109.2+0.70%%%  130.67+0.85%%%  139.77+0.45%%%  142.73%0.40%%F
OE-C-2  2833+0.32™ 30.23+0.15% 6147+ 1.15%%% 7373+ 1.40%%%  111.5£0.82%%F  133.73+0.80%%%  143.23£1.03%%%  145.37+0.49%%F

Asterisks indicate significant differences between WT and the OE-C-1/OE-C-2 transgenic lines (Student’s t-test, **p <0.01). WT, wild type; OE, overexpression; CspC, cold shock

protein C.

#p <0.05, ##p <0.01, **#¥p <0.001 comparisons between the transgenic lines and wild-type plants by Student’s t-tests.

function of DgCspC gene. The wild-type cotton leaves showed
serious wilting and shriveled together when the natural drought
lasted for 25days (Figure 4A). However, the leaves of OE-C-1/
OE-C-2 cotton lines were slightly dehydrated and grew normally.
For instance, the cotton lines OE-C-1/OE-C-2 grew well and had
a larger leaf size and higher plant height than the control group.
DgCspC transgenic cotton showed a strong drought resistance
phenotype. Similar results were obtained at the cellular
physiological level in DgCspC transgenic cotton. The relative water
content, MDA content, POD activity, and relative conductivity
were measured using cotton leaves under normal growth versus
those under drought treatment for 25 days. Relative water content
and POD activity were significantly higher in OE-C-1/OE-C-2
lines than in the wild type after drought stress (Figures 4B-E). In
contrast, the MDA content and relative conductivity were
significantly lower in OE-C-1/OE-C-2 lines than in the wild type,
indicating that cell damage was significantly lower in DgCspC
transgenic cotton than in R15 wild type after drought stress.

The leaves of wild-type cotton turned yellow and withered after
treatment with 250 mM NaCl for 12 days. However, the leaves of the
transgenic cotton were slightly yellow after the treatment (Figure 4F).
The damage to the membrane system was significantly lower in
transgenic cotton than in the wild-type cotton under salt stress based
on physiological indexes. The relative water content of cotton leaves
decreased significantly after salt treatment, but the relative water
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content of OE-C-1/OE-C-2 lines was still significantly higher than
that of wild type (Figure 4G). The MDA content of DgCspC
overexpression lines was significantly higher than that of wild type
before and after salt treatment (Figure 4H). After 200mM NaCl
treatment, the POD activity of the OE-C-1/OE-C-2 lines was
significantly higher than that of the wild type, and the relative
conductivity was significantly lower than that of the wild type
(Figures 41,]). Overall, these results indicate that overexpression of
DgCspC gene can improve drought and salt stress tolerance in cotton.

Analysis of proline and betaine contents
and gene expression level

To understand the reason that DgCspC expression enhance
cotton tolerance to drought and salinity stresses, the proline and
betaine contents of both transgenic cotton lines and WT lines
were measured under the normal and stresses conditions. In this
study, the proline content was significantly higher in OE-C-1/
OE-C-2 lines than in wild type after drought and salt stress
treatments (Figures 5A,B). Herein, betaine content in cotton
leaves was determined using high-performance liquid
chromatography mass spectrometry. The results showed that
betaine content was significantly higher in OE-C-1/OE-C-2 cotton

lines than in the control group after drought and salt treatments.
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Growth analysis of DgCspC transgenic cotton lines. (A) Comparison of leaf size between transgenic and wild-type cotton lines; (B) growth
phenotype of wild type and transgenic cotton lines; (C) root morphology between wild type and transgenic cotton lines; (D) height comparison
between wild type and transgenic cotton lines; (E) length of taproot; (F) number of lateral roots; (G) fresh weight of plant; (H) dry weight of plant;
(1) dry matter ratio. Asterisks indicate significant differences between WT and the OE-C-1/ OE-C-2 transgenic lines. (*p<0.05, ***p<0.001,
**¥*%p<(0.0001 for comparisons between the transgenic lines and wild-type plants by Student's t-tests)
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Under normal conditions, the betaine content of transgenic lines
was slightly higher than that of wild-type lines, but not significantly
( ). Increased betaine content in cells can enhance
osmotic regulation and drought and salt tolerance of plants.
Quantitative analysis revealed that several genes related to
proline and betaine synthesis were upregulated in DgCspC
transgenic cotton. Specifically, 26 proline synthesis-related genes
were screened from the transgenic cotton lines, of which 18 genes
were significantly upregulated ( ). Similarly, proline
content was higher in the transgenic cotton leaves than in the wild
type. Secondly, 10 betaine synthesis-related genes were screened
from DgCspC overexpression cotton of which eight genes were
upregulated. The upregulation range was slightly small ( )-
Betaine content was not significantly different between transgenic
cotton and wild type under normal conditions. However, betaine
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content was significantly higher in transgenic cotton than in wild
). These
data showed that the upregulated expression of most genes in the

type after drought and salt stress treatments (

proline and betaine synthesis pathway led to the increase in
proline and betaine contents in transgenic cotton leaves.

DgCspC transgenic cotton exhibits
strong photosynthetic rate under field
conditions

In order to further observe the characters and yield of
transgenic cotton in the field, the field sowing experiment was
carried out between DgCspC transgenic cotton and the control.
Photosynthesis represents the biomass and yield of the plant. For
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FIGURE 3
Expression analysis of genes related to growth and development in the transgenic cotton lines. (A) GhEDO Relative expression. (B) GhGRF5 Relative
expression. (C) GhEBP1 Relative expression. (D) CYCA3;1 Relative expression. (E) CYCB1;1 Relative expression. (F) GhAN3 Relative expression

the photosynthetic assay, penultimate leaves from transgenic extreme environments (Amir et al.,, 2018). Efficient use of
cotton plants were obtained from 10 plants per line (DgCspC- carbon sources in a competitive environment is essential for
transgenic lines and control recipient plants). The photosynthetic bacterial survival. As a result, bacteria have evolved a complex
parameters, including net photosynthetic rate, intercellular CO, control system for efficient energy use (Chen, 2013). Csp genes
concentration, stomatal conductance, transpiration rate, and net act as molecular chaperones that maintain mRNA stability
water use efficiency were significantly higher in the DgCspC- under abiotic stresses, such as drought and low temperature
transformed cotton than in control when grown normally in the (Keto-Timonen et al, 2016). Csp genes can regulate
field (Figure 6) except for vapor pressure deficiency (VPD). As a transcription and translation efficiency by binding to DNA or
result, the transgenic cotton plants had better growth conditions RNA, improve freezing resistance of biofilms by encoding new
and agronomic trait performance than the control. proteins, and participate in signal transduction (Ermolenko

The related agronomic traits were investigated at the full and Makhatadze, 2002). Our study revealed that CYCA3;1,
bolling stage, while yield was investigated at the harvest stage. CYCBI;1, EOD and GRF5 were significantly upregulated in the
Transgenic cotton lines exhibited higher plant height, more fruit DgCspC transgenic lines and regulated cell growth. Cell cycle
branches, more bolls, and higher yield (which increased by 9.8%, plays an important role in the growth and development of
37%, and 30.08%, respectively) under field conditions than the multicellular organisms (Dewitte and Murray, 2003). Type A

wild type (Table 2). These data showed that the overexpression of and type B cyclins (CYCAs/CYCBs) are mitotic cyclins. Studies
DgCspC gene significantly increased cotton yield. have shown that overexpression of CYCA3 in tobacco can
induce cell division in shoot tip meristem and leaf primordium
(Wyrzykowska et al., 2002). Growth-Regulating Factors (GRFs)

Discussion belong to a small plant specific transcription factor (TF) family.
GRFs function in regulating leaf (Kim et al., 2003) and stem

Csps are found in various bacteria. All Csps share common development, shoot apical meristem development (Kim and
features that play a critical role in the survival of bacteria in Lee, 2006), leaf primordia formation (Horiguchi et al., 2005),
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FIGURE 4
Phenotype and physiological indexes of DgCspC transgenic cotton under drought and salt stress. (A) Phenotype of transgenic and wild-type
cotton line under natural drought and rehydration; (B) relative water content; (C) MDA content; (D) POD content; (E) relative conductivity;

(F) phenotype of transgenic and wild-type cotton lines under salt treatment; (G) relative water content under salt stress. (H) MDA content under
salt stress; (I) POD content under salt stress; () relative conductivity under salt stress; Asterisks indicate significant differences between WT and
the OE-C-1/ OE-C-2 transgenic lines. (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 for comparisons between the transgenic lines and wild-type
plants by Student's t-tests).
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and leaf size and longevity (Debernardi et al., 2014). Growth-
Regulating Factors (GRFs) plays an important role in regulating
leaf and stem development, shoot tip meristem development,
2003;
, 2005; Kim and Lee, 2006; Debernardi et al.,
2014). Overexpression of GRFs promotes the expression of cell

leaf primordium formation, and leaf size (Kim et al.,
Horiguchi et al.

cycle genes and auxin response genes, resulting in increased
cell numbers and expansion of leaves (Omidbakhshfard et al.,
2015; Piya et al., 2020). The CspC expression could cause these
genes upregulated to increase expansion of cotton leaves. It was
inferred that upregulated of these genes might be resulted
from DgCspC function in transcription and translation
efficiency or activating a signal pathway to induce these
gene expression.

Csps in most bacteria are present in multiple copies and are
induced in different ways. In contrast, D. gobiensis I-0 contains
only one Csp., implying that it may be induced by many different
conditions, and potentially regulates multiple pathways. A study
found that cold-excited proteins are involved in the survival of
cells during the stable phase (Michaux et al, 2012). Csp
participates in osmotic stress, pigment regulatlon, nutritional
stress regulation, and other cellular processes, effectively
enhancing resistance to cold and osmotic stresses.

Drought and salt significantly affect the normal growth and
development of plants, causing a huge loss of cotton yield (Cai
et al.,, 2021). Plant phenotype is the most visual response to
drought and salt stresses. The relative leaf water content measure
water status in the plant, and reflects the metabolic activity of
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the tissues (Nayyar et al., 2006). In this study, transgenic cotton
lines overexpressing DgCspC gene exhibited higher water
content after stress, indicating that DgCspC gene can enhance
the water retention of leaves under stress and improve the
drought and salt resistance of the plants. Stresses, such as
drought and salt can induce oxidative stress, leading to
membrane peroxidation, thus damaging cells. MDA and the
relative conductivity are effective indexes used to measure the
degree of lipid peroxidation. The MDA content and the relative
conductivity increase in plants under drought and salt stresses.
In this study, the MDA content and relative conductivity were
lower in the transgenic cotton than in the control plants under
stress, indicating that overexpression of the DgCspC gene can
reduce oxidative damage, consistent with the findings reported
previously (Yu et al., 2017).

Excessive reactive oxygen species (ROS) in plants can cause
membrane lipid peroxidation, resulting in oxidative damage to
the membrane system (Zhang et al., 2005; Basu et al., 2017).
Plants have various mechanisms of adapting to abiotic stress,
such as accumulating some soluble sugars, amino acids, organic
acids, proline, polyols, betaine, and other soluble substances
(Giri, 2011; Kumar et al., 2017). Betaine resists adverse stress
through osmotic regulation, scavenging ROS, maintaining
biofilm stability, protecting photosynthetic mechanism, and
maintaining the structure and function of macromolecular
protein complexes and some enzymes (Chen and Murata, 2011).
Betaine and proline are key osmoregulatory substances in
plants. They enhance plant adaptation to water stress caused by
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FIGURE 6
Photosynthetic efficiency of DgCspC overexpression cotton. (A) Net photosynthetic rate; (B) instantaneous water use efficiency; (C) intercellular
CO, concentration; (D) vapor pressure deficiency; (E) stomatal conductance; (F) transpiration rate. Asterisks indicate significant differences
between WT and the OE-C-1/ OE-C-2 transgenic lines. (****p<0.0001 for comparisons between the transgenic lines and wild-type plants by
Student’s t-tests).

TABLE 2 Agronomic traits and yield of cotton in the field.

Strain Plant height (cm) Number-of fruit Bell number (/ Bell weight (g) Seed-cotton
branches (/plant) plant) weight (g)

WT 66.75+4.96 6.75+1.09 4.92+0.86 78.12+18.84 90.79 +4.65

OE-CspC 73.33 £2.96% 9.25:+1,01 %5 6.4+1.34%% 102,27 +21.45%% 113,82+ 8,14

Asterisks indicate significant differences between WT and the OE-C-1/OE-C-2 transgenic lines (Student’s ¢-test, **p <0.01). WT, wild type; OE, overexpression; CspC, Cold shock

protein C.

#5p <0.01, #¥¥p <0.001, **¥%p <0.0001 for comparisons between the transgenic lines and wild-type plants by Student’s ¢-tests.

drought, salinity, and other stresses. High proline content can
maintain the osmotic balance of cytosol and reduce the damage
to cells (Yang and Gao, 2007; Chen and Murata, 2008; Ahmad
etal, 2010; Zhang et al,, 2014). In this study, overexpression of
DgCspC gene significantly increased betaine and proline
contents in cotton leaves, thus enhancing the cell osmotic
regulation function under drought and salt stresses. Betaine can
also improve salt tolerance by strengthening CO, assimilation
ability of plant cells. A study showed that betaine significantly
improves the photosynthetic capacity, stomatal conductance,
transpiration rate, and the activity of related antioxidant
enzymes in wheat plants under salt stress (Ashraf et al., 2008).
Herein, the net photosynthetic efficiency was significantly
higher in transgenic cotton than in wild-type, possibly due to
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increased betaine content under salt and drought stresses.
Increased photosynthetic efficiency increased cotton yield.
Therefore, DgCspC expression could promote transcription and
translation of genes of Betaine and proline metabolisms under
adverse conditions, and contributed accumulated of Betaine
and proline in cotton. It was consistent with the DgCspC
expression induced by many ways and regulating various
pathways. A previous study showed that CspC gene of
D. gobiensis I-0 can significantly improve the resistance of E. coli
to low temperature, high salt, drought, and other adversities
(Chen, 2013). In this study, heterologous expression of CspC
gene from D. gobiensis I-0 in cotton accelerated the growth,
yield, and resistance to drought and salt stresses. This is the first
study to demonstrate the functional application of DgCspC gene
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in genetic engineering, thus is of theoretical and practical
significance. Additionally, the genome of D. gobiensis I-0
contains several functional genes and species genes. Therefore,
this genome harbors important genetic resources, especially
stress-related genes and damage repair genes. However, further
studies should explore these genes and their practical
application by clarifying their mechanism of action. Moreover,
the stress-resistant genes can be used to generate new varieties
of transgenic crops with stress resistance. Recent studies have
shown that Csps can significantly enhance the salt tolerance of
E. coli and Brassica rapa and globally regulate the expression of
genes, including stress-reactive proteins and growth-related
proteins (Pan et al, 2009). Therefore, Csps may provide
candidate resources for developing superior transgenic
plant varieties.

Conclusion

These research findings have shown that DgCspC gene plays
arole in enhancing drought and salt tolerance of cotton. In this
study, heterologous expression of DgCspC promoted cotton
growth, as exhibited by larger leaf size and plant height,
compared with the wild-type plants. Furthermore, Proline and
betaine content assays confirmed that the enhanced stress
tolerance of DgCspC transgenic cotton was related to its osmotic
regulation. In addition, comparative transcriptome analysis
showed that the expression of genes related to the synthesis of
betaine and proline was upregulated. Also, photosynthetic
efficiency and yield were significantly higher in the transgenic
cotton overexpressing DgCspC than in the wild-type control
under field conditions. This is the first report that microbial Csp
gene improves the stress resistance of cotton. This study
provides insights into the molecular breeding of new cotton
varieties with high stress resistance.
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