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Abstract

Genes encoding bacterial cold shock proteins A (CspA, 213 bp) and B (CspB, 216 bp)

were isolated from Escherichia coli strain K12, which showed 100% homology with

gene sequences isolated from other bacterial species. In silico domain, analysis

showed eukaryotic conserved cold shock domain (CSD) and ribonuclease-binding

domain (RBD) indicating that they bind to RNA and are involved in temperature

stress tolerance. Overexpression of these two genes in E. coli resulted in higher

growth in presence of 200 mM NaCl and 300 mM mannitol. Western blot confirmed

the translational products of the two genes. Seedlings of indica rice were trans-

formed with Agrobacterium tumefaciens containing pCAMBIA1301 CspA and CspB

genes. Transgene integration was confirmed by β-glucuronidase (GUS) histochemical

assay, polymerase chain reaction (PCR) amplification, and gene copy number by

Southern blotting. Chlorophyll, proline, Na+, and K+ contents were higher in trans-

genics exposed to 150 mM NaCl and drought (imposed by withholding water)

stresses during floral initiation stage. Catalase (CAT), superoxide dismutase (SOD),

and guaiacol peroxidase (GPX) activities increased, while malondialdehyde (MDA)

content was low in transgenics. Transgenics displayed increased root, shoot, and pan-

icle lengths, root dry mass, and a distinct stay-green (SGR) phenotype. Higher tran-

script levels of CspA, CspB, SGR, chlorophyllase, isopentenyl adenine transferase

1 (IPT1), 9-cis-epoxycarotenoid dioxygenase (NCED), SOD, and sirtuin 1 (SIRT1) genes

were observed in transgenics compared to wild type plants (WT) under multiple

stresses. Present work indicates that bacterial chaperone proteins are capable of

imparting SGR phenotype, salt and drought stress tolerance alongside grain

improvement.

1 | INTRODUCTION

Salt and drought stresses are the most devastating environmental fac-

tors that result in severe crop losses throughout the world. While salt

imposes ionic stress, drought rapidly depletes underground water

tables. Often salt and drought stresses are coupled with high tempera-

ture stress. Combined effects of major abiotic stresses cause over

50% losses in agricultural crop production (Bray et al., 2020).
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Consequently, this entails the generation of crop plants that use water

with higher efficiencies (Morison et al., 2008). Breeding methods hel-

ped to improve several crop plants for salt and drought stress toler-

ance, but potential exists for further improvement of crops with

better yields and grain quality under different degrees of stress condi-

tions or their combined effects (Fukai & Cooper, 1995; Sreenivasulu

et al., 2015). Rice is sensitive to salt and drought stresses (Ismail &

Thomson, 2011; Sreenivasulu et al., 2015). Salt stress leads to ion

(Na+ and Cl−) toxicity, alters cellular metabolism, lowers osmotic

potential and photosynthetic efficiency resulting in reduced plant

growth rate and yield (Acosta-Motos et al., 2017). Response to

drought stress depends upon timing of the stress during early seedling

growth, vegetative stage, at the time of flowering or during grain

maturity. Terminal drought stress severely impairs the number of filled

grains and grain quality (Sreenivasulu et al., 2015). Genetic engineer-

ing approaches, such as incorporation of microbial and plant genes

associated with biosynthetic pathways of compatible solutes like man-

nitol, proline, and glycine betaine into crop plants, resulted in the

development of abiotic stress tolerant plants (Huang et al., 2000;

Kishor et al., 1995; Kishor et al., 2005; Tarczynski et al., 1993; Xu

et al., 1996). Further, overexpression of yeast trehalose-6-phosphate

synthase gene in tobacco ensued in less dehydration and necrosis

(Romero et al., 1997). Similarly, modulation of the polyamine biosyn-

thetic pathway genes in transgenic rice conferred drought tolerance

(Capell et al., 2004). Sato and Yokoya (2008) noticed increased

drought stress tolerance in rice by overexpressing a small heat-shock

protein sHSP17.7. Gu et al. (2013) observed enhanced drought toler-

ance in transgenic rice overexpressing genes that encode C4 photo-

synthetic pathway enzymes. Maheshwari et al. (2017) reported

combined drought and high temperature stress tolerance in rice by

overexpressing APETALA-type of transcription factor SbAP37. Amara

et al. (2013) reported enhanced water stress tolerance of transgenic

maize overexpressing LEA Rab28 gene. However, such transgenics did

not exhibit greater tolerance to multiple stresses and final productivity

under terminal drought stress conditions. Therefore, it is necessary to

explore and exploit the extensive genetic diversity that exist in bacte-

ria, fungi, and plants for improving plant abiotic stress tolerance espe-

cially during flowering and grain development stages of plant growth.

Since, rice is highly susceptible to salt and water stresses, imparting

stress tolerance is vital for stabilizing its yields.

In Escherichia coli, nine members of the cold shock protein (CSP) gene

family cold shock protein A - cold shock protein I (CspA-CspI) have been

identified, which function as RNA chaperons and help the cells to facilitate

proper transcription as well as translation under low temperature stress

(Graumann &Marahiel, 1998; Jiang et al., 1997). It has been observed that

CspD inhibits DNA replication (Uppal et al. 2014), though Csps in general

have been found to play important roles during osmotic, starvation, etha-

nol, and pH stresses (Keto-Timonen et al., 2016). CspB and CspC have

been found to play critical roles in NaCl, pH, and ethanol stresses, but not

CspA (Derman et al., 2015). Schmid et al. (2009) found that CspA, CspB,

and CspD genes are dispensable for cold and NaCl stress adaptations in

Listeria monocytogenes. Thus, conflicting roles for CspA have been noticed

in literature. CspD protein of E. coli has been found to modulate growth-

phase-dependent nutrient-stress adaptation (Yamanaka & Inouye, 1997).

On the other hand, in B. subtilis, CspA, CspB, and CspD have been found

to be associated with normal as well as growth-phase-dependent stress

adaptation responses (Weber &Marahiel, 2002). Csps appear to be essen-

tial for growth of bacteria under cold stress conditions and also bind to

single stranded RNA and DNA molecules. Of the several Csps, CspA has

been shown to unwind the secondary structures of partially double

stranded RNA molecules generated during low temperature stress condi-

tions (Jiang et al., 1997). Premature transcription termination occurs due

to RNA secondary structure formation in several prokaryotic systems, but

CspA, CspC, and CspE have the transcription anti-termination activity (Bae

et al., 2000). Jiang et al. (1997) demonstrated increased translation by

CspA under cold stress conditions through the removal of stabilized RNA

secondary structures. Castiglioni et al. (2008) expressed CspA and CspB

genes in maize, which conferred abiotic stress tolerance with improved

grain yield. Likewise, improved drought stress tolerance in wheat was

noticed with the overexpression of synthetic bacterial cold shock protein

gene SeCspA (Yu et al., 2017). Transgenic Arabidopsis overexpressing SeC-

spA and SeCspB genes displayed better seed germination and enhanced

root length under water-deficit conditions when compared to wild-type

(WT) plants (Yu et al., 2017). They also noticed important desirable char-

acters like low levels of MDA, Na+, higher chlorophyll, and proline levels

under salt and water stress conditions. But they did not notice any change

in the phenotype under abiotic stress conditions. Field experiments with

transgenic wheat containing SeCspA gene (but not SeCspB transgenics)

revealed increased 1000-grain weight as well as grain yield under drought

stress (Yu et al., 2017). Accordingly, in the present study, two Csp genes

(CspA and CspB) were cloned and overexpressed in rice for testing against

salt and drought stresses during the flowering stage. We report the gener-

ation of transgenic rice tolerant to drought and salt stresses (exposed dur-

ing the floral initiation stage) with significant increase in panicle length

and improved yield. Further, for the first time, we report the occurrence

of a stay-green (SGR) phenotype as a result of the overexpression of both

CspA and CspB genes. Since a SGR phenotype was noticed, we looked at

the expression levels of some of the associated genes like STAY GREEN

(SGR, linked to drought stress), CHLOROPHYLLASE (involved in chlorophyll

catabolism), ISOPENTENYLTRANSFERASE 1 (IPT1, associated with cytoki-

nin biosynthesis and control of senescence), 9-CIS-EPOXYCAROTENOID

DIOXYGENASE (NCED, involved in ABA biosynthesis), copper-zinc chloro-

plastic SUPEROXIDE DISMUTASE (SOD, associated with scavenging super-

oxide radicals), sirtuin 1 (SIRT1) gene (implicated in leaf senescence and

regulation of photosynthetic activity), besides CspA and CspB (Cucurachi

et al., 2012) and linked their expressions with abiotic stresses.

2 | MATERIALS AND METHODS

2.1 | Isolation and vector construction of CspA and
CspB genes

Full length primers were designed using IDT OligoAnalyzer online tool

(https://eu.idtdna.com/calc/analyzer) for gene sequences available at

the NCBI GenBank. The following forward 5
0
ATGTCCGGTAAAATG
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ACTGGTATCG3
0
, 5

0
ATGTCAAATAAAATGACTGGTTTAGTA3

0
and

reverse 5
0
TTACAGGCTGGTTACGTTACCAG3

0
, 5

0
TTAATCAGTAATG

ATGACATTTGCT3
0
primers were used for CspA and CspB gene ampli-

fications, respectively, from the E. coli K12 strain. PCR conditions used

were initial denaturation at 94�C for 5 min, followed by 35 cycles at

94�C for 30 s, annealing at 57�C for CspA gene and 54�C for CspB for

30 s and extension at 72�C for 30 s; final extension step at 72�C for 5

min using the Biorad C1000 Touch™ Thermal Cycler PCR System. The

amplicons were cloned into TA cloning vector pTZ57R/T (Thermo

Fischer Fermentas #K0691) separately using T4 DNA ligase

(Fermentas), then transferred into the E. coli Top10 strain using 0.1 M

CaCl2 and heat shock at 42�C. The transformed colonies were grown

on Luria-Bertani (LB) medium (Bertani, 1951) containing 100 mg L−1

ampicillin, and blue/white colonies were screened with isopropyl

β-D-1-thiogalactopyranoside (IPTG)/5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal). Transformed white colonies were picked;

the plasmid was isolated by alkaline lysis method, confirmed by poly-

merase chain reaction (PCR), and the genes were sequenced (Eurofins).

The DNA sequences were blasted against NCBI GenBank reference

genes and submitted to the National Center for Biotechnology Infor-

mation (NCBI). Both CspA and CspB genes were ligated into the inter-

mediate PRT101 vector (3.3 Kb) containing the cauliflower mosaic

virus 35S (CaMV35S) promoter and CaMV polyA terminator and trans-

ferred into E. coli using the KpnI and BamHI restriction sites. The con-

struct was confirmed with HindIII restriction enzyme digestion. The

released construct was transferred into the plant binary vector

pCAMBIA1301 (13.1 Kb) containing β-glucuronidase (GUS) as reporter

gene and hygromycin phosphotransferase II (hptII) as selection marker.

The pCAMBIA1301 plasmid harboring CspA and CspB genes were sep-

arately mobilized into Agrobacterium tumefaciens LBA4404 strain. The

recombinant colonies were selected on yeast extract peptone (YEP)

medium containing 50 mg L−1 kanamycin, and 20 mg L−1 rifampicin.

2.2 | Rice genetic transformation by in planta
method

Seeds of indica rice variety BPT5204 were dehusked and sterilized

with 0.1% mercuric chloride for 5 min. Seeds were washed thoroughly

with sterile distilled water for 3 times. For germination, sterile seeds

were soaked in autoclaved water for 2 days in dark at 26–28�C. For

each construct (CspA and CspB), 2000 seedlings were infected with

Agrobacterium. Once shoots and roots emerged, they were pricked

with 0.5 × 25 mm sterile needles. Immediately, wounded seedlings

were incubated in half-strength Murashige and Skoog's (MS) basal

liquid medium (Murashige & Skoog, 1962) containing 100 μM

acetosyringone and Agrobacterium containing CspA and CspB genes

separately. Seedlings were agitated for 20 min at 100g and inoculated

onto MS medium containing 100 μM acetosyringone, and incubated

for 2–3 days at 28�C. For elimination of bacterial infection, seedlings

were treated with 250 mg L−1 cefotaxime. Seedlings growing on

50 mg L−1 hygromycin containing medium were finally transferred into

pots filled with garden soil. After one-month, putative transformants

were transplanted to new pots. Transgenic lines developed from CspA

and CspB genes were labeled as A and B lines, respectively.

2.3 | Screening of transgenics for GUS assay and
molecular analysis

Leaf material from 45-day-old putative transgenic plants was taken,

rinsed twice with sterile distilled water, and incubated at 37�C in an

incubator in presence of GUS staining buffer [2 mM 5-bromo-

4-chloro-3-indolyl-β-D-glucuronic acid (X-Gluc)], 2 mM potassium ferri-

cyanide and 2 mM potassium ferrocyanide in 0.1 M sodium phosphate

buffer, pH 7.0. The samples were incubated for 16–20 h and destained

by incubating in 90% ethanol. The procedure was repeated several

times to visualize the blue color. Genomic DNA was isolated from

CspA, CspB transgenics and WT plants by cetyltrimethyl ammonium

bromide (CTAB) method (Dellaporta et al., 1983). All the in planta

transformed plants along with WT were screened by PCR using gene-

specific primers for the presence of transgenes (CspA and CspB) and

hptII marker. Gene copy number analysis was performed by following

the procedure laid down by Sambrook and Russell (2001). CspA and

CspB cassettes were released using HindIII restriction enzyme and pro-

bed with hptII gene. Nitrocellulose membrane was developed by

chemiluminescence method (Roche DIG DNA labeling kit).

2.4 | Bacterial growth study by pET expression

CspA and CspB genes were cloned into bacterial expression vector

pET32a(+) using EcoRI and HindIII restriction enzymes and transformed

into E. coli expression compatible cells BL21 (DE3). For functional analy-

sis, recombinant CspA and CspB along with plain vector cells were grown

in 200 ml LB medium with and without 200 mM NaCl and 300 mM

mannitol. Corresponding controls were also maintained. The bacterial

growth was measured by UV–Visible spectrophotometer (Thermo Scien-

tific). Cells were induced with 1 mM IPTG at OD600 nm at 30�C. Whole

protein was isolated from 4-h-induced culture, using 6 M urea, 1%

sodium dodecyl sulfate (SDS), and 0.1 M dithiothreitol (DTT), the cell

lysate was heat denaturated (90�C) for 5 min with 1× SDS sample buffer.

Samples were resolved in 12% SDS-PAGE gel with prestained protein

ladder (Genei), blotted on nitrocellulose membrane, AntiHis tag primary

antibody (Invitrogen 100 mg per 200 μl, 1:1000 dilution) was added.

Membrane was washed twice with washing buffer, secondary antibody

(Invitrogen, 1 mg) conjugated with horse radish peroxidase (HRP)

(1 mg ml−1, 1:10 000 dilution) was added and the blot developed by

adding 3,30, 5,500-tetramethylbenzidine (TMB) solution (Thermo Scientific).

2.5 | Segregation analysis of hptII in T1 and T2

generations

The T1 seeds obtained from single copy selfed T0 seeds were steril-

ized and transferred onto Petri dishes containing MS medium with
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50 mg L−1 hygromycin. After 10 days of growth, transgenics were

screened for segregation analysis by studying hygromycin resistant

and sensitive seedlings. Hemizygous seedlings were later transferred

to the pots containing garden soil. Similarly, T2 transgenic lines

obtained from selfing of hemizygous lines were grown on MS medium

with 50 mg L−1 hygromycin along with WT plants and screened for

their homozygous nature. Homozygous T2 lines were used for subse-

quent analysis.

2.6 | Salt and drought stress treatments

Before floral initiation stage, homozygous A15-1-1, A59-1-1, A62-1-3,

B2-1-4, B16-1-2, and B42-1-3 transgenic lines alongside WT plants grow-

ing in the pot conditions were used to assess salt and drought stress

tolerance. Salt treatment was given by adding 250 ml of 150 mM

NaCl solution to each pot on the first day. The drought stress was

imposed by withholding water for 8 days. The corresponding controls

were maintained for all the treatments. After 8 days of stress treat-

ment, all plants were watered with normal tap water. The same treat-

ment was used for all experiments unless otherwise mentioned. After

stress treatment, transgenic lines and WT plants were evaluated for

salt and drought stress respectively.

2.7 | Estimation of chlorophyll, proline,
malondialdehyde (MDA), relative water content
(RWC), and antioxidant enzyme activities

Salt and drought-treated transgenic lines and WT plants were used

for the estimation of chlorophyll, proline, MDA content, and antioxi-

dant enzyme activities. Chlorophyll a and b were estimated following

the method of Arnon et al. (1974). Quantities of chlorophyll a and

b were calculated and represented as mg g−1 fresh weight. Proline

was estimated following the method of Bates et al. (1973) and

expressed as μmol proline g−1 fresh weight of leaf tissue. Lipid per-

oxidation was determined by measuring the amount of MDA pro-

duced by thiobarbituric acid (TBA) reaction as described by Hodges

et al. (1999). Lipid peroxidation is expressed in MDA μmol g−1 fresh

weight of leaf tissue. The RWC was measured by taking fresh

weight, turgid weight, and dry weight of leaves (Van Heerden & de

Villiers, 1996). Activity of catalase (CAT) enzyme was assessed by

following the procedure of Aebi (1984). One unit of enzyme activity

is defined as 1 μmol of H2O2decomposed to water min−1 mg−1 of

protein. The reaction of superoxide dismutase (SOD) was carried out

by the method of Beauchamp and Fridovich (1971). SOD activity is

defined as that amount of enzyme required to inhibit the reduction

of nitrobluetetrazolium by 50% under the specified conditions. Activ-

ity is expressed as units mg−1 protein min−1. Guaiacol peroxidase

(GPX) was estimated according to Egley et al. (1983). Enzyme activ-

ity is expressed as μmol H2O2 reduced mg−1 of protein min−1. Pro-

tein was quantified by Bradford assay (Bradford, 1976) using bovine

serum albumin as standard.

2.8 | Estimation of ions in transgenics and WT
plants

Transgenic lines A62-1-3 and B42-1-3 (selected based on the perfor-

mance under stress) and WT plants aftersalt and drought treatments

were used for measuring ions. Na+ and K+ ions were quantified using

atomic absorption spectrometer. Samples were dried in an oven at

104�C, powdered, digested with 8 ml of nitric acid and peroxide, fil-

tered and diluted with 50 μl deionized water.

2.9 | Anatomy of WT and transgenic rice roots

One-month-old seedlings of rice WT, CspA (transgenic line A62-1-3),

and CspB (transgenic line B42-1-3) were subjected to 150 mM NaCl

and drought stress (withholding water) stresses for 48 h. Anatomical

sections of the roots were taken with a sharp blade, stained with tolu-

idine blue (5 mg ml−1) for 15 min, destained with water and observed

under brightfield microscope (Olympus model CH20iBIMF).

2.10 | Root morphology, shoot, and panicle
lengths, seed number per panicle in transgenics
and WT plants

Before seed setting, salt treatment was given by adding 250 ml of

150 mM NaCl solution to each pot on the first day. The drought

stress was imposed by withholding water for 8 days. After 8 days

of stress treatment, all plants were watered with normal tap

water. The corresponding controls were maintained for all the

treatments. Transgenic lines and WT plants were analyzed for

root length, root dry mass, shoot, panicle lengths, and number of

seeds per panicle.

2.11 | Gene expressions using quantitative
real-time PCR (qRT-PCR) under multiple stress
conditions

The relative quantification of gene expressions was studied in

1-month-old seedlings of T2 transgenic lines A62-1-3 and B42-1-3. Seed-

lings were treated with salt (150 mM), drought (200 mM mannitol),

cold (4�C), and high temperature (42�C) stresses. After 4 h of treat-

ment, total RNA was isolated from root and leaf samples using guani-

dine thiocyanate method. Concentration of RNA was measured by

Nano Drop and diluted to the final RNA concentration of 1 μg. It was

converted to cDNA using Thermo Revert Aid cDNA Kit (Thermo Sci-

entific). The cDNA was used as template for the gene expression

studies (Applied Biosystem Fast PCR 7500) using SYBR green method.

Actin gene served as an internal control. In 96 well plates, reaction

volume was adjusted to final volume of 20 μl with Tm 60�C. The 2–

ΔΔCt values calculated are represented in the form of a graph. The rel-

ative expression levels of the genes CspA, CspB, SGR, chlorophyllase,
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IPT1, NCED, SOD, and SIRT1 were studied under diverse abiotic stress

conditions in the transgenic lines and WT plants.

2.12 | Statistical analysis of data

All experiments were repeated with biological triplicates and also tech-

nical triplicates. For gene expression studies, data from biological tripli-

cates along with technical replicates were collected. Average values

along with standard deviations are represented in graphs/tables. All

the data were subjected to one-way analysis of variance (ANOVA), since

CspA and CspB lines were developed separately. P-value <0.5 was

determined and the level of significance indicated in the graphs/tables.

3 | RESULTS

3.1 | CspA and CspB gene cloning and in planta
transformation

In the present study, both CspA and CspB genes were cloned from the

E. coli strain K12. The length of the CspA (MH029279) and CspB

(MH029280) gene sequences were 213 and 216 bp, respectively

(Figure 1A). In silico, studies of domain analysis showed eukaryotic

conserved cold shock domain (CSD) and ribonuclease-binding domain

(RBD) in CspA (Figure S1) and CspB (Figure S2) indicating that they

are involved in temperature stress. Presence of the gene cassettes

were confirmed by restriction digestion (Figure 1B). A. tumefaciens

LBA4404 pCAMBIA1301 CspA (Figure 1C) and pCAMBIA1301 CspB

(Figure 1D) gene constructs driven by CaMV35S promoter and CaMV

polyA terminator were used for in planta transformation. The in planta

transformed seedlings were grown to maturity in pot conditions.

3.2 | Characterization of transgenics for transgene
integration

All the T0 generation, plants were tested for GUS histochemical activ-

ity alongside WT plants. GUS histochemical activity was noticed in

transgenics, but not in WT plants (Figure 2). A total of six CspA and six

CspB transgenic lines were found PCR positive. Thus, the transforma-

tion frequency was only 0.33%. Putative transgenic lines were named

as A12, A15, A45, A50, A59, A62 and B2, B16, B35, B42, B82, B98 for CspA

and CspB genes, respectively. PCR analysis showed an amplification

F IGURE 1 Gene amplification, vector construction, and recombinant vector map. (A) Amplification of bacterial gene 1 = CspA (213 bp),
2 = CspB (216 bp), M = 100 bp DNA marker, (B) recombinant construct harboring binary vector pCAMBIA1301 with HindIII restriction enzyme
digestion, (C) recombinant vector map of pCAMBIA1301 containing hygromycin phosphotransferase (hptII), CaMV35S, cauliflower mosaic virus
35S (CaMV35S) promoter; CspA gene, CaMV poly A terminator, (D) recombinant vector map of pCAMBIA1301 containing hptII. CaMV35S,
CspBgene, CaMV poly A terminator. M = 1Kb DNA marker, 1 = pCAMBIA 1301 + CspA construct (11 kb), 2 = pCAMBIA 1301 + CspB construct,
CaMV35S promoter, CspA gene, CspBgene, CaMV poly A terminator
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size of 213 bp for CspA (Figure 3A), and 216 bp for CspB (Figure 3B).

Similarly, amplification of 750 bp for hptII gene was observed in both

the transgenic lines (Figure 3C,D). Gene amplification by PCR was not

detected in the WT plants (Figures 3A–D). Gene copy number by

Southern blotting confirmed the integration of CspA and CspB genes

in the transgenic lines (Figure 3E,F). Out of 12 transgenics, four lines

from CspA (A15, A45, A59, A62) and four from CspB (B2, B16, B42, B98)

were confirmed to have a single gene copy insertions (Figure 3E, F).

On the other hand, in WT plants, no band was noticed, indicating that

there was no transgene integration (Figure 3E,F). Subsequently, trans-

genics with single gene copy insertions were used for salt and drought

stress tolerance experiments.

3.3 | Bacterial expression of CspA and CspB under
NaCl and mannitol stresses

CspA and CspB genes were transferred into pET-32a(+) expression vector

(Figure 4A). The presence of approximately 25.4 KD recombinant pro-

teins along with the tags was noticed (Figure 4B), and protein expressions

confirmed by blot with Anti-6× His Tag antibodies (Figure 4C). Once the

expression of the recombinant proteins was confirmed, the growth of the

recombinants was measured with and without salt and mannitol stresses.

Growth of the untransformed cells decreased slightly in 200 mM NaCl

and drastically under 300 mM mannitol (Figure 5A,B). Contrarily, CspB

cells showed more resistance to mannitol than CspA (Figure 5B) but

growth of CspAwas better under salt stress treatment (Figure 5A).

3.4 | Mendelian inheritance pattern of hptII in T1

and T2 generations

T1 transgenic line progenies segregated in a ratio of 3 tolerant:1 sus-

ceptible (Table S1). All T2 progenies obtained from selfed hemizygous

lines (A15-1-1, A59-1-1, A62-1-3, B2-1-4, B16-1-2, and B42-1-3) segregated in

F IGURE 2 Histochemical GUS assay in T0 transgenic plants. CspA,
CspA putative transgenic plant; CspB, CspB putative transgenic plant;
WT, wild type plant

F IGURE 3 Molecular characterization of transgenics. (A) Amplification of CspA gene in T0 transgenics. (B) Amplification of CspB gene in T0
transgenics. (C) hptII selection marker gene (750 bp) amplification from T0CspA transgenics. (D) hptII selection marker gene (750 bp) amplification
from T0 CspB transgenics. (E) CspA gene copy number as analyzed by Southern blot (genomic DNA was digested with HindIII and probed by hptII
marker). (F) CspB gene copy number as analyzed by Southern (genomic DNA was digested with HindIII and probed by hptII marker). A12, A15, A45,
A50, A59, A62, T0CspA transgenics; B2, B16, B35, B42, B82, B98, CspB transgenics; +C, positive control; M, 100 bp DNA marker; WT, wild type
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a 1:2:1 ratio (Table S2). Homozygous dominant lines displayed 100%

germination on the selection medium. On the other hand, WT seeds

failed to germinate at all on the hygromycin medium.

3.5 | Salt and drought stress tolerance in T2

generation

Transgenic lines exhibited enhanced tolerance to salt and drought

stresses in comparison with WT plants. Transgenic leaves remained

relatively green in color with less yellowing, less leaf rolling, delayed

senescence and higher tillering. Conversely, WT leaves were found

sensitive to salt and drought stresses, exhibited wilting, increased leaf

rolling, early senescence, and lower tillering (Figure 6). Transgenic

lines overexpressing CspA and CspB exhibited SGR phenotype and

delayed senescence compared to WT plants (Figure 6).

3.6 | Chlorophyll, proline, MDA contents, and
antioxidative enzyme activities

No significant decrease in chlorophyll a content was observed in

transgenic lines. However, chlorophyll b decreased slightly under the

treatments. Content of chlorophyll a declined in WT plants under salt

and drought stress conditions from 2.1 to 1.41 mg g−1 and 2.1 to

1.45 mg g−1, respectively. Similarly, chlorophyll b in WT declined from

0.75 to 0.46 mg g−1 and 0.75 to 0.53 mg g−1 under salt and drought

stresses, respectively (Table 1). Proline content significantly increased

in all transgenic lines compared to WT when treated with drought and

salt stresses. Proline content increased to 2.1- and 2.7-folds in CspA

and CspB transgenics treated with salt and drought stresses respec-

tively (Figure 7A). Contrarily, levels of MDA were higher in WT than

the transgenics under stress conditions. Similarly, under salt stress,

MDA content was enhanced from 0.481 to 0.707 μmol g−1 fresh

weight in CspA and 0.482 to 0.690 μmol g−1 fresh weight in CspB

transgenics (Figure 7B). Under drought stress, MDA content increased

from 0.481 to 0.570 μmol g−1 fresh weight in CspA and 0.482 to

0.536 μmol g−1 fresh weight in CspB transgenic lines (Figure 7B). CspA

and CspB transgenics exhibited significant increase in RWC compared

to WT under salt and drought stresses (Figure 7C). After treatment

with salt and drought, CAT specific activity was increased in both the

transgenic lines and WT plants (Figure 7D). Under salt stress, specific

CAT activity increased from 58.6 to 69 units in CspA and 65.6 to

66.3 units mg−1 protein min−1 in CspB transgenic lines (Figure 7D).

Similarly, under drought stress, CAT activity leaped from 58.6 to

82 units mg−1 protein min−1 in CspA and 65.6 to 94.3 units mg−1 pro-

tein min−1 in CspB (Figure 7D). Under salt stress, the SOD activity was

elevated from 10.85 to 26.6 units mg−1 protein min−1 in CspA and

from 12.3 to 26.5 units mg−1 protein min−1 in CspB transgenics

(Figure 7E). Under drought stress, SOD activity increased from 10.85

to 26.7 units mg−1 protein min−1 in CspA and 12.3 to 26.5 units mg−1

protein min−1 in CspB (Figure 7E). Specific activity of GPX increased in

both the transgenic lines and WT plants, respectively (Figure 7F).

Under salt stress, GPX activity increased from 297.3 to

312 units mg−1 protein min−1 in CspA and 298 to 343 units mg−1 pro-

tein min−1 in CspB transgenics (Figure 7F). Under drought stress,

activity of GPX increased from 297.3 to 358 units in CspA and 298 to

374 units mg−1 protein min−1 in CspB (Figure 7F).

3.7 | Estimation of Na+ and K+ under stress
conditions

No significant accumulation of Na+ and K+ was noticed in WT root

and leaf tissues (Figure 8). On the contrary, significant accumulation

of Na+ was recorded in transgenic lines under salt and drought

stresses. Under salt stress, Na+ levels in root tissues increased 3.6-

and 2.2-folds in CspA and CspB lines, respectively. Likewise, under

drought stress, 2.4- and 1.7-folds higher Na+ levels were noticed in

leaf tissues of CspA and CspB lines, respectively (Figure 8A). Similarly,

F IGURE 4 Expression of CspA and CspB genes in pET. (A) CspA and CspB, pET-32a (+) vector was double digested with EcoRI and HindIII
enzymes. (B) SDS-PAGE, 1 mM IPTG was used for induction of recombinant protein in E coli BL21. (C) Western blot analysis of recombinant
CspA and CspB protein expression with pET-32a(±) vector. CspA, CspA + pET-32a(±); CspB, CspB+ pET-32a(±); M, protein marker; UC,
untransformed control

GUDDIMALLI ET AL. 1357
Physiologia Plantarum

 13993054, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13369 by International C

rops R
esearch Institute for Sem

i A
rid T

ropics, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



significant increase in Na+ was noticed in transgenic root tissues after

the imposition of salt and drought stresses (Figure 8B). Under stress

conditions, enhanced accumulation of K+ content was recorded in

transgenics and WT leaf and root tissues compared to their

corresponding controls. Accumulation of K+ was higher in transgenics

compared to WT (Figure 8C,D).

3.8 | Root, shoot, panicle lengths, root biomass,
and number of seeds per panicle

After stress treatments, the root traits varied in transgenics and WT

plants (Figure 9A). Devoid of stress, transgenic lines showed better

root length (32.5 cm) than WT (26.02 cm) plants (Figure 9A). Root

lengths decreased under salt stress conditions (Figure 9B). The

decrease in root lengths was more pronounced in salt-treated trans-

genics compared to roots grown under drought (Figure 9B). With the

imposition of drought stress, root length decreased significantly in

both the transgenic lines compared to WT (Figure 9B). Root dry mass

decreased under salt and drought stresses in WT in comparison with

transgenics (Figure 9C). After treatment with salt and drought

stresses, significant decrease in shoot length was observed in WT and

transgenic lines. The decrease in shoot length was higher under salt

stress in comparison with drought stress-treated plants (Figure 10A).

Devoid of stresses, the average length of the panicle in WT and trans-

genic lines was 14.21 ± 0.61 cm, and 18.54 ± 0.44 cm, respectively

(Figure 10B). Panicle length decreased in WT plants (13.50 ± 0.83 cm

and 10.03 ± 2.13 cm) as well as in transgenics under salt and drought

stresses (15.39 ± 0.42 cm and 15.83 ± 0.67 cm), respectively (Figure

10B). Thus, the decrease in panicle length was more drastic under

drought compared to salt stress. After stress imposition, a higher

decrease in the number of seeds per panicle was noticed in WT com-

pared to transgenics. A number of seeds per panicle in WT plants

were reduced from 115.3 (devoid of stress) to 100.6 and 92.3 under

salt and drought stresses, respectively. However, in CspA transgenic

line, the reduction in seed number was less. In the line A15-1-1, seed

number decreased from 140 to 120.5 and 132.6, and in A59-1-1, from

129.3 to 125.5 and 124.6 under salt and drought stresses, respec-

tively. In the lines B2-1-4 and B42-1-3, number of seeds decreased from

140.16 and 147.3 to 124.3, 107.1, 115.5 and 129.3 under salt and

drought stress conditions, respectively (Table 2).

3.9 | Anatomy of WT and transgenic roots

One-month-old seedlings of WT, CspA, and CspB were exposed to

150 mM NaCl and also to drought stress (by withholding water) for

48 h along with appropriate controls. Anatomical sections of the

WT roots revealed thin-walled sclerenchyma cells and loosely orga-

nized aerenchyma (Figure S3). In contrast, transgenic plants (CspA

and CspB lines) were characterized by thick-walled sclerenchyma

cells. Further, compactly arranged cortical cells with narrow inter-

cellular spaces were the characteristic feature of the transgenic

roots (Figure S3).

3.10 | CspA and CspB transcript levels in T2

transgenics and expression of SGR associated genes
under salt, drought, cold, and heat stresses

Transcript levels were higher in CspA (RTA) leaves and roots than in

CspB (RTB) leaves and roots. Induction of the chlorophyllase gene in

both CspA and CspB was markedly higher under the four abiotic

stress conditions, than without stress. All the four stresses

influenced the IPT1 gene, more so under cold and drought com-

pared to salt and high temperature stresses (Figure 11). NCED was

F IGURE 5 Recombinant BL21 strain with pET-32a(±) vector
containing CspA and CspB genes and the growth of the strain with
and without stress. (A) Effect of salt stress on bacterial growth,
(B) effect of mannitol stress on bacterial growth. MNCspA,
recombinant CspA strain grown in presence of 300 mM mannitol;
MNCspB, recombinant strain CspB grown in presence of 300 mM
mannitol; MNUC, UC grown in presence of 300 mM mannitol;
STCspA, recombinant CspA strain grown in 200 mM NaCl; STCspB,
recombinant CspB strain grown in 200 mM NaCl; STUC, UC grown in

presence of 200 mM NaCl; WSCspA, CspA recombinant strain grown
without stress; WSCspB, CspB recombinant strain grown without
stress; WSUC, untransformed cells (UC) grown without stress (WS), .
OD was measured at 600nm after growing for a duration of 16 h.
Statistical significance is indicated as star (*) (P-value <0.05)
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also induced by the abiotic stresses and the expression was higher

under salt, cold, and high temperatures than under drought stress.

Both CspA and CspB were strongly upregulated by cold (but not in

CspB roots), followed by salt and drought. Expressions were low

under high temperature stress, especially in CspB roots. SGR gene

expression was enhanced steeply by drought and cold in compari-

son with salt and high temperature stresses (Figure 11). SOD

expression was prompted by salt and high temperature stresses in

comparison with cold and drought. Comparatively, cold and drought

stresses promoted SIRT1 gene expressions more than salt and high

temperatures (Figure 11).

4 | DISCUSSION

4.1 | Gene cloning, validation of CspA and CspB
genes under salt and drought (mannitol) stresses

Csps have been reported to contain a CSD, which is generally com-

posed of 65 to 70 amino acid residues in bacteria, as well as in higher

organisms including plants (Horn et al., 2007). Csp proteins are 7 to

10 kDa in size and contain the nucleic acid-binding activities. Jiang

et al. (1997) pointed out that in E. coli, CSD acts as an RNA chaperone

and converts double-stranded RNA into single-stranded RNA. Several

F IGURE 6 Evaluation of T2 transgenic lines subjected to salt and drought stresses. A15-1-1, A59-1-1, A62-1-3, T0 CspA transgenic lines; B2-1-4,
B16-1-2, B42-1-3, T0 CspB transgenic lines; drought, drought stress imposed by water withholding; salt, salt stress imposed by 150 mM NaCl; WS,
without stress; WT, wild type

TABLE 1 Chlorophyll a and b contents in WT and transgenic lines grown under salt and drought stress conditions

Stress WT A15-1-1 A59-1-1 A62-1-3 B2-1-4 B16-1-2 B42-1-3

Chlorophyll a

WS 2.10 (±0.001) 2.11(±0.001) 2.15 (±0.001) 2.14 (±0.005) 2.03 (±0.002) 2.16 (±0.001) 2.15 (±0.001)

Salt 1.41 (±0.47) 1.88 (±0.093)a 1.84 (±0.10)a 1.88 (±0.05)a 1.95 (±0.22) 1.93 (±0.13) 2.01 (±0.04)a

Drought 1.45 (±0.54) 1.94 (±0.12) 1.93 (±0.11) 1.89 (±0.12) 1.94 (±0.13) 1.94 (±0.12) 2.02 (±0.05)

Chlorophyll b

WS 0.75 (±0.001) 0.88 (±0.001) 0.80 (±0.002) 0.80 (±0.008) 0.75 (±0.006) 0.79 (±0.004) 0.81 (±0.01)

Salt 0.46 (±0.47) 0.58 (±0.09)a 0.501 (±0.10) 0.505 (±0.05) 0.75 (±0.17) 0.775 (±0.09)a 0.687 (±0.032)

Drought 0.53 (±0.54) 0.71 (±0.12) 0.60 (±0.11)a 0.64 (±0.12) 0.88 (±0.10) 0.89 (±0.06) 0.75 (±0.07)

Note: Data represent means ± SD (n = 9; three biological replicates).

Abbreviations: A15-1-1, A59-1-1, A62-1-3, B2-1-4, B16-1-2, B42-1-3, transgenic lines; drought, drought by withholding water; salt, 150 mM NaCl; WS, without

stress, WT, wild-type plants.
aIndicates significant at P < 0.05 as analyzed by one-way ANOVA.
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of the Csp proteins may stimulate growth during stress acclimation.

Hunger et al. (2006) found out that Csps work in concert with a

DEAD box helicase to rescue misfolded mRNA and help in transcrip-

tion (El-Sharoud & Graumann, 2007). Bae et al. (2000) showed that

CspA, CspC, and CspE genes act as antiterminators and regulate the

expression of cold-inducible genes. In the present study, bacterial

CspA and CspB genes were cloned which shared 100% homology with

the E. coli sequences and displayed both CSD as well as RBD. Plants

also have CSD proteins, which differ from that of Csps known to

occur in prokaryotes (Sasaki & Imai, 2012). Several of the bacterial

Csps and plant CSDs were found to be induced under cold stress

(Jung et al., 2010; Sasaki et al., 2007). Interestingly, though E. coli Csps

are responsive to cold stress and function as RNA chaperones

(Graumann & Marahiel, 1998), they share a domain with AtCSP3,

which plays a pivotal role in low temperature tolerance (Kim et al.,

2009). In the present study, both CspA and CspB genes were validated

for the growth profile of E. coli under mannitol (drought) and salt

stress conditions. Growth of untransformed E. coli cells decreased

drastically in presence of mannitol unlike that of CspA and CspB con-

taining bacterial cells indicating that these genes are associated with

mannitol/drought stress besides cold stress tolerance. E. coli con-

taining both CspA and CspB displayed almost similar responses in

terms of growth. Genetically altered E. coli also displayed a similar

growth pattern under salt stress indicating that both CspA and CspB

protect bacteria against salt stress. Western blot results confirmed the

presence of translational product in transformed E. coli inferring func-

tional expression of the genes. Nakaminami et al. (2006) determined

the importance of C-terminal region of a plant cold shock domain pro-

tein (CSDP) and showed that deletion of all C-terminal zinc fingers in

wheat cold shock protein 1 (WCSP1) abolished the growth stimula-

tory activity in E. coli during cold stress indicating that the CCHC-type

zinc fingers in CSDPs are highly vital for growth. These experiments

were not performed in the present study, but such a possibility cannot

be ruled out.

F IGURE 7 Estimation of proline, malondialdehyde (MDA), relative water content (RWC), activities of catalase (CAT), superoxide dismutase
(SOD), and guaiacol peroxidase (GPX) in transgenic rice exposed to salt stress and drought conditions (A) Proline, (B) MDA, (C) RWC, (D) CAT
(units mg−1 protein min−1), (E) SOD (units mg−1 protein min−1), (F) GPX (units mg−1 protein min−1). Salt and drought stresses were imposed by
adding 150 mM NaCl water and withholding respectively. A15-1-1, A59-1-1, A62-1-3, B2-1-4, B16-1-2, B42-1-3, transgenic lines; FW, leaf fresh weight;
WS, without stress; WT, wild type. Statistical significance is indicated as star (*) (P-value < 0.05)
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4.2 | Generation and characterization of
transgenics

Characterization of both CspA and CspB genes by PCR amplifications

and Southern blot analysis indicated that these genes were incorpo-

rated stably into the host plant. qRT-PCR analysis showed that both

CspA and CspB genes are expressed in leaf, root, and internodal tis-

sues at the transcriptional level under drought stress. Fang et al.

(1997) found that E. coli CspA does not increase the transcription but

increases the stability of mRNA during cold stress. Protein folding

becomes highly inefficient and the function of ribosomes is impeded

under stress conditions (Keto-Timonen et al., 2016). However, the

Csp family of proteins counteracts and prevents the formation of sec-

ondary structures in mRNA and help in the initiation of translation.

4.3 | Chlorophyll, proline, MDA, ion analysis,
and antioxidative enzyme activities under stresses

Chlorophyll (both a and b) levels did not decline much under stress

conditions in CspA and CspB lines in comparison with WT plants. A

higher chlorophyll content in wheat transgenics (in comparison with

WT plants) containing SeCspA was reported by Yu et al. (2017). These

results indicate that CspA and CspB genes prevent faster degradation

of chlorophyll or slow down the process of senescence under stress

by an unknown mechanism. Both the transgenic lines exhibited a SGR

phenotype in rice, but have not been reported earlier in maize and

wheat (Castiglioni et al., 2008; Yu et al., 2017). The higher chlorophyll

content in the transgenics (CspA and CspB) supports the SGR

phenotype that generally maintains higher chlorophyll content than

the non-SGR genotype. SGR is an important agronomic trait that per-

mits plants to maintain active photosynthesis and subsequently

improve the grain-filling even under adverse conditions (Borrell et al.,

2014; Jaegglia et al., 2017). Proline levels were higher in both the

transgenics in comparison with WT plants under stress. Accumulation

of compatible osmolytes such as proline under stress conditions has

been registered in many transgenics (Anjaneyulu et al., 2014; Reddy

et al., 2015). Proline helps in the conversion of O2
− to H2O2 and O2 in

the chloroplasts, mitochondria, and peroxisomes (Fridovich, 1989;

Yiu & Tseng, 2005). Further, it has been noticed that proline protects

plants against the oxidative damage caused by abiotic stress condi-

tions (Molinari et al., 2007). Studies on transcriptomic analysis of gene

expressions between SGR and senescing lines of sorghum revealed

enrichment of genes associated with the “response to osmotic stress”
(Jhonson et al., 2015). They noticed high expression of the delta-

pyrroline-5-carboxylate synthase 2 (P5CS2) gene (involved in proline

biosynthesis) in SGR compared to senescent line. Further, the expres-

sion of P5CS2 was correlated with high levels of proline accumulation.

Surprisingly, P5CS2 has been found to lie within the Stg1 (stay-green)

quantitative trait loci. Also, polymorphisms have been identified in

known cis-elements in the promoter regions of P5CS2 (Jhonson et al.,

2015). Thus, these elements could be responsible perhaps for the dif-

ferences in the expression of P5CS2 gene between SGR and senes-

cent lines. Such a finding has a bearing in our understanding of

drought tolerance mechanism in crop plants. Lipid peroxidation levels

(MDA) were reduced in CspA and CspB transgenics compared to WT

plants, an indication of the consequence of CspA and CspB genes in

transgenics (Semchuk et al., 2012). Significantly higher ionic levels

F IGURE 8 Ion analysis of leaf and root tissues under salt and drought stresses. (A) Na+ content in leaf mg g−1 DW, (B) Na+ content in root mg
g−1 DW, (C) K+ content in leaf mg g−1 DW, (D) K+ content in root mg g−1 DW. A42-1-3and B62-1- 3, transgenic lines; DW, dry weight; WT, wild
type. Statistical significance is indicated as star (*) (P-value < 0.05)
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(Na+ and K+) were observed in the transgenics in comparison with WT

plants upon exposure to water-deficit and salt stress conditions. Na+

inhibits the influx of K+ into cytosol under high salt stress conditions

leading to the accumulation high levels of Na+ inside the cells (Hanin

et al., 2016). Higher Na+ levels inside the cytoplasm is generally

accompanied by loss of K+. So, enhanced uptake of K+ under NaCl

stress is difficult because of competition from Na+ for K+-binding sites

on transport systems (Chen et al., 2007). But, being a macronutrient,

K+ plays a crucial role in protein synthesis and phloem sugar loading in

plants (De Schepper et al., 2013). In line with this, Chen et al. (2007)

demonstrated that cytosolic K+ to Na+ ratio is an important determi-

nant of plant salinity tolerance. So, preventing the loss of K+ and

acquisition of K+ under salt stress is crucial for maintaining a proper

cytosolic K+ concentration (Assaha et al., 2017; Chen et al., 2007). In

transgenic CspA and CspB, accumulation of K+ was higher in compari-

son with Na+, which is vital for stress tolerance. Though uptake of K+

is through activation of HAK transporters, how Csps help to maintain

K+ acquisition is obscure at the moment. Overall, the specific activities

of CAT, SOD, and GPX were enhanced in transgenics compared to

WT plants, perhaps an outcome of the transgenes. SOD catalyzes

superoxide radicals into H2O2, which can be converted subsequently

by CAT and GPX into water and O2. A large body of information exists

about the involvement and effective purging of superoxide radical and

in stress protection in transgenics (Reddy et al., 2015; Tseng et al.,

2007; Yiu & Tseng, 2005). Both CAT and GPX help in the conversion

of H2O2 and therefore prevent oxidative damage (Esfandiari &

Shekari, 2007; Willekens et al., 1995). Increased CAT activity assists

in cell membrane stability by decreasing H2O2 levels under stress.

Increased levels of CAT were also recorded under abiotic stress condi-

tions in maize and Sesamum (Koca et al., 2007; Neto et al., 2006).

Enhanced GPX was noticed in transgenic finger millet and sorghum

under salt stress (Anjaneyulu et al., 2014, Reddy et al., 2015).

Antioxidative enzyme activities are vital since they can modulate

redox homeostasis of cells (Bhavanath et al., 2011; Huang et al.,

2013). Thus, a clear correlation between increased proline (implicated

in SGR phenotype), decreased lipid peroxidation and higher activities

of antioxidative enzyme activities in CspA and CspB rice transgenics

support that bacterial chaperones help to protect the activities and

prevail over salt and drought stress-caused damages.

4.4 | Anatomy of WT differs from transgenic rice
plants

Root morphology in transgenics differed from that of the WT plants,

which led us to investigate the root anatomy. Roots in WT plants when

exposed to abiotic stresses, displayed thin-walled sclerenchymatous cells

and loosely organized aerenchyma, an indication of poor defense against

stress. This may allow transport of ions such as Na+ and Cl− under salt

stress or dehydration to occur under drought. Transport of ions into cor-

tex and phloem tissues might damage the cells in all root zones before

initiating the process of any structural defense. Contrary to this, trans-

genic roots (CspA and CspB lines) under stress conditions exhibited thick-

walled sclerenchyma cells indicating a strong defense against salinity and

water-limited conditions. Compactly arranged cortical cells with narrow

intercellular spaces may reduce the transport of ions into inner phloem

cells. Overall, it appears that cell wall integrity features (unlike that of

WT) in transgenic roots help the cell viability, which then trigger the bio-

synthesis and accumulation of polyphenolic substances or deposition of

lignin in the epidermal, hypodermal and intercellular spaces of outer cor-

tical cells (Zagorchev et al., 2014, Gall et al., 2015, Kishor et al., 2015).

Mourasobczak et al. (2011) and Chun et al. (2019) have provided

F IGURE 9 Root phenotype, root length, and root biomass in
transgenics and WT. (A) Root morphology, (B) root length (cm),
(C) root dry mass (g) in transgenic lines under salt and drought
stresses. A15-1-1, A59-1-1, A62-1-3, CspA transgenic lines; B2-1-4, B16-1-2,
B42-1-3, CspB transgenic lines; drought, withholding water;salt,
150 mM NaCl; WS, without stress; WT, wild type. Statistical
significance is indicated as star (*) (P-value < 0.05)
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molecular and genetic evidence indicating the importance of enhanced

lignin accumulation in the plant cell wall during the responses to salt

stress. Also, expression of genes of the lignin biosynthetic pathway was

positively correlated with drought stress tolerance (Hu et al., 2009).

Associated with this phenomenon, increased lignin biosynthesis has been

noticed under abiotic stress conditions (Mourasobczak et al., 2011),

F IGURE 10 Analysis of shoot length and panicle length. (A) Shoot length (cm), (B) panicle length (cm) in transgenic lines under salt and
drought stresses. Salt and drought stresses were imposed by 150 mM NaCl and water withholding water before booting stage. A15-1-1, A59-1-1,
A62-1-3, CspA transgenic lines; B2-1-4, B16-1-2, B42-1-3, CspB transgenic lines; WS, without stress; WT, wild type. Statistical significance is indicated
as star (*) (P-value < 0.05)

TABLE 2 Number of seeds/panicle in WT and transgenics under salt and drought stress conditions

Stress WT A15-1-1 A59-1-1 A62-1-3 B2-1-4 B16-1-2 B42-1-3

WS 115.3 (±4.92) 140 (±1.63) 129.3 (±0.68) 141 (±0.81) 140.16 (±0.95) 137.8 (±2.21) 147.3 (±2.72)

Salt 100.6 (±6.59) 120.5 (±2.85)a 125.5 (±0.4)a 125.6 (±4.64)a 124.3 (±0.27)a 116.3 (±1.24)a 115.5 (±4.49)a

Drought 92.3 (±9.39) 132.6 (±0.54)a 124.6 (±1.8)a 121.3 (±0.54)a 107.1 (±8.47)a 121.6 (±2.68)a 129.3 (±0.54)a

Note: Data represent means ± SD (n = 9 for each line).

Abbreviations: A15-1-1, A59-1-1, A62-1-3, B2-1-4, B16-1-2, B42-1-3, transgenic lines; drought, drought by withholding water; salt, 150 mM NaCl; WS, without

stress; WT, wild-type plants.
aIndicates significant at P < 0.05.

F IGURE 11 Transcript
analysis of transgenes and stay-
green (SGR) associated gene
expression of transgenics against
different abiotic stresses using
qRT-PCR. Relative gene
expressions were measured
under abiotic stress (48 h)
conditions in transgenic rice
seedlings (CspA62-1-3) (CspB42-1-3)
under salt (150 mM NaCl),
drought (200 mM mannitol), cold
(4�C), and high temperature
(42�C) stresses. Expression (qRT-
PCR) of chlorophyllase,

isopentenyltransferase 1 (IPT1),
9-cis-epoxycarotenoid dioxygenase
(NCED), bacterial CspA transgene
(RTA), bacterial CspB transgene
(RTB), SGR, mitochondrial SOD
and SIRT genes. Actin gene was
used as an internal control
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which can reduce penetration and transpiration of cell wall water leading

to osmotic balance during abiotic stress conditions (Monties &

Fukushima, 2001). Lignins are the cross-linked phenolic polymers, and

the enzyme peroxidase enhances the content of phenolics (Kim et al.,

2008). In the present study, an increase in peroxidase activity (glutathi-

one peroxidase) has been found in transgenics, which may lead to lignin

deposition in the cell walls. Anatomical sections of roots in deed show

increased lignin deposition. In line with this, double mutants (atprx2/

atprx25, atprx2/atprx71 and atprx25/atprx71) with reduced peroxidase

activity have been shown to contain lower levels of lignin than single

mutants (Shigeto et al., 2015). Taken together, it appears that lignin

deposition in cell walls is critical under salt stress conditions.

4.5 | CspA and CspB overexpression increased root
length, shoot length, panicle length, and seed number
per panicle

Roots in transgenic plants were longer compared to WT plants indi-

cating that bacterial chaperones by some mechanism improve root

length. Such a morphological variation in root length was noticed ear-

lier in tobacco and sorghum transgenics (Kishor et al., 1995; Reddy

et al., 2015). Average lengths of transgenic (CspA and CspB) rice

shoots were found to be slightly higher than in WT plants. Since Csps

are involved in many cellular processes to promote normal growth,

protect RNA structure and stress adaptation responses (Keto-

Timonen et al., 2016), it is possible that they might play a role on the

increased lengths of both roots and shoots in the transgenic plants.

WT plants matured 20 days earlier than the transgenics which dis-

played SGR phenotype indicating that CspA and CspB proteins delay

chlorophyll degradation or slow down the process of senescence,

though the mechanism is unclear. Higher chlorophyll content in trans-

genics is an indication for drawing such an inference. It has been

suggested by Sasaki and Imai (2012) that CSDPs regulate embryo

development, flowering time and fruit development indicating their

diverse roles. On the other hand, SeCspA and SeCspB did not improve

cold stress in transgenic wheat, but synthetic CspA gene improved

drought stress under the field conditions. In the present study, trans-

genic rice exhibited better drought and salt (150 mM NaCl) stress tol-

erance under pot conditions compared to the WT plants. In contrast,

Sasaki et al. (2015) showed that Arabidopsis AtCSDP2 negatively regu-

lates freezing tolerance. Further, they demonstrated that over-

expression of AtCSP2 resulted in reduced salt stress tolerance in

Arabidopsis, indicating that it is a negative regulator of salt stress. Park

et al. (2009) demonstrated that CSDPs affect seed germination and

growth of Arabidopsis plants under abiotic stress, thus inferring the

implication of CSDPs during seed germination. AtCSP3 overexpression

in Arabidopsis resulted in improved salt and drought stress tolerance

by upregulating the expression of stress-related proteins (Kim et al.,

2013). Yu et al. (2017) showed that overexpression of CspA and CspB

genes caused the upregulation of TaCDPK3 transcription factor in

wheat. It is known that CDPKs play crucial roles in stress signal trans-

duction and regulate the downstream genes that can be activated in

turn by ABA (Sanders et al., 2002). Bacterial chaperones (CspA and

CspB) upon expression conferred abiotic stress tolerance in maize in

the field conditions (Castiglioni et al., 2008). These experiments indi-

cate that bacterial chaperones have the potential to combat abiotic

stresses in higher plants and hence need to be exploited further, espe-

cially a combination of Csp genes (CspA through CspI) for obtaining

superior transgenics with higher levels of abiotic stress tolerance.

Melencion et al. (2017) showed that an RNA chaperone functioned as

a universal stress protein in Arabidopsis and displayed increased cold

stress tolerance. E. coli CspA and CspB synthetic genes also enhanced

the cold tolerance when overexpressed in Arabidopsis thaliana

(Yu et al., 2017), suggesting that synthetic genes display identical

functions in Arabidopsis and impart cold stress tolerance (Yu et al.,

2017). The above experiments prove that bacterial Csps play crucial

roles under abiotic stresses in plants also. But, so far, the SGR pheno-

type has not been reported upon the expression of bacterial Csp

genes in crop plants. Transgenic rice plants expressing CspA and CspB

genes revealed enhanced drought tolerance as seen by better panicle

lengths. Both salt and drought stresses reduced the number of seeds

per panicle in transgenics in comparison with the plants not exposed

to stress conditions. The yield loss under salt and drought stresses

ranged from 13% to 18% when compared with non-stressed condi-

tions in WT plants. In contrast, only 3% loss was recorded in the line

A59-1-1 irrespective of salt and drought stress imposition. In the trans-

genic line B2-1-4, 10% and 25% loss in yield were noticed in salt and

drought stress conditions, respectively, in comparison with unstressed

environments. Thus, yield penalty was noticed in transgenics in com-

parison with stressed conditions, but not devoid of stress. Yield was

higher in transgenics when compared to WT plants under both salt

and water-limited conditions. Similarly, transgenic maize displayed

yield benefits of up to 15% under drought stress in the field, with no

yield penalty even under non-stressed conditions (Castiglioni et al.,

2008). These data suggest that effective RNA chaperone activity is

indispensable to plants growing under water deficit conditions since

they improve panicle length and seed weight as pointed out by

Castiglioni et al. (2008). They noticed that a functional RNA-binding

site is critical to confer improved yields under drought stress in maize.

4.6 | Enhanced CspA, CspB, and SGR-associated
transcript levels in T2 transgenics

Upregulation of both CspA and CspB genes was noticed under normal

as well as abiotic stress conditions. Breakdown of chlorophyll is com-

mon during leaf senescence, seed maturation and fruit ripening. Con-

sistent with this observation, expression of the gene chlorophyllase

was high under all the four abiotic stresses. Chlorophyll is broken

down to products via the pheophorbide A oxygenase pathway

(Hortensteiner, 2013). However, in the present study, breakdown of

chlorophyll during seed maturation stage is delayed and CspA and

CspB transgenics displayed SGR phenotype consistently. This is quite

surprising, unexpected and has not been reported earlier in Csp

expressed crop plants like maize and wheat (Castiglioni et al., 2008;
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Yu et al., 2017). It has been suggested that the SGR gene discovery is

an association between stress-induced leaf senescence and stability

of chlorophyll metabolism (Sakuraba et al., 2014; Thomas & Ougham,

2014). Further, the SGR phenotype is a result of alterations in chloro-

phyll metabolism. It could be either due to delayed degradation or

over-production of chlorophyll under stress conditions (Hortensteiner

& Kräutler, 2011). SGRs can play a role in stress tolerance as pointed

out by Jagadish et al. (2015). It has been reported that some Csps are

inducible by abiotic stresses other than cold (Keto-Timonen et al.,

2016). Cytokinin is an important phytohormone and is associated

with alterations of source/sink relationships (Leopold & Kawase,

1964), counteraction of high temperature stress (Caers et al., 1985),

and also stimulation of chlorophyll synthesis (Arnold & Fletcher,

1986). In line with this, expression of the IPT1 gene (associated with

cytokinin biosynthesis) was found higher in transgenics especially

under cold and drought stresses. IPT1 may stimulate chlorophyll bio-

synthesis and thus help to maintain the SGR phenotype. Expression

of NCED was also higher in transgenics under different abiotic

stresses when compared to non-stress conditions. This is a crucial

gene associated with ABA biosynthesis. Its expression was induced

by NaCl, cold, high temperature as well as drought, suggesting the

critical role that it plays in response to the multiple abiotic stress tol-

erance in rice. Earlier, Huang et al. (2018) also noticed induction of

NCED by NaCl, PEG, and H2O2 in rice. PYL9, a member of the ABA

receptors, increases leaf senescence, but promotes drought tolerance

in Arabidopsis (Zhao et al., 2016). This is in contrast to the other stud-

ies, which show that delayed leaf senescence or the SGR type

increases tolerance to drought stress by regulating the IPT gene

(Rivero et al., 2007). PYL9 is an ABA-dependent pathway and hence

plants get adapted to drought. On the other hand, IPT involves ABA-

independent signal transduction. IPT overexpressed plants increase

cytokinin synthesis, become greener, and thus adapt to drought stress

(Clark et al., 2004; Merewitz et al., 2010; Rivero et al., 2007). Phyto-

hormones like jasmonic acid, salicylic acid, and ABA promote senes-

cence (Liang et al., 2014; Qi et al., 2015). Contrarily, cytokinin has an

antipodal function and is known to delay leaf senescence. IPT over-

expression in Agrostis stolonifera alleviated drought stress-induced

inhibition of root growth by activating ROS-scavenging systems

(Xu et al., 2016). In the present study, cold and drought stresses

induced higher expression of the plant SIRT1 gene (a human homolog)

than salt and high temperature, indicting its association with these

stresses. In plants, SIRT genes have been implicated against genome

instability and cell oxidative damage (Huang et al., 2007). SIRTs are

also associated with leaf senescence, regulation of photosynthetic

activity, transcription, metabolism, and DNA damage repair

(Cucurachi et al. 2012, Lagunas-Rangel, 2019, Zheng, 2020). Thus,

several of these genes might be associated with the SGR phenotype

to protect the plants against abiotic stress conditions. Also, Csps have

been shown to contribute to osmotic and oxidative stress tolerance

as pointed out by Keto-Timonen et al. (2016). Our results reveal that

transgenic rice plants containing both CspA and CspB genes display

stronger abiotic stress tolerance and improved yields compared to

WT plants.

5 | CONCLUSIONS

We demonstrate here for the first time that overexpression of bacte-

rial chaperone genes (CspA and CspB) in rice results in a SGR pheno-

type, late maturity, and improved yields under salt and drought stress

conditions in comparison with that of WT plants. Higher expression

of IPT1, NCED, SGR, and SOD genes under diverse abiotic stress condi-

tions in transgenics illustrates that these genes play a pivotal role in

imparting SGR character in rice. Thus, there is an urgent need to

explore diverse bacterial Csp genes for generating abiotic stress-

tolerant crop plants.

ACKNOWLEDGMENTS

GR is grateful to the DST-SERB for providing fellowship. PBK is

thankful to Vignan's Foundation for Science, Technology and

Research, Vadlamudi, Guntur, for providing emeritus fellowship. This

research is supported by a grant from the Department of Science and

Technology (DST)-SERB, New Delhi, through the grant number SERB/

SB/SO/PS/104/2013.

AUTHOR CONTRIBUTIONS

P. B. K. Kishor conceived and designed the experiments and ana-

lyzed the data. Guddimalli Rajasheker cloned the genes, carried out

the experiments and analyzed the data. Guddimalli Rajasheker,

Somanaboina A. Kumar, Palle S. Reddy, Divya Kummari, Sudhakar R.

Palakolanu, Gandra Jawahar, Rathnagiri Polavarapu, and P. B. K.

Kishor analyzed and interpreted the data and wrote the manuscript.

Dr. Insaf A. Qureshi helped in carrying out the western blot.

Guddimalli Rajasheker, Palle S. Reddy, Somanaboina A. Kumar,

Divya Kummari, Sujatha Edupuganti, Nagaraju Marka, Sudhakar R.

Palakolanu, Gandra Jawahar, Rathnagiri Polavarapu, Jalaja Naravula,

Insaf A. Qureshi, and P. B. K. Kishor critically analyzed the manu-

script. All authors read and approved the manuscript.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the absence

of any commercial or financial relationships that could be construed

as a potential conflict of interest.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available in the

supplementary material of this article

ORCID

Rathnagiri Polavarapu https://orcid.org/0000-0002-9587-7547

REFERENCES

Acosta-Motos, J.R., Ortuno, M.F., Bernal-Vicente, A., Diaz-Vivancos, P.,

Sanchez-Blanco, M.J. & Hernandez, J.A. (2017) Plant responses to salt

stress: adaptive mechanisms. Agronomy, 7, 18. https://doi.org/10.

3390/agronomy7010018.

Aebi, H. (1984) Catalase in vitro. In: Packer, L. (Ed.) Methods in enzymology.

Orlando: Academic Press, pp. 121–126.

GUDDIMALLI ET AL. 1365
Physiologia Plantarum

 13993054, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13369 by International C

rops R
esearch Institute for Sem

i A
rid T

ropics, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-9587-7547
https://orcid.org/0000-0002-9587-7547
https://doi.org/10.3390/agronomy7010018
https://doi.org/10.3390/agronomy7010018


Amara, I., Capellades, M., Ludevid, M.D., Pagès, M. & Goday, A. (2013)

Enhanced water stress tolerance of transgenic maize plants over-

expressing LEA Rab28 gene. Journal of Plant Physiology, 170, 864–873.
Anjaneyulu, E., Reddy, P.S., Sunita, M.S., Kavi Kishor, P.B. & Meriga, B.

(2014) Salt tolerance and activity of antioxidative enzymes of trans-

genic finger millet overexpressing a vacuolar H+-pyrophosphatase

gene (SbVPPase) from Sorghum bicolor. Journal of Plant Physiology, 171,

789–798.
Arnold, V. & Fletcher, R.A. (1986) Stimulation of chlorophyll synthesis by

benzyladenine and potassium in excised and intact cucumber cotyle-

dons. Physiologia Plantarum, 68, 169–174.
Arnon, D.I., McSwain, B.D., Tsujimoto, H.Y. & Wada, K. (1974) Photochem-

ical activity and components of membrane preparation from blue-

green algae. I. Coexistence of two photosystems in relation to chloro-

phyll a and removal of phycocyanin. Biochimica et Biophys Acta-Bioen-

ergetics, 357, 231–245.
Assaha, D.V.M., Ueda, A., Saneoka, H., Al-Yahyai, R. & Yaish, M.W. (2017)

The role of Na+ and K+ transporters in salt stress adaptation in

glycophytes. Frontiers in Physiology, 8, 509.

Bae, W., Xia, B., Inouye, M. & Severinov, K. (2000) Escherichia coli CspA-

family RNA chaperones are transcription antiterminators. Proceedings

of the National Academy of Sciences of the United States of America, 97,

7784–7789.
Bates, L.S., Waldren, R.P. & Teare, I.D. (1973) Rapid determination of free

proline for water-stress studies. Plant and Soil, 39, 205–208.
Beauchamp, C. & Fridovich, I. (1971) Superoxide dismutase: improved

assays and an assay applicable to acrylamide gels. Analytical Biochemis-

try, 44, 276–287.
Bertani, G. (1951) Studies on lysogenesis. I. the mode of phage liberation

by lysogenic Escherchia coli. Journal of Bacteriology, 62, 293–300.
Bhavanath, J., Anubha, S. & Avinash, M. (2011) Expression of SbGSTU (tau

class glutathione S-transferase) gene isolated from Salicornia brachiate

in tobacco for salt tolerance.Molecular Biology Reports, 38, 4823–4832.
Borrell, A.K., Mullet, J.E., Jaegglia, B.G., van Oosterom, E.J., Hammer, G.L.,

Klein, P.E., et al. (2014) Drought adaptation of stay-green cereals asso-

ciated with canopy development, leaf anatomy, root growth and water

uptake. Journal of Experimental Botany, 65, 6251–6263.
Bradford, M.M. (1976) A rapid and sensitive method for the quantitation

of microgram quantities of protein utilizing the principle of protein-

dye binding. Analytical Biochemistry, 72, 248–254.
Bray, E.A., Bailey-Serres, J. & Weretilynk, E. (2020) Responses to abiotic

stresses. In: Buchanan, B., Gruissem, W. & Jones, R. (Eds.) Biochemistry

and molecular biology of plants, 2nd edition. Rockville, MD: American

Society of Plant Physiologists, pp. 1051–1100.
Caers, M., Rudelsheim, P., Van Onckelen, H. & Horemans, S. (1985) Effect

of heat stress on photosynthetic activity and chloroplast ultrastructure

in correlation with endogenous cytokinin concentration in maize seed-

lings. Plant and Cell Physiology, 26, 47–52.
Capell, T., Bassie, L. & Christou, P. (2004) Modulation of the polyamine

biosynthetic pathway in transgenic rice confers tolerance to drought

stress. Proceedings of the National Academy of Sciences of the United

States of America, 101, 9909–9914.
Castiglioni, P., Warner, D., Bensen, R.J., Anstrom, D.C., Harrison, J.,

Stoecker, M., et al. (2008) Bacterial RNA chaperones confer abiotic

stress tolerance in plants and improved grain yield in maize under

water-limited conditions. Plant Physiology, 147, 446–455.
Chen, Z., Pottosin, I.I., Cuin, T.A., Fuglsang, A.T., Tester, M., Jha, D., et al.

(2007) Root plasma membrane transporters controlling K+/Na+

homeostasis in salt-stressed barley. Plant Physiology, 145, 1714–1725.
Chun, H.J., Baek, D., Cho, H.M., Lee, S.H., Jin, B.J., Yun, D.-J., Hong, Y.-S., et

al. (2019) Lignin biosynthesis genes play critical roles in the adaptation of

Arabidopsis plants to high-salt stress. Plant Signaling & Behavior, 14(8),

1625697. http://doi.org/10.1080/15592324.2019.1625697.

Clark, D.G., Dervinis, C., Barrett, J.E., Klee, H. & Jones, M. (2004) Drought-

induced leaf senescence and horticultural performance of transgenic

PSAG12-IPT petunias. Journal of the American Society for Horticultural

Science, 129, 193–199.
Cucurachi, M., Busconi, M., Morreale, G., Zanetti, A., Bavaresco, L. &

Fogher, C. (2012) Characterization and differential expression analysis

of complete coding sequences of Vitis vinifera L. sirtuin genes. Plant

Physiology and Biochemistry, 54, 123–132.
De Schepper, V., De Swaef, T., Bauweraerts, I. & Steppe, K. (2013) Phloem

transport: a review of mechanisms and controls. Journal of Experimen-

tal Botany, 64, 4839–4850.
Dellaporta, S.L., Wood, J. & Hicks, J.B. (1983) A plant DNA mini prepara-

tion: version II. Plant Molecular Biology Reporter, 1, 19–21.
Derman, Y., Söderholm, H., Lindström, M. & Korkeala, H. (2015) Role of

csp genes in NaCl, pH, and ethanol stress response and motility in

Clostridium botulinum ATCC3502. Food Microbiology, 46, 463–470.
Egley, G.H., Paul, R.N., Vaughn, K.C. & Duke, S.O. (1983) Role of peroxi-

dase in the development of water impermeable seed coats in Sida

spinosa L. Planta, 157, 224–232.
El-Sharoud, W.M. & Graumann, P.L. (2007) Cold shock proteins aid cou-

pling of transcription and translation in bacteria. Science Prog, 90,

15–27.
Esfandiari, E. & Shekari, F. (2007) The effect of salt stress on antioxidant

enzymes activity and lipid peroxidation on the wheat seedlings.

Notulae botanicae Horti Agrobotanici Cluj-Napoca, 35, 48–56.
Fang, L., Jiang, W., Bae, W. & Inouye, M. (1997) Promoter-independent

cold-shock induction of CspA and its derepression at 37 degrees by

mRNA stabilization. Molecular Microbiology, 23, 355–364.
Fridovich, I. (1989) Superoxide dismutases. An adaption to a paramagnetic

gas. The Journal of Biological Chemistry, 264, 7761–7764.
Fukai, S. & Cooper, M. (1995) Development of drought-resistant cultivars

using physiomorphological traits in rice. Field Crops Research, 40,

67–86.
Gall, H.L., Philippe, F., Domon, J.M., Gillet, F., Pelloux, J. & Rayon, C.

(2015) Cell wall metabolism in response to abiotic stress. Plants, 2015,

112–166.
Graumann, P. & Marahiel, M.A. (1998) A superfamily of proteins that con-

tain the cold-shock domain. Trends in Biochemical Sciences, 23,

286–290.
Gu, J.F., Qiu, M. & Yang, J.C. (2013) Enhanced tolerance to drought in

transgenic rice plants overexpressing C4 photosynthesis enzymes.

Journal of Crop, 1, 105–114.
Hanin, M., Ebel, C., Ngom, M., Laplaze, L. & Masmoudi, K. (2016) New

insights on plant salt tolerance mechanisms and their potential use for

breeding. Frontiers in Plant Science, 7, 1787.

Hodges, D.M., DeLong, J.M., Forney, C.F. & Prange, R.K. (1999) Improving

the thiobarbituric acid-reactive-substances assay for estimating lipid

peroxidation in plant tissues containing anthocyanin and other inter-

fering compounds. Planta, 207, 604–611.
Horn, G., Hofweber, R., Kremer, W. & Kalbitzer, H.R. (2007) Structure and

function of bacterial cold shock proteins. Cellular and Molecular Life Sci-

ences, 64, 1457–1470.
Hortensteiner, S. (2013) Update on the biochemistry of chlorophyll break-

down. Plant Molecular Biology, 82, 505–517.
Hortensteiner, S. & Kräutler, B. (2011) Chlorophyll breakdown in higher

plants. Biochimica et Biophys Acta-Bioenergetics, 1807, 977–988.
Hu, Y., Li, W.C., Xu, Y.Q., Li, G.J., Liao, Y. & Fu, F.L. (2009) Differential

expression of candidate genes for lignin biosynthesis under drought

stress in maize leaves. Journal of Applied Genetics, 50, 213–223.
Huang, J., Hirji, R., Adam, L., Rozwadowski, K.L., Hammerlind, J.K.,

Keller, W.A., et al. (2000) Genetic engineering of glycine betaine pro-

duction toward enhancing stress tolerance in plants: metabolic limita-

tions. Plant Physiology, 122, 747–756.
Huang, L., Sun, Q., Qin, F., Li, C., Zhao, Y. & Zhou, D.X. (2007) Down-

regulation of a silent information regulator2-related histone

deacetylase gene, OsSRT1, induces DNA fragmentation and cell death

in rice. Plant Physiology, 144, 1508–1519.

1366 GUDDIMALLI ET AL.
Physiologia Plantarum

 13993054, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13369 by International C

rops R
esearch Institute for Sem

i A
rid T

ropics, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/10.1080/15592324.2019.1625697


Huang, X.S., Wang, W., Zhang, Q. & Liu, J.H. (2013) A basic helix-loop-

helix transcription factor, PtrbHLH, of Poncirus trifoliata confers cold

tolerance and modulates peroxidase-mediated scavenging of hydrogen

peroxide. Plant Physiology, 162, 1178–1194.
Huang, Y., Guo, Y., Liu, Y., Zhang, F., Wang, Z., Wang, H., et al. (2018)

9-cis-epoxycarotenoid dioxygenase 3 regulates plant growth and

enhances multi-abiotic stress tolerance in rice. Frontiers in Plant Sci-

ence, 9, 162.

Hunger, K., Beckering, C.L., Wiegeshoff, F., Graumann, P.L. & Marahiel, M.

A. (2006) Cold-induced putative DEAD box RNA helicases CshA and

CshB are essential for cold adaptation and interact with cold shock

protein B in Bacillus subtilis. Journal of Bacteriology, 188, 240–248.
Ismail, A. & Thomson, M. (2011) Molecular breeding of Rice for problem

soils. In: Varshney, R.K. & Costa de Oliveira, A. (Eds.) Root genomics.

Berlin: Springer, pp. 289–311.
Jaegglia, B.G., Mortlockb, M.Y. & Borrell, A. (2017) Bigger is not always

better: reducing leaf area helps stay-green sorghum use soil water

more slowly. Environmental and Experimental Botany, 138, 119–129.
Jagadish, K.S., Kavi Kishor, P.B., Bahuguna, R.N., von Wirén, N. &

Sreenivasulu, N. (2015) Staying alive or going to die during terminal

senescence-an enigma surrounding yield stability. Frontiers in Plant Sci-

ence, 6, 1070.

Jhonson, S.M., Cummins, I., Lim, F.L., Slabas, A.R. & Knight, M.R. (2015)

Transcriptomic analysis comparing stay-green and senescent Sorghum

bicolor lines identifies a role for proline biosynthesis in the stay-green

trait. Journal of Experimental Botany, 66, 7061–7073.
Jiang, W., Hou, Y. & Inouye, M. (1997) CspA, the major cold-shock protein

of Escherichia coli, is an RNA chaperone. The Journal of Biological Chem-

istry, 272, 196–202.
Jung, Y.H., Yi, J.Y., Jung, H.J., Lee, Y.K., Lee, H.K., Naicker, M.C., et al.

(2010) Overexpression of cold shock protein A of Psychromonas

arctica KOPRI 22215 confers cold-resistance. The Protein Journal, 29,

136–142.
Keto-Timonen, R., Hietala, N., Palonen, E., Hakakorpi, A., Lindstrom, M. &

Korkeala, H. (2016) Cold shock proteins: a minireview with special

emphasis on Csp-family of enteropathogenic Yersinia. Frontiers in

Microbiology, 7, 1151.

Kim, M.H., Sasaki, K. & Imai, R. (2009) Cold shock domain protein 3 regu-

lates freezing tolerance in Arabidopsis thaliana. The Journal of Biological

Chemistry, 284, 23454–23460.
Kim, M.H., Sato, S., Sasaki, K., Saburi, W., Matsui, H. & Imai, R. (2013) Cold

shock domain protein 3 is involved in salt and drought stress tolerance

in Arabidopsis. FEBS Open Bio, 3, 438–442.
Kim, Y., Kim, C.Y., Song, W., Park, D., Kwon, S., Lee, H., et al. (2008) Over-

expression of sweet potato swpa4 peroxidase results in increased

hydrogen peroxide production and enhances stress tolerance in

tobacco. Planta, 227, 867–881.
Kishor, P.B.K., Hima Kumari, P., Sunita, M.S.L. & Sreenivasulu, N. (2015)

Role of proline in cell wall synthesis and plant development and its

implications in plant ontogeny. Frontiers in Plant Science, 6, 544.

Kishor, P.B.K., Hong, Z., Miao, G.H., Hu, C. & Verma, D.P.S. (1995) Over-

expression of D-pyrroline-5-carboxylate synthetase increases proline

production and confers osmotolerance in transgenic plants. Plant Phys-

iology, 108, 1387–1394.
Kishor, P.B.K., Sangam, S., Amrutha, R.N., Sri Laxmi, P., Naidu, K.R., Rao, K.

R.S.S., et al. (2005) Regulation of proline biosynthesis, degradation,

uptake and transport in higher plants: its implications in plant growth

and abiotic stress tolerance. Current Science, 88, 424–438.
Koca, H., Bor, M., Ozdemir, F. & Turkan, I. (2007) The effect of salt stress

on lipid peroxidation, antioxidant enzymes and proline content of ses-

ame cultivars. Environmental and Experimental Botany, 60, 344–351.
Lagunas-Rangel, F.A. (2019) Current role of mammalian sirtuins in DNA

repair. DNA Repair (Amst), 80, 85–92.
Leopold, A.C. & Kawase, M. (1964) Benzyladenine effects on bean leaf

growth and senescence. American Journal of Botany, 51, 294–298.

Liang, C., Wang, Y., Zhu, Y., Tang, J., Hu, B., Liu, L., et al. (2014) OsNAP

connects abscisic acid and leaf senescence by fine-tuning abscisic acid

biosynthesis and directly targeting senescence-associated genes in

rice. Proceedings of the National Academy of Sciences of the United

States of America, 111, 10013–10018.
Maheshwari, P., Kiran, B., Punita, D.L. & Kishor, P.B.K. (2017) Over-

expression of SbAP37 in rice alleviates concurrent imposition of com-

bination stresses and modulates different sets of leaf protein profiles.

Plant Cell Reports, 36, 773–786.
Melencion, S.M.B., Chi, Y.H., Pham, T.T., Paeng, S.K., Wi, S.D., Lee, C., et al.

(2017) RNA chaperone function of a universal stress protein in Ara-

bidopsis confers enhanced cold stress tolerance in plants. International

Journal of Molecular Sciences, 18, 2546.

Merewitz, E., Gianfagna, T. & Huang, B. (2010) Effects of SAG12-ipt and

HSP18.2-ipt expression on cytokinin production, root growth and leaf

senescence in creeping bentgrass exposed to drought stress. Journal of

the American Society for Horticultural Science, 135, 230–239.
Molinari, H.B.C., Marur, C.J., Daros, E., MKF, C., JFRP, C., JCB, F., et al.

(2007) Evaluation of the stress-inducible production of proline in

transgenic sugarcane: osmotic adjustment, chlorophyll fluorescence

and oxidative stress. Plant Physiology, 130, 218–229.
Monties, B. & Fukushima, K. (2001, 2001) Occurrence, function and bio-

synthesis of lignins. In: Hofrichter, M. & Steinbuchel, A. (Eds.) Biopoly-

mers. Lignin, humic substances and coal, Vol. 1. Weinheim, Germany:

Wiley, pp. 1–64.
Morison, J.I.L., Baker, N.R., Mullineaux, P.M. & Davies, W.J. (2008) Improv-

ing water use in crop production. Philosophical transactions of the Royal

Society of London, 363, 639–658.
Mourasobczak, J., Souza, U. & Mazzafera, P. (2011) Drought stress and

changes in the lignin content and composition in Eucalyptus. BMC Pro-

ceedings, 2011, 5.

Murashige, T. & Skoog, F. (1962) A revised medium for rapid growth and bio-

assays with tobacco tissue cultures. Physiologia Plantarum, 15, 473–497.
Nakaminami, K., Karlson, D.T. & Imai, R. (2006) Functional conservation of

cold shock domains in bacteria and higher plants. Proceedings of the

National Academy of Sciences of the United States of America, 103,

10122–10127.
Neto, A.D.A., Prisco, J.T., Eneas-Filho, J., Abreu, C.E.B. & Gomez-Filho, E.

(2006) Effect of salt stress on antioxidative enzymes and lipid peroxi-

dation in leaves and roots of salt-tolerant and salt-sensitive maize

genotypes. Environmental and Experimental Botany, 56, 87–94.
Park, S.J., Kwak, K.J., Oh, T.R., Kim, Y.O. & Kang, H. (2009) Cold shock

domain proteins affect seed germination and growth of Arabidopsis

thaliana under abiotic stress conditions. Plant and Cell Physiology, 50,

869–878.
Qi, T., Wang, J., Huang, H., Liu, B., Gao, H., Liu, Y., et al. (2015) Regulation

of jasmonate-induced leaf senescence by antagonism between bHLH

subgroup IIIe and IIId factors in Arabidopsis. Plant Cell, 27, 1634–1649.
Reddy, P.S., Jogeswar, G., Rasineni, G.K., Maheswari, M., Reddy, A.R.,

Varshney, R.K., et al. (2015) Proline over-accumulation alleviates salt

stress and protects photosynthetic and antioxidant enzyme activities

in transgenic sorghum [Sorghum bicolor (L) Moench]. Plant Physiology

and Biochemistry, 94, 104–113.
Rivero, R.M., Kojima, M., Gepstein, A., Sakakibara, H., Mittler, R.,

Gepstein, S., et al. (2007) Delayed leaf senescence induces extreme

drought tolerance in a flowering plant. Proceedings of the National Acad-

emy of Sciences of the United States of America, 104, 19631–19636.
Romero, C., Belles, J.M., Vaya, J.L., Serrano, R. & Culianez-Maria, F.A.

(1997) Expression of the yeast trehalose6-phosphate synthetase gene

in transgenic tobacco plants: pleiotropic phenotypes include drought

tolerance. Planta, 201, 293–297.
Sakuraba, Y., Park, S.Y., Kim, Y.S., Wang, S.H., Yoo, S.C., Hörtensteiner, S.,

et al. (2014) Arabidopsis STAY-GREEN2 is a negative regulator of

chlorophyll degradation during leaf senescence. Molecular Plant, 7,

1288–1302.

GUDDIMALLI ET AL. 1367
Physiologia Plantarum

 13993054, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13369 by International C

rops R
esearch Institute for Sem

i A
rid T

ropics, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Sambrook, J. & Russell, S.W. (2001) Molecular cloning: a laboratory manual, 3rd

edition. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press.

Sanders, D., Pelloux, J. & Brownlee, C. (2002) Calcium at the crossroads of

signalling. Plant Cell, 14, 401–417.
Sasaki, K. & Imai, R. (2012) Pleiotropic roles of cold shock domain proteins

in plants. Frontiers in Plant Science, 2, 116–119.
Sasaki, K., Kim, M.H. & Imai, R. (2007) Arabidopsis cold shock domain pro-

tein2 is a RNA chaperone that is regulated by cold and developmental

signals. Biochem Biophys Res Com, 364, 633–638.
Sasaki, K., Liu, Y., Kim, M. & Imai, R. (2015) An RNA chaperone, AtCSP2,

negatively regulates salt stress tolerance. Plant Signaling and Behavior,

10, e1042637.

Sato, Y. & Yokoya, S. (2008) Enhanced tolerance to drought stress in trans-

genic rice plants overexpressing a small heat-shock protein

smHSPs177. Plant Cell Reports, 27, 329–334.
Schmid, B., Klumpp, J., Raimann, E., Loessner, M.J., Stephan, R. &

Tasara, T. (2009) Role of cold shock proteins in growth of Listeria

monocytogenes under cold and osmotic stress conditions. Applied and

Environmental Microbiology, 75, 1621–1627.
Semchuk, N.M., Vasylyk, Y.V., Lushchak, O.V. & Lushchak, V.I. (2012)

Effect of short-term salt stress on oxidative stress markers and antioxi-

dant enzymes activity in tocopherol deficient Arabidopsis thaliana

plants. Ukrainskiĭ Biokhimicheskiĭ Zhurnal, 84, 41–48.
Shigeto, J., Itoh, Y., Hirao, S., Ohira, K., Fujita, K. & Tsutsumi, Y. (2015)

Simultaneously disrupting AtPrx2, AtPrx25 and AtPrx71 alters lignin

content and structure in Arabidopsis stem. Journal of Integrative Plant

Biology, 57, 349–356.
Sreenivasulu, N., Butardo, V.M., Misra, G., Cuevas, R.P., Anacleto, R. &

Kavi Kishor, P.B. (2015) Designing climate-resilient rice with ideal grain

quality suited for high-temperature stress. Journal of Experimental Bot-

any, 66, 1737–1748.
Tarczynski, M.C., Jensen, R.G. & Bohnert, H.J. (1993) Stress protection of

transgenic tobacco by production of the osmolyte mannitol. Science,

259, 508–510.
Thomas, H. & Ougham, H. (2014) The stay-green trait. Journal of Experi-

mental Botany, 65, 3889–3900.
Tseng, M.J., Liu, C.W. & Yiu, J.C. (2007) Enhanced tolerance to sulfur diox-

ide and salt stress of transgenic Chinese cabbage plants expressing

both superoxide dismutase and catalase in chloroplasts. Plant Physiol-

ogy and Biochemistry, 45, 822–833.
Uppal, S., Shetty, D.M., & Jawali, N. (2014) Cyclic amp receptor protein

regulates cspD, a bacterial toxin gene, in escherichia coli. Journal of

Bacteriology, 196(8), 1569–1577. http://doi.org/10.1128/jb.01476-13.
Van Heerden, P.D.R. & de Villiers, O.T. (1996) Evaluation of the relative

water content and the reduction of 2, 3, 5-triphenyltetrazoliumchloride

as indicators of drought tolerance in spring wheat cultivars. South Af J

Plant Soil, 13, 131–135.

Weber, M.H. & Marahiel, M.A. (2002) Coping with the cold: the cold

shock response in the Gram-positive soil bacterium Bacillus subtilis.

Philosophical transactions of the Royal Society of London, B357,

895–907.
Willekens, H., Inze, D., Van Montagu, M. & Van Camp, W. (1995) Catalases

in plants. Molecular Breeding, 1, 207–228.
Xu, D., Duan, X., Wang, B., Hong, B., Ho, T. & Wu, R. (1996) Expression of

a late embryogenesis abundant protein gene, HVA1, from barley con-

fers tolerance to water-deficit and salt stress in transgenic rice. Plant

Physiology, 110, 249–257.
Xu, Y., Burgess, P., Zhang, X. & Huang, B. (2016) Enhancing cytokinin syn-

thesis by overexpressing ipt alleviated drought inhibition of root

growth through activating ROS-scavenging systems in Agrostis

stolonifera. Journal of Experimental Botany, 67, 1979–1992.
Yamanaka, K. & Inouye, M. (1997) Growth-phase-dependent expression of

cspD, encoding a member of the CspA family in Escherichia coli. Journal

of Bacteriology, 179, 5126–5130.
Yiu, J.C. & Tseng, M.J. (2005) Manipulation of superoxide dismutase and

catalase to enhance sulfur dioxide tolerance in transgenic Chinese cab-

bage. Acta Horticulturae, 692, 91–100.
Yu, T., Xu, Z., Guo, J., Wang, Y., Abernathy, B., Fu, J., et al. (2017)

Improved drought tolerance in wheat plants overexpressing a syn-

thetic bacterial cold shock protein gene SeCspA. Scientific Reports, 7,

44050.

Zagorchev, L., Kamenova, P. & Odjakova, M. (2014) The role of plant cell

wall proteins in response to salt stress. The Scientific World Journal,

2014, 764089, 9 pages.

Zhao, Y., Chan, Z., Gao, J., Xing, L., Cao, M., Yu, C., et al. (2016) ABA recep-

tor PYL9 promotes drought resistance and leaf senescence. Proceed-

ings of the National Academy of Sciences of the United States of America,

113, 1949–1954.
Zheng, W. (2020) The plant sirtuins. Plant Science, 293, 110434.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Guddimalli R, Somanaboina AK,

Palle SR, et al. Overexpression of RNA-binding bacterial

chaperones in rice leads to stay-green phenotype, improved

yield and tolerance to salt and drought stresses. Physiologia

Plantarum. 2021;173:1351–1368. https://doi.org/10.1111/

ppl.13369

1368 GUDDIMALLI ET AL.
Physiologia Plantarum

 13993054, 2021, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13369 by International C

rops R
esearch Institute for Sem

i A
rid T

ropics, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/10.1128/jb.01476-13
https://doi.org/10.1111/ppl.13369
https://doi.org/10.1111/ppl.13369

	Overexpression of RNA-binding bacterial chaperones in rice leads to stay-green phenotype, improved yield and tolerance to s...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Isolation and vector construction of CspA and CspB genes
	2.2  Rice genetic transformation by in planta method
	2.3  Screening of transgenics for GUS assay and molecular analysis
	2.4  Bacterial growth study by pET expression
	2.5  Segregation analysis of hptII in T1 and T2 generations
	2.6  Salt and drought stress treatments
	2.7  Estimation of chlorophyll, proline, malondialdehyde (MDA), relative water content (RWC), and antioxidant enzyme activities
	2.8  Estimation of ions in transgenics and WT plants
	2.9  Anatomy of WT and transgenic rice roots
	2.10  Root morphology, shoot, and panicle lengths, seed number per panicle in transgenics and WT plants
	2.11  Gene expressions using quantitative real-time PCR (qRT-PCR) under multiple stress conditions
	2.12  Statistical analysis of data

	3  RESULTS
	3.1  CspA and CspB gene cloning and in planta transformation
	3.2  Characterization of transgenics for transgene integration
	3.3  Bacterial expression of CspA and CspB under NaCl and mannitol stresses
	3.4  Mendelian inheritance pattern of hptII in T1 and T2 generations
	3.5  Salt and drought stress tolerance in T2 generation
	3.6  Chlorophyll, proline, MDA contents, and antioxidative enzyme activities
	3.7  Estimation of Na+ and K+ under stress conditions
	3.8  Root, shoot, panicle lengths, root biomass, and number of seeds per panicle
	3.9  Anatomy of WT and transgenic roots
	3.10  CspA and CspB transcript levels in T2 transgenics and expression of SGR associated genes under salt, drought, cold, a...

	4  DISCUSSION
	4.1  Gene cloning, validation of CspA and CspB genes under salt and drought (mannitol) stresses
	4.2  Generation and characterization of transgenics
	4.3  Chlorophyll, proline, MDA, ion analysis, and antioxidative enzyme activities under stresses
	4.4  Anatomy of WT differs from transgenic rice plants
	4.5  CspA and CspB overexpression increased root length, shoot length, panicle length, and seed number per panicle
	4.6  Enhanced CspA, CspB, and SGR-associated transcript levels in T2 transgenics

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


