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Drought stress impacts cotton plant growth and productivity across countries. Plants
can initiate morphological, cellular, and proteomic changes to adapt to unfavorable
conditions. However, our knowledge of how cotton plants respond to drought stress
at the proteome level is limited. Herein, we elucidated the molecular coordination
underlining the drought tolerance of two inbred cotton varieties, Bacillus thuringiensis-
cotton [Bt-cotton + Cry1 Ac gene and Cry 2 Ab gene; NCS BG II BT (BTCS/BTDS)] and
Hybrid cotton variety [Non-Bt-cotton; (HCS/HDS)]. Our morphological observations and
biochemical experiments showed a different tolerance level between two inbred lines
to drought stress. Our proteomic analysis using 2D-DIGE revealed that the changes
among them were not obviously in respect to their controls apart from under drought
stress, illustrating the differential expression of 509 and 337 proteins in BTDS and
HDS compared to their controls. Among these, we identified eight sets of differentially
expressed proteins (DEPs) and characterized them using MALDI-TOF/TOF mass
spectrometry. Furthermore, the quantitative real-time PCR analysis was carried out with
the identified drought-related proteins and confirmed differential expressions. In silico
analysis of DEPs using Cytoscape network finds ATPB, NAT9, ERD, LEA, and EMB2001
to be functionally correlative to various drought-responsive genes LEA, AP2/ERF, WRKY,
and NAC. These proteins play a vital role in transcriptomic regulation under stress
conditions. The higher drought response in Bt cotton (BTCS/BTDS) attributed to the
overexpression of photosynthetic proteins enhanced lipid metabolism, increased cellular
detoxification and activation chaperones, and reduced synthesis of unwanted proteins.
Thus, the Bt variety had enhanced photosynthesis, elevated water retention potential,
balanced leaf stomata ultrastructure, and substantially increased antioxidant activity
than the Non-Bt cotton. Our results may aid breeders and provide further insights into
developing new drought-tolerant and high-yielding cotton hybrid varieties.
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GRAPHICAL ABSTRACT | Schematic diagram showing the differential responses of NCS BG II BT and Non BT varities to drought stress. NCS BG II BT variety
showed better drought tolerance compared with Non BT plant variety.

INTRODUCTION

Cotton (Gossypium hirsutum L.) is the third-highest cultivated
genetically modified (GM) commercial crop with an annual
contribution of $500 billion to the world economy (Wilkins
et al., 2000; Nakashima et al., 2012). Under stress conditions,
the productivity of cotton is affected inimically (Selote and
Khanna-Chopra, 2004). Drought is one of the abiotic stress
factors, and it is anticipated that the proportion of droughty
terrestrial areas could be double by the end of the 21st century.
Under drought conditions, plants exhibit a varied response at
whole-plant, cellular, and molecular levels. There is considerable
genetic variations in cotton germplasm in response to drought
(Babar et al., 2009). During chronic stress conditions, plants
alter the expression of various proteins, and consequently, their
biological functions are altered (Cohen et al., 2010; Kantar
et al., 2011). At the cellular level, drought stress causes biomass
accumulation, disruption of cellular homeostasis, and damage
of chloroplast structure, constraining photosynthesis, facilitating
reactive oxygen species (ROS) production, and increasing lipid
peroxidation, leading to growth impairment (Zhang et al., 2017).
At the whole-plant level, there is a decrease in photosynthesis and
growth due to modifications in carbon and nitrogen metabolisms
(Lawlor and Cornic, 2002). During evolution, at stress conditions,

plants developed complex adaptive mechanisms, such as creating
new signal transduction networks by transmitting stress signals
to transcription factors (TFs) and elevating the levels of the
phytohormones such as abscisic acid (ABA) (Zhu et al., 2017)
in which ABA mediates stomatal regulation, the accumulation
of non-enzymatic and enzymatic antioxidants, collection of
osmoprotectants, and transcriptional activation of drought-
responsive genes. Thus, drought tolerance of plants includes
multigenic traits involving the interplay of many genes (Zou et al.,
2010; Kim et al., 2012; Xu et al., 2012).

Plants efficiently use their components and energy to
defend against various stresses. Earlier studies had shown that
physiological processes are more prone to variable degrees of
regulation under adverse conditions (Cramer et al., 2013; Xie
et al., 2016). An approach to stress tolerance by modifying TF
levels has clear advantages over other strategies that focus on
enhancing individual protein levels. Therefore, the differential
expression of genes pertaining to TFs is a promising strategy
for stress tolerance enhancement. A thorough understanding
of drought tolerance mechanisms in cotton at the genome
expression level has to be elucidated to develop drought-
tolerant varieties. Proteome analysis provides crucial information
related to ultimate executors in varied biological processes (Dov
Greenbaum et al., 2003) and aids in characterizing the whole
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protein at the cellular or tissue level (Sobhanian et al., 2010).
Two-dimensional polyacrylamide difference gel electrophoresis
(2D-DIGE) is an effective technique for separating proteins
(O’Farrell, 1975). Diverse factors can affect plant growth in
stress and non-stress conditions. GM crop offers an unintended
effect in the plant genome, resulting in the disruption and
rearrangement of the genome and expression of new proteins.
Thus, the evaluation of transgenic events and proteome response
with induced conditions is essential (Conner and Jacobs, 1999;
Gong and Wang, 2013).

In India, cotton cultivation was revolutionized after BT
introduction. At present, only Bt transgenic hybrids or hybrid
crops were grown mostly. As a result, post-Bt productivity was
exaggerated from 303 kg/ha in 2001–2002 to 526 kg lint/ha in
2008–2009 (Venugopalan et al., 2009). Compared to the planet
average, productivity levels per unit area are still low due to
abiotic constraints.

This study evaluated and identified drought-responsive
proteins in two GM cotton cultivars (NCS BG II BT containing
Cry1 Ac gene and Cry 2 Ab gene and Non-Bt without Cry1
Ac gene and Cry 2 Ab gene). We have identified differentially
expressed proteins (DEPs) using 2D-DIGE and matrix-assisted
laser desorption ionization-time of flight/time-of-flight high-
resolution tandem mass spectrometer (MALDI-TOF/TOF MS).
Further confirmation of the DEPs carried out using quantitative
real-time PCR (qRT-PCR) and these proteins was characterized
by using different bioinformatic tools.

RESULTS

Morphological and Physiological
Changes in Plant Leaf and Variation in
Growth
We analyzed the photosynthetic efficiencies of BT and Non-
Bt cotton plants on the 0, 4th, 8th, and 12th days under
drought stress conditions. BT and Non-Bt cotton plants had
shown different morphological changes in plant leaf and growth
pattern development (Figure 1) and significant reduction in
photosynthetic rate in both cotton leaves.

The leaf relative water content (RWC) experiment shows that
the leaf water retention capacity was higher in the Bt variety
compared to Non-Bt under drought stress conditions. The Non-
Bt cotton plant’s root and shoot length decreased by 28 and 17%,
respectively, compared to Bt, when subjected to mannitol stress.
The analysis specified Bt cotton was more tolerant than Non-
Bt cotton to maintain root, shoot elongation, and plant growth
during drought (Supplementary Figures 1, 2). On observation,
it is noted that the chlorophyll and carotenoid content in both
varieties were increased in stress conditions for the first 4 days
and decreased in levels up to 10 and 42% in Bt and 13 and 47% in
Non-Bt plants in the next 8–12 days (Figure 2).

Scanning electron microscopy (SEM) studies on stomata
revealed that opening was reduced from 1.7 to 0.9 µm in
Bt leaves. Contrary to the Non-Bt stomatal opening, it was
expanded to 1.7–2.6 µm, with the above observation showing

that Non-Bt plants were more sensitive to drought stress than Bt
plants (Figure 3).

Antioxidant Assays in Bt and Non-Bt
Ccotton Leaves Under Drought Stress
Conditions
Under dehydration stress conditions, the activities of SOD, POD,
CAT, and APX enzymes show dramatically higher antioxidant
defense systems in Bt compared with Non-Bt. Similarly, the
accumulation of proline content was also higher in Bt under
drought stress. These results revealed that Bt has higher oxidative
stress resistance compared to Non-Bt varieties by retaining ROS
homeostasis via elevated antioxidant potential (Figure 2).

Proteome Analysis in Both Varieties
Under Drought Stress
To present additional conformational assessment on biosafety
of Bt and Non-Bt cotton, we applied a proteomics-based
approach by investigating the DEPs between Bt cotton leaves and
their Non-Bt counterparts under induced drought conditions.
Proteins were extracted and quantified from both controls and
stressed plants, further proceeding with 2-DE electrophoresis
(Figure 4A). We observed a marked variation in expression
profiles. Supplementary Tables 1A–C show the total number
of spots, unique, overexpressed, and underexpressed in BTCS,
BTDS, HCS, and HDS. Venn diagrams in Figures 4B,C represent
the percentage of the corresponding data. Only the significantly
abundant DEPs with a fold change of 1.5 (confidence above 95%,
P < 0.05) were selected for further analysis.

Analysis of DEPs
We identified eight DEPs in Bt and Non-Bt plants by peptide
mass fingerprinting (PMF) and MALDI-TOF/TOF-MS after
careful scrutinization of 2D-DIGE in both cotton varieties.
Protein spots were identified based on molecular weights
using MASCOT software. HDS-Spot (493) is ATP synthase
subunit beta (ATPB) with accession number YP_913194 and
is involved in hydrogen ion transport in ATP synthesis. Spot
434 in HCS is Putative nucleobase-ascorbate transporter 9
(NAT9), with accession number Q3E956 and aids in ion
transportation. BTDS-Spot (730) is Protein reticulata-related 6
(RER6), with accession number XP_002876351, and supports leaf
development. Spot (852) is GTP-binding protein (GTPB) with
accession number XP_002878640 and has multiple functions,
such as ligand GTP binding, metal binding, and nucleotide
binding. Spot (844) is ethylene-responsive transcription factor
RAP2-3-like (ERF) with accession number NP_001314374 and
is capable of DNA binding and transcription regulation.
HDS-Spot (389) is also ATPB, involved in ATP synthesis
and energy metabolism. Spot (406) is a Ribonuclease III
domain-containing protein (RNC1) with accession number
XP_015648830 and assists in ribonucleoprotein formation
and RNA binding material transport. Spot (164) is Ribulose
bisphosphate carboxylase/oxygenaseactivase B (RuBisCO) with
accession number Q7X9A0 and is capable of ATP-dependent
carboxylation (Table 1).
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FIGURE 1 | Performance of BT and Non-BT cotton plants against drought stress. (A) BT and Non-BT seed germination Control without mannitol, with 100 mM
mannitol and with 200 mM mannitol. (B) BT and Non-BT cotton plants (60–65 days old) were subjected to drought (200 mM) for 15 days at 30◦C. Later, the treated
plants were allowed to grow under normal conditions for 20 days and later photographed.

Subcellular Localization Studies
The subcellular localization of the identified proteins affirms
the presence of four proteins in chloroplast, three in plasma
membrane, and one each in nucleus and mitochondria
(Figure 5A). The large numbers of proteins present in chloroplast
and plasma membrane suggested that DEPs were involved in
carbohydrate transport and metabolism.

GO Analysis of Identified Proteins Using
PANTHER
To reveal the functional variations of DEPs between Bt and Non-
Bt, PANTHER classification system GO analysis was performed
to validate the cellular component, biological process, and
molecular function. Depending on functional annotation, eight
DEPs were classified into three major groups having seven
subgroups. Two subclasses were assigned through the molecular
function ontology. The vast segment was catalytic activity (GO:
0003824) comprising two proteins and one protein with binding
function (GO: 0005488). In the biological process category,
two subgroups were allocated. The major part consisting of
one protein was related to cellular process (GO: 0009987)
pursued by metabolic process (GO: 0008152), involving one
protein. At the GO-cellular level, the largest part including two
proteins was in the cellular anatomical entity (GO: 0110165);
another protein is in the protein-containing complex (GO:

0032991) and two proteins arise in the intracellular region (GO:
0005622) (Figure 5B).

Interaction of DEPs
The GeneMANIA database is used to identify the interaction of
the identified DEPs, which utilizes co-expression and experiment
conditions for network construction. Cytoscape (version 3.7.1)
software was used to construct and to visualize the network of
interactions between proteins. ATPB, NAT9, RER6, GTPB, ERF,
RNC1, and RuBisCO proteins were used to investigate these
interactions with the above software in our present study. In
this network analysis, three major clusters of protein interactions
were interconnected: blue indicates identified proteins, green
shows other proteins, red indicates co-expression, orange denotes
predicted functions, and light green signifies shared protein
domain (Figure 5C).

Expression Studies
Finally, genes responsible for drought were validated by qRT-
PCR. To see the concordance between proteins and mRNA
transcription patterns, we selected interconnected proteins
NAT9, ATPB, EMB2001, DREB-ERD, and drought-responsive
genes LEA, AP2/ERF, WRKY, and NAC. The change in mRNA
expression of these genes was comparable in controls, and
expression levels were increased in Bt compared to Non-Bt in
drought stress conditions (Figure 6).
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FIGURE 2 | Biochemical characterization of BT and Non-BT cotton lines against drought stress condition. For analyzing the stress tolerance ability of Bt and Non-Bt
cotton plants at the 1-month stage, drought stress (200 mM mannitol) was applied for 10 days at 30◦C. Later, the treated plants were allowed to grow under normal
conditions. After 0, 4, 8, and 12 days of mannitol stress, the samples were used for analysis. Data on (A) chlorophyll content, (B) carotenoid, (C) APX, (D) catalase,
(E) SOD, and (F) proline were recorded and photographed. In each treatment, 10 seedlings of BT and Non-BT varieties were used. Bar represents mean and I
represents SE from three independent experiments. ∗ indicates significant differences in comparison with the C at P < 0.05, FW represents fresh weight.

FIGURE 3 | Observations of leaf stomata under a scanning electron
microscope of BT and Non-BT cotton.

DISCUSSION

Our results revealed that both BTDS and HDS major morpho-
physio alterations such as leaf RWC, ROS, amino acids, and
protein levels have been recorded under drought conditions

relative to controls (BTCS and HCS). Wang et al. (2003) and
Hasanuzzaman et al. (2013) have also stated that these morpho-
physio alterations under drought stress severely inhibit its growth
as well as development. Morphological changes include a relative
decrease of root length, shoot length, and leaf surface area
recorded under drought conditions. Similar experiments have
shown that a reduction in shoot and root length is specifically
linked to reduced photosynthesis (Bhatt and Rao, 2005; Koroleva
et al., 2005; Ashraf and Foolad, 2007; Shao et al., 2008), loss
of water, loss of turgor pressure, and reduction in chlorophyll
and carotenoid content under dry conditions in different plant
varieties. Likewise, chlorophyll and carotenoid content were also
reduced in Bt plant varieties compared to their controls. Previous
studies reported a decrease in chlorophyll and carotenoid
content, ultimately reducing the photosynthetic activity (Ali et al.,
2017; Mahmood et al., 2017).

Water levels in leaf is a good marker of drought tolerance; it
is measured as a function of leaf RWC, which is very strongly
related to plant water potential (Nakano and Asada, 1981;
Sánchez-Blanco et al., 2002). The leaf RWC was influenced
by several leaf physiological characteristics. When subjected to
drought stress, RWC was decreased by less than 80%, which
ultimately affects photosynthesis up to 50% (Gujarathi et al.,
1984; Parida et al., 2007; Ullah et al., 2012). We observed
persistent high water levels in Bt cotton variety compared to
Non-Bt cotton in both conditions.
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FIGURE 4 | (A) 2-DE analysis of protein. Proteome maps of Intra-hirsutum Hybrid (Gossypium hirsutum) cotton varieties (BT hybrid—BTCS and BTDS and Non-Bt
varieties—HCS and HDS). The numbered protein spots were identified by MALDI-TOF from BTCS and HCS grown in well-watered conditions, and BTDS and HDS
grown under drought stress with 200 mM mannitol. (B) Venn diagrams of BTCS/BTDS and HCS/HDS. Venn diagrams representing the overlap of identified DEP
spots, which were underexpressed and overexpressed. Unique spots in between groups such as BTCS and BTDS, and HCS and HDS. (C) Venn diagrams of
BTCS/HDS and BTCS/HCS. Venn diagrams representing the overlap of identified DEP spots, which were unique spots, different spots, and matched spots in
between groups such as BTDS and HDS, and BTCS and HCS.

Under tropical climatic conditions, stomatal closure increases
to prevent dehydration from leaves. Recurring drought
conditions increase the sensitivity of stomatal closure to prevent
water evaporation and inhibit the diffusion of CO2 to the
carboxylation site, as well as decrease photosynthetic uptake

(Zhang et al., 2005). We observed a remarkable decrease in the
opening of stomata in BTDS compared to BTCS. However, in
HDS, the stomatal opening was wider than that in HCS, which
is in contrast to Bt. Our data suggest that Bt plant leaves show
drought tolerance than Non-Bt (Aasamaa and Sõber, 2011).
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TABLE 1 | Characterization of differentially expressed proteins.

S.no Spot ID MASCOT
score

Sequence
coverage (%)

MW/pI Protein name Accession number Organism Function

1 HDS 406 70 35 60/5.69 Ribonuclease III
domain-containing
protein RNC1

XP_015648830 Oryza sativa subsp.
japonica (Rice)

Ribonucleo protein,
RNA-binding- Material
transport and

2 HDS 412 164 29 56/5.27 Ribulose
bisphosphate
carboxylase
/oxygenase activase B

Q7X9A0 Larreatridentata
(Creosote bush)
(Zygophy
llumtridentatum)

ATP-dependent
carboxylation

3 HCS 391 748 68 79/5.39 ATP synthase subunit
beta

YP_913194 Gossypium
barbadense
(Sea-island cotton)
(Egyptian cotton)

ATP synthesis,
Hydrogen ion transport,
Ion transport, Transport

4 HDS 389 564 58 72/5.43 ATP synthase subunit
beta

YP_913194 Gossypium
barbadense
Gossypium hirsutum
(Upland cotton)

ATP synthesis- Energy
metabolism

5 BTDS 844 321 35 39/4.94 Ethylene-responsive
transcription factor
RAP2-3-like

NP_001314374 Gossypium hirsutum DNA binding and
transcription regulation

6 HCS 434 66 29 46/5.57 Putative
nucleobase-ascorbate
transporter 9

Q3E956 Arabidopsis thaliana
(Mouse-ear cress)

Transport

7 BTDS 872 113 47 34/4.27 GTP-binding protein XP_002878640 Arabidopsis thaliana
(Mouse-ear cress)

Ligand GTP-binding,
Magnesium,
Metal-binding,
Nucleotide-binding

8 BTDS 730 62 27 90/4.6 Protein
reticulata-related 6,

XP_002876351 Arabidopsis thaliana
(Mouse-ear cress)

Leaf development

ROS are associated with antioxidant proteins during plant
growth under stress (Serrato et al., 2004). The exposure
of plants to drought stress leads to increased oxidative
stress due to enhanced accumulation of ROS. As a result,
antioxidant enzyme activity was increased to conquer the
oxidative damage of biomolecules (Becana et al., 2000; Shah
et al., 2001). Our findings showed insignificant disparity
between Bt and Non-Bt in normal conditions. However,
the antioxidant enzyme concentration was dramatically
higher in Bt plants; it may have contributed to maintaining
photosynthetic activity and membrane stability under drought
stress. In contrast, Non-Bt plants showed a decreased
antioxidant enzyme activity and increased cell death. With
these observations, Bt plants exhibit drought tolerance compared
to Non-Bt plants.

Usually, arginine, proline, asparagine, and amides, like free
amino acids, were stimulated by drought stress (Lubbers et al.,
2007). Under stress conditions, proline plays a protective role in
support of osmotic adjustment and in the recovery of the plant
from cellular dehydration (Szabados and Savouré, 2010; Kaur
and Asthir, 2015; Per et al., 2018). Previous studies suggested
that increased proline content enhances stress tolerance (Sánchez
et al., 1998; Hare et al., 1999; Szabados and Savouré, 2010;
Man et al., 2011; Sultan et al., 2012) and mentioned higher
proline levels in drought-tolerant specific species of cotton, tall
fescue, and wheat. Our results also consistently exhibited higher
accumulation of proline levels in Bt than in Non-Bt, under
stress conditions.

Theoretically, when living surroundings of cells are distorted,
the proteome composition of the cell consequently changes.
These alterations are essential for cell to acclimatize in varied
environments (Kottapalli et al., 2008). Proteome analysis by
2DGE and PMF-based MALDI-TOF/TOF-MS reveals that the
changes among them were not obviously in respect to their
controls (Ren et al., 2009; Brandão et al., 2010; Gong et al.,
2012; Tan et al., 2016), yet photosynthetic proteins greatly
influenced both varieties to an analogous degree under drought
conditions. In comparison with their Non-Bt, approximately
eight DEPs were found in the Bt cotton leaves, which displayed
differential expression in our plants and were involved in essential
plant growth mechanisms, photorespiration, cell defense, and
metabolism of amino acids.

Proteins RNC1 and RuBisCO, massive monetary unit binding
proteins, play a crucial role in photosynthesis. RuBisCO
(982, 410, and 412) is an essential protein concerned in
photosynthetic carbon assimilation in the reductive pentose
phosphate cycle and modulates the link between photosynthesis.
The primary step in photorespiration is the oxidation of RuBP
(Ribulose 1,5-bisphosphate), which is catalyzed by RuBisCO to
generate one molecule of phosphoglyceric acid and phosphoric
acid. Therefore, both photosynthesis and photorespiration are
regulated by RuBisCO; during these processes, a significant
amount of energy is altered to heat, which means crop yields
are limited (Law et al., 2001; Spreitzer, 2003). Increased protein
expression was recorded in both plants, although when we
compare Non-Bt lines to Bt lines, the former showed decreased
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FIGURE 5 | (A) The subcellular locations of the identified proteins. (B) GO classification of the identified DEPs. To reveal the functions of the identified eight DEPs
between Bt and Non-Bt, GO functional analysis was carried out using Panther classification system software. The identified eight DEPs were classified into three
main categories including cellular component, biological process, and molecular function with seven subgroups. The number of genes signifies that of proteins with
GO annotations. (C) Interactions of these differentially accumulated proteins are extracted using the app GeneMANIA from Cytoscape.

expression levels in drought conditions. Other researchers
showed RuBisCO protein to be increased at both protein
and transcriptional expression in the transgenic cotton lines
(Aranjuelo et al., 2011; Wang et al., 2011, 2015, 2016; Deeba et al.,
2012; Chen et al., 2019).

Proteins concerned in energy metabolism provide energy for
transportation and metabolism. In this study, ATPB (spots 389,
391, and 493) proteins were upregulated in Bt and Non-Bt hybrid.

The upregulated ATP synthase beta monetary unit 1 assists in the
degeneration of macromolecules in chloroplasts and interferes in
photosynthesis in drought stress. The synthesized ATP provides
energy for transport and signal transduction to take care of the
plant’s growth at the identical time. Some studies suggested that
during drought stress, expression of ATP synthase beta subunit
was decreased (Tezara et al., 1999; Valero-Galván et al., 2013;
Cao et al., 2017). Conversely, Kottapalli and Zhou’s studies
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FIGURE 6 | Real-time PCR analysis of ATP Syn, NAT9, GTP-binding protein, DREB, WRKY, LEA, AP2/ERF, and NAC genes in BT and Non-BT cotton variety plants
under drought stress conditions. Relative transcript levels of genes in BT and Non-BT cotton plants subjected to 2000 mM mannitol stressed condition were
analyzed using real-time PCR. Actin gene was used as a reference. Bar represents mean, and I represents SE from three independent experiments. Asterisk
indicates significant differences in comparison with Non-BT at P < 0.05.

show that ATP synthase beta subunit expression was increased
with drought stress, stating that generation of intolerant protein
peanut genotypes may minimize water stress by increasing ATP
to meet energy demand during stress, and these results were
comparable with our results (Kottapalli et al., 2008; Zhou et al.,
2015). Our results show the overexpression ATP synthase gene
in both Bt and Non-Bt hybrid cotton compared to controls.
Similar results were shown in Arabidopsis and assumed that the
ATP synthase gene’s overexpression imparts greater tolerance in
drought (Zhang et al., 2008).

The expression of ERFs (2,540, 844, and 466) affects overall
plant growth and development. In our present study, ERF-
RAP2-3-like-ERD were upregulated in Bt and downregulated in
Non-Bt plants after drought stress. Because of biotic or abiotic
stresses, the ERFs are diversely expressed in various plants.
Previous studies show that under drought stress, overexpression
of ERF can improve plant tolerance to drought in various plants
such as Gossypium herbaceum, sugarcane SodERF3, tomato
TERF1, Brassica rapa BrERF4, and Arabidopsis (Qiao et al.,
2008; Jin et al., 2009), and with these results, we observed that
Bt plants exhibit higher drought tolerance than Non-Bt plants
(Seo et al., 2010).

In this study, spots 2,509, 810, and 434 purported that NAT9
proteins are essential for the transit of nucleobases. Under
stress, these proteins played a part in diverse plant growth and
developmental processes (Chai et al., 2018). NAT9 was involved
in material transport, nutrition, cell signaling, stress responses,
and cell homeostasis. These proteins were upregulated in both
plants in response to drought stress. Our data are supported by

Sun and Tingting’s studies that show that the expressions of NAT
proteins were increased in apple plant by drought and salt stress
(Lloyd, 1989; Jiang et al., 2007; Yang et al., 2008; Sun et al., 2016).

Rab proteins (2,547 and 872) belong to Ras superfamily
of guanosine triphosphate (GTP)-binding proteins involved in
swapping between “active” and “inactive” states at the molecular
level. They are involved in different cell functions like cell
proliferation, signal transduction, cytoskeletal organization, gene
expression, and intracellular membrane trafficking. Tiny GTPBs
have two interchangeable states, the GDP-bound inactive type
and the GTP-bound active form (Bourne et al., 1990). On
stimulation, GTP binds to the inactive form of G protein-
coupled receptor by dissociating GDP, resulting in downstream
conformational changes at the effector-binding region (Agarwal
et al., 2009). In the abiotic stress response, GTPBs is considered
critical regulatory factors in diverse cellular processes (Kim
et al., 2012). Our results demonstrate that the levels of GTPBs
were upregulated in Bt compared with their controls and the
expression levels also increased in Bt but decreased in Non-
Bt in drought stress plants. The results were consistent in a
similar approach to the proteomic response of maize plants to
dehydration stress (Shao et al., 2015). Thus, during drought
conditions, upregulation of GTPB may act as a positive signal.

RER6 (730 and 374) was concerned with leaf development,
which needs the advanced coordination of genetic and metabolic
factors for differentiation of tissue varieties with divergent
functions. The known protein performance patterns propose
the existence of defense mechanisms operational throughout
the early stage of infection that differed in each verity. In
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drought conditions, morphologically, leaf size is decreased to
reduce water loss during respiration; at the physiological level,
RER6 expression subsides. Accordingly, reticulate formation
in leaves is also deceased. Our results also support the
same; RER6 expression was decreased in both plant varieties
(Pérez-Pérez et al., 2013).

All the eight DEPs, namely, RuBisCO, RER6, RNC1,
ATPB, NAT9, ERF-RAP2-3-like—ERD, and GTPB—EMB2001,
were used for bioinformatics analysis. Cytoscape-GeneMANIA
networks find the interrelated genes associated with a collection
of input genes, employing a huge set of functional data. Gene and
protein interaction pathways, localization, co-expression, and
protein domain resemblance conditions were used to construct
the network (Mostafavi et al., 2008).

ATPB, NAT9, ERD, LEA, and EMB2001 were allied networks
and other protein networks that are structurally and functionally
correlative. These data revealed that upon upregulation, some
DEPs were directly correlated with dehydration-responsive
proteins, which were concerned with carbon fixation in
photosynthesis organisms and photosynthesis (Limin Wang
et al., 2015). After observing these interactions, we confirmed
the concordance between protein and gene interactions with
RT-PCR analysis.

Expression analysis was performed with NAT9, atpB,
EMB2001, DREB–ERD, and some interconnected drought-
responsive genes LEA, AP2/ERF, WRKY, and NAC. Under
stress conditions, the expression of DREB, WRKY, AP2,
and NAC was upregulated in Bt plants. These TFs bind
to promoters of downstream genes that were induced
during drought stress, thereby activating overexpression
of drought-related genes and directly controlling the
expression of the allied genes by acting as molecular switches.
TFs regulate the gene expression after binding with cis
elements located on the promoter region. In plants, a large
percentage of genes in the genome potentially encode TFs
(Ullah et al., 2012).

DREB proteins interact with stress-responsive genes at cis-
acting elements, thereby controlling their expression (Dubouzet
et al., 2003). Similarly, WRKY TFs are implicated in different
biological processes in plant development. NAC TFs are engaged
in several processes, like development of flower, secondary wall,
shoot apical meristem, aging of leaves, and cell division in both
biotic and abiotic stresses (Olsen et al., 2005; Tran et al., 2010;
Nakashima et al., 2012; Banerjee and Roychoudhury, 2015).
In general, late embryogenesis proteins were induced by ABA
treatment, and they were also found to confer good tolerance to
stress conditions. AP2/EREBP genes play an essential role in plant
growth and development under stress responses (Liu and Zhang,
2017). They upregulated the expression levels of AP2 in BTCS
and BTDS compared with HCS and HDS plants.

Between living cells, some enzyme expression levels were
elevated, rendering imbalance, which can result in the various
drought tolerance skills of drought-tolerant and drought-
sensitive varieties. Consequently, some enzymes ought to be
downregulated to retain balance. In line with the proteomic
study of drought-stressed cotton leaves, drought stress will have
a bearing on the leaf proteome of cotton with varied drought

tolerance abilities to numerous degrees. The identified drought-
sensitive TFs are less than reported by others in different plants
(Seki et al., 2007). In cotton, several TFs, such as DREB, ERF,
ATPB, and NAT9, that play a crucial role in drought tolerance
were identified in this study (Qiao et al., 2008). In our findings,
some DEPs were directly interconnected with dehydration-
responsive element-binding factors and were upregulated in Bt
compared to Non-Bt.

The underwater deficit, crop varieties, and transgenic and
environmental conditions may also affect plants’ gene expression.
Some of the drought-induced proteins had a massive significance
for the identification of drought tolerance in cotton varieties.
Depending on the results, we revealed the expression of
few proteins that were modified after stress treatment, like
RuBisCO large subunit-binding proteins α and β subunits,
ATPB, ERF, and NAT9.

The overall results demonstrate that Bt line expression has
intense effects on stress tolerance of cotton plants. Finally, we
possibly assume that these proteins may be used as protein
markers to identify drought tolerance in cotton varieties. The
relative expression profiles of Bt and Non-Bt are useful to
consolidate our knowledge in understanding the mechanism of
cotton plant in drought stress. Significant metabolic changes of
cotton plant leaves are also concerned with drought tolerance
and adaptation and supply new insights into the plant drought
response’s proteomic mechanisms.

CONCLUSION

This study provides a relative analysis of morphological,
physiological, and differential protein expression under
control and drought conditions in leaves of commercial
cotton varieties (Bt hybrid—BTCS and BTDS and Non-Bt
varieties—HCS and HDS). Our morphological observations
and biochemical experiments showed a different tolerance
level between two inbred lines to drought stress. These protein
conserved patterns have differed in both types throughout the
early stages of stress. Leaf proteins concerned with various
functions like ATPB (YP_913194) metabolism and hydrogen
ion transport in ATP synthesis and NAT9 (Q3E956) aiding in
cell signaling, nutrition, material transport, stress responses,
and cell homeostasis had shown differential expression. Other
proteins, such as RER6 (XP_002876351) that supports leaf
development and GTPB (XP_002878640), have multiple
functions, namely, ligand GTP binding, metal binding, and
nucleotide binding; ERF (NP_001314374) DNA binding and
transcription regulation affect plant growth and development.
Whereas RNC1 (XP_015648830) and RuBisCO (Q7X9A0) were
predicted to play a role in photosynthesis and photorespiration,
RuBisCO was also involved in ATP-dependent carboxylation.
Proteome analysis reveals that the changes among them were not
obviously in respect to their controls, yet photosynthetic proteins
greatly influenced both varieties to an analogous degree under
drought conditions. In our findings, some DEPs were directly
interconnected with dehydration-responsive element-binding
factors (TFs) and were bound to promoters of downstream
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genes that are induced during drought stress, thereby activating
overexpression of drought-related genes. Thus, the results
recommended that the inserted Cry1 Ac gene and Cry 2 Ab
gene in Bt plant directly or indirectly effect the plant growth
response to induced drought. Therefore, the identified genes
responsible for drought tolerance may further assist cotton
breeders to grow new drought-tolerant and high-yielding
cotton verities.

MATERIALS AND METHODS

Plant Materials
The experimental cotton (G. hirsutum L.) intra-hirsutum hybrid-
NCS BG II BT+ Cry1 Ac gene and Cry 2 Ab gene (BTCS/BTDS)
and their Non-Bt-Cry1 Ac gene and Cry 2 Ab gene varieties
(HCS/HDS) were cleaned, sterilized, and immersed in water for a
day at 30◦C and then transferred to a petri dish for germination
in a moist 28/25◦C as day and night temperature, 12 h of light
and dark periods alternatively with a relative humidity of 80%.
After 3 days, germinated seeds were transferred into pots. For
the drought stress treatment, 200 mM mannitol was applied
for 10 days at 30◦C, followed by growing plants at normal
conditions (Możdżeń et al., 2015). The leaves were gathered
and instantly frozen in liquid nitrogen after stress handling,
lyophilized, ground to a fine powder, and preserved in humidity-
proof containers at −80◦C before analysis. There were three
replications of each treatment, with 12 plants per replicate.

Evaluation of Bt and Non-Bt Cotton
Varieties for Drought Stress
Drought stress influences various biochemical, morphological,
and physiological changes and leads to drastic effects on plant
growth. Measurement of plant chlorophyll and carotenoid
content, stomatal conductance, RWC, catalase, superoxide
dismutase (SOD) activity, ascorbate peroxidase (APX) activity,
and proline content can be used for identification of drought
resistance of plants. Bt and Non-Bt cotton plant leaves were used
for analysis of stress tolerance ability.

The data on biomass, survival rate, root length, and
shoot length were recorded and photographed. All the stress
experiments were repeated at least three times.

Relative Water Content
To determine the fresh weight of leaves, they were harvested and
recorded immediately. Besides, the leaves were dried at 80◦C for
three consecutive days in an oven to obtain dry weight.

The following formula (Barrs and Weatherley, 1962) was used
to calculate leaf RWC:

RWC =
(
fresh weight − dry weight

)
/(

turgid weight − dry weight
)
× 100

Observation of Stomata in the Leaf
Stomatal regulation shows a crucial role in protecting the plants
from oxidative stress caused by drought stress. After drought

stress, the plant leaves were collected and used for analysis. Bare
leaves were used for detection of stomatal aperture and density
using an SEM-S3400 (Hitachi, Tokyo, Japan) and analyzed
by Image J software (National Institutes of Health, Bethesda,
MD, United States).

Chlorophyll and Carotenoid Content
Chlorophyll plays a vital role in photosynthesis; the
photosynthetic rate can be estimated by measuring plant
tissue’s chlorophyll content. One hundred milligrams of plant
material was grounded in a pre-chilled mortar and pestle
using 5 ml of chilled acetone. Homogenate was centrifuged
at 10,000 rpm for 10 min at 4◦C. The supernatant was
collected and absorbance was measured at 470 and 750 nm for
carotenoids and at 640 and 663 nm for chlorophyll content
(Lichtenthaler and Wellburn, 1983).

Catalase Activity
Catalase (CAT) activity was measured by using molar extinction
coefficient 36 × 103 mm−1 m−1; the decreased absorbance was
measured at 240 nm and 30◦C. Fifty microliters of enzymatic
extract was added to 20 mM H2O2 and 50 mM potassium
phosphate buffer at pH 7.0. The value was expressed as µmol
H2O2 oxidized g−1 FW min−1 (Haake et al., 2002).

SOD Activity
The photochemical inhibition of reduced nitro blue tetrazolium
(NBT) was measured at 560 nm to determine SOD activity. The
reaction mixture includes 50 mM NBT, 13 mM methionine,
1.3 M riboflavin, 75 mM EDTA, 50 mM phosphate buffer,
and 50 µl of enzyme extract. The reaction was initiated by
placing the sample under a 30-W fluorescent lamp, and the
lamp was turned off to terminate the reaction. The determined
SOD activity was given as SOD IU min−1 mg−1 protein
(van Rossum and van der Plas, 1997).

APX Activity
APX activity was measured using Nakano K method. Two
milliliters of total reaction mixture contains 0.05 M potassium
phosphate buffer (pH 7), 0.2 mM EDTA, 0.5 mM ascorbic acid,
and 0.25 mM H2O2. The reaction was initiated with the addition
of 0.1 ml of plant extract at 25◦C. The decrease in absorbance
was recorded at 290 nm for 1 min, and an extinction coefficient
of 2.8 mM cm−1 was used to calculate the amount of ascorbate
oxidized (Nakano and Asada, 1981).

Proline Content
Proline content was measured in leaf, with minor modifications
to Bates protocol and expressed as micrograms per gram per
unit fresh weight (Bates et al., 1973). Approximately 1 g of plant
samples was grounded with 3% (w/v) aqueous sulfosalicylic acid
solution and centrifuged at 2,500 g for 30 min. Glacial acetic
acid and acid–ninhydrin reagent were mixed in 1:1 ratio to the
supernatant, and the mixture was boiled for 1 h. To the above
mixture, 4 ml of toluene was added and centrifuged at 3000 rpm
for 10 min. Proline content is determined by measuring the
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absorbance at 520 nm. L-proline was used as a standard to analyze
the results further.

Proteomic Analysis of Non-Bt and Bt
Cotton Varieties
Protein Extraction
For protein extraction, 1 g of plant leaf sample was used and
ground using liquid nitrogen. Metabolite Extraction Buffer is
added and homogenized for 5 min and centrifuged at 10,000 rpm
for 10 min at 4◦C. Five volumes of SDS buffer (sodium dodecyl
sulfate) with protease inhibitor were added further and incubated
for 1 h at RT on a shaker to the pellet and centrifuged at
10,000 rpm for 15 min at 4◦C. To the supernatant, equal volumes
of Tris-buffered Phenol were added. After 30 min rocking, the
sample was centrifuged at 10,000 rpm for 30 min at 4◦C. Six
volumes of 100 mM ammonium acetate/methanol solution were
added and incubated overnight at −20◦C to the lower phenol
layer. The next day, the samples were centrifuged at 10,000 rpm
for 15 min at 4◦C. The pellet was washed with pre-chilled acetone
and centrifuged at 10,000 rpm for 15 min at 4◦C. The pellet was
air-dried and dissolved in rehydration buffer. Sample proteins are
extracted and quantified, and the sample concentration and the
protein profile were checked using SDS-PAGE.

Two-Dimensional Difference Gel
Electrophoresis
Three hundred microliters of each sample (nearly, 300 µg of
protein samples in rehydration buffer containing Urea, CHAPS,
Dithiothreitol, and Biolyte) was loaded onto the IEF strip 3–10
pH linear, 18 cm, by rehydration in the Iso-Electric Focusing
(IEF) tray. The gels were overlaid with mineral oil before placing
in the IEF cell. The voltage was ramped rapidly from 250 to
10,000 V and run till 70,000 Vh is reached. After the IEF run,
equilibration of strips was done in equilibration buffer (composed
of urea, Tris–HCl, pH 8.8, SDS, and Glycerol) for 1 h each,
followed by the treatment of strips with EB-1 (Equilibration
Buffer + Dithiothreitol) for 1 h and subsequently treated with
EB-2 (E Equilibration Buffer + Iodoacetamide) for 45 min and
then placed on a 10% SDS-PAGE large format gel for running the
second dimension in EttanDalt electrophoresis unit (GE).

Fixation was done overnight by using 50% methanol and
10% acetic acid. Excess of fixing reagent was removed by two
to three water washes. After 2-h incubation in 0.02% sodium
thiosulfate solution, the strip was treated with 0.2% silver nitrate
solution for 1 h.

The gels were finally developed in 2% sodium carbonate
solution after washing thoroughly with water and strips were
stored in 10% acetic acid. The gels were scanned using the
EPSON Expression 11,000XL. Protein spot expression analysis
was performed using Image Master 2D Platinum 7 software.
At least three biological replicates per sample was examined
(Wang et al., 2007).

Image Analysis
To identify the total number of spots and differentially expressed
spots between two samples on 2D gels, Image Master 2D

Platinum (GE healthcare, version 7.0.6.) was used. The software
will automatically match all the gels’ spots and assign match ids
for the matched spots in the gels and spot ids to all the spots in the
gel set. Annotations were created indicating the pI and molecular
weight for a few spots on the matched gels, and the software
will annotate all the remaining spots. It has identified DEP spots
from the control and treatment samples. The spot percentage of
volumes is taken into consideration to predict the fold change of
differentially expressed spots between the gels.

Fold change was calculated as the ratio of percentage volumes
of treated spots to percentage of volumes of control spot with
the same match ID. If this ratio is more than 1.5, then spotted
protein was considered overexpressed, and a ratio of less than 0.5
indicates underexpressed protein spot. Unique protein spots are
the spots that did not correlate in both the gels.

In-Gel Digestion Protocol
After spots identification, the samples were taken for digestion.
The band/spot was chopped and de-stained with 1:1 ratio of
15 mM potassium ferricyanide, K3 [Fe(CN)6], 50 mM Hypo
for 15 min, and buffer washes and dehydration using ACN
(acetonitrile). Sample preparation was done by 100 mM DTT
at 56◦C for 1 h and 250 mM IDA (iodoacetamide) at RT, in
the dark for 45 min. Finally, samples were digested with trypsin
at 37◦C. The peptides were finally extracted using 0.1% TFA
(trifluoroacetic acid), vacuum dried, and dissolved in 5 µl of TA
buffer; 1.5 µl of the sample was mixed with 1.5 µl of HCCA (α-
cyano-4-hydroxycinnamic acid) matrix, and 1.5 µl of the mixture
was spotted onto the MALDI plate (Shevchenko et al., 2007).

Matrix-Assisted Laser
Desorption/Ionization-Time of
Flight/Time of Flight Mass Spectrometry
(MALDI-TOF/TOF MS)
The peptide mixture obtained was mixed in 1:1 ratio with
5 mg/ml HCAA in 1:2 ratio of 0.1% TFA and 100% ACN.
Two microliters of sample was spotted onto the MALDI plate
[(MTP 384 ground steel (Bruker Daltonics, Germany)]. The
samples were analyzed on the MALDI-TOF/TOF ULTRAFLEX
III instrument (Bruker Daltonics, Germany). FLEX ANALYSIS
SOFTWARE (Version 3.3) was used to analyze the molecular
weight of 500 laser shots with reflectron ion mode ranging
between 500 and 5000 m/z for obtaining the MS-MS data.
The masses obtained in the MS-MS were submitted for Mascot
search in the “Viridiplantae” database to identify the protein
(Koenig et al., 2008).

Bioinformatics
CELLO V.2.51 was used to predict subcellular localization,
and predictions are based on two-level support vector
machine (Wang et al., 2015). Gene ontology annotation
of DEPs was conducted utilizing Protein Analysis through
Evolutionary Relationships (PANTHER) Classification System

1http://cello.life.nctu.edu.tw
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version 16.02 (Thomas et al., 2003; Mi et al., 2013). The identified
DEPs were foreseen by WoLF PSORT3 UniprotKB4 and subjected
to GeneMANIA database to identify protein interactions. The
identified protein–protein interactions were constructed and
visualized with Cytoscape (version 3.7.1) software. GeneMANIA
finds alternative genes associated with collecting input genes,
employing an extensive set of functional association data.
We constructed a network using protein, genetic interactions,
co-expression, co-localization, and protein domain similarity
conditions. Modularity is used to identify sub-networks of
interconnected nodes and aids in predicting the functionality
(Agarwal et al., 2009).

Quantitative RT-PCR (qRT-PCR)
Total RNA was extracted from the leaves of both plant
varieties using RNAaqueous-Micro Total RNA isolation kit
(Thermo Scientific, United States). NanoDrop One UV–
Vis Spectrophotometer was used to check the concentration
and purity of RNA (Thermo Scientific, United States). One
microgram of total RNA was treated with DNAse I and the treated
sample was used to synthesize cDNA with Revert PrimeScript
cDNA synthesis kit (Takara Bio, Japan). The expression of
mannitol-induced stress-responsive transcripts was analyzed by
qRT-PCR using Applied Biosystems 7,500 Fast Real-Time PCR
System. The following program was used: one cycle of 95◦C for
30 s; 40 cycles of 95◦C for 5 s and 60◦C for 30 s. The qRT-PCR
reactions (10 µl) included 30 ng of cDNA in 1 µl, TB Green
Premix Ex Taq II (TliRNaseH Plus) (1×), PCR Forward Primer
(10 µM) 1 µl, PCR Reverse Primer (10 µM) 1 µl, ROX Reference
Dye (50×) 0.2 µl, and sterile purified water 1.8 µ l.
2 http://www.pantherdb.org
3 http://wolfpsort.org/
4 http://www.uniprot.org/
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