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Abstract: The most devastating abiotic factors worldwide are drought and salinity, causing severe
bottlenecks in the agricultural sector. To acclimatize to these harsh ecological conditions, plants
have developed complex molecular mechanisms involving diverse gene families. Among them,
S-adenosyl-L-methionine synthetase (SAMS) genes initiate the physiological, morphological, and
molecular changes to enable plants to adapt appropriately. We identified and characterized 16 upland
cotton SAMS genes (GhSAMSs). Phylogenetic analysis classified the GhSAMSs into three major
groups closely related to their homologs in soybean. Gene expression analysis under drought and salt
stress conditions revealed that GhSAMS2, which has shown the highest interaction with GhCBL10 (a
key salt responsive gene), was the one that was most induced. GhSAMS2 expression knockdown via
virus-induced gene silencing (VGIS) enhanced transgenic plants’ susceptibility to drought and salt
stress. The TRV2:GhSAMS2 plants showed defects in terms of growth and physiological performances,
including antioxidative processes, chlorophyll synthesis, and membrane permeability. Our findings
provide insights into SAMS genes’ structure, classification, and role in abiotic stress response in
upland cotton. Moreover, they show the potential of GhSAMS2 for the targeted improvement of
cotton plants’ tolerance to multiple abiotic stresses.

Keywords: S-adenosyl-L-methionine synthetase; virus-induced gene silencing; SAMS2; abiotic stress;
upland cotton

1. Introduction

Cotton is a valued economic crop worldwide. The long growth cycle of cotton coupled
with its large genome size have rendered many available traditional methods complicated
and labor-intensive in analyzing its gene function [1]. Gossypium hirsutum, commonly
referred as upland cotton, is the most popular cotton germplasm due to its high yield.
About 90% of all cotton cultivars being produced globally are derived from upland cot-
ton. Due to climate change, crops are exposed to various abiotic stresses affecting plant
growth, development, yield components, and productivity [2]. Among them, drought
and salinity are the harshest environmental adversities, causing dramatic losses in cotton
production [3]. Drought stress induces extensive crop loss, and predictions have revealed
that it will intensify in the future [3]. It is estimated that no less than 6% of landmass
globally is affected by salinity [4]. Sodium chloride is the primary salt responsible for soil
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salinity, and its continued accumulation poses a severe threat to farmers worldwide as
agriculture productivity dwindles due to considerable defects in plant growth [5,6]. The
presence of sodium chloride in high concentrations usually induces deficiency diseases (the
unavailability of crucial nutrients for plants’ healthy growth) and disrupts cellular ionic
balance [7].

Plants have developed complex and dynamic mechanisms to adapt to these stressful
environments, including various morphological, physiological, and molecular changes [8].
The common strategies employed by plants to tolerate drought and salt stresses are
the reinforcement and maintenance of biological membranes’ structure and properties
and the escalated synthesis of antioxidant enzymes [3,9]. Many gene families, such as
S-adenosyl-L-methionine synthase (SAMS), are involved in the dynamic complex regula-
tory networks of plants’ stress responses to modulate continued development and enhance
stress tolerance [10]. The SAMS genes contain a methionine binding site and an ATP bind-
ing motif in their N-terminal and C-terminal domain, respectively [10]. They catalyze the
combination of methionine and ATP to produce SAM (S-Adenosyl-L-methionine), a critical
molecule involved in essential biological processes in eukaryotic cells [11]. SAM provides
methyl groups for DNA, RNA, lipids, and proteins methylation and participates in transsul-
furation reactions and the biosynthesis of polyamine, nicotianamine, and lignin [11–14].
Moreover, SAM is the precursor for synthesizing ethylene and polyamines (PAs), which are
essential for plant growth, development, and responses to environmental stresses [15–18].

Regarding the importance of SAMS, studies have focused on SAMS’ function in regu-
lating plants’ stress response. The overexpression of the potato SbSAMS improved drought
and salt stress tolerance in transgenic Arabidopsis plants [2]. In rice, the knockdown of
OsSAMS1, 2, and 3 altered the histones and DNA methylation, leading to late flowering [19].
The overexpression of the Sugar Beet M14 SAMS2 in transgenic Arabidopsis enhanced its
tolerance to oxidative stress and salt [14]. The targeted reduction of PAs biosynthesis
induced a decrease in pollen viability and plant length and promoted sensitivity to abiotic
stress in rice [20]. The overexpression of Medicago sativa subsp. falcata SAMS1 induced
oxidation and polyamine synthesis in transgenic tobacco plants, improving their tolerance
to chilling and freezing stress [21]. The overexpression of the cucumber CsSAMS1 and
its interacting protein CsCDPK6 promoted ethylene and PAs biosynthesis, leading to the
enhancement of salt stress tolerance in transgenic tobacco [22]. The SAMS gene family
has been well studied in diverse monocotyledonous and dicotyledonous plants such as
rice, sugar beet M14, Arabidopsis, barley, tomato, soybean, sunflower, sorghum, Medicago
truncatula, eggplant, Triticum urartu [11], and Chorispora bungeana [23]. However, in upland
cotton, no study has focused on SAMS genes and their potential to enhance stress tolerance.

Moreover, it was recently found that GhCBL10 plays a central role in upland cotton’s
tolerance to salt stress [24]. Therefore, it is of particular interest to identify the GhSAMS
with strong co-expression interaction with GhCBL10 for the targeted improvement of cotton
plants’ tolerance to multiple abiotic stresses.

In the present study, SAMS genes were identified in upland cotton, and their struc-
ture, chromosomal distribution, subcellular localization, phylogeny, cis-acting elements,
and conserved motifs were revealed through comprehensive bioinformatic analyses. We
performed yeast two-hybrid experiments and detected the GhSAMS that exhibited the
strongest co-expression relationship with GhCBL10. Furthermore, we explored the ex-
pression patterns of GhSAMS genes in response to salt and drought treatments, and the
most promising GhSAMS for enhancing plant tolerance to multiple abiotic stresses was
identified and functionally validated via transgenic experiments. Our data represent impor-
tant resources for deciphering GhSAMSs in plant functions and insights into the complex
molecular regulatory networks of abiotic stress response in cotton.
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2. Materials and Methods
2.1. Protein Identification and Physiochemical Analysis of SAMS Genes in Gossypium hirsutum

SAMS proteins were retrieved from three Pfam domain accessions in the NAU as-
sembly: PF00438 (1), PF02772 (2), and PF02773 (3). The three accession domains carry 16,
17, and 16 genes, respectively, though the gene names are similar. Pfam Scan was specifi-
cally used to query the genes (https://www.ebi.ac.uk/Tools/pfa/pfamscan/; accessed on
5 May 2020), and SMART search provided the identity of SAMS genes present in Gossyp-
ium hirsutum (http://smart.emblheidelberg.de/smart/; accessed on 20 May 2020). Gh-
SAMS genes’ identity was further confirmed via the official website of the Cotton genomic
database (https://cottonfgd.org/; accessed on 29 May 2020), using PF02772. The physical
and chemical properties of GhSAMS proteins (excluding the scaffolded gene), including
the instability index, protein length, isoelectric point (pI), grand average of hydropathy
(GRAVY), and molecular weight (MW), were predicted by ExPASy ProtParam software [25].

2.2. Chromosomal Location, Phylogenetic Analysis, Prediction of Subcellular Localization, Gene
Structure, Cis-Acting Elements, and Conserved Motifs Analyses

For gene location visualization on the respective chromosomes, the retrieved gene ID
information in gtf3 file format of all the GhSAMSs was used in Tbtools software to map
the genes onto the chromosomes. The coding sequence of GhSAMS members was down-
loaded from the official website of Phytozome (https://Phytozome.jgi.doe.gov; accessed on
9 June 2020). Homolog genes from closely related plant species (Table S1) were also down-
loaded from the Phytozome website and later used to perform the phylogenetic analysis
via the neighbor-joining method in the MEGA 7.0 program, with the specification of
1000 bootstrap replicates [26]. ClustalX software was used to align all the protein se-
quences before generating a phylogenetic tree diagram for evolutionary relationships
analysis [27]. The Poisson correction was applied to estimate the distance between se-
quences. WoLF Psort online software was used to predict GhSAMS genes’ subcellular
localization (https://wolfpsort.hgc.jp; accessed on 15 June 2020) [28].

GhSAMS genes’ structure analysis was conducted via the Gene Structure Display
Server website (http://gsds.cbi.pku.edu.cn; accessed on 19 June 2020) [29]. In-depth
prediction of the cis-regulatory DNA elements in the GhSAMS promoter region (2000 bp
upstream nucleotide sequence) was achieved by the online PlantCARE server software
(Bristol, England) [30]. MEME server (https://meme-suite.org, version 5.4.1; accessed on
13 Jully 2020), with the default setting, was used to predict conserved motifs within the
gene structures ().

2.3. Plant Materials and Treatments

Marie Galante-85 and CRI-12 semi-wild accessions of G. hirsutum were used, as they
are tolerant to drought and salt stresses. Seeds of the two accessions were provided by
the Institute of Cotton Research, Chinese Academy of Agricultural Sciences, where the
entire experiment was performed with a Complete Random design. In the preliminary
steps, the cotton seeds were soaked in dd H2O overnight to allow the seed coat to soften.
The soaked seeds were then grown in folded absorbent papers vertically placed in mini
rectangular plastic buckets, which had been filled with distilled water halfway and left
for a period of four days [31]. Upon germination (the sixth day), the healthy seedlings
were transplanted to a Hoagland nutrient solution medium in the greenhouse. In the
greenhouse, transplanted seedlings were treated by a 16 h light-8 h dark photoperiod with
specified temperatures of 28 ◦C during the day and 25 ◦C at night. The relative humidity
in the experimental room was maintained at 60–70%, as previously described [32]. The
entire Hoagland nutrient solution medium was replenished when the seedlings reached
the three-true-leaf stage, and freshly prepared solutions of 17% of glycol PEG-6000 and
250 mM of sodium chloride compounds were immediately added to simulate drought and
salt stresses, respectively [33]. The healthy tissues of the root and leaf were collected from
nine plants of each category for RNA extractions after stress exposure at the following time

https://www.ebi.ac.uk/Tools/pfa/pfamscan/
http://smart.emblheidelberg.de/smart/
https://cottonfgd.org/
https://Phytozome.jgi.doe.gov
https://wolfpsort.hgc.jp
http://gsds.cbi.pku.edu.cn
https://meme-suite.org
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intervals: 0 h, 3 h, 6 h, 9 h, 12 h, and 24 h. Three biological replications were considered
in each case. Untreated plants were considered as the control. The harvested tissues were
directly frozen in liquid nitrogen and transferred to the fridge at −80 ◦C for storage up to
the total RNA extraction.

2.4. RNA Extraction and RT-qPCR Assays

The total RNA was extracted using the RNAprep Pure Plant kit (Tiangen, Beijing,
China), and its quality and concentration were determined using a NanoDrop 2000 spec-
trophotometer. cDNA synthesis was conducted by treating 1 g of total RNA using RNase-
free DNase I and a reverse transcriptase, strictly following the guidelines given by the
manufacturer (Thermo Fisher Scientific, Shanghai, China). We investigated the expression
patterns of GhSAMSs under drought and salt stress at different time intervals, using previ-
ously released RNA-Seq data (https://cottonfgd.org/analyze/ accessed on 5 May 2020).
According to the genes’ expression patterns, we selected 14 genes, including 5 genes that
were induced under salt and drought stress, 5 genes that were downregulated under the
stress conditions, and 4 genes that showed similar expression under normal and stress
conditions for the RT-qPCR analysis. Using the Premier Premier5 software, the primers of
all the selected genes were designed for the RT-qPCR assays (Table S2). GhActin was chosen
to serve as a standard reference gene. The SYBR Green Real-Time PCR Master Mix (Thermo
Scientific, Rockford, IL, USA) was used to perform qPCR assays following the procedure
described previously [34]. The reactions comprised the following reagents: cDNA template
(5 µL), forward primer (0.5 µL), reverse primer (0.5 µL), SYBR green master mix (10 µL),
and dd H2O (4 µL). The final mixture, whose concentration was at 10 mM, was centrifuged
at 12,000 rpm for 1 min and placed into PCR thermal cycling conditions, as previously
described [35]. The PCR procedure was performed according to the manufacturer’s in-
structions. Pre-incubation, 1 cycle: 95 ◦C for 30 s; Amplification, 40 cycles: 95 ◦C for 10 s,
60 ◦C for 30 s; Melting curve, 1 cycle: 95 ◦C for 15 s, 60 ◦C for 60 s, 95 ◦C for 15 s; Cooling,
one cycle: 40 ◦C for 30 s. The real-time analysis of each gene was performed with three
independent biological replicates under the same conditions. The expression levels of the
genes were analyzed using the 2−∆∆CT method [36].

2.5. Identification of Pray Proteins

First, the CBL10 gene-specific protein sequence for the Arabidopsis plant was obtained
from the official website of the Arabidopsis Information Resource database
(ftp://ftp.arabidopsis.org; accessed on 21 February 2021). Then, the isolated protein
sequence was used in a BLASTp analysis as a query against the proteomes of upland cotton,
and the NAU assembly was used to identify the CBL10 homolog. The identified cotton
CBL10 gene (Gh_D05G0440.1) was later used in the Y2H system experiment to screen for
its interacting proteins from the AD library.

2.6. Construction of Yeast Two-Hybrid Library, Bait Cloning, and Auto Activation Analysis

The Yeast Two-Hybrid (Y2H) fusion library of Gossypium hirsutum Marie-Galante
leaves, stems, and roots under drought and salt conditions (pGADT7-library) was pre-
pared by Oebiotech (Shanghai, China). The BD-GhCBL10 bait plasmid was constructed
as previously described [37]. In summary, the full length of the GhCBL10 CDS was
amplified by PCR, using the primers F-TGCATATGGCCATGGAGGCCGAATTC and
R-TGCGGCCGCTGCAGGTCGAC GGATCC, and cloned at the pGBKT7 vector sites NCO1
and BamH1. It was crucial to confirm the transcriptional activation of the bait in the
Y2HGold competent cell in the absence of a prey protein. We independently transformed
the plasmids of bait, the negative control, and the positive control into Y2H Gold competent
cells. The constructs were grown on different growth media, as described by Chen et al. [37],
for three days. Table 1 presents the annotation of the negative and positive controls and the
empty vector.

https://cottonfgd.org/analyze/
ftp://ftp.arabidopsis.org
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Table 1. The bait auto-activation and toxicity test sampling.

Reaction Plasmid 1 Plasmid 2

Positive Control pGBKT7-53 pGADT7-T
Negative Control pGBKT7-Lam GADT7-T
BD (Target gene) pGBKT7-GhCBL10

Empty vector pGADT7

2.7. cDNA Libraries Screening and Yeast Two-Hybrid Interaction Assay

Yeast two-hybrid screening was conducted following the Oebiotech (Shanghai) mating
protocol, as previously described. Briefly, we mated the bait strain (Y2HGold (pGBKT7-
GhCBL10)) and the pGADT7-library plasmid, plated on the SD/–Ade/–His/–Leu/– Trp/X-
α-gal/AbA (QDO/X/A) and SD/–Leu/–Trp/–His/X- α-gal/AbA (TDO/X/A) plates,
and incubated the plates at 30 ◦C for five days [38]. We conducted colony PCR and
sequencing using the T7 primer to determine the positive interaction and the duplicates.
After sequencing, we used the BLASTn of the CottonFGD database to analyze the nucleotide
sequence. We then co-transformed the potential positive prey identified with the pGBKT7-
GhCBL10 bait into Y2HGold competent cells. The CDS of CBL10 was cloned into the
DNA-binding domain (BD) vector pGBKT7, while the CDSs of PRA1 B1, DSP8, and SAMS2
were cloned into the activation domain (AD) vector pGADT7, respectively, using the
primers presented in Table S3. The generated transformants were grown on TDO/X/A
and QDO/X/A plates and incubated at 30 ◦C until colonies appeared. PGBKT7-Lam
and pGBKT7 (empty vector) denoted the negative control, while pGBKT7-53 denoted the
positive control [38,39].

2.8. Virus-Induced Gene Silencing of GhSAMS2 in G. hirsutum and Stress Treatments

Tobacco rattle virus (pTRV) was used to elucidate GhSAMS2 (Gh_A08G1067) gene function
with the RNAi technique [40]. VIGS TRV2:PDS, TRV2:00, TRV2:GhSAMS2, and WT plants
were investigated under both drought and salt stress conditions. The CDS fragment of Gh-
SAMS2 was 1182 bp in length. The GhSAMS2 cDNA was amplified using the specific primers
F-TGCATATGGCCATGGAGGCCGAATTC and R-TGCGGCCGCTGCAGGTCGACGGATCC.
Next, the PCR products were cloned into the Xba1 and Xho1 sites of the pTRV to generate
pTRV:GhSAMS2 [41]. Subsequently, recombinant DNA transformation into the LBA4404
bacteria strain (Agrobacterium tumefaciens) was conducted as previously described [42]. The
LBA4404 strain containing the pTRV2-PDS, pTRV1, pTRV2-Gh_A08G1067, and pTRV2 vec-
tors was cultured in a shaking incubator at 28 ◦C in the Luria-Bertani (LB) liquid medium,
with freshly prepared 10 mM 2-(N-morpholino)- ethane sulfonic acid (MES) added in.
Kanamycin and rifampicin antibiotics were first added to the LB medium. Then, the cul-
tures were put in the shaking incubator overnight, as previously prescribed [43]. This was
followed by the centrifugation of the cultures for 10 min at 8000 rpm after the OD had been
determined at 1.5, and the cells then were re-suspended into the infiltration buffer contain-
ing 200 µM of acetosyringone (As), 10 mM of magnesium chloride, and 10 mM of MES
to a final OD600 = 1.5. To obtain the final infiltration medium, the pTRV1 re-suspension
was mixed with pTRV2-PDS, pTRV2-GhSAMS2, and pTRV2, separately, at a ratio of 1:1
before the seedlings were infiltrated by the infusion, as previously described [44]. The
functional analysis experiment via VIGS involved the inoculation of 60 plants with the
TRV:GhSAMS2 and TRV: PDS inoculum, respectively. The empty vector (TRV2:00) was
inoculated into 60 other plants to represent the wild type. Then, 60 other plants were
left to grow without any inoculum, serving as the control in this experiment. When the
plants reached the three-leaf-stage, the Hoagland nutrient solution medium into which
they had been transplanted was treated with freshly prepared solutions of 17% of glycol
PEG-6000 and 250 mM of sodium chloride compounds to simulate drought and salt stress,
respectively [45]. The duration of each stress was 48 h. After the stress exposure, the
healthy tissues of the stem, root, and leaf were collected from ten plants of each category in
triplicate for RNA extraction and physiological and biochemical analyses.
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2.9. Measurement of the Physiological and Morphological Parameters

The morphological and physiological parameters were equally determined to help
assess the extent of susceptibility between the silenced and non-silenced plants under
drought and salt stress conditions. Plant height (PH), root length (RL), shoot fresh weight
(SFW), root fresh weight (RFW), relative leaf water content (RLWC), cell membrane sta-
bility (CMS), chlorophyll content (SPAD/Chlo), and excised leaf water loss (ELWL) were
measured. The relative leaf water loss, cell membrane stability through ion leakage, and
chlorophyll content were determined, as described previously [46]. Excised leaf water
loss was determined by first weighing the collected fresh leaf samples immediately after
harvesting to note the initial leaf weight in grams. After the leaf sample had lasted for
24 h on the bench at room temperature, the second weight measurement was taken and
recorded as wilted weight (WW). Finally, the third measurement was taken and recorded
as dry weight (DW) after the leaf sample had stayed inside an oven (50 ◦C) for four days.
To calculate the ELWL, the formula below was applied.

ELWL =

{
FW − WW

DW

}
Regarding the relative leaf water content and fresh weight (FW), the leaf samples were

placed into dd H2O at room temperature for 24 h using tissue paper; they were then dried
on both surfaces before being weighed again to obtain the saturated weight (SW). Finally,
the dry weight (DW) was measured and recorded after the leaf samples had stayed inside
an oven at 50 ◦C for four days. The formula applied in the calculation of RLWC was:

RLWC =

{
FW − DW
SW − DW

}
× 100

Ion leakage in the plant tissues, which is also referred to as cell membrane stability
(CMS), was assessed using the fresh leaf tissues. First, the plant electrolyte was quantified
in the process of determining cell membrane stability, as previously described [47]. Then,
plastic cylindrical tubes filled with 5 mL of dd H2O and kept in the dark for 24 h were used
to harbor leaf samples weighing 0.5 g each. Two electrical conductivities were measured
per sample, the first one being measured after the 24 h dark period stage (T1), while the
second one was conducted after the leaves had been boiled in a water bath at 99 ◦C for
30 min and cooled to room temperature (T2). The CMS was calculated using the following
formula [48]:

CMS =

[(
1 − TI

T2

)
/
(

1 − C1
C2

)]
× 100

where C is the electrical conductivity of dd H2O.

2.10. Estimation of Oxidant and Antioxidant Enzyme Activities

The plant tissue samples were collected in three replicates, wrapped in aluminum foil,
and kept at −80 ◦C until the biochemical analyses. Two oxidant (hydrogen peroxide, H2O2
and malondialdehyde, MDA) and two antioxidant (catalase, CAT, and peroxidase, POD)
enzyme activities were evaluated. According to the manufacturer’s protocols, the extraction
and spectrometric analysis of H2O2 and the antioxidant enzymes were achieved using their
respective assay kits supplied by Beijing Solarbio Science and Technology, China [46]. As
for the malondialdehyde (MDA), which is a byproduct of liquid metabolism, its cellular
concentration was measured following the method described previously [49]. The physi-
ological parameters that were measured are very significant for water stress tolerance in
plants, and they have been used extensively in evaluating various field crops [50].
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2.11. Statistical Analysis

All the samples used in these experiments were in three bio-replicates. Data analysis
and visualization were conducted with the aid of GraphPad Prism 8.4.3 (GraphPad Software
Inc., La Jolla, CA, USA). The analysis of variance (ANOVA) determined the mean difference
of the samples statistically. The significant difference was set at p < 0.05.

3. Results
3.1. Identification, Physiochemical Properties, Chromosomal Distribution, Phylogenetic Analysis,
and Subcellular Localization

In total, seventeen (17) SAMS genes were identified in the Gossypium hirsutum species
using the NAU assembly. They are distributed on all of the fourteen (14) chromosomes
of the G. hirsutum genome, with the chromosomes At11 and Dt11 harboring, respectively,
two GhSAMSs (Figure 1a). One of them is located on a scaffold. We also investigated the
chromosomal distribution of GhSAMSs in the genomes of G. arboretum (A genome) and
G. raimondii (D genome). We found that the GhSAMS genes are located on chromosomes
At02, At04, At07, At08, At09, At11, and At12 of the A genome and on chromosomes Dt02,
Dt04, Dt07, Dt08, Dt09, Dt11, and Dt12 of the D genome (Figure 1b,c).

The physicochemical properties of the GhSAMS genes are presented in Table 2. Their
protein sequence length ranged from 256 (Gh_A07G1193) to 393 aa (Gh_A08G1067), with a
molecular weight (MW) varying from 28.12 to 42.61 kDa. Both the proteins were stable and
exhibited negative GRAVY values. The isoelectric points (PI) of the protein ranged from
5.579 to 8.974 (Table 2).

The phylogenetic analysis of GhSAMS proteins and SAMS proteins from other related
species was performed to examine their relationships (Figure 1d). The results indicated
that SAMS proteins could be classified into five major groups (I–V). The Group III genes
were all from monocotyledonous plant species, while the genes from the dicotyledonous
plant species were scattered across all four groups. GhSAMS genes were classified into
groups I, II, and IV, where they showed a high degree of similarity with the SAMS genes
from soybean, T. cacao, and M. truncatula (Figure 1d). The subcellular localization analysis
showed that SAMS proteins are located mainly in the cytoplasm and cytoskeleton of
G. hirsutum cells (Table 2; Figure 1e,f).

Table 2. The physicochemical properties of cotton SAMS genes.

Transcript ID Length (aa) MW (kDa) Charge PI GRAVY Instability Index Subcellular
Localization

Gh_A02G0578.1 393 43.061 −4 5.941 −0.308 Stable Cytoplasm
Gh_A04G0603.1 390 42.855 3.5 6.983 −0.326 Stable Cytoplasm
Gh_A07G1193.1 256 28.12 7 8.974 −0.326 Stable Cytoplasm
Gh_A08G1067.1 393 43.091 −5 5.772 −0.325 Stable Cytoplasm
Gh_A09G1368.1 390 42.61 4 7.118 −0.299 Stable Cytoskeleton
Gh_A11G0966.1 393 43.026 −6.5 5.579 −0.36 Stable Cytoplasm
Gh_A11G2886.1 390 42.682 2 6.786 −0.332 Stable Cytoplasm
Gh_A12G1098.1 393 43.071 −6 5.594 −0.335 Stable Cytoplasm
Gh_D02G0636.1 393 43.044 −4.5 5.909 −0.3 Stable Cytoplasm
Gh_D04G1064.1 390 42.812 3.5 6.983 −0.306 Stable Cytoplasm
Gh_D07G1294.1 393 43.039 −6 5.594 −0.328 Stable Cytoplasm
Gh_D08G1348.1 393 43.04 −5.5 5.618 −0.338 Stable Cytoskeleton
Gh_D09G1369.1 390 42.695 4 7.118 −0.294 Stable Cytoskeleton
Gh_D11G1117.1 393 43.062 −6 5.596 −0.358 Stable Cytoplasm
Gh_D11G3272.1 390 42.616 2 6.786 −0.32 Stable Cytoskeleton
Gh_D12G1222.1 393 43.042 −6 5.594 −0.321 Stable Cytoplasm
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Figure 1. Chromosomal distribution, phylogenetic analysis, and subcellular localization of GhSAMS
genes. (a–c) Distribution of GhSAMS genes on the chromosomes of G. hirsutum, G. arboreum, and
G. raimondii, respectively. (d) Phylogenetic tree of GhSAMS genes and their homologs from A. thaliana,
T. cacao, Soya bean, Rice, Tomato, Medicago truncatula, Sorghum, Maize, and Barley. (e,f) Subcellular
localization of GhSAMS genes. The neighbor-joining method was used to construct the phylogenetic
tree with replicates of 1000 bootstrap values in the MEGA 7.0 software.



Agronomy 2023, 13, 612 9 of 18

3.2. Gene Structure, Conserved Motifs, and Cis-Acting Elements Analyses

The gene structure analysis revealed that all of the sixteen GhSAMS genes are intronless
and contain only one exon (Figure 2a). In total, we identified five (5) conserved motifs in
the sequence of the GhSAMS genes. Both GhSAMS genes contained the five motifs, except
for Gh_A07G1193, which lacked motifs 3 and 5 (Figure 2b). Furthermore, the cis-acting
regulatory elements analysis in the promoter region of the GhSAMS genes indicated that
they might be primarily involved in the plant defense and stress responsiveness within the
plant cells, considering the phytohormonal signals (Table S4).

Figure 2. GhSAMS genes’ structure (a), and conserved motifs in their promoter region (b).

3.3. GhSAMS Genes Expression under Drought and Salt Stress

Since the cis-acting elements analysis predicted that GhSAMS genes’ function might be
closely related to stress response, we examined their expression patterns under drought and salt
stress in leaves and roots via RT-qPCR and using available RNA-Seq data (Figures 3 and S1).
The GhSAMS genes’ expression patterns showed significant variations, as some were down-
regulated while others were highly up-regulated within the leaves and roots under the
stress conditions. The RT-qPCR results were significantly correlated with the RNA-Seq in
the leaf and root tissues. In general, most of the analyzed genes exhibited higher expression
in the leaves (Figure 3a,c) than in the roots (Figure 3b,d). The expression of Gh_A08G1067,
Gh_A09G1368, Gh_A12G1098, Gh_D02G0636, Gh_D07G1294, Gh_D08G1348, Gh_D11G1117,
and Gh_D12G1222 was significantly induced by both the drought and salt stress in the
leaves. It is worth noting that Gh_A08G1067 (GhSAMS2) expression was significantly
up-regulated under the drought and salt stress in both the tissues (Figure 3), indicating that
it might be critical for upland cotton’s tolerance to abiotic stresses.

3.4. Identification of CBL10 Interacting Proteins from the Cotton AD Library under Drought and
Salt Stress Using the Y2H System

To confirm the potential role of GhSAMS2 in abiotic stress tolerance in upland cotton,
we searched for prey proteins interacting with GhCBL10, the salt responsive gene, using
the Yeast two-hybrid (Y2H) system. The summary of the experiments, including the
self-auto-activation state, the toxicity test, the verification of the interactions, and the
mating efficiency determination of the GhCBL10 bait gene in the Y2H system, is shown in
Figure S2. The zygotes that resembled a cloverleaf with a three-lobed structure (Figure S2e)
confirmed the successful mating between GhCL10 and the prey proteins contained in the
cotton AD library. The GhCBL10 bait protein did not auto-activate the reporter genes in
the Y2HGold cells in the absence of a prey protein, confirming the suitability of the results.
We identified 23 prey proteins that showed interaction with GhCBL10 (Table 3). Of them,
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only four proteins, PRA1 B1, DSP8, CAB-151, and SAMS2, could activate the expression of
the reporter genes in diploid yeast cells. The SAMS2 gene showed the highest interaction
frequency with the CBL10 bait protein, supporting its importance for upland cotton’s
tolerance to abiotic stress.

a b

dc

Figure 3. Heat maps showing GhSAMS genes’ differential expression in G. hirsutum under drought
and salt stress conditions. RT-qPCR analysis of the expression of GhSAMS genes under drought stress
in the leaf (a) and roots (b). RT-qPCR analysis of the expression of GhSAMS genes under salt stress in
the leaf (c) and roots (d). The higher expression level, the lower expression level, and no expression
of the GhSAMS genes at a particular time are depicted by red, green, and black colors, respectively.

3.5. GhSAMS2 Gene Silencing Significantly Increased Sensitivity to Drought and Salt Stress

To verify the function of GhSAMS2 in response to abiotic stresses, it was knocked
down through VIGS in cotton seedlings, and the plants’ morphological and physiological
characteristics were analyzed under drought and salt stress conditions. The phenotypes of
the cotton seedlings grown in hydroponics under various conditions are shown in Figure S3.
The plants infiltrated with pTRV2: PDS exhibited photo-bleached leaves after 14 days of
post-inoculation (Figure S3a). The WT- and TRV2:00-infected seedlings had rapid growth
and, morphologically, looked much healthier after three weeks of inoculation (Figure S3b,c).
To confirm that GhSAMS2 was effectively silenced, we analyzed its expression in the
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different cotton seedlings via RT-qPCR assays (Figure S3e). The results confirmed that the
expression of GhSAMS2 in WT was significantly higher than that in TRV2:GhSAMS2 VIGS
plants. Figure S4 presents the phenotypes of the WT, TRV2:00, and TRV2:GhSAMS2 plants
under the drought and salt stresses.

Table 3. Isolated prey proteins from the Y2H system’s AD library of cotton leaves.

Transcript ID Name Gene Description Chr Starting Ending Length

Gh_D06G1756.1 PRA1B1 PRA1 family protein B1 D06 57,193,276 57,193,932 657

Gh_A11G0688.1 DSP8 Putative dual-specificity protein DSP8
phosphatase A11 6,717,943 6,719,957 945

Gh_A07G1725.1 CAB-151 Chlorophyll a-b binding protein 151,
chloroplastic A07 70,403,379 70,404,266 798

Gh_AO8G1067.1 SAMS2 S-adenosylmethionine synthase-2 A08 73,601,857 73,603,038 1182
Gh_D12G0158.1 PYD3 Beta-ureidopropionase D12 2,003,668 2,006,254 1251
Gh_D04G1908.1 RPL34 60S ribosomal protein L34 D04 51,393,192 51,394,076 363
Gh_D02G0037.1 UBC28 Ubiquitin-conjugating enzyme E2 28 D02 190,259 192,000 447

Gh_D06G1538.1 PSAF Photosystem I reaction center subunit
III, chloroplastic D06 51,265,731 51,266,405 675

Gh_D08G1752.1 LON2 Lon protease homolog 2, peroxisomal D08 53,762,846 53,770,001 2670
Gh_D02G0914.1 PAH2 Phosphatidate phosphatase PAH2 D02 19,402,617 19,409,204 2934
Gh_A11G2956.1 BEE3 Transcription factor BEE 3 scaffold2723_A11 67,019 68,759 708
Gh_D12G0965.1 Rnf25 E3 ubiquitin-protein ligase RNF25 D12 35,117,734 35,120,355 1026
Gh_A13G2030.1 RAX2 Transcription factor RAX2 A13 79,732,246 79,733,388 903

Gh_A12G2413.1 ALMT9 Aluminum-activated malate
transporter 9 A12 86,624,248 86,627,577 1839

Gh_D11G0245.1 ARF9 Auxin response factor 9 D11 2,017,754 2,033,373 3696
Gh_D11G2402.1 NA NA D11 47,820,689 47,823,871 1290
Gh_D09G1701.1 NA NA D09 44,755,344 44,757,734 2070
Gh_A05G3519.1 At1g54200 Protein BIG GRAIN 1-like B A05 90,846,177 90,847,466 1290

Gh_D08G0705.1 NA Ent-copalyl diphosphate synthase,
chloroplastic D08 9,782,732 9,788,296 2538

Gh_A04G1028.1 At4g26680 Pentatricopeptide repeat-containing,
containing protein At4g26680 A04 60,318,577 60,320,187 1611

Gh_D05G3560.1 RH32 DEAD-box ATP-dependent RNA
helicase 32 D05 58,950,106 58,954,430 2262

Gh_D13G0219.1 AN11010 Putative GTPase-activating protein D13 2,155,213 2,163,523 2538
Gh_A12G0039.1 NA NA A12 598,420 600,787 1281

We investigated various morphological and physiological parameters under stress
conditions. We found minimal differences in the plant heights and root lengths between
the VIGS plants and the controls (Figure 4A,C). The control plants had slightly longer
roots compared to the treated ones. The root fresh weight and shoot fresh weight of
WT were significantly higher than those of the silenced Gh_A08G1067 plants after stress
treatment (Figure 4B,D). The TRV2:GhSAMS2 plants showed a significant reduction in
leaves’ RLWC (relative water content) and chlorophyll content compared to the controls
(Figure 4E,F). As expected, the Gh_SAMS2-infiltrated leaves exhibited a significantly in-
creased ELWL (excised leaf water loss) and ion leakage compared to the WT and TRV2:00
plants (Figure 4G,H), indicating the deterioration of biological membranes.

We further analyzed biochemical parameters, including malondialdehyde (MDA)
and H2O2 contents and the activity of antioxidant enzyme peroxidase (POD) and catalase
(CAT). The contents of MDA and H2O2 in the TRV2:GhSAMS2 plants were significantly
higher than those in the WT under the drought and salt stress conditions (Figure 5c,d).
Supportively, the antioxidative activities of POD and CAT were significantly lower in the
VIGS plants compared to those in the WT under the conditions of drought and salt stress
(Figure 5a,b).
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Figure 4. VIGS and WT plants’ physiological and morphological traits analyzed under the conditions
of drought and salt stress. (A) Plant height. (B) Shoot fresh weight. (C) Root length. (D) Root fresh
weight. (E) Relative leaf water content. (F) Leaves’ chlorophyll content. (G) Excised leaf water loss.
(H) Ion leakage in the leaf. TRV2:00, Positive control; WT, Wild type; and TRV2:GhSAMS2, VIGS
plants. Different letters above the bars indicate statistically significant differences at p < 0.05.

Figure 5. Cont.
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Figure 5. Oxidant and antioxidant enzyme biochemical assays in the leaves of WT and VIGs plants af-
ter 24 h post-stress-exposure. (a) Determination of catalase quantity. (b) Determination of peroxidase
quantity. (c) Determination of hydrogen peroxide quantity. (d) Determination of Malondialdehyde
quantity. TRV2:00, Positive control; WT, Wild type; and TRV2:GhSAMS2, VIGS plants. Different
letters above the bars indicate statistically significant differences at p < 0.05.

4. Discussion

Crop production is negatively affected by salinity and alkalinity in semi-arid and
arid regions. It is estimated that 831 million hectares of soils in the world are affected by
excessive salinity and alkalinity, of which 397 million hectares are saline soils compared to
434 million hectares of alkaline soils [51]. Hence, propagating cultivars that are salt-tolerant
to utilize saline soils is of absolute urgency [52]. Previous studies in cotton have pointed out
that cotton may have thousands of putative functional genes, but since it is labor-intensive
and ineffective to carry out the stable genetic transformation of cotton, the majority of
these genes have not yet been characterized [1]. The SAMS2 gene from previous studies
has been found to play a crucial role in plant development regulation, metabolism, and
abiotic and biotic stress tolerance mechanisms [12]. The SAMS gene family has been well
studied in many different dicot and monocot plants such as tomato, Arabidopsis, sunflower,
eggplant, soybean, Medicago truncatula, barley, sorghum, Triticum urartu, and rice [11]. This
study identified and functionally characterized the cotton SAMS2 gene for the targeted
enhancement of multiple abiotic stresses tolerance in G. hirsutum.

According to the prediction of the subcellular localization, cytoplasm and cytoskeleton
are the key sites where GhSAMS genes are localized. Besides the cytoplasm, cytosol
and chloroplasts also contain substantial SAMS proteins, as previously reported [53].
Interestingly, all the sixteen cotton SAMS genes lacked introns in their gene structure. It
is reported that, in eukaryotic organisms, many genes are intronless [54]. Additionally,
intronless genes are enriched in plant species such as Populus, Arabidopsis, and rice [6].
Therefore, the datasets provided by intronless genes have great potential for comparative
genomics and evolutionary studies in eukaryotic organisms. However, studies within
a phylogenetic framework on intronless genes are limited to few species, based on the
previous evolutionary studies that have been carried out [55]. The lack of intron in the
GhSAMS genes suggests that they might play important roles in biotic and abiotic stress
acclimation mechanisms [56]. The results of the cis-acting regulatory elements analysis
support this statement. Key abiotic stress responsiveness cis-elements were detected within
the promoter regions of the GhSAMS genes [57]. The specific function of each GhSAMS
gene could be predicted through the phylogenetic relationships.

The GhSAMS proteins recorded negative GRAVY values, indicating that they are
hydrophilic [33]. Hydrophilic proteins have been highly linked to plant protection through
antioxidants and membrane stabilizers during water stress conditions [58]. Furthermore,
they prevent the collapse of cells in deficient water conditions by acting as space fillers [59].
Additionally, the presence of hydrophilic proteins in certain plants, invertebrates, and
microorganisms has been highly associated with their adaptations to water-scarce ecological
conditions [60]. GhSAMS genes are stable proteins, as shown by the instability index
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values, a property that allows cellular biochemical reactions to proceed despite unfavorable
environmental conditions. Enzymes’ stability within cells is often shown by the instability
index of various proteins involved in multiple reactions for a particular time [61]. Moreover,
the proteins encoded by GhSAMSs have significantly higher thermal stability, as recorded
in high aliphatic index values [62].

Gene expression analysis revealed that most of the GhSAMS genes are significantly
induced by abiotic stresses. These findings are consistent with previous reports on SAMS
genes in various crops such as tomato, Arabidopsis, rice, and soybean [63]. Among up-
land cotton SAMS genes, GhSAMS2 exhibited the highest expression under both salt and
drought stress conditions, suggesting its pivotal role in the plant’s adaptation to unfavor-
able environmental conditions. Supportively, GhSAMS2 exhibited the highest stability
index and interaction frequency with the GhCBL10 bait protein. The gene’s function has
been previously studied in many plant species via knocking down using the VIGS tool [64].
The down-regulation of GhSAM2 via VIGS and the post-exposure of VIGS plants to drought
and salt stress confirmed the key role of this gene in moderating abiotic stress tolerance.
The TRV2:GhSAMS2 plants showed growth and biomass accumulation defects compared
to the controls under drought and salt stress conditions. Their leaves contained less chloro-
phyll and exhibited higher ion leakage, indicating the high sensitivity of VIGS-GhSAM2
plants to abiotic stresses. In general, plants exhibit wilting behaviors when exposed to
drought and salt stress [65]. The disruption of stress tolerance mechanisms by abiotic
stress in plants often exacerbates the transpiration rate, biological membrane deterioration,
and cells’ function perturbation [66]. Damage to the phospholipid membrane structure
due to oxidation is mainly induced by drought and salt stresses. Hydrogen peroxide and
Malondialdehyde contents are the biochemical parameters usually used to determine the
cellular damage within the organism’s tissues [3]. Oxidative stress in living organisms
is dictated by the level of MDA and ROS contents accumulated at a particular time [14].
ROS production is often promoted by reducing the usage of absorption light energy caused
by Calvin cycle enzyme inhibition under abiotic stress conditions. [67]. The GhSAMS2
knockdown in VIGS plants incapacitated the scavenging ability of excess ROS, resulting in
acute oxidative stress and high H2O2 and MDA accumulation. The VIGS-GhSAMS2 plants
showed deficiency in terms of CAT and POD activities compared to the control plants,
supporting the deterioration of enzymatic oxidation defense systems [68]. These results
demonstrate that GhSAMS2 (Gh_A08G1067) is a promising gene for enhancing upland
cotton and other crops’ tolerance to drought and salt stress through molecular breeding.
Moreover, they confirm the successful gene knockdown and effectiveness of the tobacco
virus rattle vector [3,32]. Further functional characterization of identified GhSAMSs via
subsequent knockout and overexpression coupled with transcriptomic and metabolomic
analyses is required to understand cotton plant stress response mechanisms better.

5. Conclusions

This study identified sixteen (16) SAMS genes in upland cotton and comprehensively
explored their chromosomal locations, gene structure, phylogenetic relationships, cis-acting
elements, conserved motifs, and expression under drought and salt stress conditions. We
found that GhSAMS genes might be primarily involved in the network’s regulation of
various environmental stresses. Particularly, GhSAMS2 was identified as a promising
candidate gene for the targeted improvement of upland cotton’s tolerance to multiple
abiotic stresses. The downregulation of GhSAMS2 expression via VIGS confirmed its
pivotal role in mediating the plant’s response to abiotic stress. Our findings provide
reference information for the in-depth investigation of GhSAMS genes’ functions and for
dissecting the complex molecular networks associated with abiotic stress tolerance in
cotton.
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