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ABSTRACT

Sorghum is not only an important bio-energy crop but also a vital raw material for brewing. Exogenous copper
affects the growth and metabolism of crops in specific ways. This study identified 8475 differentially expressed
genes (DEGs) by high-throughput transcriptome sequencing in the sorghum cultivar ‘Jinnuoliang 2’ after 24 h
of treatment with 10 mM CuSO4. Using GO analysis, 476 genes were functionally annotated, which were mainly
related to catabolism and biosynthetic processes. Additionally, 90 pathways were annotated by employing the
KEGG analysis. Among them, glutathione metabolism and peroxisome were induced, while photosynthesis,
photosynthesis-antenna protein, and carbon sequestration of photosynthetic organisms were inhibited. Of the
DEGs, 399 were identified to encode transcription factors belonging to 49 families. This study also identified a
WRKY transcription factor-encoding gene SbWRKY24 from the transcriptome data. For studying its function,
the relative expression levels of SbWRKY24 in roots and leaves post-treatment with different growth hormones
and exposure to a variety of abiotic stresses were detected by RT-qPCR. SbWRKY24 showed treatment-and tis-
sue-specific expression patterns, indicating its unique role in stress tolerance. This study lays a theoretical basis for
the functional exploration of SbWRKY24, elucidating the mechanism of copper resistance, and elaborating on the
stress responses in sorghum. It also guides the exploration of the molecular mechanism of copper ions inducing
intracellular signal transduction pathways.

KEYWORDS

Sorghum; copper stress; transcriptome; transcription factor; SbWRKY24

1 Introduction

Sorghum bicolor is a monocot grass that serves as a grain and feed crop and is a critical brewing material
with high resistance. Sorghum is affected by heavy metals [1], cold-induced injury, high salt, and pathogens,
leading to a decline in its productivity. Nowadays, the soils of cultivated lands in China are massively
polluted with copper, primarily due to the exploitation of copper mines and the use of insecticides. This
pollution causes high biological toxicity, persistence, irreversibility, and hysteresis [2]. Copper plays a
concentration-dependent role in plant growth and metabolism. Trace amounts of copper can promote the
photosynthesis, respiration, growth, and development of flower organs, along with metabolism [3]. On
the contrary, excessive copper can threaten plants, reduce their growth and quality, induce many
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symptoms, such as dwarfism, chlorosis of leaves, reduction in photosynthetic rates, destruction of cell
membranes, and promote the production and accumulation of reactive oxygen species (ROS) in cells,
which are harmful to plant growth [4–7]. Excessive copper may also demonstrate some effects on human
health through enrichment in the food chain. Cu stress has made great progress in the research of seed
germination, plant growth and development, as well as substance metabolism and detoxification [8].
However, there are few studies on multi-omics such as binding transcriptomes, metabolomics, and
proteomics. Additionally, research on molecular regulation network technical mechanisms is lacking, such
as the resistance mechanism of plants in response to copper stress and the transport and absorption of Cu
ions, which should be discussed in combination with multi-omics [9], thereby revealing the mechanism
of copper resistance of plants. So far, sorghum’s response to Cu stress at the transcriptome level has not
been reported.

Transcriptome sequencing (RNA-seq) has been extensively applied in plant stress resistance research for
the mining of genes and their functional identification. Some copper-tolerant plants, such as fengdan, grapes,
wheat, and Dactylus canadensis, have been screened by RNA-seq, and their physiological and biochemical
aspects have been studied. By analyzing the differentially expressed genes (DEGs) in plants under copper
stress, a large number of genes and their related metabolic pathways were screened, which provided a
reference for mining copper tolerance-related genes. Thus, it can provide a theoretical basis for screening
copper-tolerant plants and breeding copper-tolerant varieties. Research on resistance genes is conducive
to agricultural development [10].

Transcription factors play a crucial inducing or inhibiting role in the entire process of plant growth and
development. WRKY transcription factors possess two WRKY domains that bind to DNA and are involved
in the growth and development, metabolism, senescence, and defense of plant. SPFI was the first WRKY
transcription factor isolated from sweet potato (Dioscorea esculenta) [11]. Subsequently, a growing
number of WRKY transcription factors have been identified in species such as numbering 72 in
Arabidopsis thaliana [12].

WRKY transcription factors can enhance the resistance to excessive heavy metal stress by regulating
their chelation [13]. In rice, OsFRDL4, which encodes a citrate transporter, is regulated by the aluminum
(Al) resistance transcription factor 1 (ART1), while OsWRKY22 can promote the expression of OsFRDL4
induced by Al [14]. In tomato (Solanum lycopersicum), SlWRKY6 was induced under CdCl2, CuCl2, and
HgSO4 stress, improving the resistance to them [15]. TaWRKY74 in wheat regulates the expression of
glutathione S-transferase1 (TaGST1) and affects the accumulation of glutathione (GSH) under Cu stress,
which may contribute to the tolerance against copper toxicity [16]. The expression of NnWRKY22 in
lotus was induced under copper stress, suggesting that it may be involved in stress resistance [17].
Numerous studies have revealed that the WRKY family is involved in responses to biotic and abiotic
stresses in plants [18,19]. SbWRKY30 plays a positive regulatory role under drought stress [20]. The
CaMV35S-BcWRKY46 expressing tobacco plants revealed a reduced sensitivity to salt and ABA
stress [21].

WRKY24 protein has been reported in plants such as rice (Oryza sativa), wheat (Triticum aestivum),
kiwifruit (Actinidia chinensis), banana (Musa acuminata), and tomatoes (Solanum lycopersicum).
However, WRKY24 protein has not been reported in sorghum [22–26]. Additionally, there is no report
on the current research status of WRKY24 in heavy metal stress. This study employed the Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses to analyze
the DEGs in sorghum after copper stress through RNA-seq. Simultaneously, SbWRKY24 was screened
and cloned, and quantitative real-time PCR (RT-qPCR) was performed to investigate its expression
characteristics by detecting its relative expression levels in roots and leaves after exposure to different
growth hormones and abiotic stresses. These analyses provide a theoretical basis for further functional
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study of the SbWRKY24 protein, the molecular mechanism of its regulation under stress, and its role in
responses to copper stress. They also assist in the mining of candidate copper-tolerance-related genes in
sorghum, which are used for breeding varieties that are copper-tolerant but not copper-enriched.

2 Materials and Methods

2.1 Plant Material
The sorghum variety ‘Jinnuoliang 2’ was selected as the experimental material. The non-damaged and

large-sized sorghum seeds were selected. They were soaked in NaClO solution (available chlorine 4%) for
15 min and then washed with distilled water. They were sown at a depth of 1 cm in nursery trays filled with
nutrient soil covered with a plastic film after applying sufficient water. The film was later removed, allowing
the seedlings to grow. Seedlings with the same growth status at the one leaf and one heart stage were selected
and treated with 0, 0.4, 2, 10, and 50 mM CuSO4 for 24 h. Each treatment was performed in three biological
replicates. The tissue samples of the seedlings treated with 0 and 10 mM CuSO4 were flash-frozen in liquid
N2 (the whole plant).

2.2 Sample Testing
RNA extraction and transcriptomics of the samples were conducted at the Wuhan Kang Testing

Technology Co., Ltd. (Wuhan, China). The original image data were obtained from the Illumina® Hiseq™

2500 sequencing. The software fastp (version 23.0) was used to remove the linker sequences, low-quality
reads (base ratio <Q20 was >0.08), high-N-rate sequences (reads with > five N bases), and short-length
sequences to obtain clean reads and maintain the quality of the subsequent analysis.

2.3 Reference Sequence Alignment and Enrichment Analysis
The complete transcript information was obtained by aligning the clean data with the reference genome

(NCBIv3) [27]. The RPKM value was used as the index of gene expression, and |logFC| > 1 and P-value <
0.05 were used as the criteria for screening the DEGs. Thus, the functional annotation and classification of
the protein was achieved.

2.4 RT-qPCR Validation
Using sorghum PP2A as an internal reference, seven DEGs were randomly selected and identified by

RT-qPCR. The melting curve was applied to verify the specificity of the product. The relative gene
expression was calculated using the 2−DDCT method (Table 1).

Table 1: RT-qPCR genes and primers

Gene (ID) Forward primer (5′-3′) Reverse primer (5′-3′)

LOC8082339 GTTGGATGTAAGCGATGCCG TCGTCTTCTAGTGTCGCAGG

LOC8074454 AGTCCCCTAATCCGAGGAGC GGGCAGCCTCAAGTAGTAGT

LOC8065916 CTCCAAGGCGCTAAGGTAGG ATAGCTCCTCACCGAGCCTC

LOC8077113 ATCCACTCCCGGGCCTTTA TTTCCCGGCAGTCATAGAGA

LOC8085397 GGTCCGCCACTCAAGAGAAG GTGGGCTCCGAGATGATGGC

LOC8081225 TCTTGCAGAAAGGGCACGAC GTAGGTCAGCAACGTTACGG

LOC8055257 TTCGACAGACTGGGAGGTTT CAACCACTTCACGAAACCGT

PP2A AACCCGCAAAACCCCAGACTA CAAGGTACTCGGGCTGGACAT
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2.5 Screening of SbWRKY24
SbWRKY24, which was repressed by copper stress, was identified from the RNA-seq data, and its

sequence was obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/gene/8085397, accessed
on 21/04/2024).

2.6 Expression Analysis of SbWRKY24 under Different Treatments
The seedlings were cultured in Hoagland’s nutrient solution until the three-leaf stage and then subjected

to varying treatments under the same growth conditions. Salt and drought stresses were simulated using
100 mM NaCl, 20% PEG-6000 (polyethylene glycol), 100 μM abscisic acid (ABA), 100 μM l-
aminocyclopropane-l-carboxylic acid (ACC), 100 μM gibberellic acid (GA), and 100 μM jasmonic acid
(JA). Each treatment group was set in three biological replicates. Root and leaf samples were collected at
0, 1, 12, 24, 48, and 72 h and were flash-frozen in liquid N2.

The total RNA from the root and leaf tissue samples was extracted separately and then reverse-
transcribed using the same kits mentioned in Section 2.4. Each reaction was set in three biological
replicates, and fusion curves were used to verify the specificity of the products. The results were plotted
using GraphPad Prism 6.0 (https://www.graphpad.com, accessed on 21/04/2024). SPSS software was
used for the one-way analysis of variance (Table 2).

2.7 Structure Prediction of the SbWRKY24 Protein
The isoelectric point (pI), molecular weight (MW), and amino acid composition of the SbWRKY24

protein were determined by the ProtParam program, and its hydrophilicity was determined by the
ProtScale program. The transmembrane region, protein domain, secondary structure, and tertiary structure
were predicted by the DeepTMHMM program, NCBI, SPOMA, and SWISS-MODEL, respectively.

2.8 Subcellular Localization of the SbWRKY24 Protein
The subcellular localization of the SbWRKY24 protein was predicted in silico by the PSORT program

and verified in vivo by fusion with green fluorescent protein. The full-length CDS fragments of
SbWRKY24 (without the stop codon TAG) containing two restriction endonuclease sites, KpnI and
BamHI, were subjected to PCR amplification using sorghum cDNA as a template. After double
restriction endonuclease digestion, the fragments were cloned into the pCAMBIA1301-GFP vector and
sequenced at BGI. The constructed vectors, pCAMBIA1301-SbWRKY24-GFP and pCAMBIA1301-GFP,
were used to transform the Agrobacterium tumefaciens EHA105 cells. The PCR-positive colonies were
cultured in the dark at 28°C and 200 rpm till the OD600 was ~1.0. Then, the culture medium was
centrifuged, and the pellet was resuspended and used to infect the lower epidermal cells of onions. These
cells were cultured on a solid MS medium for two days. Then, the expression of the target protein in the
cells was observed by transmission light and green fluorescence under a fluorescence microscope.

Table 2: Primer sequences

Primer name Forward primer (5′-3′) Reverse primer (5′-3′)

SbWRKY24 AAGCACCCGAGGCTCTACTA CCTACGGTTGTTGTTGCCTC

qRT-SbWRKY24 GGTCCGCCACTCAAGAGAAG GTGGGCTCCGAGATGATGGC

PP2A AACCCGCAAAACCCCAGACTA CAAGGTACTCGGGCTGGACAT
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2.9 Transcription Activation Ability of the SbWRKY24 Protein
Full-length CDS fragments containing EcoRI and BamHI sites were subjected to PCR amplification

using sorghum cDNA as a template and SbWRKY24 primers. After digestion, the CDS fragments were
cloned into the pGBKT7 vector and sequenced at BGI. The CDS cloned and empty (control) vectors
were used to transform cells of the yeast strain Y2HGold. Their growth phenotype and the intensity of the
blue color were observed on media containing tryptophan (Trp) or X-α-Gal (a chromogenic substrate of
α-galactosidase) to verify the transcription activation ability of SbWRKY24.

3 Results

3.1 The Phenotype of Seedlings at Different Concentrations of CuSO4

Sorghum seedlings with similar growth were treated with 0, 0.4, 2, 10, and 50 mMCuSO4 for 24 h (each
treatment group was set in three biological replicates). Those exposed to 0.4 and 2 mM CuSO4 showed no
phenotypic changes. However, they wilted at 10 mM and withered at 50 mM CuSO4. The transcriptomes of
those treated with 0 and 10 mM CuSO4 were sequenced (Fig. 1) (the physiological data are shown in the
attached Table A1).

Figure 1: Phenotype of sorghum under different concentrations. (A) 0 mM; (B) 0.4 mM; (C) 2 mM; (D)
10 mM; (E) 50 mM
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3.2 Quality of Sequencing Data
The transcriptomes of seedlings treated with 10 (M_Cu10) and 0 mM CuSO4 (M_Cu0) were sequenced.

The clean reads obtained from M_Cu0_1, M_Cu0_2, and M_Cu0_3 (control groups) were 39,867,806,
37,471,048, and 38,101,974, respectively. The GC contents were 54.85%, 54.90%, and 54.92%,
respectively. The clean reads obtained from M_Cu10_1, M_Cu10_2, and M_Cu10_3 (treatment groups)
were 40,384,008, 37,595,418, and 40,019,868, respectively. The GC contents were 54.85%, 54.90%, and
54.93%, respectively, and the Q30 value was >94%. An alignment of the clean reads with the reference
genome indicated that the alignment rate of the control groups was >95%, and that of the treatment
groups was >94%. The proportion of non_unique Mapped Reads or Fragments between the control and
experimental groups was <3%. These results reflected the high quality of the transcriptome sequencing
data, which could be used for further analysis (Table 3).

3.3 The Distribution of Reads in the Different Regions of the Reference Genome
The reads were located in the CDS, intergenic, and intron regions of the reference genome. As sorghum

is a higher eukaryote, most of its mRNA is situated within the CDS region. The reads in this study were
predominantly distributed in the CDS region, indicating a successful capture that meets the requirements
of library construction (Fig. 2).

3.4 Gene Expression Analysis
The reference sequences of sorghum genes were obtained from the plant gene database, and the RPKM

(Reads per Kilobase per Million Reads) values were used as an index of gene expression. The RPKM value

Table 3: Dada assembly for transcriptome sequencing

Sample Clean reads Base mass ≥Q30 (%) GC content (%) Total mapped (%) Non-unique (%)

M_Cu0_1 39 ,867 ,806 94.86 54.85 34 ,240 ,881 (95.29) 2.09

M_Cu0_2 37 ,471 ,048 95.02 54.90 32 ,233 ,015 (95.35) 2.08

M_Cu0_3 38 ,101 ,974 95.14 54.92 32 ,742 ,488 (95.41) 2.12

M_Cu10_1 40 ,384 0,08 94.99 54.85 34 ,5097 ,38 (95.72) 2.16

M_Cu10_2 37 ,595 ,418 94.95 54.90 31 ,837 ,884 (94.60) 3.00

M_Cu10_3 40 ,019 ,868 95.11 54.93 34 ,022 ,768 (95.70) 2.17

Figure 2: Distribution of reads in different regions on the reference genome
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box and density curve distribution plots of the genes of each control and experimental group were generated
(Fig. 3). The total gene expression showed a few differences between both groups in the dispersion and
distribution, indicating that the expression of genes in sorghum varied under copper stress.

3.5 Screening and Clustering of DEGs
This study screened 8475 DEGs under copper stress, of which 3662 were upregulated and 4813 were

downregulated (Fig. 4A). Expression clustering was analyzed according to the RPKM values, with high-
expression genes represented in red and low-expression genes in blue. Additionally, different rows and
columns represent varying genes and treatment groups, respectively (Fig. 4B). The genes with similar
structure and function were classified into one group based on the differential gene cluster map,
indicating that they might play similar physiological roles in sorghum after copper stress.

3.6 GO Functional Enrichment of the DEGs
The biological significance of the 8475 DEGs was categorized based on the GO database. The

3662 upregulated DEGs were mainly enriched in 142 GO terms, of which 83 were involved in BP, 12 in
CC, and 47 in MF. The 83 GO terms in BP were mainly enriched in the catabolic process (GO:
0009056), cellular catabolic process (GO: 0044248), organic substance catabolic process (GO: 1901575),
organonitrogen compound catabolic process (GO: 1901565), lipid metabolic process (GO: 0006629),
monocarboxylic acid metabolic process (GO: 0032787), etc. GO terms in CC were mainly enriched in
membrane (GO: 0016020), membrane part (GO: 0044425), intrinsic component of membrane (GO:
0031224), and others. The MFs of acyltransferase were significantly different across the following
pathways: transferase activity, transferring acyl groups (GO: 0016746), cation transmembrane transporter
activity (GO: 0008324), transferase activity, transferring hexosyl groups (GO: 0016758), ion
transmembrane transporter activity (GO: 0015075), transporter activity (GO: 0005215), transmembrane
transporter activity (GO: 0022857), transferase activity, and glycosyl transferring groups (GO: 0016757)
(Fig. 5A).

Figure 3: RPKM value box diagram and density distribution diagram. (A) Box diagram of RPKM value.
(B) Distribution of RPKM value density
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Figure 4: Scatter plot of expression between comparison groups and clustering diagram of DEG. (A) Scatter
plot of expression between comparison groups. (B) Clustering diagram of DEGs

Figure 5: (Continued)
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The 4813 downregulated DEGs were mainly enriched in 334 GO terms, involving 167 BPs, 75 CCs, and
92 MFs. BP terms were primarily enriched in biosynthetic processes (GO: 0009058), organic substance
biosynthetic process (GO: 1901576), cellular biosynthetic process (GO: 0044249), gene expression (GO:
0010467), organonitrogen compound metabolic process (GO: 1901564), cellular nitrogen compound
biosynthetic process (GO: 0044271), macromolecule biosynthetic process (GO: 0009059), and cellular
macromolecule biosynthetic process (GO: 0034645), etc. The CC terms were mainly enriched in cell
(GO: 0005623), cell part (GO: 00446464), intracellular (GO (0005622), intracellular part (GO: 0044424),
intracellular organelle (GO: 0043229), organelle (GO: 0043226), and others. The MF terms were mainly
enriched in the pathways of structural molecule activity (GO: 0005198), structural constituent of
ribosome (GO: 0003735), RNA binding (GO: 0003723), oxidoreductase activity (GO: 0016491),
transition metal ion binding (GO: 0046914), zinc ion binding (GO: 0008270), transferase activity, and
transferring one-carbon groups (GO: 0016741) (Fig. 5B).

GO analysis showed that the DEGs activated were distributed primarily in the membrane, membrane
part, and membrane intrinsic component pathway. This observation indicated that the related membrane
constituents might be associated with the tolerance of sorghum to copper stress, with the membrane-
related genes playing an active role. For example, membrane transporters are stimulated by copper ions to
ferry them directly across the membrane to the various parts of the cell, or the transferases are activated,
thus maintaining ion balance. In this study, the activities of glycosyl, hexosyl, and acyl transferases,
transmembrane ion transporters, and transmembrane cationic transporters were also elevated, which may
be involved in the membrane-related detoxification functions.

Figure 5: GO functional enrichment of the DEGs. (A) GO annotation classification statistics of upregulated
DEGs. (B) GO enrichment map of downregulated DEGs
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3.7 KEGG Pathway Enrichment of the DEGs
The results of the KEGG pathway enrichment of the DEGs are shown in Fig. 6. A total of

54 significantly enriched pathway annotations (p < 0.05) were obtained for the upregulated DEGs. The
top 20 most significantly enriched pathways were metabolic pathways (sbi01100), biosynthesis of
secondary metabolites (sbi01110); valine, leucine, and isoleucine degradation (sbi00280); propanoate
metabolism (sbi00640), glutathione metabolism (sbi00480), fatty acid degradation (sbi00071), carbon
metabolism (sbi01200), phenylpropanoid biosynthesis (sbi00940), glycerophospholipid metabolism
(sbi00564), pyruvate metabolism (sbi00620), autophagy-other (sbi04136), galactose metabolism
(sbi00052), and peroxisome (sbi04146) (Fig. 6A).

The downregulated DEGs were annotated by 36 KEGG pathways. They included ribosome (sbi03010),
biosynthesis of secondary metabolites (sbi01110), ribosome biogenesis in eukaryotes (sbi03008), metabolic
pathways (sbi01100), photosynthesis (sbi00195), photosynthesis-antenna proteins (sbi00196), aminoacyl-
tRNA biosynthesis (sbi00970), DNA replication (sbi03030), porphyrin and chlorophyll metabolism
(sbi00860), pentose phosphate pathway (sbi00030), ubiquinone and other terpenoid-quinone biosynthesis
(sbi00130), biosynthesis of amino acids (sbi01230), and carbon fixation in photosynthetic
organisms (sbi00710) (Fig. 6B).

KEGG analysis also showed that the GSH metabolic pathway was activated, which played a role in
detoxification. GSH acts as an antioxidant, is involved in plant defense against adversity, and scavenges
the ROS to reduce damage. Under heavy metal stress, glutathione peroxidase (GSH-Px) and glutathione-
S-transferases (GSTs) in plant cells catalyze the binding of GSH to the metal ions, thereby reducing or
eliminating their toxicity. Phytochelatins (PCs) are sulfhydryl-containing polypeptides synthesized using
GSH as a substrate and catalyzed by PC synthetase. PCs have a high affinity to heavy metal ions and
chelate them, forming a heavy metal-PC complex with minimal or no toxicity to plants, thereby
preventing damage to the critical enzymes involved in cell metabolism. Copper is also one of the
inducers of PC production; glutathione reductase (GR) activity and the mitochondrial content of tolerant

Figure 6: KEGG pathway enrichment of the DEGs. (A) KEGG metabolic pathway diagram of upregulated
DEGs. (B) KEGG metabolic pathway diagram of downregulated DEGs
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plants are markedly enhanced under copper stress [28]. Plants, upon exposure to heavy metals, activate
antioxidant mechanisms, such as the activities of peroxidase (POD), GR, and mitochondrial GR and the
levels of mitochondrial glutathione (mGSH) to remove excessive ROS. Under physiological conditions,
glutathione mainly occurs in plants in the reduced (GSH) and oxidized (GSSG) forms [29]. GSH can
directly lessen the ROS to form GSSG. GSSG can be reduced to GSH by GR to decrease the toxic effect
of copper and maintain their life activities [28].

3.8 Validation of the Transcriptome Sequencing Results by RT-qPCR
Seven of the DEGs, including LOC8085397, LOC8077113, LOC8082339, LOC8055257,

LOC8074454, LOC8065916, and LOC8081225, were randomly selected, and sorghum PP2A was used as
an internal reference for RT-qPCR validation. The changes in the relative expression levels of the seven
DEGs in sorghum under copper stress were consistent with the RNA-seq results, indicating the high
reliability of the transcriptome data (Fig. 7).

3.9 Screening of SbWRKY24 in Sorghum under Copper Stress
The RNA-seq data revealed 30 DEGs belonging to the WRKY gene family, 26 of which were

upregulated and four were downregulated. Among the latter, the expression of SbWRKY24 was inhibited
by copper stress and was downregulated the most, suggesting that it might be involved in the regulation
of the response to copper stress in sorghum (Table 4). SbWRKY24 (gene ID: LOC8085397) belongs to
Class II of the WRKY family, which is located on chromosome 3 of the sorghum genome. GO functional
and KEGG pathway enrichment analyses revealed that SbWRKY24 was enriched in CC and related to
intracellular organelle (GO: 0043229), organelle (GO: 0043226), intracellular membrane-bounded
organelle (GO: 0043231), and membrane-bounded organelle (GO: 0043227).

Figure 7: Transcriptome sequencing results were verified by RT-qPCR. *, ** and *** indicate significant
differences at p < 0.05, p < 0.01 and p < 0.001, respectively

Table 4: RNA-seq data information of the SbWRKY24 gene

Gene name Gene ID Log2FC Swiss protein annotation

SbWRKY24 LOC8085397 -2.000 428 6 WRKY DNA-binding domain
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3.10 Analysis of the Tissue-Specific Expression of SbWRKY24 under Different Treatments
To explore the putative functions of SbWRKY24, its relative expression levels in roots and leaves under

treatment with different growth hormones and exposure to multiple abiotic stresses were detected by RT-
qPCR (Fig. 8). The results indicated that SbWRKY24 responded to various treatments in certain trends.
The expression of SbWRKY24 induced by ABA or NaCl was the highest at 12 h. However, the degree of
induction was lower than that by ABA or 20% PEG-6000, stimulating drought. SbWRKY24 was more
remarkably induced in the roots than in the leaves at 12 and 48 h, which improved the tolerance to the
drought-like conditions induced by 20% PEG-6000; SbWRKY24 was the most abundant at 24 h.
SbWRKY24 was also activated to varying degrees by JA but not by GA. SbWRKY24 was involved in a
variety of physiological processes in plants.

3.11 Structure Prediction of the SbWRKY24 Protein
The open reading frame of SbWRKY24 was 834 bp long, encoding a 29.64 kD protein of 277 amino

acids long. The number of negatively charged residues (Asp and Glu) and positively charged residues
(Arg and Lys) was 30 and 24, respectively. The predicted instability coefficient was 48.82, indicating
instability. The average hydrophilicity was −0.490, indicating that it was a hydrophilic protein. The
highest numerical hydrophobicity (1.933) was observed at residue 12, and the lowest value indicating the
highest hydrophilicity (−2.556) was located at residue 155. The protein lacked a transmembrane region,
and the conserved DNA binding domain was at positions 116–173. The secondary structure prediction
revealed the proportions of α-helices, extended chains, β-folds, and irregular coils to be 34.3%, 10.11%,
4.69%, and 50.9%, respectively. The predicted tertiary structure contained β-folds and irregular coils.

3.12 SbWRKY24 Is Localized to the Nucleus and Has Transcription Activation Ability
After being predicted by TargetP, the SbWRKY24 protein was located in the nucleus. The results of in

vivo subcellular localization detected the fluorescence signal of the fusion protein SbWRKY24-GFP only in

Figure 8: Relative expression of the SbWRKY24 gene under different treatments. (A) 100 mM NaCl. (B)
20% PEG-6000. (C) 100 µM ABA. (D) 100 µM ACC. (E) 100 mM GA. (F) 100 µM JA
Note: *, ** and *** indicate significant differences at p < 0.05, p < 0.01 and p < 0.001, respectively
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the nucleus, whereas that of GFP appeared in the plasma membrane, cytoplasm, and nucleus. These results
confirmed that SbWRKY24 was confined to the nucleus (Fig. 9).

The yeast cells transformed with the pGBKT7-SbWRKY24 or pGBKT7 empty vectors grew well on the
SD/-Trp medium. However, those transduced with pGBKT7-SbWRKY24 showed blue clones on the X-α-
Gal-containing medium (Fig. 10). Based on yeast growth and color formation, SbWRKY24 was confirmed to
possess transcription activation ability.

3.13 Protein Sequence Alignment and Phylogenetic Tree Construction
The amino acid sequences of sorghum were aligned in silico by employing the BLAST program.

Multiple sequence alignment was performed based on the WRKY amino acid sequences from 16 species
with high sequence similarity to SbWRKY24, and a phylogenetic tree was constructed (Fig. 11). The

Figure 9: Subcellular localization of SbWRKY24 and GFP fusion protein in onion. Left: Morphology of
onion epidermal cells in the light field. Right: GFP fluorescence image in the dark field
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phylogenetic tree revealed that sorghum, maize, millet, and switchgrass were clustered in the same branch,
with sorghum and maize being the closest relatives.

Figure 10: Transcriptional activation activity analysis of SbWRKY24

Figure 11: Phylogenetic tree of SbWRKY24 protein and other plant WRKY proteins
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4 Discussion

Cu2+, involved in the photosynthetic and respiratory electron transport in plants, is a significant
constituent of chloroplastic cyanin and an activator of certain enzymes during chloroplast formation. In
this study, GO enrichment analysis revealed that although chloroplasts were inhibited, the photosynthesis
rate increased proportionally with the concentration of Cu2+. KEGG enrichment analysis showed that
photosynthesis, photosynthesis-antenna protein, and carbon sequestration in photosynthetic organisms
were also inhibited. These results indicated that excessive copper accumulation and copper pollution
inhibited chloroplast synthesis and affected photosynthesis in a concentration-dependent manner. High
levels of copper ions inactivated the chlorophyll-associated proteins, altered the ultrastructure of
chloroplast, destroyed the structure and inhibited the function of the thylakoid cavity, reduced
photosynthetic efficiency, and affected the accumulation of nutrients, thereby producing toxic effects.

Ribosomes are the major sites of protein synthesis. The expression of ribosomal RNA genes is
influenced by the environment and is involved in the regulation of stress response, thus playing a crucial
role in cell development and metabolism. In this study, KEGG enrichment analysis showed that the
expression of ribosomes in sorghum was inhibited in response to copper stress, which was consistent
with previous findings [30]. Most ribosomes were continuously downregulated during cell differentiation,
with some initially downregulated and then upregulated. Most plants enhance the expression of ribosome-
related genes in response to copper stress [31].

Autophagy is an intracellular self-degradation pathway involved in abiotic stress response in plants [32].
Copper stress induced 35 autophagy-related genes in grapes [33]. Many organelles in plant cells, including
peroxisomes, mitochondria, endoplasmic reticulum, and ribosomes, have specific autophagic properties.
KEGG analysis showed an activation of the autophagy and peroxisome-related pathways, which was
consistent with previous studies.

TheWRKY transcription factor family plays an essential regulatory role in vascular plants. It is involved
not only in plant development and metabolism but also in the response of plants to stresses, such as drought,
salt, high and low temperatures, diseases, insect pests, and others [34]. OsWRKY8 and ten other genes were
induced under high or low temperatures and PEG-induced stress. OsWRKY45 enhanced the resistance of
Arabidopsis plants to salt, drought, and diseases [35,36]. The SbWRKY24 gene identified in this study
belonged to Class II of the WRKY family and was located on chromosome 3 of the sorghum genome.
The encoded transcription factor possessed one WRKYGQK domain and a C2H2-type zinc finger.
Alignment of multiple protein sequences and phylogenetic tree construction indicated that the closest
relationship was between sorghum and maize at 82%. SbWRKY24 was characterized as an unstable
hydrophilic protein, which was similar to the lotus NnWRKY24 and tomato SlWRKY6. Most WRKY
transcription factors are positively regulated in response to stress. However, in this study, SbWRKY24 was
repressed by copper stress, which was similar to the repression of WRKY46 by Al in Arabidopsis. The
expression of ALMT1, which encodes a malate efflux transporter, was induced by Al stress, suggesting
that WRKY46 can regulate its expression and thereby improve Al tolerance [37]. Tobacco plants
overexpressing DgWRKY3 suggest that DgWRKY3 plays a positive regulatory role in the tolerance of
plants to salt stress [38]. The expression level of OsWRKY11 was elevated in response to heat and
drought stress. In rice plants, the overexpression of the OsWRKY11 cDNA fused with the promoter of the
rice HSP101, the leaves wilted slowly, the surviving green fraction was damaged less, and the resistance
to heat and drought was enhanced [39]. Overexpression of Tawrky10 in tobacco enhanced the tolerance
to drought and salt stress due to higher proline and soluble sugar contents but lower MDA and ROS
levels [40]. In this study, the expression of SbWRKY24 was induced under NaCl and simulated drought
stress, suggesting that it may be involved in the response to these stresses in sorghum, consistent with
SbHDT701 was up-regulated under drought (d-mannitol) and salt (NaCl) stresses [41]. Additionally,
SbWRKY24 expression was induced by ABA, and the 35S::OsWRKY45 transgenic Arabidopsis plants
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were less sensitive to ABA. This result may be partially attributed to the closure of stomata during drought
due to the induction of stress-related genes. NaCl, 20% PEG-6000, ABA, ACC, and JA could induce the
expression of SbWRKY24 in roots and leaves to a limited extent but varying levels. This observation
indicated the tissue specificity of SbWRKY24, due to which it can respond to varying stresses through
selective expression in different parts of the plant.

5 Conclusions

So far, progress has been made in understanding the response mechanisms of plants to copper stress and
in the breeding of resistant varieties. However, this progress has some limitations, as the functions of genes
have not been studied comprehensively. This study provides a theoretical basis for further exploring the role
of SbWRKY24 in the response and resistance to copper stress in sorghum. The response of sorghum to copper
stress is a complex biological process that involves the regulation and co-expression of multiple stress-related
genes and requires a balance in the complex gene network.
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Appendix A

Table A1: Physiological data for result 3.1 (mean ± SE, n = 3)

Items Height (cm) Leaf (cm) Fresh weight (g)

CK 11.04 ± 1.12a 17.75 ± 2.34ab 0.43 ± 0.03b

Cu_0.4 15.04 ± 1.04c 18.31 ± 1.95a 0.46 ± 0.01bc

Cu_2 15.93 ± 2.05bc 18.84 ± 1.49a 0.42 ± 0.04a

Cu_10 14.02 ± 0.53ab 16.57 ± 0.59a 0.43 ± 0.03c

Cu_50 14.15 ± 1.24b 17.27 ± 2.30b 0.40 ± 0.01c
Note: Different small letters in the same column indicate significant difference at p < 0.05 level.
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