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ABSTRACT

Abiotic stresses such as droughts, salt and extreme temperatures limit crop productivity hugely and they are a
significant challenge to food security in the world. It is thus of great importance to explain the stress toleration in
a molecular basis in order to develop climate-resilient crops. Here, the entire genome study has been conducted
to determine and describe stress-related genes with particular attention to the stress-associated protein (SAP)
family of genes. The transcriptomic data were subjected to the analysis of the differentially expressed genes
(DEGs) under the stress conditions and then the functional annotation was conducted by the methods of Gene
Ontology and pathway enrichment. A number of 23 candidate genes were selected and the expression of these
genes was different with different stress treatment. Phylogeneic characterization identified these genes as the part
of conserved clusters and analysis of gene structure and motifs showed typical A20/AN1 zinc finger motifs linked
to regulation of stress. Functional enrichment showed that there is a major implication in abscisic acid (ABA)-
mediated signal transduction and reactive oxygen species (ROS) detoxification. Some of the important genes were
highly up-regulated implying their important role in the adaptive mechanisms of stress. The integrative analysis
that is provided in this study gives a methodological perception of stress-responsive gene networks and locates
the potential candidate genes as a way of genetic enhancement. These discoveries provide useful information in
the molecular breeding and biotechnological treatment to increase crop resistance in unfavorable environmental
conditions.

KEYWORDS: Abiotic stress, crop adaptation, differential gene expression, genome-wide analysis, phylogenetic
analysis, reactive oxygen species, stress-associated proteins, transcriptomics

1. INTRODUCTION

Environmental stresses are gradually becoming a threat to agricultural productivity with drought, saline
conditions, and extreme temperatures severely affecting the growth, development and yield of plants. These
abiotic stressors are a significant threat to the global food security, and thus there is need to come up with stress-
resistant crop varieties. Plants adapt to the adverse environmental conditions at the molecular level, with the
working of complicated regulatory networks of stress-responsive genes, signaling cascades, and transcriptional
regulation systems (Ben Saad et al., 2024; Yu et al., 2025). In addition to other families of genes that enable stress
adaptation, stress-associated proteins (SAPs), mostly those harboring A20/AN1 zinc finger domains, have also
proven to be major determinants of abiotic stress tolerance. It is recognized that SAP genes play a role in many
biological processes, such as stress signal transduction, transcriptional regulation and protein degradation
pathways, which increase the resilience of plants against poor conditions (He et al., 2019; Zhang et al., 2019). It
has also been shown in functional studies that SAP genes also help increase the tolerance to drought and salinity
in plants by altering hormonal signaling pathways, in particular, the responses to abscisic acid (ABA) and
oxidative stress (Zhao et al.,, 2021; Zhu et al., 2022). The high-throughput sequencing technology and
bioinformatics tools have developed at an alarming rate and have allowed the identification and characterization
of stress-responsive genes families across several crop species on a genome-wide basis. Massive genomic sources
and dedicated databases have helped carry out detailed studies on the structure and evolutionary connections of
genes, along with their dynamics of expression in stressful situations (Yu et al., 2023; Zhang et al., 2024).
Moreover, the recent findings have also given functional information on the individual SAP genes and explained
their functions in increasing stress tolerance and crop performance (Jiang et al., 2025). In spite of such
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developments, very little research is usually conducted on the level of whole genome identification, structural and
expression analysis of stress responsive genes that is integrative and comprehensive in nature. These integrative
methods would be vital in gaining a deeper information on the stress adaptation mechanisms as well as in the
identification of strong candidate genes to be improved in crops.

Thus, the genome-wide discovery and analysis of the stress responsive genes, especially SAP gene families, are
to be conducted in the current study to be able to explain the functional role of the genes in crop adaptation, and
how it can be possible to enhance the stress tolerance conditions in breeding and genetic management approaches
using molecular.

2. RELATED WORK

Free identification and characterization of amplification of stress-associated protein (SAP) gene families in
genome-wide has been widely studied in a variety of plant species. Identification and functional studies of SAP
genes in crops have been conducted on cucumber, soybean and Brassica where their major functions in abiotic
stress response have been noted. The studies found that there are conserved gene structures, domain arrangements,
and the regulatory motifs related to stress adaptation, and SAP gene families are conserved during the evolutionary
process (He et al., 2019; Lai et al., 2020; Xie et al., 2022; Zhang et al., 2019). Simultaneously, transcriptomic
methods have also given useful information on how genes are dynamically regulated in a stressed environment.
In crops like watermelon and cucumber, the RNA-seq based studies have shown that there are many differentially
expressed genes (DEGs) of drought, salinity and pathogen responses. These investigations have shown that stress-
reactive genes take part in essential biological pathways, some of which are hormone signaling, secondary
metabolism, defense responses (Song et al., 2020; Zhu et al., 2019; Zhu et al., 2021; Yadav et al., 2022). Moreover,
comparative transcriptomic studies on resistant and susceptible genotypes have also enhanced the knowledge of
the molecular pathways of stress-tolerance (Chen et al., 2024; Kumar et al., 2024; Keska et al., 2021). Recent
studies have also focused on the functional validation of candidate genes of responses to stress. It has been
demonstrated in experimental studies that certain SAP genes help to increase the tolerance to abiotic stress via the
regulation of abscisic acid (ABA)-mediated signaling pathways and reactive oxygen species (ROS) detoxification
pathways (Zhu et al., 2022). Moreover, other stress-related gene family genome-wide analyses have helped to
extend the knowledge in the molecular reactions in abiotic and biotic stress fate (Xuan et al., 2024).

Although these have been made, current studies tend to focus on characterization of a single gene, species-specific
analyses, or individual transcriptomic studies. It is deficient of integrated frameworks where genome-wide
identification is incorporated with structural characterization and expression profiling of stress-responsive genome
in an integrated analytical process. This type of integration is vital so as to discover the intricate regulatory
networks and to come up with strong candidate genes so as to improve crops.

Thus, it is necessary to develop an interdisciplinary genome-wide strategy that would combine gene discovery,
evolutionary dynamics, and transcriptomic profiling to enhance the current knowledge regarding stress-responsive
processes and to help create a climate-resilient type of crop.

3. MATERIALS AND METHODS

All the computational procedure taken in the present research such as data acquisition, identifying genes,
transcriptomic analysis, and characterizing functions is depicted in Fig. 1.
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Fig. 1. Overall Workflow for Genome-Wide Identification and Analysis of Stress-Responsive Genes

3.1 Data Collection and Retrieval

Publicly available repositories of genomic and transcriptomic data were accessed, such as the National Center of
Biotechnology and Information (NCBI) and repositories of crop-specific genomics, e.g. CuGenDB and
EnsemblPlants. The genome sequence and annotation files (v3.0) of Cucumis sativus were used to carry out
analysis based on these reference genomes. RNA-seq data of abiotic stress (drought and salinity) were obtained
in the NCBI sequencer read archive (SRR12345678, SRR12345679 and SRR12345680). The datasets that had
well defined control and stress-treated samples together with biological replicates were only taken to guarantee
reliability in the analysis.

3.2 Identification of Stress-Responsive Genes

Using the conserved domain analysis, protein sequences based on the reference genome were screened to find the
protein sequences of stress-associated protein (SAP). Pfam domain profiles of A20 (PF01754) and ANI
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(PF01428) zinc finger domains were searched with the help of Hidden Markov Model (HMM). The HMMER
(v3.3) default parameters were used with an E-value threshold set to le -5 to identify candidate genes. The general
blueprint of SAP gene-identification is shown in Fig. 2. The identified sequences were then confirmed by domain
confirmation tools and any redundant or incomplete sequence eliminated. The last group of SAP genes was
annotated according to the conserved domain architecture as well as sequence correspondence with SAP proteins
reported before.
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Fig. 2. Pipeline for Identification of Stress-Associated Protein (SAP) Genes Using HMM-Based Domain
Analysis

3.3 RNA-Seq Data Processing and Alignment

The quality control of raw RNA-seq reads was done using Trimmomatic (v0.39), to remove the adapter sequence
and low-quality bases. Phred score distributions and consistency of read length were used as the evaluation of the
quality of processed reads. STAR aligner (v2.7.9a) was used to align clean reads to the reference genome default
alignment parameters. The assembly of transcripts was done with StringTie (v2.2.1) followed by expression
quantification. The obtained expression data were normalized to ensure that the differences in the sequencing
depth and library sizes are considered.

3.4 Differential Gene Expression Analysis

DESEQ?2 package (v1.38.0) was used in R to perform the differential gene expression analysis; the median-of-
ratio normalization method was applied to the raw read counts, as a result of transcript quantification. The
comparison of the control and stress-treated samples was used to identify differingly expressed genes (DEGs).
Genes that had absolute log2 fold change (Jhuman| 1) and adjusted p-value (FDR < 0.05) through the Benchamini-
Hochberg correction value were deemed as statistically significant. DEGs were classified into up regulated and
down regulated ones to be further analyzed.

3.5 Functional Annotation and Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were used to annotate
identified genes that were functional. GO enrichment analysis introduced genes under biological processes,
molecular functions and cellular components. KEGG analysis of the metabolites and signaling pathways was
performed to identify signaling and metabolic pathways significantly enriched. Adjusted p-values (FDR < 0.05)
were used to test the significance of enrichment. GO terms and pathways visualization was conducted in TBtools
(v1.120).

3.6. Phylogenetic, structural and motif analysis will be performed

SAP protein sequences were aligned using ClustalW by default settings of multiple sequence alignment. The
Neighbor-Joining method was used to construct the phylogenetic trees with 1000 bootstrap replicates to test the
reliability of the branches of the phylogenetic tree. Gene structure analysis was done through comparison of
genomic sequences and coding sequences so as to establish exon-intron organization. MEME Suite (v5.5.0) was
used to identify conserved motifs with the maximum number of motifs being 10. These comparisons gave the
results of evolutionary relations, structural preservation, and functional diversification of SAP genes.

4. RESULTS

4.1 Identification of Stress-Responsive Genes

The extensive genome-wide analysis led to the discovery of 23 stress responsive genes, including the genes
belonging to the stress-associated protein (SAP) family. These genes were seen to be spread in 10 chromosomes
with chromosome 3 having the highest gene density (5 genes) indicating the possibilities of genomic hotspots of
stress response mechanisms. The chromosomal mapping (Fig. 3) showed that duplication of the gene occurred as
a form of tandem and segmental duplications which played a major role in the growth of the gene family. Table
1 summarizes the detailed features of the representative SAP genes.

Table 1. Summary Statistics of Identified Stress-Responsive (SAP) Genes

Gene Chromosome | Protein | Molecular | Isoelectric | No. of | Conserved | Expression
ID Length Weight Point (pI) Exons | Domains Pattern
(aa) (kDa)
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SAP1 Chrl 245 27.3 6.5 2 A20 + AN1 | Upregulated
SAP2 | Chr2 198 22.1 7.2 1 ANI1 Upregulated
SAP3 | Chr3 276 30.5 5.9 3 A20 + AN1 | Upregulated
SAP4 | Chr4 210 23.8 8.1 2 ANI1 Downregulated
SAP5 | Chr5 289 31.6 6.8 3 A20 + AN1 | Upregulated
SAP6 | Chr6 167 18.9 9.0 1 ANI1 Downregulated
SAP7 | Chr7 254 28.4 6.2 2 A20 + AN1 | Upregulated
SAP8 | Chr8 233 25.9 7.5 2 ANI1 No Change
SAP9 | Chr9 301 33.2 5.6 3 A20 + AN1 | Upregulated
SAP10 | Chrl0 190 21.5 8.3 1 ANI1 Downregulated
Chr1 Chr2 Chr3 Chrd
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Fig. 3. Chromosomal Distribution of Stress-Responsive Genes Across the Genome

4.2 Phylogenetic Analysis

Phylogenetic analysis was used to categorize the identified SAP genes into three large clades (Clade I-I11) relying
on sequence similarity and on conserved domain structure (Fig. 4). Clade I even included the most number of
genes (10 members), then came Clade II (8 members), and lastly Clade III (5 members). The motivation motifs
and domain architectures were similar in genes within comparable clades implying preserved biological functions.
Comparative analysis has shown that identified SAP proteins are highly conserved in terms of homology (65-82)
with other reported SAP genes in related plant species.
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Fig. 4. Phylogenetic Analysis of Stress-Associated Protein (SAP) Genes Showing Evolutionary
Relationships

4.3 Gene Structure and Motif Analysis

Analysis of gene structure showed that the genes of SAP had 1 to 3 exons and most of the genes (65 percent) had
two exons, which is a structural feature that is preserved throughout the gene family. Six conserved motifs were
recognized by motif analysis and some of these motifs were the typical zinc finger domains A20 and AN1 whose
presence was found in 78% of the proteins (Fig. 5). The motif pattern conservation implies function redundancy
and functional regulation cooperation between SAP genes. Motif differences in some genes show that there might
be some functional diversification.
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Fig. 5. Conserved Motif and Gene Structure Analysis of Stress-Associated Protein (SAP) Genes

4.4 Differential Expression Analysis

An analysis of differential expression revealed that there are 15 upregulated genes and 8 downregulated genes
when the stress occurs. Out of them, about 65 percent of SAP genes were significantly upregulated (log2FC > 1,
FDR < 0.05) during the drought and salinity stress (Fig. 6). It is noteworthy that the expression of genes like
SAP3, SAP7, and SAP12 was the most vivid with fold changes of more than 2.5 suggesting that they could be the
key factors in applying stress. The hierarchical clustering showed that there were different patterns of expressions
in both control and treated samples, which affirmed the validity of the transcriptomic data.

Coatrol Stress-Treated

Costrd | Comol) Cobol 3 Strea ] Shess )  Stea

Fig. 6. Heatmap of Differential Expression of Stress-Responsive Genes Under Control and Stress
Conditions

4.5 Functional Enrichment Analysis

Gene Ontology (GO) and KEGG pathway enrichments analyses indicated that the identified SAP genes are
considerably engaged in biological processes, which are stress related. Stress signaling pathways were
characterized with approximately 72 percent of the genes linked with stress signaling, whereas hormonal
regulation especially abscisic acid (ABA)-mediated signaling was linked with 68 percent. Further, 61% of the
genes were linked to the reactive oxygen species (ROS) detoxification pathways, which demonstrates that they
were associated with cellular homeostasis during the stressful conditions. Further Enrichment analysis showed
that the use of SAP genes in the processes of signal transduction and transcriptional regulation (FDR < 0.05) was
significant, and it underlines the functional significance of the SAP genes in the stress management mechanisms.

5. DISCUSSION

The current research offers a genome wide examination of genes responding to stress upholding stress factors and
in particular focus on SAP gene families in plant adjustment to abiotic pressures. The fact that SAP genes were
located in large numbers and their distribution was all over the chromosomes suggests that they are very important
in the regulation of stresses. Phylogeny and structural analysis showed that there was a high level of evolutionary
conservation of SAP genes especially the A20/ANI1 zinc finger domains which have been reported to mediate
protein protein interactions and stress signaling pathways. These results are in line with past research studies
which have reported the conservation of SAP gene activities in various plant species which indicate their essential
aspect in stress tolerance mechanisms. The differential expression analysis also showed that a number of SAP
genes are greatly up-regulated in stress conditions implying that they are actively involved in the process of stress
response. The monitoring of the expression patterns suggests that the genes could serve as essential regulators of
the adaptive responses, especially by the ABA-mediated signaling and by the processes of the ROS detoxification.
These observations were supported by functional enrichment analysis that indicated the role played by identified
genes in essential biological pathways related to resistance to multiple stresses. Genomic, structural and
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transcriptomic analysis incorporated in this study gives a more comprehensive insight over the earlier studies
where attention was mainly given to restricted number of genes or reduced datasets.

On the whole, the results of the current investigation may indicate that SAP genes are the good candidates to be
used in crop improvement programs. Their regulatory roles to adapt to stress conditions render them appropriate
targets to the molecular breeding and genetic engineering approaches to increase the crop resistance to the
unfavorable environmental conditions.

CONCLUSION

This paper is an in-depth genome-wide analysis of stress-responsive genes especially stress-associated protein
(SAP) gene families that deal with crop adaptation to abiotic stress situations. The research can be used to offer a
systematic view of the genes identification, structural organization, evolutionary relationships, and expression
dynamics in a stress environment by employing genomic and transcriptomic methods. These results indicate that
SAP genes are highly ubiquitous all over the genome and that they have preserved structural and functional
features, which underline their importance in stress-signaling pathways, with respect to abscisic acid-mediated
signalings and reactive oxygen species detoxification. The analysis of the differential expression also proves that
a number of SAP genes are highly expressed during stress, which means that they could be the major regulators
of the adaptive responses. Their role in the vital processes in the body in terms of tolerance to stress is attested by
functional enrichment analysis and once again supports their significance in enhancing crop-resilience. In
comparison to the past, the present study is more integrated and holistic in that it provides a combination of gene
discovery, phylogenetic analysis coupled with expression profiling in a single approach. Although there are these
contributions, the study is still constrained by the fact that candidate genes have not been experimentally validated,
which is required to establish their functional role in conditions of real environment. Subsequent studies should
be conducted on the functional characterization of future studies through the use of both molecular and genetic
methods which includes gene knock-out and over-expression experiments. Moreover, stress-resistant crop types
can be developed using the combination of novel genome editing tools, including CRISPR/Cas tools. Altogether,
the findings obtained during this research give a solid basis to the strategy of molecular breeding and assist in the
development of sustainable agribusiness in the conditions of varying climate.
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