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Abstract 

Sweetpotato, Ipomoea batatas (L.), a key food security crop, is negatively impacted by heat, 

drought, and salinity stress. We exposed the orange-fleshed cultivar ‘Beauregard’ to 24 and 48 

hours of heat and salt stresses to identify differentially expressed genes (DEGs) in leaves. Analysis 

revealed both shared and unique sets of up-regulated (650 for heat; 287 for salt) and down-

regulated (1,249 for heat; 793 for salt) DEGs suggesting common, yet stress-specific 

transcriptional responses to these two abiotic stressors. Gene Ontology analysis of downregulated 

DEGs common to both heat and salt stress revealed enrichment of terms associated with ‘cell 

population proliferation’ suggestive of an impact on the cell cycle by the heat stress. To identify 

shared and unique gene coexpression networks under multiple abiotic stress conditions, weighted 

gene co-expression network analysis was performed using gene expression profiles from heat, salt, 

and drought stress treated ‘Beauregard’ leaves yielding 18 coexpression modules. One module was 

enriched for ‘response to water deprivation’, ‘response to abscisic acid’, and ‘nitrate transport’ 

indicating synergetic crosstalk between nitrogen, water and phytohormones with genes encoding 

osmotin, cell expansion, and cell wall modification proteins present as key hub genes in this 

drought-associated module. This research lays the background for future research in mediating 

abiotic stress tolerance in sweetpotato. 

 

Keywords: Abiotic stress, differentially expressed genes, sweetpotato, weighted gene co-

expression network 
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1. Introduction 

 

Crops are exposed to abiotic and biotic stress which can lead to adverse effects on growth 

and productivity (Hussain et al., 2019). Changing climate conditions including extreme 

temperature and water deficit conditions have the potential to substantially limit crop growth and 

productivity (Dahal et al., 2019; Hussain et al., 2019; Zhou et al., 2017). These production 

limitations, coupled with the need to expand feed and food production to meet a growing world 

population, will most likely require expansion of production areas to marginal agricultural lands. 

Understanding how plants perceive abiotic stress signals and adapt to adverse environmental 

conditions can facilitate development of improved cultivars essential for global food security. 

 

Sweetpotato, Ipomoea batatas (L.) Lam., which originated in Central America, is a widely 

cultivated crop with a world production in 2019 of 91.8 metric tons (FAOSTAT, 2021). 

Sweetpotato root flesh can be white, cream, yellow, orange, or purple in color and are excellent 

source of vitamins (C, E, K and several B vitamins) and a major caloric source for sub-Saharan 

Africa (Bovell-Benjamin et al., 2009; Low et al., 2017). However, only the orange fleshed 

sweetpotato varieties are rich in beta-carotene, which is converted into vitamin A, an essential 

vitamin for a strong immune system, healthy skin, as well as vision and eye health (Low and 

Thiele, 2020). Currently, efforts to address vitamin A in sub-Saharan Africa are focused on use of 

orange-fleshed sweetpotato (Low et al., 2017) and Beauregard, an orange-fleshed cultivar with 

low dry matter (Lau et al., 2018; Rolston et al., 1987), has played a critical role in the improvement 

of African sweetpotato cultivars with increased β-carotene via introgression of Orange (Or) alleles 

through breeding (Gemenet et al., 2020). Beauregard has been used in both direct and recurrent 

crosses for studying of agronomic traits such as root‐knot nematode resistance, drought tolerance 

and understanding of the relationship between starch and beta-carotene in elite breeding lines 

(Cervantes-Flores et al., 2011; Gemenet et al., 2020; Lau et al., 2018; Mollinari et al., 2020).  

 

Plants have evolved interconnected regulatory pathways enabling response(s) to abiotic 

and abiotic stress. Understanding these mechanisms can aid in understanding and improving stress 

tolerance and the potential to recover yield under stress (Atkinson and Urwin, 2012; Bashir et al., 

2019; Gull et al., 2019). Furthermore, transcriptional regulatory networks in Arabidopsis thaliana 
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have revealed some of the underlying molecular, cellular, physiological, and biochemical bases of 

abiotic stress responses (Barah et al., 2016; Berens et al., 2019; Nakashima et al., 2009; Yamada 

et al., 2010). This includes physiological changes such as altering stomatal pore apertures thereby 

enabling optimized CO2 uptake while minimizing water loss (Nilson and Assmann, 2007) as well 

as minimizing oxidative damage from the production of reactive oxygen species (ROS) (Arbona 

et al., 2017).  

 

Phytohormones are crucial integrators of the adaptive mechanisms of stress responses. 

Abscisic acid (ABA)-dependent and ABA-independent pathways have been described in the 

response to drought stress (Yamaguchi-Shinozaki and Shinozaki, 2006). Plant leaves respond to 

water deficit by increasing ABA biosynthesis, transport and accumulation thereby triggering 

stomatal closure that decreases gas exchange rate, respiration, and photosynthetic activity 

(Osakabe et al., 2014; Yamaguchi-Shinozaki and Shinozaki, 2006). ABA action not only targets 

guard cells and the induction of stomatal closure but also systemically signals to adapt to water 

limitations. Due to its induction by various stresses, ABA is considered a plant stress hormone 

(Swamy and Smith, 1999; Tuteja, 2007). Several transcription factors (TFs) are known to regulate 

the expression of abiotic stress-responsive genes either via the ABA-dependent or ABA-

independent pathway (Xiong et al., 2002).  

 

Gene expression profiling experiments can provide insight into plant responses to 

environmental stressors (Lau et al., 2018; González-Schain et al., 2019, 2016; Mangrauthia et al., 

2017; Frey et al., 2015; Baidyussen et al., 2020; Rensink et al., 2005; Gong et al., 2015; Zhang et 

al., 2017; Arisha et al., 2020b; Tang et al., 2020; Kumar et al., 2021; Li et al., 2019). Access to 

large-scale gene expression profiling datasets from a wide range of species under diverse abiotic 

stress conditions has revealed not only stress-specific responses but also shared or common 

responses to multiple abiotic stress conditions. Weighted gene co-expression network analysis 

(WGCNA) clusters genes into co-expression networks based on the connectivity of the gene 

expression (Zhang and Horvath, 2005; Langfelder and Horvath, 2008) in which genes with similar 

expression patterns are grouped into the same module (clusters of highly interconnected genes) 

suuggestive of similar functions and/or potentially common biological regulatory roles (Zhou et 

al., 2018). This method has been successfully used to identify modules associated with biological 
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processes in different plant species (Du et al., 2017; Greenham et al., 2017; Shaik and 

Ramakrishna, 2013; Hoopes et al., 2019; Wang et al., 2020).  Within these modules are hub nodes 

(genes) which are highly connected, central to the network’s architecture, and are hypothesized to 

have an influential role in regulating network structure (Barabási and Oltvai, 2004; Albert et al., 

2000). Gene connectivity has been used for identifying hubs as well as identifying differentially 

connected genes (Arnatkeviciute et al., 2021; Liu et al., 2019b; Panahi and Hejazi, 2021).  

 

Generation of the reference genome sequence of the wild diploid sweetpotato relative, 

Ipomoea trifida (Kunth) G.Don (Wu et al., 2018), has permitted transcriptome analysis of 

cultivated hexaploid sweetpotato (Gemenet et al., 2020; Bednarek et al., 2021; Suematsu et al., 

2020). With respect to abiotic stress, transcriptomic responses of sweetpotato under simulated 

drought conditions (Arisha et al., 2020b; Lau et al., 2018), heat stress (Arisha et al., 2020a), and 

salt stress (Luo et al., 2017; Meng et al., 2020; Yang et al., 2020b) have been reported. Here, we 

examined gene-expression patterns following heat and salt stress treatments in leaves of the 

orange-fleshed sweetpotato cultivar Beauregard. We identified shared and stress-specific 

differential gene expression over a 48 hr time course. A broader view of abiotic stress in cultivated 

sweetpotato was established by constructing gene co-expression networks using gene expression 

datasets from this study combined with a previously published simulated drought stress dataset 

(Lau et al., 2018). 

 

2. Materials and methods 

2.1 Experimental design and stress treatments 

In vitro plantlets of cultivar ‘Beauregard’ were grown on sterilized MPB solid medium 

(Murashige and Skoog salts, 3% sucrose, 2 mg/L calcium pantothenate, 100 mg/L L-arginine, 

200 mg/L ascorbic acid, 20 mg/L putrescine-HCl, 10 mg/L GA3, 0.3% Phytagel, pH 5.7) at 

28oC/20oC day/night temperature with 12-hr light and 12-hr dark conditions, under 3000 lx and 

relative humidity of 70%. After 14 days, plants were transferred to MPB liquid media and left to 

acclimatize to the media for 7 days, after which either stress or control treatments were imposed. 

For salinity stress, the medium was amended with 150 mM NaCl with the temperature kept at 

28oC/20oC day/night; for heat stress, the plants were grown at 40oC/32oC day/night. For control 
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treatments, the liquid media was also replaced but no stress treatment was applied. Leaf samples 

were collected at 24 hr and 48 hr after stress (HAS) from salt and heat treated plants for stress, and 

no stress treated plants for control.  

 

2.2 Library construction and RNA sequencing 

Leaf samples were collected in three biological replicates per treatment and timepoint. The 

TRIzol (Invitrogen) method was used to extract RNA and sequencing libraries were constructed 

using the protocol described in Zhong et al. (2011) and sequencing done on an Illumina HiSeq 

2500 platform. Raw RNA-Seq reads were filtered and trimmed using Cutadapt v2.10 (Martin, 

2011) to remove adapter sequence, low-quality bases (quality score < 30), retaining only reads 

with a minimum read length of 70 nt. Libraries sequenced to 151 nt were clipped to 101nt using 

Cutadapt v2.10 (Martin, 2011) to equalize read length. Filtered clean reads were assessed for 

quality using FastQC v0.11.8 (https://www.bioinformatics.babra-ham.ac.uk/projects/fastqc) and 

viewed with MultiQC v1.9 (Ewels et al., 2016). Cleaned reads were aligned to the diploid reference 

genome I. trifida (NSP306; v3; http://sweetpotato.uga.edu/) (Wu et al., 2018) using HISAT2 

v2.2.1 (Kim et al., 2019) with the options: --phred33 --min-intronlen 20 --max-intronlen 5000 --

rna-strandness R --dta-cufflinks. Aligned files were sorted and merged using the samtools sort and 

merge options, respectively, in SAMTools v1.10 (Li et al., 2009). RNA-seq data from Beauregard 

plants exposed to polyethylene glycol (PEG) to mimic drought were obtained from Lau et al. 

(2018). 

 

Expression abundances (fragments per kilobase of exon model per million mapped 

fragments; FPKM) for each gene model were determined based on the RNA-Seq read alignments 

using Cufflinks v2.2.2 (Trapnell et al., 2010) with the parameters --multi‐read‐correct, --min‐

intron‐length 10, --max‐intron‐length 5000, --library‐type fr‐first strand. Read counts were 

determined using HTSeq v0.12.3 (Anders et al., 2014) with the parameters --stranded = reverse --

minaqual = 10 -type = exon --mode = union. For sample-level quality controls, the relationship 

between the biological replicates was visualized using Pearson Correlation Coefficients (PCC) of 

gene expression abundances. Some libraries were sequenced more than once (technical replicates) 

and PCCs were checked prior to merging technical replicates; all technical replicates had a PCC > 

0.97. To assess batch effects of the experiments, the regularized-logarithm transformation (rlog) 
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of expression count data was used to generate a Principal Component Analysis (PCA) and heat 

map in R v4.1 (https://cran.r-project.org/).  

 

2.3 Differential gene expression 

Using the unique combination of treatment and time‐point as a single factor, gene counts 

were used to detect differentially expressed genes (DEGs) with DESeq2 v1.28.1 (Love et al., 2014) 

between stress treatments and their respective controls in R v4.1. To detect genes that responded 

differentially to each treatment, contrasts were made between treatment and control at each time 

point using the model, design = ~ treatment + time performed in DESeq2.  Genes were filtered at 

an adjusted p‐value (padj) cut‐off < 0.05 and log2FoldChange (LFC) of 2.0. For visualization, 

“lfcShrink” function was used to account for low expression levels and MA plots were generated 

for each treatment and timepoint. Genes with a fold-change between 2.0 for upregulated and -2.0 

for downregulated genes with an adjusted p-value cutoff of 0.05 were deemed DEGs. Gene 

Ontology (GO) enrichment tests were performed using topGO v2.50.0 in R v4.1 (Alexa and 

Rahnenfuhrer, 2021). P-values < 0.05 from Fisher’s Exact Tests using the weighted model was 

used as the test for significance (Benjamini and Hochberg, 1995).  

 

2.4 Clustering and construction of gene co-expression networks 

Differentially expressed genes were clustered using the unsupervised K-means clustering 

method with parameters: max_itr = 10000 and n_clust = 25 in R (Oyelade et al., 2016). Co-

expression of genes was further explored using WGCNA in R v4.1.1 (Langfelder and Horvath, 

2008). The expression abundances (FPKMs) of all gene isoforms (44,158) were used and filtered 

to 14,138 genes by removing all features whose counts were consistently low with a count of less 

than 5 in all the samples, (x < 5) in heat, salt, and drought treated samples.  

 

Samples were initially clustered using the FlashClust tool to analyze sample height and 

detect and remove outliers. A soft thresholding power of 20 was chosen for subsequent co-

expression module construction following application of the scale-free topology criterion 

described by Barabási (2009). Based on the topological overlap-based dissimilarity measure 

(Zhang and Horvath, 2005), genes were hierarchically clustered, and a dendrogram was used for 

module detection using the dynamic tree cut method (mergeCutHeight = 0.9, 
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minModuleSize = 35). Modules were identified as gene sets with high topology overlap measure 

(TOM) generated by the adjacency and correlation matrices of gene expression profiles. Genes 

that did not fit in any modules were discarded from further analyses (gray module). Gene ontology 

enrichment of module genes was performed using topGO package; a p-value or FDR < 0.05 was 

used to determine the significant enrichment (Alexa and Rahnenfuhrer, 2021).  

 

Gene connectivity based on the edge weight (ranging from 0 to 1) was determined by TOM; 

the weights across all edges of a node were summed and used to define the level of connectivity, 

and nodes with high connectivity were considered hub genes. Intramodular connectivity measure, 

kWithin, or connectivity of a particular gene to all other genes within its same module was used to 

define hub genes in each module.  kTotal was used to measure the connectivity of a gene to all 

other genes regardless of module (kOut is kTotal-kWithin, and kDiff is kWithin-kOut) (Rhead et 

al., 2020). 

 

2.5 Gene orthology  

OrthoFinder v2.5.4 (Emms and Kelly, 2015) was run with the longest peptide isoform of 

each I. trifida predicted peptide (http://sweetpotato.uga.edu/) with the A. thaliana TAIR10 

(https://www.arabidopsis.org) and Oryza sativa v7 predicted proteome (Ouyang et al., 2007) 

obtained from Phytozome v12.1.5 (Goodstein et al., 2012). Transcription factors in I. trifida were 

obtained from iTAK (Zheng et al., 2016).  

 

2.6 Data availability 

Raw sequence reads have been deposited in the National Center for Biotechnology 

Information Sequence Read Archive BioProject PRJNA834099 and PRJNA834095. 
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3. Results and Discussion 

3.1 Dynamic expression patterns of differentially expressed genes following heat and salt 

stress in cultivated sweetpotato 

A total of 55 Beauregard RNA-seq samples (technical and biological replicates) from the 

control, salt stress, and heat stress were processed revealing an overall alignment rate to the I. 

trifida reference genome between 72.12% and 85.2% (Table S1), consistent with previous 

analyses in which transcript reads from sweetpotato were aligned to I. trifida, a close diploid 

ancestor of the cultivated hexaploid I. batatas (Lau et al., 2018; Wu et al., 2018). Technical 

replicates were merged post-alignment resulting in a total of 24 control and stress samples. 

Correlations between biological replicates were examined by generating pairwise PCCs for gene 

expression abundances (FPKMs); an average PCC value of 0.9985 and a minimum PCC of 0.9912 

was observed (Table S2) suggesting high reproducibility and quality of the datasets.  

 

A PCA (Figure 1a) was plotted to assess the relationships of the biological replicates and 

the extent of gene expression variation explained by the experimental variable. The tight clustering 

of biological replicates revealed that the largest variation of gene expression observed was due to 

the experimental conditions (heat vs salt and stress vs control). PC1 contributed 64% whereas PC2 

contributed 17%. Limited separation of samples based on treatment timepoint was observed 

suggesting that gene expression within the treatment or control is more similar than between 

treatments or controls. 

 

     Analysis of DEGs revealed unique and shared sets of up- and down-regulated genes following 

heat and salt stress at the two timepoints (24 and 48 HAS; Table S3). A total of 433 genes were 

upregulated by heat at 24 HAS while 502 genes were up-regulated at 48 HAS; 236 genes 

overlapped between the two timepoints leaving 702 unique genes.  Under salt stress, 288 genes 

were upregulated at 24HAS, and 182 genes were up-regulated at 48HAS with 72 genes shared 

between the two timepoints. Treatment of sweetpotato leaves with heat caused downregulation of 

974 genes at 24 HAS and 1146 genes at 48 HAS (556 shared genes between timepoints). Salt 

resulted in down-regulation of 955 genes at 24 HAS and 426 at 48 HAS, with 272 genes were 

down regulated in both time points. With the substantial overlap in genes differentially regulated 
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in these two timepoints, we merged the DEGs at both timepoints for each stress and performed 

downstream analyses with the non-redundant set of DEGs for each stress.  

 

Comparing the salt and heat treatments, the differentially upregulated genes totaled 989; 

650 unique to heat stress, 287 unique to salt stress and 52 genes common to the two stress 

conditions (Figure 1b, Tables S4, S5, S6). With respect to down-regulation, 2,357 genes were 

differentially expressed in these two stress conditions with1,249 were unique to heat, 793 unique 

to salt stress, and 315 genes downregulated in both stress treatments (Figure 1c; Tables S7, S8, 

S9). The partitioning of DEGs unique to each stress is consistent with previous reports on the 

specificity of plant acclimations to individual stressors (Koch and Guillaume, 2020; Krasensky 

and Jonak, 2012) and visible in hierarchical clustering of DEGs (Figure 1d) in which shared as 

well as distinct clustering patterns are apparent. 

 

Abiotic stressors including drought, cold, salt, heat, oxidative stress, and heavy metal 

toxicity strongly influence photosynthesis (Huang et al., 2019; Yang et al., 2020a; Cornic, 2000). 

A total of 315 genes were differentially downregulated genes overlapping between heat and salt 

stress. The GO term ‘chlorophyll biosynthetic process’ (GO:0015995; p-value 0.00119) (Figure 

2) was enriched among the 315 genes and contained 12 photosynthetic genes including 

cycloartenol synthase (CAS1) which affects chlorophyll and carotenoid biosynthetic pigments in 

plants (Babiychuk et al., 2008; Luo et al., 2019). Various experiments have demonstrated a sharp 

decline in chlorophyll content (chlorosis) and decrease in expression of some essential enzymes 

under stress (Allakhverdiev et al., 2008; Rossi et al., 2017). Destruction of the chloroplast 

ultrastructure by stress leads to a decrease in chlorophyll and ultimately lower photosynthetic 

activity (Hamani et al., 2020; Sidhu et al., 2017) explaining the downregulation of photosynthesis-

related genes (Figure 2).  Moreover, the decrease in the chlorophyll content can also be caused by 

a decrease in the stomata aperture to limit water losses by evaporation and increased resistance to 

the entry of atmospheric CO2 necessary for photosynthesis. 

 

  

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Assessment of inter- and intragroup variability (a) Principal component analysis plot 

displaying all replicates along principal components 1 and 2 explaining 64% and 17%, 

respectively, of the variance in gene expression. Replicate samples from the same group cluster 

together, while samples from different groups form separate clusters indicating that the differences 

between groups are larger than those within groups. Venn diagrams indicating the number of 

differentially expressed genes (DEGs); (b) upregulated DEGs and (c) downregulated DEGs. The 

intersection shows genes commonly regulated by both stress conditions. (d) Heatmap visualizing 

clustering patterns of 3,346 DEGs (p-value < 0.05) in salt (150 mM NaCl) and heat (40°C) treated 

Beauregard leaf tissue suggesting stress specific and shared gene expression under these two stress 

conditions. S and CTR denotes stress and control samples, respectively.  

 

Organ growth is divided into cell proliferation (increase in cell number) and the cell 

expansion stage (expansion to the final size). Arrest of the cell cycle in response to stress enables 

organisms to survive under fluctuating environmental conditions or DNA damage thereby 

allowing DNA repair to occur before DNA replication or mitosis resumes (Hu et al., 2016). DEGs 

that were downregulated by both heat and salt (Figure 2; Table S9) were enriched in GO terms 

associated with ‘cell population proliferation’ (GO:0008283392, p-value 4.30E-13) and included 

genes encoding kinases and other genes previously reported to participate in plant cell cycle control 

in A. thaliana (Stals et al., 2000; Bertoni, 2018). During plant cytokinesis, Golgi/trans-Golgi 

network-derived vesicles are targeted to the plane of cell division where they fuse to form the cell 
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plate. An ortholog of Qa-SNARE (itf13g15140), a specialized syntaxin named KNOLLE 

(SYNTAXIN OF PLANTS 111, SYP111), is required for cytokinesis membrane fusion (Boutté et 

al., 2010; Lauber et al., 1997; Lukowitz et al., 1996; Touihri et al., 2011; Waizenegger et al., 2000) 

and exhibited significant down-regulation following 48 hr of heat (LFC = -6.8099, p-value 4.54E-

14) and 24 hr salt (LFC = -2.1419, p-value 5.71E-05) stress (Table S9). Perturbation of cell cycle 

progression impacts the chromatin state and GO enrichment of terms associated with ‘histone 

phosphorylation’ (GO:0016572; p-value 0.001) and ‘histone H3-K9 methylation’ (GO:0051567; 

p-value 0.013) were observed among the heat and salt common downregulated DEGs (Figure 2). 

Chromatin-associated genes down-regulated by heat and salt include two HISTONE 3.3 genes 

(itf09g16990: heat 48 hr, LFC = -2.8211, p-value 2.50E-06; salt 24 hr, LFC = -2.0186, p-value 

0.0005 and itf06g11890: heat, 48 hr, LFC = -2.8828, p-value 7.21E-05; salt, 24 hr, LFC = -2.4259, 

p-value 0.0005) (Table S9). In addition, multiple Small Auxin Upregulated RNA (SAUR)-like 

auxin responsive protein family genes are among the 315 common down-regulated DEGs under 

heat and salt stress (Table S9). SAUR-like auxin responsive protein family genes have been shown 

to regulate adaptive growth and are generally down-regulated in response to abiotic stress. 

 

 
 

Figure 2. A graphical representation of gene ontology enrichment and gene annotation terms of 

the genes differentially down-regulated (DEGs; LFC < - 2.0; p-value < 0.05) by both heat and 

salt stress in Beauregard leaf samples.  
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3.2 Heat stress in sweetpotato triggers a canonical heat shock response  

Differentially expressed genes following heat stress were significantly enriched in 115 GO 

terms sorted into three categories, Biological process (BP), Cellular 

component (CC), and Molecular function (MF) (p-value  ≤ 0.05; Table S10), across the two time-

points. Similar to that observed in Arabidopsis heat stress (Grinevich et al., 2019), heat-related 

Biological Process GO terms such as ‘response to hydrogen peroxide’ (GO:0042542: p-value; 

7.60E-28), ‘response to high light intensity’ (GO:0009644; p-value: 4.90E-27), ‘protein folding’ 

(GO:0006457; p-value: 1.70E-25), and ‘response to heat’ (GO:0009408: p-value; 4.60E-15) were 

significantly enriched (Figure 3a) among the DEGs up-regulated following heat stress suggesting 

that even brief exposure to 40 °C resulted in perceived stress in I. batatas leaves. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Effects of heat stress on Beauregard leaf. (a) Gene Ontology (GO) terms enriched 

for the 702 upregulated DEGs following heat stress. GO terms are sorted into three categories; 

Biological process; BP, Cellular component; CC, and Molecular function; MF. (b) Heatmap of 

the expression (Z-score) of heat shock proteins (HSPs) and heat shock transcription factors 

(HSFs) indicating their regulation (down- or up-regulated based on the scale color) in 

Beauregard leaves following heat stress. 

 

 Activation of transcriptional cascades following heat stress is common in many plant 

species. Following heat stress in Arabidopsis, 21 heat shock transcription factors (HSFs) and 

>2500 genes were differentially expressed (Busch et al., 2005). We identified 94 I. trifida 

orthologs that encode heat shock-related proteins (HSPs) and HSFs (Table S11, Figure 3b). 

(b) (a) 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


14 

 

Following heat stress, 28 HSP and 4 HSFs were differentially expressed with upregulation 

primarily occurring at 48 HAS rather than 24 HAS. A delay in the induction of heat shock proteins 

suggests that sweetpotato has a prolonged temperature threshold for the canonical heat shock 

response induction. This parallels the response in tepary bean (Frijol Bayol) relative to common 

bean, in which tepary bean which is adapted to hotter climates had a higher temperature threshold 

for induction of the canonical heat shock response (Moghaddam et al., 2021). 

 

Arabidopsis chloroplast HSP mutants are sensitive to heat shock and exhibit variegated 

cotyledons, malformed leaves, growth retardation, and impaired root growth following heat stress 

(Schroda et al., 1999; Lee and Schöffl, 1996).  In 48 hr heat stressed Beauregard leaves, the 

chloroplast-localized small heat shock protein HSP21 ortholog (itf00g29810, 48 hr, Log2FC = 

11.4101, p-value 7.87E-20) was the highest and most significantly upregulated gene (Table S4), 

consistent with observations in Arabidopsis where HSP21 is involved in heat acclimation and was 

hyper-induced in response to heat stress in Arabidopsis (Kim et al., 2014). CHLOROPLAST 

HEAT SHOCK PROTEIN 70-1 (itf04g21320, 48 hr, Log2FC = 5.1012; p-value 2.07E-117) was 

also significantly upregulated following heat stress (Table S4), yet the three paralogs of 

itf04g21320 [itf10g21850 (cpHSP 70-1), itf01g02720 (cpHSP 70-1), itf09g04300 (cpHSP 70-2)] 

were not differentially expressed suggesting neo-functionalization at the expression level in this 

gene family. Small heat stress proteins were the most abundant of the upregulated heat shock 

proteins in this study and are the most heat-responsive in plants due to their dramatic induction 

and prevention of the aggregation of heat-labile proteins that stabilize lipids at the plasma 

membrane while the HSP chaperones prevent and repair protein misfolding and aggregation to 

reduce cell damage (Guihur et al., 2021). 

 

Heat shock transcription factors (HSF) play a critical role in the response to heat stress 

(Ohama et al., 2017) and HSFs have been identified in Arabidopsis (Nover et al., 2001), tomato, 

rice, maize (Scharf et al., 2012), wheat (Xue et al., 2014), apple (Giorno et al., 2012), poplar (Liu 

et al., 2019a; Zhang et al., 2015), desert poplar (Zhang et al., 2016), pear (Qiao et al., 2015), tea 

(Liu et al., 2016), and grape (Liu et al., 2018). In this study, HSFA6B gene (itf04g25720, 48 hr, 

LFC = 3.3552, p-value 0.0004, Table S4) was up-regulated following heat stress. Simultaneous 

editing of HSFA6a and HSFA6b in Arabidopsis caused a reduction in reactive oxygen species 
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(ROS) accumulation and increased expression of abiotic stress and ABA-responsive genes, 

including those involved in ROS level regulation suggesting their involvement in abiotic stress 

tolerance through the regulation of ROS homeostasis in plants (Wenjing et al., 2020). HSFA2 

genes are necessary for the maintenance of the acquired thermotolerance (Lämke et al., 2016) and 

play a key role in the initiation of plant heat stress responses in Arabidopsis (Ohama et al., 2017).  

HSFA2 (itf12g20490, 48 hr, LFC = 2.2994, p-value 3.40E-05, Table S4) was up-regulated upon 

heat stress. Increased HSFA2 levels in sweetpotato corroborate findings from Arabidopsis in 

which overexpression of the Arabidopsis HsfA2 gene not only increased thermotolerance but also 

salt/osmotic stress tolerance compared to the wild-type (Ogawa et al., 2007).  

  

Both by enzymatic and nonenzymatic pathways causes H2O2 production in plants under 

natural and stressful conditions and is associated with plant development and growth. 

Accumulation of ROS and development of secondary stress responses under elevated temperature 

is because of heat on the membrane fluidity (Driedonks et al., 2015; Han et al., 2019; Mittler et 

al., 2012; Xiong et al., 2021). Although H2O2 is toxic at high concentrations, heat stress-induced 

H2O2 is required for the effective expression of HSP genes in Arabidopsis (Volkov et al., 2006; 

Wang et al., 2014). HSFs are postulated to act as H2O2 sensors in the plants (Davletova et al., 2005; 

Miller and Mittler, 2006). Consistent with this hypothesis, 58 genes were enriched for the GO term 

‘response to hydrogen peroxide’ (GO:0042542, p-value 7.60E-28) including the HEAT SHOCK 

TRANSCRIPTION FACTOR B2A; HSFB2A (itf13g03340; 24 hr, LFC = 3.3064, p-value 8.38E-

11) following heat stress in sweetpotato.  

 

We observed enrichment of GO terms in genes down-regulated in response to heat stress 

associated with the cell cycle including ‘cell population proliferation’ (GO:0008283, p-value 

3.20E-20), ‘cytokinesis by cell plate formation’ (GO:0000911, p-value 3.00E-09), ‘G2/M 

transition of mitotic’ (GO:0010389, p-value 1.90E-07), ‘DNA replication’ (GO:0006275, p-value 

1.40E-11), and ‘DNA replication initiation’ (GO:0006270, p-value 5.50E-10) (Table S10). 

Increased cellular temperatures cause protein denaturation interrupting critical cellular processes 

and resulting in apoptosis and cell death (Gao et al., 2015; Gu et al., 2014; Matsuki et al., 2003). 

The cell cycle consists of G1, S, G2, and M stages with two major checkpoints at the G1/S 

checkpoint and G2/M. Cyclins in combination with cyclin-dependent kinases (CDKs) drive the 
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cell cycle. Abiotic stress induces signaling molecules that suppress the activities of CDKs via 

controlling the expression level of cyclins or regulating the posttranslational modification of CDKs 

therefore arresting or even exiting the cell cycle. Transient arrest of cell division at G1/S and G2/M 

transitions was reported in Arabidopsis following a short-term (acute) exposure to moderate heat 

shock, (Kühl and Rensing, 2000; Harashima et al., 2013) and in tobacco BY2 cells under a 

mild heat stress (Jang et al., 2005). Moghaddam et al. (2021) observed down-regulation of cellular 

process and cell cycle arrest following exposure to short moderate heat stress in heat tolerant tepary 

bean (Phaseolus acutifolius) but not heat sensitive common bean (Phaseolus vulgaris) suggesting 

adaptive responses to heat stress between these two Phaseolus species. In heat stressed 

sweetpotato, the cyclin-dependent kinase B2;2 (CDKB2;2 itf07g23920, LFC = -2.17237, p-value 

1.24E-06) gene involved in cytokinesis and regulation of the G2/M transition of the mitotic cell 

cycle was downregulated. 

 

3.3 Gene expression profiles following salt stress 

High levels of salt lead to ion toxicity, hyperosmotic stress, and secondary stresses 

(Chakraborty et al., 2018; Zhu, 2002). Na+, if accumulated in the cytoplasm, can be toxic to living 

cells adversely affecting K+ nutrition and vital plant physiological mechanisms including cytosolic 

enzymes, photosynthesis, and metabolism (Chakraborty et al., 2018; Shabala and Cuin, 2008). Salt 

stress impacts plant growth and development by reducing plant water potential, altering nutrient 

uptake, and increasing the accumulation of toxic ions (Shrivastava and Kumar, 2014). Among the 

enriched GO terms for genes differentially upregulated by salt stress were those associated with 

‘response to water deprivation’ (GO:0009414, p-value 2.90E-05) and ‘hyperosmotic salinity 

response’ (Figure 4, Table S10). The homeobox gene (ATHB7, itf05g19720; LFC = 4.4975, p-

value 1.84E-20, 48hr), a putative TF that contains a homeodomain closely linked to a leucine 

zipper motif, was enriched in both GO terms. In Arabidopsis, ATHB7 and ATHB-12 transcripts 

were found to be transcriptionally regulated in an ABA-dependent manner and have been shown 

to mediate drought and respond to ionic osmotic stress (Olsson et al., 2004). Induction of NAC TF 

genes by drought, salt, and abscisic acid was observed in Arabidopsis (Sakuraba et al., 2015) and 

the NAC-domain containing TF (itf05g25290: LFC = 2.3674, p-value 2.81E-07) was upregulated 

during salt stress and enriched for response to water and hyperosmotic salinity. Other important 

genes enriched in salt stress samples were EID1 (itf07g18180: LFC = 2.8208, p-value 1.69E-05), 
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an F-box protein involved in phytochrome A-dependent light signal transduction, and fatty acid 

hydroxylase superfamily (itf04g03470: LFC = 2.8344, p-value 1.36E-17), a wax biosynthesis-

related gene. It has been demonstrated that water deficit increases the amount of cuticular wax per 

unit area and leaf cuticle thickness in Arabidopsis plants to enhance their resistance (Lü et al., 

2012). 

 

 

Figure 4. Significant (p < 0.05) Gene Ontology (GO) Biological Process terms enriched for 

upregulated (339; triangles) and downregulated (1108; dots) differentially expressed genes in 

‘Beauregard’ leaf tissues at 24 hr and 48 hr of salt stress. 

 

Salt stress resulted in down-regulation of genes associated with ‘chlorophyll biosynthetic 

process’ (GO:0015995, p-value 1.70E-06) and ‘photosynthesis’ (GO:0015979, p-value 9.00E-07) 

(Table S10). Accelerated leaf senescence induced by salt in detached mature sweetpotato leaves 

treated with NaCl (140mM and 210mM) was accompanied by a reduction in chlorophyll content, 

reduction of photosynthetic efficiency (Fv/Fm), and an elevation of H2O2 level (Chen et al., 2012) 

consistent with the down-regulation of genes involved in photosynthesis observed in this study. 

Specifically, we observed down-regulation of the light-harvesting in photosystem I and II;  NDHK, 

PHOTOSYSTEM II REACTION CENTER PROTEIN G (PSBG; itf00g02070, LFC = -2.9218, 

p-value 0.003), PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE 3 (LHCA3; 
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itf02g14020, 24 hr, LFC = -2.4465, p-value 2.21E-10), PHOTOSYSTEM II REACTION 

CENTER PROTEIN D (PSBD; itf02g22380, LFC = -2.3226, p-value, 6.34E-05) and LIGHT 

HARVESTING COMPLEX PHOTOSYSTEM II (LHCB; itf12g10840, 24 hr, LFC = -2.2464, p-

value 5.24E-05).  

 

Auxin is involved in the spatial regulation of plant growth and development (Semeradova 

et al., 2020). Approximately 85 genes encoding auxin and auxin-responsive proteins such as the 

SAUR-like auxin-responsive protein family were down-regulated following salt stress (Table S8, 

S9). Multiple SAUR auxin-responsive genes were up-regulated by salt stress including SAUR9 

(itf09g00770, 24 hr, log2fc = -3.8313, p-value 4.57E-05), SAUR10 (itf12g02790, 24 hr, log2fc = 

-3.1732, p-value 2.57E-07), SAUR3 (itf09g24220, 48 hr, log2fc = -2.8417, p-value 0.003; Table 

S9). Hormones including auxin (Hagen and Guilfoyle, 2002; van Mourik et al., 2017) as well as 

high-temperature (Franklin et al., 2011), drought and high salt conditions (Guo et al., 2018; Wu et 

al., 2012) can modulate SAUR gene expression and multiple SAUR-like genes were differentially 

regulated under both heat and salt stress (Table S9). 

 

SWEET genes in plants are associated with adaption to adverse environmental conditions 

including abiotic stress tolerance (Chandran, 2015; Wei et al., 2019; Kafle et al., 2019; Chen et 

al., 2010) and transcript levels of the Sweet15 gene was reported to be upregulated up to 64-fold 

higher than the control in Arabidopsis during salt stress (van Zelm et al., 2020; Zhao et al., 2019). 

Similarly, the expression of MaSWEETs was induced by cold, salt, and osmotic stresses in banana 

(Miao et al., 2017). In Beauregard, Sugar Will Eventually be Exported Transporters (SWEET) 

genes (itf08g07850, 24 hr, log2fc = 4.0582, p-value 1.05E-09; Table S5) was up-regulated 

following salt stress. 

3.4 Clustering and co-expression network analyses  

Clustering of gene expression patterns is useful in understanding and annotating gene 

function as ‘guilt-by-association’ can be used to infer gene function. To associate patterns of 

expression with a stress response, we used the supervised K-means approach and clustered 3,238 

of the 3,346 DEGs (after filtering overlapping genes) into 25 clusters (Figure 5, Table S12). While 

most clusters showed no specific pattern associated with stress, clust 15 genes (n = 110) and clust 
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20 (n = 27) were associated with upregulation during heat stress and enriched for genes associated 

with heat responses as described above (Table S13). Genes that were enriched for clust 15 and 20 

included multiple HSPs and HSFs, most of which were upregulated in heat-treated samples but 

downregulated in salt stress. 

 

3.4.1 Co-expression network analysis reveals modules of co-regulated genes 

 Expression abundances (FPKMs) from the heat and salt stress samples were combined with 

a previous dataset that simulated drought (Lau et al. 2018) to identify genes co-expressed and 

potentially co-regulated in response to all three stresses. Weighted gene co-expression network 

analyses identified 18 modules with gene membership ranging from 34 (dark olive green) to 991 

genes (salmon) (Figure S1) that were enriched in different biological functions (Table S14).  The 

blue module was enriched for ‘response to water deprivation’ (GO:0009414, p-value; 0.00012), 

‘response to abscisic acid’ (GO:0009737, p-value; 0.00119), ‘nitrate transport’ (GO:0015706, p-

value; 2.80E-05), and ‘response to nitrate’ (GO:0010167, p-value; 0.00011), among others, 

suggesting it was associated with drought. Under low N and drought conditions, stomata remain 

closed; however, combined drought and high N conditions can stimulate stomata to remain open, 

leading to higher transpiration rates and resulting in greater water use (Shi et al., 2014) thus 

delaying drought effects (Ren et al., 2015). The HIGH-AFFINITY NITRATE TRANSPORTER 

2.7 gene (ATNRT2.7, NRT2; itf03g00630) was up-regulated under both drought (log2fc = 4.6632, 

p-value 2.49E-37; Table S15) and salt stress conditions (log2fc = 3.1758, p-value 1.20E-11) 

consistent with previous reports of synergetic cross-talk between N and water transport during 

water stress (Ding et al., 2018). AtNRT2.7 has been identified as one of the seven high-affinity 

nitrate transporters in Arabidopsis involved not only in uptake and transport of NO3 and its 

translocation, (Orsel et al., 2006; Wang et al., 2012; Huang et al., 1999) but also in transporting 

other biological compounds including ABA. Araus et al. (2020) showed that changes in NO3
- 

availability may lead to changes in the expression of drought-responsive genes. Three genes in the 

blue drought-associated module encoded transcription factors associated with drought stress 

responses including zf-C2H2 (Cystein2/Histidine; itf11g04060) and HB->HB-HD-ZIP 

(itf12g07740, itf14g03710) consistent with reports from Arisha et al. (2020b) who found several 

gene families including C2H2 and HD-ZIP transcription factor family members responding to 

drought stress in sweetpotato. Transformation of Arabidopsis with IbZFP, a C2H2-type zinc finger 
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protein from sweetpotato improved plant drought resistance (Wang et al., 2016) leading to less 

leaf water loss, lower content of ROS, higher leaf water content, and higher antioxidant enzyme 

activities after drought treatment of the transgenic plant.  

Various TF pathways operating in ABA-dependent and -independent signaling pathways 

mediate transcriptional regulation of gene expression leading to the expression of early response 

transcriptional activators and activation of downstream stress tolerance effector genes. The blue 

drought module contained 63 genes significantly enriched for the GO term ‘response to abscisic 

acid’ (GO:0009737, p-value 0.00119, Table S14) with 15 encoding members of multiple TF 

families. Extensive studies have shown that, in addition to their functions in plant growth and 

development, NAC transcription factors play a key role in abiotic stress responses (Shao et al., 

2015). Transgenic Arabidopsis plants overexpressing either of these paralogs, ANAC019, 

ANAC055 or ANAC072 (itf05g25290), show significantly increased drought tolerance (Tran et 

al., 2004). In our samples, the NAC gene (itf05g25290) was present in the drought-associated 

module (blue) and was differentially upregulated during drought and salt stress (itf05g25290, salt; 

48 hr, LFC = 2.3674, p-value 2.81E-07, Table S5; drought; 48 hr, LFC = 7.0490, p-value 1.83E-

53; Table S15). In Arabidopsis, ARABIDOPSIS THALIANA HOMEOBOX 7 (ATHB-7) and 

AtHB12 genes are strongly up-regulated after osmotic or drought stresses in young plants upon 

ABA or NaCl treatment (Lee and Chun, 1998; Olsson et al., 2004; Söderman et al., 1996). 

Furthermore, ectopic expression of AtHB7 confers drought tolerance to transgenic tomato (Mishra 

et al., 2012). The homeobox gene itf05g19720 was upregulated in response to salt (LFC = 3.7014, 

p-value 1.84E-20) and drought (LFC = 8.9468, p-value 1.20E-86) at 48 hr timepoint in our study. 
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Figure 5. Clustering of gene expression profiles of 3,238 differentially expressed genes by K-

means clustering method to identify co-regulated genes following heat and salt stress treatment of 

Beauregard leaf tissue. 
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3.4.2 Key hub genes associated with drought sensitivity in sweetpotato 

Within the drought-associated (blue) module, osmotin (itf13g03220, LFC = 5.9807, p-

value 8.67E-108; 48 hr) was the highest connected (ktotal and kwithin; Figure 6; Table S16). 

Osmotin, a multifunctional stress-responsive protein, belongs to the pathogenesis-related 5 (PR-5) 

defense-related protein family and imparts drought, salt, and cold tolerance (Goel et al., 2010; 

Husaini and Abdin, 2008; Le et al., 2018; Patade et al., 2013; Weber et al., 2014; Wan et al., 2017; 

Zhu et al., 1995). During stress conditions, the accumulation of the osmolyte proline which 

quenches ROS and free radicals is facilitated by osmotin. Furthermore, osmotin from the 

resurrection plant Tripogon loliiformis confers numerous simultaneous abiotic stresses tolerance 

(cold, drought, and salinity) in transgenic rice (Le et al., 2018; Mandal et al., 2018). 

Overexpression of the osmotin gene in early stages of osmotic stresses (cold, drought, and salinity) 

by a 1000-fold conferred resistance against abiotic stress in transgenic Nicotiana tabacum, Oryza 

sativa, and sesame (Chowdhury et al., 2017) while in potato, osmotin over expression was found 

to cause delays in the development of late blight disease symptoms (Liu et al., 1994). As a result, 

osmotin has been proposed as a high-value gene for developing multiple stress-tolerant biofortified 

crops (Husaini, 2022). 

 

Among the terms enriched for the blue, drought module, were genes in response to 

‘extracellular region’ (GO:0005576, p-value; 4.50E-14). Furthermore, two expansin A15 genes 

found in our network analysis were up-regulated in the drought-stressed samples; itf02g03710 

(LFC = 9.3730, p-value 5.14E-97) and itf02g03940 (LFC = 9.7680, p-value 3.87E-79) at 48hr. 

Expansins are induced by phytohormones, biotic and abiotic stresses such as heat, drought, salt 

and heavy metals and are involved in cell expansion and cell wall changes (Cosgrove, 2000; Ding 

et al., 2016; Lu et al., 2016; Le Gall et al., 2015; Xu et al., 2014). It has been shown that the 

overexpression of expansin genes in Arabidopsis enhances plant tolerance to drought stress, salt 

stress (Dai et al., 2012), tolerance to drought in transgenic tobacco, (Li et al., 2011), high salt in 

wheat (Han et al., 2012) and rice (Jadamba et al., 2020), and drought and heat tolerance in potato 

(Chen et al., 2019). Interestingly, besides drought and salt having common response patterns, 

osmotin and expansin A15 genes were not differentially expressed in salt stress samples which 

may suggest the presence of specifically affected biochemical pathways by drought.  
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Figure 6. Weighted gene co-expression network analysis (WGCNA). (a) Coexpression network 

including 32 highly connected nodes (genes, magenta) from the drought (blue) module. Targeted 

and source nodes are indicated by green and purple colors, respectively. (b) Heatmap displaying 

expression (Z-score) of (blue) drought network genes from heat, salt (NaCl) and drought (PEG) 

treated Beauregard, leaf tissue. 

 

4.0 Conclusions  

Characterization of heat, salt, and drought-responsive gene expression in an orange-fleshed 

sweetpotato cultivar identified stress specific as well as shared responses to the stress treatments. 

A key impact of abiotic stress was evident from the downregulation of photosynthesis, arrest of 

the cell cycle, and activation of a canonical heat shock response. We identified crosstalk signaling 

between genes, TFs and phytohormones. Construction of co-expression modules delineated TFs 

and hub genes of interest for future work including improving abiotic stress tolerance in 

sweetpotato.  
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Supplementary Materials 

Supplementary Figures  

Figure S1. WGCNA clustering dendrogram of genes obtained by hierarchical clustering of 

adjacency-based dissimilarity of 14,138 genes from the heat, salt and drought treated Beauregard 

leaf tissue. Coexpression modules were identified via the Dynamic Tree Cut method; the merged 

dynamic indicates modules divided according to similarity of the module (with assigned module 

colors). Analysis was carried out according to the merged modules. Vertical distance in tree 

diagram represents distance between two nodes (between genes) 
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Supplementary Tables 

 

Table S1. Summary of RNA-Seq libraries and alignment metrics. 

Table S2. Pearson's Correlation Coefficients of control, heat- and salt-stress RNA-seq libraries. 

Table S3. Differential expression of all up-regulated (LFC > 2.0) and downregulated (LFC < 2.0) 

genes at 24 hr and 48 hr stress following heat stress and salt stress treatments of Beauregard. 

Table S4. Unique differentially up-regulated genes following heat stress (DEGs; LFC > 2.0; p-

value < 0.05). 

Table S5. Unique differentially up-regulated genes following salt stress (DEGs; LFC > 2.0; p-

value < 0.05). 

Table S6. Common differentially up-regulated genes following heat and salt stress (DEGs; LFC 

> - 2.0; p-value < 0.05). 

Table S7. Unique differentially down-regulated genes following heat stress (DEGs; LFC < - 2.0; 

p-value < 0.05). 

Table S8. Unique differentially down-regulated genes following salt stress (DEGs; LFC < - 2.0; 

p-value < 0.05). 

Table S9. Common differentially down-regulated genes following heat and salt stress (DEGs; 

LFC > - 2.0; p-value < 0.05). 

Table S10. Gene ontology (GO) terms enriched for the up- and down differentially regulated genes 

following heat and salt stress treatments on Beauregard sweetpotato leaf tissues at 24 and 48 hours. 
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Table S11. Expression (gene counts as log CPM) of heat shock-related genes in heat and salt 

treated Beauregard sweetpotato leaf samples. 

Table S12. Differentially regulated genes grouped into 25 clusters using K-means based on the 

expression patterns (Z-score) in the treated and control samples with transcription factor 

information. 

Table S13. Gene ontology (GO) term enrichment of genes in K-means clusters. 

Table S14. Gene ontology enrichment of Weighted Gene Coexpression Network Analysis 

(WGCNA) modules. 

Table S15. Differentially up- (LFC > 2.0) and downregulated (LFC < 2.0) genes following drought 

(25% PEG) stress; p-value < 0.05). 

Table S16. Intra (kwithin) and inter (ktotal) modular connectivity measuring of genes in the 

Weighted Gene Coexpression Network Analysis. 

 

References 

Albert, R., Jeong, H., and Barabási, A.L. (2000). Error and attack tolerance of complex 

networks. Nature 406: 378–382. 

Alexa, A. and Rahnenfuhrer, J. (2021). topGO: Enrichment Analysis for Gene Ontology. R 

package version 2.46.0. 

Allakhverdiev, S.I., Kreslavski, V.D., Klimov, V.V., Los, D.A., Carpentier, R., and Mohanty, 

P. (2008). Heat stress: an overview of molecular responses in photosynthesis. Photosynth. 

Res. 98: 541. 

Anders, S., Pyl, P.T., and Huber, W. (2014). HTSeq - a Python framework to work with high-

throughput sequencing data. Bioinformatics 31: 166–169. 

Araus, V., Swift, J., Alvarez, J.M., Henry, A., and Coruzzi, G.M. (2020). A balancing act: how 

plants integrate nitrogen and water signals. J. Exp. Bot. 71: 4442–4451. 

Arbona, V., Manzi, M., Zandalinas, S.I., Vives-Peris, V., Pérez-Clemente, R.M., and Gómez-

Cadenas, A. (2017). Physiological, Metabolic, and Molecular Responses of Plants to 

Abiotic Stress. In Stress Signaling in Plants: Genomics and Proteomics Perspective, 

Volume 2, M. Sarwat, A. Ahmad, M.Z. Abdin, and M.M. Ibrahim, eds (Springer 

International Publishing: Cham), pp. 1–35. 

Arisha, M.H., Aboelnasr, H., Ahmad, M.Q., Liu, Y., Tang, W., Gao, R., Yan, H., Kou, M., 

Wang, X., Zhang, Y., and Li, Q. (2020a). Transcriptome sequencing and whole genome 

expression profiling of hexaploid sweetpotato under salt stress. BMC Genomics 21: 1–18. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


27 

 

Arisha, M.H., Ahmad, M.Q., Tang, W., Liu, Y., Yan, H., Kou, M., Wang, X., Zhang, Y., and 

Li, Q. (2020b). RNA-sequencing analysis revealed genes associated drought stress 

responses of different durations in hexaploid sweet potato. Sci. Rep. 10: 12573. 

Arnatkeviciute, A. et al. (2021). Genetic influences on hub connectivity of the human 

connectome. Nat. Commun. 12: 1–14. 

Atkinson, N.J. and Urwin, P.E. (2012). The interaction of plant biotic and abiotic stresses: from 

genes to the field. J. Exp. Bot. 63: 3523–3543. 

Babiychuk, E., Bouvier-Navé, P., Compagnon, V., Suzuki, M., Muranaka, T., Van Montagu, 

M., Kushnir, S., and Schaller, H. (2008). Albinism and cell viability in cycloartenol 

synthase deficient Arabidopsis. Plant Signal. Behav. 3: 978–980. 

Baidyussen, A. et al. (2020). Identification, gene expression and genetic polymorphism of zinc 

finger A20/AN1 stress-associated genes, HvSAP , in salt stressed barley from Kazakhstan. 

BMC Plant Biol. 20: 1–12. 

Barabási, A.L. (2009). Scale-free networks: a decade and beyond. Science 325: 412–413. 

Barabási, A.L. and Oltvai, Z.N. (2004). Network biology: understanding the cell’s functional 

organization. Nat. Rev. Genet. 5: 101–113. 

Barah, P., B N, M.N., Jayavelu, N.D., Sowdhamini, R., Shameer, K., and Bones, A.M. (2016). 

Transcriptional regulatory networks in Arabidopsis thaliana during single and combined 

stresses. Nucleic Acids Res. 44: 3147–3164. 

Bashir, K., Matsui, A., Rasheed, S., and Seki, M. (2019). Recent advances in the 

characterization of plant transcriptomes in response to drought, salinity, heat, and cold 

stress. F1000Res. 8. 

Bednarek, R., David, M., Fuentes, S., Kreuze, J., and Fei, Z. (2021). Transcriptome analysis 

provides insights into the responses of sweet potato to sweet potato virus disease (SPVD). 

Virus Res. 295: 198293. 

Benjamini, Y. and Hochberg, Y. (1995). Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. J. R. Stat. Soc. Series B Stat. Methodol. 57: 289–

300. 

Berens, M.L. et al. (2019). Balancing trade-offs between biotic and abiotic stress responses 

through leaf age-dependent variation in stress hormone cross-talk. Proc. Natl. Acad. Sci. 

U. S. A. 116: 2364–2373. 

Bertoni, G. (2018). Cell cycle regulation by Chlamydomonas cyclin-dependent protein kinases. 

Plant Cell 30: 271–271. 

Boutté, Y., Frescatada-Rosa, M., Men, S., Chow, C.-M., Ebine, K., Gustavsson, A., 

Johansson, L., Ueda, T., Moore, I., Jürgens, G., and Grebe, M. (2010). Endocytosis 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


28 

 

restricts Arabidopsis KNOLLE syntaxin to the cell division plane during late cytokinesis. 

EMBO J. 29: 546–558. 

Bovell-Benjamin, A.C., Dawkin, N., Pace, R.D., and Shikany, J.M. (2009). Use of focus groups 

to understand African-Americans’ dietary practices: Implications for modifying a food 

frequency questionnaire. Prev. Med. 48: 549–554. 

Busch, W., Wunderlich, M., and Schöffl, F. (2005). Identification of novel heat shock factor-

dependent genes and biochemical pathways in Arabidopsis thaliana. Plant J. 41: 1–14. 

Cervantes-Flores, J.C., Sosinski, B., Pecota, K.V., Mwanga, R.O.M., Catignani, G.L., 

Truong, V.D., Watkins, R.H., Ulmer, M.R., and Yencho, G.C. (2011). Identification of 

quantitative trait loci for dry-matter, starch, and β-carotene content in sweetpotato. Mol. 

Breed. 28: 201–216. 

Chakraborty, K., Basak, N., Bhaduri, D., Ray, S., Vijayan, J., Chattopadhyay, K., and 

Sarkar, R.K. (2018). Ionic Basis of Salt Tolerance in Plants: Nutrient Homeostasis and 

Oxidative Stress Tolerance. In Plant Nutrients and Abiotic Stress Tolerance, M. 

Hasanuzzaman, M. Fujita, H. Oku, K. Nahar, and B. Hawrylak-Nowak, eds (Springer 

Singapore: Singapore), pp. 325–362. 

Chandran, D. (2015). Co-option of developmentally regulated plant SWEET transporters for 

pathogen nutrition and abiotic stress tolerance. IUBMB Life 67: 461–471. 

Chen, H.J., Lin, Z.W., Huang, G.J., and Lin, Y.H. (2012). Sweet potato calmodulin SPCAM is 

involved in salt stress-mediated leaf senescence, H₂O₂ elevation and senescence-associated 

gene expression. J. Plant Physiol. 169: 1892–1902. 

Chen, L.Q. et al. (2010). Sugar transporters for intercellular exchange and nutrition of pathogens. 

Nature 468: 527–532. 

Chen, Y., Zhang, B., Li, C., Lei, C., Kong, C., Yang, Y., and Gong, M. (2019). A 

comprehensive expression analysis of the expansin gene family in potato (Solanum 

tuberosum) discloses stress-responsive expansin-like B genes for drought and heat 

tolerances. PLoS One 14: e0219837. 

Chowdhury, S., Basu, A., and Kundu, S. (2017). Overexpression of a new osmotin-like protein 

gene (SindOLP) confers tolerance against biotic and abiotic stresses in sesame. Front. Plant 

Sci. 8: 410. 

Cornic, G. (2000). Drought stress inhibits photosynthesis by decreasing stomatal aperture – not 

by affecting ATP synthesis. Trends Plant Sci. 5: 187–188. 

Cosgrove, D.J. (2000). Loosening of plant cell walls by expansins. Nature 407: 321–326. 

Dahal, K., Li, X.Q., Tai, H., Creelman, A., and Bizimungu, B. (2019). Improving potato stress 

tolerance and tuber yield under a climate change scenario - A current overview. Front. 

Plant Sci. 10: 563. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


29 

 

Dai, F., Zhang, C., Jiang, X., Kang, M., Yin, X., Lü, P., Zhang, X., Zheng, Y., and Gao, J. 

(2012). RhNAC2 and RhEXPA4 are involved in the regulation of dehydration tolerance 

during the expansion of rose petals. Plant Physiol. 160: 2064–2082. 

Davletova, S., Rizhsky, L., Liang, H., Shengqiang, Z., Oliver, D.J., Coutu, J., Shulaev, V., 

Schlauch, K., and Mittler, R. (2005). Cytosolic ascorbate peroxidase 1 is a central 

component of the reactive oxygen gene network of Arabidopsis. Plant Cell 17: 268–281. 

Ding, A., Marowa, P., and Kong, Y. (2016). Genome-wide identification of the expansin gene 

family in tobacco (Nicotiana tabacum). Mol. Genet. Genomics 291: 1891–1907. 

Ding, L., Lu, Z., Gao, L., Guo, S., and Shen, Q. (2018). Is Nitrogen a Key Determinant of Water 

Transport and Photosynthesis in Higher Plants Upon Drought Stress? Front. Plant Sci. 9: 

1143. 

Driedonks, N., Xu, J., Peters, J.L., Park, S., and Rieu, I. (2015). Multi-Level Interactions 

Between Heat Shock Factors, Heat Shock Proteins, and the Redox System Regulate 

Acclimation to Heat. Front. Plant Sci. 6: 999. 

Du, J., Wang, S., He, C., Zhou, B., Ruan, Y.L., and Shou, H. (2017). Identification of regulatory 

networks and hub genes controlling soybean seed set and size using RNA sequencing 

analysis. J. Exp. Bot. 68: 1955–1972. 

Emms, D.M. and Kelly, S. (2015). OrthoFinder: solving fundamental biases in whole genome 

comparisons dramatically improves orthogroup inference accuracy. Genome Biol. 16: 157. 

Ewels, P., Magnusson, M., Lundin, S., and Käller, M. (2016). MultiQC: summarize analysis 

results for multiple tools and samples in a single report. Bioinformatics 32: 3047–3048. 

FAOSTAT (2021). Production; Cassava, sweet potato, yams, taro; world; 1961–2019 (Online). 

Food and Agriculture Organization of the United Nations. Downloaded data 

http://www.fao.org/faostat/en/#data/qc. 

Franklin, K.A., Lee, S.H., Patel, D., Kumar, S.V., Spartz, A.K., Gu, C., Ye, S., Yu, P., Breen, 

G., Cohen, J.D., Wigge, P.A., and Gray, W.M. (2011). PHYTOCHROME-

INTERACTING FACTOR 4 (PIF4) regulates auxin biosynthesis at high temperature. 

Proceedings of the National Academy of Sciences 108: 20231–20235. 

Frey, F.P., Urbany, C., Hüttel, B., Reinhardt, R., and Stich, B. (2015). Genome-wide 

expression profiling and phenotypic evaluation of European maize inbreds at seedling stage 

in response to heat stress. BMC Genomics 16: 123. 

Gao, C.Q., Zhao, Y.L., Li, H.C., Sui, W.G., Yan, H.C., and Wang, X.Q. (2015). Heat stress 

inhibits proliferation, promotes growth, and induces apoptosis in cultured Lantang swine 

skeletal muscle satellite cells. J. Zhejiang Univ. Sci. B 16: 549–559. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


30 

 

Gemenet, D.C. et al. (2020). Quantitative trait loci and differential gene expression analyses 

reveal the genetic basis for negatively associated β-carotene and starch content in hexaploid 

sweetpotato [Ipomoea batatas (L.) Lam.]. Theor. Appl. Genet. 133: 23–36. 

Giorno, F., Guerriero, G., Baric, S., and Mariani, C. (2012). Heat shock transcriptional factors 

in Malus domestica: identification, classification and expression analysis. BMC Genomics 

13: 639. 

Goel, D., Singh, A.K., Yadav, V., Babbar, S.B., and Bansal, K.C. (2010). Overexpression of 

osmotin gene confers tolerance to salt and drought stresses in transgenic tomato (Solanum 

lycopersicum L.). Protoplasma 245: 133–141. 

Gong, L., Zhang, H., Gan, X., Zhang, L., Chen, Y., Nie, F., Shi, L., Li, M., Guo, Z., Zhang, 

G., and Song, Y. (2015). Transcriptome Profiling of the Potato (Solanum tuberosum L.) 

Plant under Drought Stress and Water-Stimulus Conditions. PLoS One 10: e0128041. 

González-Schain, N., Dreni, L., Lawas, L.M.F., Galbiati, M., Colombo, L., Heuer, S., 

Jagadish, K.S.V., and Kater, M.M. (2016). Genome-Wide Transcriptome Analysis 

During Anthesis Reveals New Insights into the Molecular Basis of Heat Stress Responses 

in Tolerant and Sensitive Rice Varieties. Plant Cell Physiol. 57: 57–68. 

González-Schain, N., Roig-Villanova, I., and Kater, M.M. (2019). Early cold stress responses 

in post-meiotic anthers from tolerant and sensitive rice cultivars. Rice (N. Y.) 12: 94. 

Goodstein, D.M., Shu, S., Howson, R., Neupane, R., Hayes, R.D., Fazo, J., Mitros, T., Dirks, 

W., Hellsten, U., Putnam, N., and Rokhsar, D.S. (2012). Phytozome: a comparative 

platform for green plant genomics. Nucleic Acids Res. 40: D1178-86. 

Greenham, K., Guadagno, C.R., Gehan, M.A., Mockler, T.C., Weinig, C., Ewers, B.E., and 

McClung, C.R. (2017). Temporal network analysis identifies early physiological and 

transcriptomic indicators of mild drought in Brassica rapa. Elife 6: e29655. 

Grinevich, D.O., Desai, J.S., Stroup, K.P., Duan, J., Slabaugh, E., and Doherty, C.J. (2019). 

Novel transcriptional responses to heat revealed by turning up the heat at night. Plant Mol. 

Biol. 101: 1–19. 

Gu, Z.T., Wang, H., Li, L., Liu, Y.S., Deng, X.B., Huo, S.F., Yuan, F.F., Liu, Z.F., Tong, H.S., 

and Su, L. (2014). Heat stress induces apoptosis through transcription-independent p53-

mediated mitochondrial pathways in human umbilical vein endothelial cell. Sci. Rep. 4: 

4469. 

Guihur, A., Fauvet, B., Finka, A., Quadroni, M., and Goloubinoff, P. (2021). Quantitative 

proteomic analysis to capture the role of heat-accumulated proteins in moss plant acquired 

thermotolerance. Plant Cell Environ. 44: 2117–2133. 

Gull, A., Lone, A.A., and Wani, N.U.I. (2019). Biotic and Abiotic Stresses in Plants. In Abiotic 

and Biotic Stress in Plants, A.B. de Oliveira, ed (IntechOpen: Rijeka). 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


31 

 

Guo, Y., Jiang, Q., Hu, Z., Sun, X., Fan, S., and Zhang, H. (2018). Function of the auxin-

responsive gene TaSAUR75 under salt and drought stress. The Crop Journal 6: 181–190. 

Hagen, G. and Guilfoyle, T. (2002). Auxin-responsive gene expression: genes, promoters and 

regulatory factors. Plant Mol. Biol. 49: 373–385. 

Hamani, A.K.M., Wang, G., Soothar, M.K., Shen, X., Gao, Y., Qiu, R., and Mehmood, F. 

(2020). Responses of leaf gas exchange attributes, photosynthetic pigments and antioxidant 

enzymes in NaCl-stressed cotton (Gossypium hirsutum L.) seedlings to exogenous glycine 

betaine and salicylic acid. BMC Plant Biol. 20: 434. 

Han, S.H., Park, Y.J., and Park, C.M. (2019). Light Primes the Thermally Induced 

Detoxification of Reactive Oxygen Species During Development of Thermotolerance in 

Arabidopsis. Plant Cell Physiol. 60: 230–241. 

Han, Y.Y., Li, A.X., Li, F., Zhao, M.R., and Wang, W. (2012). Characterization of a wheat 

(Triticum aestivum L.) expansin gene, TaEXPB23, involved in the abiotic stress response 

and phytohormone regulation. Plant Physiol. Biochem. 54: 49–58. 

Harashima, H., Dissmeyer, N., and Schnittger, A. (2013). Cell cycle control across the 

eukaryotic kingdom. Trends Cell Biol. 23: 345–356. 

Hoopes, G.M., Hamilton, J.P., Wood, J.C., Esteban, E., Pasha, A., Vaillancourt, B., Provart, 

N.J., and Buell, C.R. (2019). An updated gene atlas for maize reveals organ-specific and 

stress-induced genes. Plant J. 97: 1154–1167. 

Hu, Z., Cools, T., and De Veylder, L. (2016). Mechanisms Used by Plants to Cope with DNA 

Damage. Annu. Rev. Plant Biol. 67: 439–462. 

Huang, N.C., Liu, K.H., Lo, H.J., and Tsay, Y.F. (1999). Cloning and functional 

characterization of an Arabidopsis nitrate transporter gene that encodes a constitutive 

component of low-affinity uptake. Plant Cell 11: 1381–1392. 

Huang, R., Liu, Z., Xing, M., Yang, Y., Wu, X., Liu, H., and Liang, W. (2019). Heat Stress 

Suppresses Brassica napus Seed Oil Accumulation by Inhibition of Photosynthesis and 

BnWRI1 Pathway. Plant Cell Physiol. 60: 1457–1470. 

Husaini, A.M. (2022). High-value pleiotropic genes for developing multiple stress-tolerant 

biofortified crops for 21st-century challenges. Heredity 128: 460-472. 

Husaini, A.M. and Abdin, M.Z. (2008). Development of transgenic strawberry (Fragaria x 

ananassa Duch.) plants tolerant to salt stress. Plant Sci. 174: 446–455. 

Hussain, H.A., Men, S., Hussain, S., Chen, Y., Ali, S., Zhang, S., Zhang, K., Li, Y., Xu, Q., 

Liao, C., and Wang, L. (2019). Interactive effects of drought and heat stresses on morpho-

physiological attributes, yield, nutrient uptake and oxidative status in maize hybrids. Sci. 

Rep. 9: 1–12. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


32 

 

Jadamba, C., Kang, K., Paek, N.-C., Lee, S.I., and Yoo, S.-C. (2020). Overexpression of Rice 

Expansin7 (Osexpa7) Confers Enhanced Tolerance to Salt Stress in Rice. Int. J. Mol. Sci. 

21. 

Jang, S.J., Shin, S.H., Yee, S.T., Hwang, B., Im, K.H., and Park, K.Y. (2005). Effects of abiotic 

stresses on cell cycle progression in Tobaco BY-2 Cells. 

Kafle, A., Garcia, K., Wang, X., Pfeffer, P.E., Strahan, G.D., and Bücking, H. (2019). Nutrient 

demand and fungal access to resources control the carbon allocation to the symbiotic 

partners in tripartite interactions of Medicago truncatula. Plant Cell Environ. 42: 270–284. 

Kim, D., Paggi, J.M., Park, C., Bennett, C., and Salzberg, S.L. (2019). Graph-based genome 

alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 37: 907–

915. 

Kim, S.H., Lee, J.H., Seo, K.I., Ryu, B., Sung, Y., Chung, T., Deng, X.W., and Lee, J.H. 

(2014). Characterization of a Novel DWD protein that participates in heat stress response 

in Arabidopsis. Mol. Cells 37: 833–840. 

Koch, E.L. and Guillaume, F. (2020). Additive and mostly adaptive plastic responses of gene 

expression to multiple stress in Tribolium castaneum. PLoS Genet. 16: e1008768. 

Krasensky, J. and Jonak, C. (2012). Drought, salt, and temperature stress-induced metabolic 

rearrangements and regulatory networks. J. Exp. Bot. 63: 1593–1608. 

Kühl, N.M. and Rensing, L. (2000). Heat shock effects on cell cycle progression. Cell. Mol. Life 

Sci. 57: 450–463. 

Kumar, S., Purkyastha, S., Roy, C., Ranjan, T., and Ranjan, R.D. (2021). Genes for Different 

Abiotic Stresses Tolerance in Wheat. In Plant Stress Physiology, A. Hossain, ed 

(IntechOpen: Rijeka). 

Lämke, J., Brzezinka, K., and Bäurle, I. (2016). HSFA2 orchestrates transcriptional dynamics 

after heat stress in Arabidopsis thaliana. Transcription 7: 111–114. 

Langfelder, P. and Horvath, S. (2008). WGCNA: an R package for weighted correlation network 

analysis. BMC Bioinformatics 9: 559. 

Lau, K.H., Del Rosario Herrera, M., Crisovan, E., Wu, S., Fei, Z., Khan, M.A., Buell, C.R., 

and Gemenet, D.C. (2018). Transcriptomic analysis of sweet potato under dehydration 

stress identifies candidate genes for drought tolerance. Plant Direct 2: e00092. 

Lauber, M.H., Waizenegger, I., Steinmann, T., Schwarz, H., Mayer, U., Hwang, I., Lukowitz, 

W., and Jürgens, G. (1997). The Arabidopsis KNOLLE protein is a cytokinesis-specific 

syntaxin. J. Cell Biol. 139: 1485–1493. 

Le Gall, H., Philippe, F., Domon, J.M., Gillet, F., Pelloux, J., and Rayon, C. (2015). Cell Wall 

Metabolism in Response to Abiotic Stress. Plants 4: 112–166. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


33 

 

Le, T.T.T., Williams, B., and Mundree, S.G. (2018). An osmotin from the resurrection plant 

Tripogon loliiformis (TlOsm) confers tolerance to multiple abiotic stresses in transgenic 

rice. Physiol. Plant. 162: 13–34. 

Lee, J.H. and Schöffl, F. (1996). An Hsp70 antisense gene affects the expression of 

HSP70/HSC70, the regulation of HSF, and the acquisition of thermotolerance in transgenic 

Arabidopsis thaliana. Mol. Gen. Genet. 252: 11–19. 

Lee, Y.H. and Chun, J.Y. (1998). A new homeodomain-leucine zipper gene from Arabidopsis 

thaliana induced by water stress and abscisic acid treatment. Plant Mol. Biol. 37: 377–384. 

Li, F., Xing, S., Guo, Q., Zhao, M., Zhang, J., Gao, Q., Wang, G., and Wang, W. (2011). 

Drought tolerance through over-expression of the expansin gene TaEXPB23 in transgenic 

tobacco. J. Plant Physiol. 168: 960–966. 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, 

G., Durbin, R., and 1000 Genome Project Data Processing Subgroup (2009). The 

Sequence Alignment/Map format and SAMtools. Bioinformatics 25: 2078–2079. 

Li, X., Li, M., Zhou, B., Yang, Y., Wei, Q., and Zhang, J. (2019). Transcriptome analysis 

provides insights into the stress response crosstalk in apple (Malus × domestica) subjected 

to drought, cold and high salinity. Sci. Rep. 9: 9071. 

Liu, B., Hu, J., and Zhang, J. (2019a). Evolutionary Divergence of Duplicated Hsf Genes in 

Populus. Cells 8: 438. 

Liu, D., Raghothama, K.G., Hasegawa, P.M., and Bressan, R.A. (1994). Osmotin 

overexpression in potato delays development of disease symptoms. Proc. Natl. Acad. Sci. 

U. S. A. 91: 1888–1892. 

Liu, G., Chai, F., Wang, Y., Jiang, J., Duan, W., Wang, Y., Wang, F., Li, S., and Wang, L. 

(2018). Genome-wide Identification and Classification of HSF Family in Grape, and Their 

Transcriptional Analysis under Heat Acclimation and Heat Stress. Horticultural Plant 

Journal 4: 133–143. 

Liu, Y., Gu, H.Y., Zhu, J., Niu, Y.M., Zhang, C., and Guo, G.L. (2019b). Identification of Hub 

Genes and Key Pathways Associated With Bipolar Disorder Based on Weighted Gene Co-

expression Network Analysis. Front. Physiol. 10: 1081. 

Liu, Z.W., Wu, Z.J., Li, X.H., Huang, Y., Li, H., Wang, Y.X., and Zhuang, J. (2016). 

Identification, classification, and expression profiles of heat shock transcription factors in 

tea plant (Camellia sinensis) under temperature stress. Gene 576: 52–59. 

Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biol. 15: 1–21. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


34 

 

Low, J.W., Mwanga, R.O.M., Andrade, M., Carey, E., and Ball, A.M. (2017). Tackling 

vitamin A deficiency with biofortified sweetpotato in sub-Saharan Africa. Global Food 

Security 14: 23–30. 

Low, J.W. and Thiele, G. (2020). Understanding innovation: The development and scaling of 

orange-fleshed sweetpotato in major African food systems. Agric. Syst. 179: 102770. 

Lü, S., Zhao, H., Des Marais, D.L., Parsons, E.P., Wen, X., Xu, X., Bangarusamy, D.K., 

Wang, G., Rowland, O., Juenger, T., Bressan, R.A., and Jenks, M.A. (2012). 

Arabidopsis ECERIFERUM9 involvement in cuticle formation and maintenance of plant 

water status. Plant Physiol. 159: 930–944. 

Lu, Y., Liu, L., Wang, X., Han, Z., Ouyang, B., Zhang, J., and Li, H. (2016). Genome-wide 

identification and expression analysis of the expansin gene family in tomato. Mol. Genet. 

Genomics 291: 597–608. 

Lukowitz, W., Mayer, U., and Jürgens, G. (1996). Cytokinesis in the Arabidopsis Embryo 

Involves the Syntaxin-Related KNOLLE Gene Product. Cell 84: 61–71. 

Luo, F., Cheng, S.C., Cai, J.H., Wei, B.D., Zhou, X., Zhou, Q., Zhao, Y.B., and Ji, S.J. (2019). 

Chlorophyll degradation and carotenoid biosynthetic pathways: Gene expression and 

pigment content in broccoli during yellowing. Food Chem. 297: 124964. 

Luo, Y., Reid, R., Freese, D., Li, C., Watkins, J., Shi, H., Zhang, H., Loraine, A., and Song, 

B.-H. (2017). Salt tolerance response revealed by RNA-Seq in a diploid halophytic wild 

relative of sweet potato. Sci. Rep. 7: 1–13. 

Mandal, A.B., Biswas, A., Mukherjee, P., Mondal, R., and Mandal, C. (2018). Osmotin: A PR 

gene imparts tolerance to excess salt in indica rice. Life Sci. Adv. 8:39-50. 

Mangrauthia, S.K., Bhogireddy, S., Agarwal, S., Prasanth, V.V., Voleti, S.R., Neelamraju, 

S., and Subrahmanyam, D. (2017). Genome-wide changes in microRNA expression 

during short and prolonged heat stress and recovery in contrasting rice cultivars. J. Exp. 

Bot. 68: 2399–2412. 

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. 

EMBnet.journal 17: 10–12. 

Matsuki, S., Iuchi, Y., Ikeda, Y., Sasagawa, I., Tomita, Y., and Fujii, J. (2003). Suppression 

of cytochrome c release and apoptosis in testes with heat stress by minocycline. Biochem. 

Biophys. Res. Commun. 312: 843–849. 

Meng, X., Liu, S., Dong, T., Xu, T., Ma, D., Pan, S., Li, Z., and Zhu, M. (2020). Comparative 

Transcriptome and Proteome Analysis of Salt-Tolerant and Salt-Sensitive Sweet Potato 

and Overexpression of IbNAC7 Confers Salt Tolerance in Arabidopsis. Front. Plant Sci. 

11: 572540. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


35 

 

Miao, H. et al. (2017). Genome-wide analyses of SWEET family proteins reveal involvement in 

fruit development and abiotic/biotic stress responses in banana. Sci. Rep. 7: 1–15. 

Miller, G. and Mittler, R. (2006). Could heat shock transcription factors function as hydrogen 

peroxide sensors in plants? Ann. Bot. 98: 279–288. 

Mishra, K.B., Iannacone, R., Petrozza, A., Mishra, A., Armentano, N., La Vecchia, G., 

Trtílek, M., Cellini, F., and Nedbal, L. (2012). Engineered drought tolerance in tomato 

plants is reflected in chlorophyll fluorescence emission. Plant Sci. 182: 79–86. 

Mittler, R., Finka, A., and Goloubinoff, P. (2012). How do plants feel the heat? Trends Biochem. 

Sci. 37: 118–125. 

Moghaddam, S.M. et al. (2021). The tepary bean genome provides insight into evolution and 

domestication under heat stress. Nat. Commun. 12: 1–14. 

Mollinari, M., Olukolu, B.A., da S. Pereira, G., Khan, A., Gemenet, D., Craig Yencho, G., 

and Zeng, Z.-B. (2020). Unraveling the Hexaploid Sweetpotato Inheritance Using Ultra-

Dense Multilocus Mapping. G3: Genes, Genomes, Genetics 10: 281–292. 

van Mourik, H., van Dijk, A.D.J., Stortenbeker, N., Angenent, G.C., and Bemer, M. (2017). 

Divergent regulation of Arabidopsis SAUR genes: a focus on the SAUR10-clade. BMC 

Plant Biol. 17: 245. 

Nakashima, K., Ito, Y., and Yamaguchi-Shinozaki, K. (2009). Transcriptional regulatory 

networks in response to abiotic stresses in Arabidopsis and grasses. Plant Physiol. 149: 88–

95. 

Nilson, S.E. and Assmann, S.M. (2007). The control of transpiration. Insights from Arabidopsis. 

Plant Physiol. 143: 19–27. 

Nover, L., Bharti, K., Döring, P., Mishra, S.K., Ganguli, A., and Scharf, K.D. (2001). 

Arabidopsis and the heat stress transcription factor world: how many heat stress 

transcription factors do we need? Cell Stress Chaperones 6: 177–189. 

Ogawa, D., Yamaguchi, K., and Nishiuchi, T. (2007). High-level overexpression of the 

Arabidopsis HsfA2 gene confers not only increased themotolerance but also salt/osmotic 

stress tolerance and enhanced callus growth. J. Exp. Bot. 58: 3373–3383. 

Ohama, N., Sato, H., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2017). Transcriptional 

Regulatory Network of Plant Heat Stress Response. Trends Plant Sci. 22: 53–65. 

Olsson, A., Engström, P., and Söderman, E. (2004). The homeobox genes ATHB12 and 

ATHB7encode potential regulators of growth in response to water deficit in Arabidopsis. 

Plant Mol. Biol. 55: 663–677. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


36 

 

Orsel, M., Chopin, F., Leleu, O., Smith, S.J., Krapp, A., Daniel-Vedele, F., and Miller, A.J. 

(2006). Characterization of a two-component high-affinity nitrate uptake system in 

Arabidopsis. Physiology and protein-protein interaction. Plant Physiol. 142: 1304–1317. 

Osakabe, Y., Yamaguchi-Shinozaki, K., Shinozaki, K., and Tran, L.-S.P. (2014). ABA control 

of plant macroelement membrane transport systems in response to water deficit and high 

salinity. New Phytol. 202: 35–49. 

Ouyang, S. et al. (2007). The TIGR Rice Genome Annotation Resource: improvements and new 

features. Nucleic Acids Res. 35: D883-7. 

Oyelade, J., Isewon, I., Oladipupo, F., Aromolaran, O., Uwoghiren, E., Ameh, F., Achas, M., 

and Adebiyi, E. (2016). Clustering algorithms: Their application to gene expression data. 

Bioinform. Biol. Insights 10: 237–253. 

Panahi, B. and Hejazi, M.A. (2021). Weighted gene co-expression network analysis of the salt-

responsive transcriptomes reveals novel hub genes in green halophytic microalgae 

Dunaliella salina. Sci. Rep. 11: 1–11. 

Patade, V.Y., Khatri, D., Kumari, M., Grover, A., Mohan Gupta, S., and Ahmed, Z. (2013). 

Cold tolerance in Osmotin transgenic tomato (Solanum lycopersicum L.) is associated with 

modulation in transcript abundance of stress responsive genes. Springerplus 2: 117. 

Qiao, X., Li, M., Li, L., Yin, H., Wu, J., and Zhang, S. (2015). Genome-wide identification and 

comparative analysis of the heat shock transcription factor family in Chinese white pear 

(Pyrus bretschneideri) and five other Rosaceae species. BMC Plant Biol. 15: 12. 

Ren, B., Wang, M., Chen, Y., Sun, G., Li, Y., Shen, Q., and Guo, S. (2015). Water absorption 

is affected by the nitrogen supply to rice plants. Plant Soil 396: 397–410. 

Rensink, W.A., Iobst, S., Hart, A., Stegalkina, S., Liu, J., and Buell, C.R. (2005). Gene 

expression profiling of potato responses to cold, heat, and salt stress. Funct. Integr. 

Genomics 5: 201–207. 

Rhead, B., Shao, X., Quach, H., Ghai, P., Barcellos, L.F., and Bowcock, A.M. (2020). Global 

expression and CpG methylation analysis of primary endothelial cells before and after 

TNFa stimulation reveals gene modules enriched in inflammatory and infectious diseases 

and associated DMRs. PLoS One 15: e0230884. 

Rolston, L.H., Clark, C.A., Cannon, J.M., Randle, W.M., and Riley, E.G. (1987). Beauregard 

sweet potato. HortScience 22: 1338–1339. 

Rossi, S., Burgess, P., Jespersen, D., and Huang, B. (2017). Heat‐induced leaf senescence 

associated with chlorophyll metabolism in bentgrass lines differing in heat tolerance. Crop 

Sci. 57: S-169-S-178. 

Sakuraba, Y., Kim, Y.S., Han, S.H., Lee, B.D., and Paek, N.C. (2015). The Arabidopsis 

Transcription Factor NAC016 Promotes Drought Stress Responses by Repressing AREB1 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


37 

 

Transcription through a Trifurcate Feed-Forward Regulatory Loop Involving NAP. Plant 

Cell 27: 1771–1787. 

Scharf, K.D., Berberich, T., Ebersberger, I., and Nover, L. (2012). The plant heat stress 

transcription factor (Hsf) family: structure, function and evolution. Biochim. Biophys. Acta 

1819: 104–119. 

Schroda, M., Vallon, O., Wollman, F.A., and Beck, C.F. (1999). A chloroplast-targeted heat 

shock protein 70 (HSP70) contributes to the photoprotection and repair of photosystem II 

during and after photoinhibition. Plant Cell 11: 1165–1178. 

Semeradova, H., Montesinos, J.C., and Benkova, E. (2020). All Roads Lead to Auxin: Post-

translational Regulation of Auxin Transport by Multiple Hormonal Pathways. Plant 

Communications 1: 100048. 

Shabala, S. and Cuin, T.A. (2008). Potassium transport and plant salt tolerance. Physiol. Plant. 

133: 651–669. 

Shaik, R. and Ramakrishna, W. (2013). Genes and co-expression modules common to drought 

and bacterial stress responses in Arabidopsis and rice. PLoS One 8: e77261. 

Shao, H., Wang, H., and Tang, X. (2015). NAC transcription factors in plant multiple abiotic 

stress responses: progress and prospects. Front. Plant Sci. 6: 902. 

Shi, J., Yasuor, H., Yermiyahu, U., Zuo, Q., and Ben-Gal, A. (2014). Dynamic responses of 

wheat to drought and nitrogen stresses during re-watering cycles. Agric. Water Manag. 

146: 163–172. 

Shrivastava, P. and Kumar, R. (2014). Soil salinity: A serious environmental issue and plant 

growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 

Sidhu, G.P.S., Singh, H.P., Batish, D.R., and Kohli, R.K. (2017). Alterations in photosynthetic 

pigments, protein, and carbohydrate metabolism in a wild plant Coronopus didymus L. 

(Brassicaceae) under lead stress. Acta Physiol. Plant 39: 176. 

Söderman, E., Mattsson, J., and Engström, P. (1996). The Arabidopsis homeobox gene ATHB-

7 is induced by water deficit and by abscisic acid. Plant J. 10: 375–381. 

Stals, H., Casteels, P., Van Montagu, M., and Inzé, D. (2000). Regulation of cyclin-dependent 

kinases in Arabidopsis thaliana. Plant Mol. Biol. 43: 583–593. 

Suematsu, K., Tanaka, M., Kurata, R., and Kai, Y. (2020). Comparative transcriptome analysis 

implied a ZEP paralog was a key gene involved in carotenoid accumulation in yellow-

fleshed sweetpotato. Sci. Rep. 10: 1–11. 

Swamy, P.M. and Smith, B.N. (1999). Role of abscisic acid in plant stress tolerance. Curr. Sci. 

76: 1220–1227. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


38 

 

Tang, R., Gupta, S.K., Niu, S., Li, X.-Q., Yang, Q., Chen, G., Zhu, W., and Haroon, M. (2020). 

Transcriptome analysis of heat stress response genes in potato leaves. Mol. Biol. Rep. 47: 

4311–4321. 

Touihri, S., Knöll, C., Stierhof, Y.-D., Müller, I., Mayer, U., and Jürgens, G. (2011). 

Functional anatomy of the Arabidopsis cytokinesis-specific syntaxin KNOLLE. Plant J. 

68: 755–764. 

Tran, L.S.P., Nakashima, K., Sakuma, Y., Simpson, S.D., Fujita, Y., Maruyama, K., Fujita, 

M., Seki, M., Shinozaki, K., and Yamaguchi-Shinozaki, K. (2004). Isolation and 

functional analysis of Arabidopsis stress-inducible NAC transcription factors that bind to 

a drought-responsive cis-element in the early responsive to dehydration stress 1 promoter. 

Plant Cell 16: 2481–2498. 

Trapnell, C., Williams, B.A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M.J., Salzberg, 

S.L., Wold, B.J., and Pachter, L. (2010). Transcript assembly and quantification by 

RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. 

Nat. Biotechnol. 28: 511–515. 

Tuteja, N. (2007). Abscisic Acid and abiotic stress signaling. Plant Signal. Behav. 2: 135–138. 

Volkov, R.A., Panchuk, I.I., Mullineaux, P.M., and Schöffl, F. (2006). Heat stress-induced 

H(2)O (2) is required for effective expression of heat shock genes in Arabidopsis. Plant 

Mol. Biol. 61: 733–746. 

Waizenegger, I., Lukowitz, W., Assaad, F., Schwarz, H., Jürgens, G., and Mayer, U. (2000). 

The Arabidopsis KNOLLE and KEULE genes interact to promote vesicle fusion during 

cytokinesis. Curr. Biol. 10: 1371–1374. 

Wan, Q., Hongbo, S., Zhaolong, X., Jia, L., Dayong, Z., and Yihong, H. (2017). Salinity 

Tolerance Mechanism of Osmotin and Osmotin-like Proteins: A Promising Candidate for 

Enhancing Plant Salt Tolerance. Curr. Genomics 18: 553–556. 

Wang, F., Tong, W., Zhu, H., Kong, W., Peng, R., Liu, Q., and Yao, Q. (2016). A novel 

Cys2/His2 zinc finger protein gene from sweetpotato, IbZFP1, is involved in salt and 

drought tolerance in transgenic Arabidopsis. Planta 243: 783–797. 

Wang, L., Guo, Y., Jia, L., Chu, H., Zhou, S., Chen, K., Wu, D., and Zhao, L. (2014). 

Hydrogen peroxide acts upstream of nitric oxide in the heat shock pathway in Arabidopsis 

seedlings. Plant Physiol. 164: 2184–2196. 

Wang, L., Li, Y., Jin, X., Liu, L., Dai, X., Liu, Y., Zhao, L., Zheng, P., Wang, X., Liu, Y., Lin, 

D., and Qin, Y. (2020). Floral transcriptomes reveal gene networks in pineapple floral 

growth and fruit development. Commun. Biol. 3: 500. 

Wang, Y.Y., Hsu, P.K., and Tsay, Y.F. (2012). Uptake, allocation and signaling of nitrate. 

Trends Plant Sci. 17: 458–467. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


39 

 

Weber, R.L.M. et al. (2014). Expression of an osmotin-like protein from Solanum nigrum confers 

drought tolerance in transgenic soybean. BMC Plant Biol. 14: 343. 

Wei, Y., Xiao, D., Zhang, C., and Hou, X. (2019). The Expanded SWEET Gene Family 

Following Whole Genome Triplication in Brassica rapa. Genes 10. 

Wenjing, W., Chen, Q., Singh, P.K., Huang, Y., and Pei, D. (2020). CRISPR/Cas9 edited 

HSFA6a and HSFA6b of Arabidopsis thaliana offers ABA and osmotic stress insensitivity 

by modulation of ROS homeostasis. Plant Signal. Behav. 15: 1816321. 

Wu, J., Liu, S., He, Y., Guan, X., Zhu, X., Cheng, L., Wang, J., and Lu, G. (2012). Genome-

wide analysis of SAUR gene family in Solanaceae species. Gene 509: 38–50. 

Wu, S. et al. (2018). Genome sequences of two diploid wild relatives of cultivated sweetpotato 

reveal targets for genetic improvement. Nat. Commun. 9: 4580. 

Xiong, H., Hua, L., Reyna-Llorens, I., Shi, Y., Chen, K.M., Smirnoff, N., Kromdijk, J., and 

Hibberd, J.M. (2021). Photosynthesis-independent production of reactive oxygen species 

in the rice bundle sheath during high light is mediated by NADPH oxidase. Proc. Natl. 

Acad. Sci. U. S. A. 118. 

Xiong, L., Schumaker, K.S., and Zhu, J.-K. (2002). Cell signaling during cold, drought, and salt 

stress. Plant Cell 14 Suppl: S165-83. 

Xu, Q., Xu, X., Shi, Y., Xu, J., and Huang, B. (2014). Transgenic tobacco plants overexpressing 

a grass PpEXP1 gene exhibit enhanced tolerance to heat stress. PLoS One 9: e100792. 

Xue, G.-P., Sadat, S., Drenth, J., and McIntyre, C.L. (2014). The heat shock factor family from 

Triticum aestivum in response to heat and other major abiotic stresses and their role in 

regulation of heat shock protein genes. J. Exp. Bot. 65: 539–557. 

Yamada, K., Osakabe, Y., Mizoi, J., Nakashima, K., Fujita, Y., Shinozaki, K., and 

Yamaguchi-Shinozaki, K. (2010). Functional analysis of an Arabidopsis thaliana abiotic 

stress-inducible facilitated diffusion transporter for monosaccharides. J. Biol. Chem. 285: 

1138–1146. 

Yamaguchi-Shinozaki, K. and Shinozaki, K. (2006). Transcriptional regulatory networks in 

cellular responses and tolerance to dehydration and cold stresses. Annu. Rev. Plant Biol. 

57: 781–803. 

Yang, Y., Zhang, L., Huang, X., Zhou, Y., Quan, Q., Li, Y., and Zhu, X. (2020a). Response of 

photosynthesis to different concentrations of heavy metals in Davidia involucrata. PLoS 

One 15: e0228563. 

Yang, Z., Zhu, P., Kang, H., Liu, L., Cao, Q., Sun, J., Dong, T., Zhu, M., Li, Z., and Xu, T. 

(2020b). High-throughput deep sequencing reveals the important role that microRNAs play 

in the salt response in sweet potato (Ipomoea batatas L.). BMC Genomics 21: 1–16. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


40 

 

van Zelm, E., Zhang, Y., and Testerink, C. (2020). Salt Tolerance Mechanisms of Plants. Annu. 

Rev. Plant Biol. 71: 403–433. 

Volkov, R.A., Panchuk, I.I., Mullineaux, P.M., and Schöffl, F. (2006). Heat stress-induced 

H(2)O (2) is required for effective expression of heat shock genes in Arabidopsis. Plant 

Mol. Biol. 61: 733–746. 

Wang, L., Guo, Y., Jia, L., Chu, H., Zhou, S., Chen, K., Wu, D., and Zhao, L. (2014). 

Hydrogen peroxide acts upstream of nitric oxide in the heat shock pathway in Arabidopsis 

seedlings. Plant Physiol. 164: 2184–2196. 

Zhang, B. and Horvath, S. (2005). A general framework for weighted gene co-expression 

network analysis. Stat. Appl. Genet. Mol. Biol. 4: Article17. 

Zhang, J., Jia, H., Li, J., Li, Y., Lu, M., and Hu, J. (2016). Molecular evolution and expression 

divergence of the Populus euphratica Hsf genes provide insight into the stress acclimation 

of desert poplar. Sci. Rep. 6: 1–14. 

Zhang, J., Liu, B., Li, J., Zhang, L., Wang, Y., Zheng, H., Lu, M., and Chen, J. (2015). Hsf 

and Hsp gene families in Populus: genome-wide identification, organization and correlated 

expression during development and in stress responses. BMC Genomics 16: 181. 

Zhang, K., Wu, Z., Tang, D., Luo, K., Lu, H., Liu, Y., Dong, J., Wang, X., Lv, C., Wang, J., 

and Lu, K. (2017). Comparative Transcriptome Analysis Reveals Critical Function of 

Sucrose Metabolism Related-Enzymes in Starch Accumulation in the Storage Root of 

Sweet Potato. Front. Plant Sci. 8: 914. 

Zhao, W., Jung, S., and Schubert, S. (2019). Transcription profile analysis identifies marker 

genes to distinguish salt shock and salt stress after stepwise acclimation in Arabidopsis 

thaliana and Zea mays. Plant Physiol. Biochem. 143: 232–245. 

Zheng, Y. et al. (2016). iTAK: A Program for Genome-wide Prediction and Classification of Plant 

Transcription Factors, Transcriptional Regulators, and Protein Kinases. Mol. Plant 9: 

1667–1670. 

Zhong, S., Joung, J.G., Zheng, Y., Chen, Y.R., Liu, B., Shao, Y., Xiang, J.Z., Fei, Z., and 

Giovannoni, J.J. (2011). High-throughput Illumina strand-specific RNA sequencing 

library preparation. Cold Spring Harb. Protoc. 2011: 940–949. 

Zhou, R., Yu, X., Ottosen, C.O., Rosenqvist, E., Zhao, L., Wang, Y., Yu, W., Zhao, T., and 

Wu, Z. (2017). Drought stress had a predominant effect over heat stress on three tomato 

cultivars subjected to combined stress. BMC Plant Biol. 17: 24. 

Zhou, X.G., Huang, X.L., Liang, S.Y., Tang, S.M., Wu, S.K., Huang, T.T., Mo, Z.N., and 

Wang, Q.-Y. (2018). Identifying miRNA and gene modules of colon cancer associated 

with pathological stage by weighted gene co-expression network analysis. Onco. Targets. 

Ther. 11: 2815–2830. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/


41 

 

Zhu, B., Chen, T.H.H., and Li, P.H. (1995). Expression of three osmotin-like protein genes in 

response to osmotic stress and fungal infection in potato. Plant Mol. Biol. 28: 17–26. 

Zhu, J.K. (2002). Salt and drought stress signal transduction in plants. Annu. Rev. Plant Biol. 53: 

247–273. 

 

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 31, 2023. ; https://doi.org/10.1101/2023.01.30.526063doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.30.526063
http://creativecommons.org/licenses/by/4.0/

	3.4 Clustering and co-expression network analyses

