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Abstract

Dehydration Responsive Element Binding (DREB) regulates the expression of numerous
stress-responsive genes, and hence plays a pivotal role in abiotic stress responses and tol-
erance in plants. The study aimed to develop a complete overview of the cis-acting regula-
tory elements (CARES) present in S. tuberosum DREB gene promoters. A total of one
hundred and four (104) cis-regulatory elements (CREs) were identified from 2.5kbp
upstream of the start codon (ATG). The in-silico promoter analysis revealed variable sets of
cis-elements and functional diversity with the predominance of light-responsive (30%),
development-related (20%), abiotic stress-responsive (14%), and hormone-responsive
(12%) elements in StDREBs. Among them, two light-responsive elements (Box-4 and G-
box) were predicted in 64 and 61 StDREB genes, respectively. Two development-related
motifs (AAGAA-motif and as-1) were abundant in StDREB gene promoters. Most of the
DREB genes contained one or more Myeloblastosis (MYB) and Myelocytometosis (MYC)
elements associated with abiotic stress responses. Hormone-responsive element i.e. ABRE
was found in 59 out of 66 StDREB genes, which implied their role in dehydration and salinity
stress. Moreover, six proteins were chosen corresponding to A1-A6 StDREB subgroups for
secondary structure analysis and three-dimensional protein modeling followed by model val-
idation through PROCHECK server by Ramachandran Plot. The predicted models demon-
strated >90% of the residues in the favorable region, which further ensured their reliability.
The present study also anticipated pocket binding sites and disordered regions (DRs) to
gain insights into the structural flexibility and functional annotation of StDREB proteins. The
protein association network determined the interaction of six selected StDREB proteins with
potato proteins encoded by other gene families such as MYB and NAC, suggesting their
similar functional roles in biological and molecular pathways. Overall, our results provide
fundamental information for future functional analysis to understand the precise molecular
mechanisms of the DREB gene family in S. tuberosum.
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Introduction

Potato (Solanum tuberosum) is an important agricultural crop worldwide only after wheat and
rice [1]. According to FAO estimates, approximately 370 million metric tons of potatoes were
produced worldwide in 2019, a substantial rise from the 333.6 million tons produced in 2010
[2]. However, potato is extremely sensitive to various abiotic stresses especially drought [3].
Potato susceptibility to drought has been predominantly linked to its shallow root system [4],
with root length of cultivar being correlated with production under drought conditions [5]
and canopy features [6], with -stem-type canopy- varieties showing more tolerance to drought
than leaf-types [7]. These features can cause a dramatic decrease in yields under water scarcity,
with a previous study reporting an 87% reduction in tuber yields in the Desiree cultivar [7].
Globally it is estimated that drought will decrease potato yield by 32% between 2040 and 2069
[8].

Plant transcription factors (TFs) are a class of proteins that specifically binds to cis-acting
regulatory elements (CREs) present in the promoter regions of the targeted genes and regulate
gene expression by extracellular and intercellular signaling [9]. Moreover, TFs are considered
as one of the most potential candidates for genetic engineering in plants [10].

Dehydration Responsive Element Binding (DREB) transcription factor family belongs to
the APETALA2/ ethylene responsive element binding protein (AP2/EREBP) superfamily.
DREB genes consist of a highly conserved DNA-binding AP2 domain [11]. Furthermore, the
DREB gene family members are defined by the presence of Valine (V) at position 14™ and glu-
tamic acid (E) at position 19" within the conserved AP2 domain [12]. Based on the genetic
domain, DREB genes can be classified into six subgroups i.e. Al to A6. Members of the DREB
gene family are known for their regulatory roles in various abiotic stresses such as drought
[13], salinity [14], heat [15], and cold [16]. DREB genes enhance a plant’s abiotic stress toler-
ance by interacting with core dehydration responsive element (DRE) sequence (5’-A/
GCCGAC-3) cis-element located in their promoter region. The specificity and strength of
promoter regions are defined by the architecture of their CREs [17]. Thus, gene promoters are
central for the regulation of gene expression in response to abiotic stresses [18]. Recent
advances in experimental techniques such as RNA sequencing, microarray, and RNA interfer-
ence have enabled the discovery and exploration of target gene promoter regions; however
these techniques are expensive and technically demanding [19, 20]. Therefore, computational
approaches are being utilized to scan the promoter regions for various cis-elements involved
in gene regulation [21]. Different web-based tools have been developed to analyze cis-acting
elements within the promoter regions for example PlantCARE [22], Plant Pan [23], Plant
Prom [24], AGRIS [25], and PLACE [26]. Various types of cis-acting elements associated with
different gene families have been reported in plant species such as auxin responsive elements
(AuxRE) in A. thaliana and rice [27]. Furthermore, hormone, light, and stress-responsive cis-
regulatory elements have been identified for basic helix-loop-helix (bHLH) [28], basic leucine
zipper (bZIP), and glycogen synthase kinase (GSK) gene families in potato [29, 30].

With the completion of the whole genome sequencing (WGS), DREB gene family members
have been identified and characterized in many plant species including soybean [31], mulberry
[32], malus [33], and common bean [34]. DREB TFs have been reported to play key roles in
drought, salinity, heat, and cold in Solanum tuberosum [35-37]. Considering the significance
of DREB genes in plant abiotic stress tolerance, we conducted a genome-wide screening of the
potato genome in our recently published research study. A total of sixty-six (66) StDREB genes
were identified and classified into six distinct subgroups (A1-A6) with reference to the classifi-
cation of Arabidopsis DREB genes. Detailed motif patterns and exon/intron organization was
analyzed, which was found consistent with phylogenetic classification. All the sixty-six (66)
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DREB genes were mapped across 12 potato chromosomes. Gene duplication suggested that
DREB genes had undergone both tandem and segmental duplications during evolution.
According to subcellular localization, the majority of the StDREB genes were found in the
nucleus. Moreover, we performed functional annotation and concluded the DNA-binding
ability of each S. tuberosum DREB gene [38]. To the best of our knowledge, no study has been
reported on cis-elements of DREB genes in S. tuberosum. In the present study, genome-wide
cis-elements were predicted in the promoter regions of StDREB genes. We investigated 104
CRE:s of the DREB gene family in the potato genome along with their potential functions
through in-silico approaches. We performed homology modeling of six StDREB proteins from
A1-A6 subgroups and validated the predicted models to gain an in-depth knowledge of struc-
tural variations and functional stability. Furthermore, we analyzed interaction network of
potato DREB proteins with potential regulatory proteins to predict the possible regulation rela-
tionship between DREBs and various protein families. Collectively, our findings provide useful
insights for further functional investigations of DREB genes and multi-stress tolerance engi-
neering in S. tuberosum.

Materials and methods
Cis-regulatory element analysis of StDREB gene promoters

In our recently published study, we identified a total of sixty-six (66) DREB genes in the S. tubero-
sum genome [38]. To investigate cis-regulatory elements in promoter regions of 66 StDREB
genes, promoter sequences 2.5 kbp upstream of the translational start site (ATG) were retrieved
from Phytozome v12.1 database (https://phytozome.jgi.doe.gov/pz/portal.html) for each StDREB
gene [39]. The promoter sequences were then submitted to the PlantCARE database (http://
bioinformatics.psb.ugent.be/webtools/plantcare/html/) [40] and validated in NEW PLACE
(https://www.dna.affrc.go.jp/PLACE/?action=newplace) to predict diverse cis-regulatory motifs
of the DREB gene family in S. tuberosum. Furthermore, based on the initiation and termination
positions of the respective motifs, the CREs and their associated DREB genes were illustrated
using ToolKit Biologists Tools (TB tools) software (https://github.com/CJ-Chen/TBtools).

Three-dimensional (3D) molecular modeling and structural validation of
StDREB proteins

For homology modeling, the full-length amino acid sequences of six representative StDREB
proteins from A1-A6 subgroups were retrieved using the UNIPROT database (https://www.
uniprot.org/) [41]. To conduct the secondary structure analysis of StDREB proteins, the
SOPMA server (https://npsa-prabi.ibcp.fr/NPSA/npsa_sopma.html) was employed [42]. The
three-dimensional structures of StDREB proteins were predicted by Protein Homology/ anal-
ogy Recognition Engine V 2.0 (Phyre2) server (http://www.sbg.bio.ic.ac.uk/~phyre2/html/
page.cgi?id=index) that uses advanced homology detection methods to generate 3D models
[43]. The predicted PDB models were then refined by the Galaxy Refine server (http://galaxy.
seoklab.org/cgi-bin/submit.cgi?type=REFINE) [44]. Structural validation of StDREB proteins
was performed using PROCHECK server with Ramachandran plot analysis (https://servicesn.
mbi.ucla.edu/PROCHECKY/).

Prediction of the active catalytic site and disordered regions of StDREB
proteins

The multiscale pocket structures on StDREB protein surfaces were determined using CASTp
3.0 (Computed Atlas of Surface Topography of proteins) (http://sts.bioe.uic.edu/castp/index.
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html?2pk9) web-server [45]. The disordered regions were predicted using PrDOS (Protein
DisOrder prediction System) server (http://prdos.hgc.jp/cgi-bin/top.cgi) respectively [46].

Interaction network analysis of StDREBs

The STRING tool (Search Tool for the Retrieval of Interacting Genes) (https://string-db.org/)
[47] was employed to construct the protein association network between StDREBs and their
interacting protein families, with a confidence parameter set to a threshold of 0.40, a maxi-
mum number of interactors in the first shell limited to 10, and none in the second shell respec-
tively. The amino acid sequences were used as query subjects to analyze the network model of
putative interacting partners. The proteins that belonged to the same sub-network were inter-
connected to each other.

Results and discussion

In the present study, an effort has been made to analyze various cis-regulatory elements
(CREs) found in Solanum tuberosum DREB gene promoters, the 3D protein structures of
StDREB proteins, structural validation, as well as their association with other transcription fac-
tor families in a regulatory network.

Identification of cis-regulatory elements in the promoter regions of
StDREB genes

DREB gene family is defined by the presence of an AP2 domain [48]. All of the retrieved
DREB genes were verified for the presence of one conserved AP2 domain followed by amino
acid conservation analysis i.e. V14 and E19 [38]. The presence of valine (V) at position 14™
and glutamic acid (E) at position 19" play central roles in consensus recognition and binding
to the DRE cis-element, however, E might show some flexibility [49]. A total of 104 cis-ele-
ments were identified from the 2.5 kbp upstream region of the DREB gene family by the Plant-
CARE program and their respective functions were validated in the NEW PLACE database (S1
Table). Predicted cis-regulatory elements were grouped into seven broad categories (Fig 1);
based on their function and response to stimuli namely, light responsive, plant growth and
development, abiotic stress responsive, hormonal regulation, promoter related, biotic stress
responsive, and cis-elements with unknown functions. Statistical analysis demonstrated that
light responsive elements comprised 30% of all CREs, followed by development related ele-
ments (20%), abiotic stress responsive elements (14%), and hormone responsive elements
(12%), suggesting the involvement of DREB in photoperiod responses, plant development,
hormonal regulation and in providing tolerance to plants against abiotic stresses. This result is
consistent with the previously performed in vivo studies on DREB genes [15]. Furthermore,
biotic stress responsive elements represented the lowest proportion (4%) of the CREs. Pro-
moter related cis-elements accounted for 8% of the total while 12% of members had unknown
functions. The length of cis-acting elements varied from 4-13 bp in S. tuberosum. The majority
of the cis-elements were 4 and 6 bp in length. The highest number of motifs was observed for
the promoter of StDREB37 while the lowest number of motifs was found in the promoter of
StDREB38 (S2 Table). Fig 2 represents the distribution of frequently occurring cis-acting
motifs with their corresponding StDREB genes. Box 4 and G-box are light responsive cis ele-
ments present in DREB promoters, whereas activating sequence-1 (as-1) and AAGAA-motif
are developmental-related elements. The as-1 is present in a large number of promoters
induced by stress, including the pathogenesis-related protein 1 promoter [50, 51]. For
instance, as-1 elements have been found in pathogenesis related promoters of Arabidopsis and
tobacco [52]. The as-1 elements are also reported to be involved in root specific expression
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Fig 1. Functional classification of predicted cis-elements in StDREB promoter regions. Different colors indicated
the frequency of cis-elements namely light responsive elements (30%); development-related elements (20%); abiotic
stress-responsive elements (14%); hormone-responsive elements (12%); promoter-related elements (8%); biotic stress-
responsive elements (4%); and elements with unknown function (12%).

https://doi.org/10.1371/journal.pone.0261215.g001

[53]. MYC and MYB are dehydration responsive elements residing in DREB gene promoters
establishing their role against drought. ABRE is an abscisic acid responsive element, suggesting
the role of DREB genes in abiotic stress signaling e.g. drought. W box is elicitor responsive cis-
element present in the maximum number of 4 in StDREB32, StDREB50, and StDREB56 gene
respectively. W boxes interact with WRKY transcription factors to induce stress responsive
genes against biotic and abiotic stresses [54]. The presence of wound responsive elements
(WUN-motif) in StDREB genes depicts their role against biotic stresses. Overall, the presence
of different cis-elements indicates the functional diversity of StDREB genes that ultimately
reveal their biological importance in helping plants to cope with environmental stresses.
Promoter-related elements. Based on the results, a total of 8% of the 104 cis-elements
belonged to promoter-related elements. We observed the presence of two core promoter ele-
ments in all 66 StDREB genes, namely CAAT-box and TATA-box, both of which act as bind-
ing sites for a transcription factor. TATA-box is essential for recruiting the basal machinery
and determining the transcriptional start site (TSS) [55, 56], while CAAT-box is the major
determinant of promoter efficiency due to its sensitivity to mutations [57]. Table 1 shows the
frequency of presence of two core promoter elements in each StDREB promoter region.
Besides the two core promoter elements, A-box, AT-rich elements, AT~TATA-box, TATA,
unnamed_1, and unnamed_5 were also predicted as promoter binding sites. In tobacco,
NtAIDP1 binds to the AT-rich region in the promoter of JA-responsive genes to activate tran-
scription [58]. The A-box for a-amylase promoters is previously identified as stress-relevant in
the promoters of zinc finger proteins Zat7 and Zat12, as well as WRKY 25 transcription factor
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Fig 2. Distribution of frequently occurring CREs in sixty-six (66) StDREBs. They were visualized using Simple
BioSequence Viewer in TB tools software. Different colors demonstrated nine types of motifs. Bars at the right

represented names of nine motifs that respond to light stress (Box 4 and G box), plant development (as-1, AAGAA-

motif), hormone signaling (ABRE), abiotic stress (MYB, MYC), and biotic stress (W box, WUN-motif). The scale at the
bottom indicated the length of the promoter.

https://doi.org/10.1371/journal.pone.0261215.g002

[59]. Our results indicated the existence of AT~TATA-box in 64 StDREB genes, unnamed_1
in 49 StDREB genes, and TATA in 47 StDREB genes whereas, AT-rich elements were found
in 16 StDREB genes, A-box in 12 StDREB genes, and unnamed_5 in one StDREB gene only

(Fig 3).

Light responsive cis-elements. The assessment of S. tuberosum DREB gene promoters
revealed thirty-one light-responsive elements (LREs), such as Box-4, G-box, C-box, GATA-
motif, GA-motif, Gap-box, TCT-motif, ATCT-motif, 3-AF1 binding site, AAAC-motif, ACE,

Table 1. Frequency of occurrence of CAAT-box and TATA-box in sixty-six (66) StDREB genes.

Gene name CAAT Box TATA Box Gene name CAAT Box TATA Box
StDREB1 43 76 StDREB34 25 133
StDREB2 44 95 StDREB35 38 73
StDREB3 58 67 StDREB36 47 90
StDREB4 51 90 StDREB37 50 114
StDREB5 45 100 StDREB38 11 6
StDREB6 55 100 StDREB39 67 77
StDREB7 33 91 StDREB40 53 77
StDREBS 57 74 StDREB41 38 89
StDREB9 54 37 StDREB42 45 86

StDREB10 55 69 StDREB43 40 86

StDREB11 42 47 StDREB44 47 46

StDREB12 46 96 StDREB45 48 58

StDREBI13 39 107 StDREB46 61 91

StDREB14 50 108 StDREB47 51 58

StDREB15 40 68 StDREB48 46 73

StDREB16 42 103 StDREB49 30 57

StDREB17 46 50 StDREB50 37 80

StDREB18 54 67 StDREB51 49 114

StDREB19 12 27 StDREB52 67 75

StDREB20 51 65 StDREB53 49 90

StDREB21 36 98 StDREB54 45 22

StDREB22 59 85 StDREB55 53 59

StDREB23 40 113 StDREB56 48 58

StDREB24 62 113 StDREB57 53 90

StDREB25 60 43 StDREB58 44 80

StDREB26 40 24 StDREB59 49 71

StDREB27 66 57 StDREB60 57 102

StDREB28 52 94 StDREB61 49 72

StDREB29 52 42 StDREB62 47 94

StDREB30 49 82 StDREB63 55 57

StDREB31 67 82 StDREB64 65 63

StDREB32 50 88 StDREB65 39 58

StDREB33 46 83 StDREB66 58 75

https://doi.org/10.1371/journal.pone.0261215.t001
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Fig 3. Graphical representation of promoter-related elements in StDREB genes identified using PlantCARE and
NEW PLACE database. X-axis represented names of various motifs, whereas Y-axis represented the number of cis-
elements in 66 StDREB genes.
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Box II, CAG-motif, chs-CMA1a, chs-CMA?2a, chs-Unit 1 m1, AE-box, AT1-motif, ATC-
motif, TCCC-motif, LAMP-element, LS7, MRE, Pc-CMA2c, sbp-CMA1lc, GT1-motif,
GTGGC-motif, H-box, I-box, L-box, and Sp1 (Fig 4). Almost all StDREB genes contained at
least one light-responsive element in their promoter regions. Among currently identified LREs
many elements including G-Box, ACE, Box-4, Sp1, TCT-motif, GATA motif have been also
previously identified in the promoters of the drought, salinity, cold, and heat responsive genes
[60]. These elements perform a crucial role in regulating transcriptional activity [61]. Light
responsive elements such as Box-4, G-Box are well known to be present in the regulatory areas
of those genes that regulate light-controlled transcriptional activities [62]. Two motifs i.e. Box-
4 and G-box were prevalent cis-elements predicted in the promoter regions of 64 and 61 genes
of the total 66 StDREBs, respectively. Box 4 is a part of the conserved DNA module involved in
light-responsiveness. It is worth mentioning that the Box-4 element is enriched in the soybean
WRKY genes, suggesting that the Box-4 element is crucial for light-regulated transcriptional
activity [63]. G-box element is a conserved region located upstream of light-regulated genes
that function as a molecular switch activated by calcium dependent phosphorylation/dephos-
phorylation in response to light signals. The G-box provides binding sites for specific bZIP
proteins and this cis-element is regulated to environmental stresses such as UV light, ABA, red
light, and injuries [64]. It has been reported that G-box is common in Arabidopsis and grape-
vine and is involved in photosynthesis, hormone signaling (ethylene and ABA), and stress
responses [65]. According to a study on rice, G-box is the cognate cis-element for bHLH,
bZIP, and NAC TFs, implying a role in the regulation of transcriptional activity [66]. Further,
G-box has been identified as a MYC recognition site along with MYB, playing a role in the
upregulation of the RD22 drought-induced gene [67]. Furthermore, GATA-motif is consid-
ered essential for high level light-regulated and tissue specific expression [68]. The presence of
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Fig 4. Light responsive motifs identified in S. tuberosum DREB gene promoters. Promoter sequences were
submitted in the PlantCARE database to predict motifs and validated through the NEW PLACE database. Results
showed 21 types of motifs involved in light responsiveness with Box 4 and G Box showing maximum frequency.

https://doi.org/10.1371/journal.pone.0261215.9004

TCT motif indicates the role of DREBs in photoperiod responses. The previous study has
proved the role of TCT motif as a positive regulator of photoperiod by causing early flowering
and short growth period in Arabidopsis [69]. The GT-1 motif specifically binds to the light
induced genes and is known to enhance light responses [70, 71]. According to a study on rice,
GT-1 serves as a crucial cis-acting element that regulates Os2H16 expression in response to
osmotic stress and pathogen attack [72]. A previous study also confirmed that 3-AF1 binding
site and I-box are related to light responses [73]. Interestingly, the C-box cis-element was only
present in StDREB63 and StDREB64 gene promoter regions. Each StDREB gene exhibited at
least one type of light-responsive cis-element in the promoter region which strongly indicates
their association with photoperiod control of flowering.

Role of DREB cis-elements in developmental processes. The results showed that the
promoters of StDREBs contained twenty-one CREs including AACA_motif, AAGAA-motif,
AC-I, AC-II, AP-1, as-1, CCGTCC-box, CARE, circadian, CAT-box, dOCT, E2Fb, F-box,
GCN4_motif, HD-Zip 1, HD-Zip 3, MSA-like, NON, O2-site, re2f-1, and RY-element. Motifs
involved in growth and developmental processes were found to be the second largest in num-
ber after light-responsiveness. Fig 5 represents development related CREs present in 66
StDREB genes. The regulatory role of each anticipated motif was determined. AAGAA-motif
and as-1 motif were in maximum abundance in StDREB gene promoter regions. The
AAGAA-motif was found to be associated with secondary xylem development while the motif
as-1 was found to be linked with transcriptional activity of several genes mediated by auxin
and salicylic acid. Our results revealed the presence of AACA_motif and GCN4_motifs having
a frequency of 4.5% and 24.2% respectively, which were found responsible for endosperm
expression. Other elements consisted of O2-site, circadian, RY-element, MSA-like, CAT-box,
and HD-ZIP 1 which were found to be involved in zein metabolism, circadian control, seed-
specific regulation, cell cycle activity, meristem expression, and differentiation of palisade
mesophyll cells respectively. Both CARE and CAT-box were considered important for meri-
stem-specific expression. CAT-box signals the binding site for RNA transcription factors, act-
ing as a key regulator of gene expression [74]. The motifs AC-I and AC-II had roles in xylem-
specific expression. Moreover, E2Fb was only identified in one gene i.e. StDREB7 promoter
while HD-ZIP 3 motif was only recognized in the promoter region of StDREB11 (S2 Table).
E2Fb cis-element is found to be responsible for cell regulation [75] whereas, the HD-ZIP3
motif is linked with cambium and vascular development [76]. Our results were found consis-
tent with the previous studies conducted in the Saccharum spontaneum DREB gene family
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Fig 5. Histogram based representation of developmental-related elements in StDREBs. Results revealed 21 types of
motifs with AAGAA-motif and as-1 showing maximum percentage in StDREB gene promoters.

https://doi.org/10.1371/journal.pone.0261215.9005

with the exception of only five cis-acting elements (AC-II, AACA_motif, CARE, F-box, and
HD-Zip 3) [77].

Stress responsive cis-elements. Abiotic stress serves as a major challenge in potato pro-
duction. The abiotic stress responsive category consisted of 15 types of motifs, such as AT-rich
sequence, ARE, CCAAT-box, DRE core, DRE1, GC-motif, LTR, MBS, MBSI, STRE, TC-rich
repeats, MYB, MYC, MYB recognition site, and Myb-binding site (Fig 6). Among the stress

Abiotic stress responsive CREs
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Fig 6. Fifteen types of abiotic stress responsive elements in StDREB gene promoters. Four cis-elements including
MYC, MYB, STRE, and ARE showed the highest percentage in DREB gene promoter regions.

https://doi.org/10.1371/journal.pone.0261215.9006
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responsive elements identified in StDREB genes ARE, STRE, MYC and MYB were found in
the highest frequency of 71%, 87%, 95%, and 96% respectively (S2 Table). Functional analysis
demonstrated the correlation of CCAAT-box with heat shock elements (HSEs) to increase
heat shock promoter activity [78]. AT-rich sequence is linked with elicitor-mediated activation
during stress responses whereas GC-motif is an enhancer like element involved in anoxic spe-
cific inducibility [79]. The ARE motif is an essential regulatory element for anaerobic induc-
tion. AREs (Anaerobic responsive elements) structure analysis shows that they are bipartite
elements comprising of GT and GC motifs. GT motif show resemblance with MYB2 transcrip-
tion binding site, which is low oxygen and dehydration induced element [80]. The results
revealed that sixty-three (63) out of sixty-six (66) DREB gene members consisted of one or
more MYB (drought-responsive) and MYC (dehydration-responsive) elements in their pro-
moters indicating that StDREB expression is associated with abiotic stress. MYB and MYC are
considered as important regulators of the plant stress response. MYB transcription factors play
a central role in plant development, secondary metabolism, hormone signal transduction, abi-
otic stress tolerance, and disease resistance [81]. However, MYB genes have a predominant
role in drought stress tolerance. MYB transcription factors require MBS for the gene expres-
sion of drought inducible genes [82]. On the other hand, MYC transcription factors are impor-
tant regulators of the jasmonic acid (JA) signaling pathway. JA participates in the regulation of
diverse processes encompassing plant growth and development, secondary metabolite biosyn-
thesis, wounding response, and biotic and abiotic stresses [83]. Numerous CREs such as STRE
(stress-response element), DRE (dehydration responsive element), LTR (low temperature
responsive), and MBS (Myb binding site) have been identified as drought inducible cis-motifs
implicated in the drought responsive gene regulation in plants [84]. According to a study on
sweet potatoes, STRE is involved in heat stress responses, which typically regulate genes in
response to heat stress [85]. Thus, our findings showed the ability of the StDREB genes to bind
promoter sequences and respond to various abiotic stresses.

Moreover, the existence of box S, WRE3, W-box, and WUN-motif in promoters suggested
that DREB genes might play a vital role in biotic stress responses (Fig 7). WUN-motif (wound-
responsive element) was found in 43 StDREB gene promoters while W-box was present in 40
StDREB genes of the total 66 StDREBs (S2 Table). W-box is a fungal elicitor responsive cis-ele-
ment. W-boxes have been discovered to interact with WRKY transcription factors [66].
According to previous studies, Saccharum spontaneum DREB genes are also comprised of
these biotic stress-responsive cis-elements whereas Pineapple consisted of W-box only [86].

Role of cis-elements in phytohormone regulation. Phytohormones mediate several cru-
cial biological processes in plant development and abiotic/biotic stress response cascades [87].
Motifs involved in hormonal regulation were found to be the fourth largest including ABRE,
AuxRR-core, AuxRE, CGTCA-motif, ERE, GARE-motif, P-box, TATC-box, TCA-element,
TGA-box, TGACG-element, and TGA-element, which revealed their association with hor-
mone specific expression. Fig 8 shows the maximum abundance of ABRE in DREB genes
while AuxRE was found in the lowest percentage. Our results revealed the role of the abscisic
acid (ABA) responsive element (ABRE) motif in dehydration and salinity stress. The motif
ABRE was found in 59 out of 66 StDREB gene promoters. It has long been reported that ABA
plays a significant role in plant defense against abiotic stress. ABA is known to drive short-
term responses such as stomatal closure in response to osmotic circumstances like drought
and excessive salinity, resulting in water balance maintenance and long-term growth responses
through modulation of stress-responsive genes [88]. Our results demonstrated three auxin-
responsive cis-elements i.e. AuxRR-core, AuxRE, and TGA-box. Auxin is a multi-functional
hormone given that it is the only one with its long-distance transport system and has an impact
on all aspects of plant life including embryogenesis, cell division, plant architecture, and spatial
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stress responsive elements identified in sixty-six (66) StDREB promoter regions. Results

demonstrated four types of motifs involved in biotic stress responses with WUN-motif and W-box found in the
highest percentage.
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orientation [89]. Auxin performs a vital function during the formation of potato tubers. It has
been shown to stimulate tuber initiation and development, and its crosstalk with gibberellic
acid and strigolactone in belowground stolon massively increases potato tuber yield [90].
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Fig 8. Graphical illustration of hormone responsive elements in StDREBs. The ABRE showed the highest frequency
followed by ERE, CGTCA-motif and TGACG-motif, respectively.

https://doi.org/10.1371/journal.pone.0261215.9008
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Furthermore, two motifs (CGTCA and TGACG) were found to be methyl-jasmonate (MeJA)
responsive whereas three motifs (GARE-motif, P-box, and TATC-box) were responsible for
gibberellic acid-responsiveness. Both CGTCA and TGACG were found in 45 StDREB promot-
ers. Methyl jasmonate (Me]JA) is an indispensable cellular regulator for a variety of processes
including stress tolerance, leaf senescence, and seed germination [91]. Our results also revealed
the presence of ethylene-responsive (ERE) and salicylic acid-responsive cis-elements (TCA-
element), which existed in 53 and 29 StDREB promoters, respectively. Plants’ anti-oxidative
protection mechanism is triggered by ethylene, which leads to a reduction in oxidative stress,
accompanied by a recovery in plant growth and photosynthetic efficiency [92]. Salicylic acid
(SA) is an anti-oxidant that has important functional roles in abiotic stresses such as drought,
salinity, and freezing stress [93]. Of these identified hormone regulatory cis-elements, ABRE
and ERE were significantly abundant in 66 StDREB gene promoters. Our findings proposed
that StDREBs interact with these hormones and may be directly or indirectly responsible for
the induction of various stress-related responses. Similar phytohormone responsive cis-ele-
ments were reported in Saccharum spontaneum DREB gene promoters while Ananas comosus
(L.) constituted ABRE only. Detailed promoter frequency has been summarized in S2 Table.

Among 104 CREs, 12.5% were annotated as motifs with unknown functions including
MYB_like sequence, Box II-like sequence, Box III, CTAG-motif, CCGTCC motif, TGA,
unnamed__ 2, unnamed__ 4, unnamed__ 6, unnamed__ 8, unnamed_10, unnamed__12, and
unnamed__ 14 (S1 and S2 Tables). Consequently, the presence of various cis-regulatory ele-
ments (CREs) in the transcription factor binding sites of S{DREB genes showed that the DREB
genes had multiple roles in growth, metabolism, and stress-related pathways in Potato.

Protein modeling, model quality assessment, and validation

The six representative StDREB proteins were selected from the A1-A6 subgroups for three-
dimensional protein modeling. The SOPMA online web-server was used to assess secondary
structures of the StDREB proteins. The percentage of a-helices, extended strand, beta-turn,
and random coil were observed between 21.83-51.64%, 5.74-11.50%, 1.64-4.14%, and 40.98-
64.01%, respectively (Table 2). The variations in proteins have a wide range of effects on pro-
tein sequence, structure, stability, abundance, and activity. These structural variations could
provide StDREB proteins with functional diversity and structural versatility. DREB protein
structure analysis showed that in addition to o-helices and Beta turns random coils also form a
big chunk of DREB proteins. As in random coils, the confirmation of every amino acid in the
backbone chain is independent of the neighboring residues’ confirmation. So, the characteris-
tics of random coils are solely dependent on the intrinsic molecular features of the polypeptide
chain. Thus it can be hypothesized that the spatial arrangement of DREB proteins can be pro-
visionally changed based on the protein’s intrinsic nature, regulated by environmental and
metabolic variations, attributing to the diverse functional variations of DREB [94]. Such stud-
ies have recently been performed in wheat and rice [95, 96].

Generating a protein’s 3D structure is important to fill in the gap between protein sequence
and protein structure. The generation of 3D models gives insights about protein structure,
function, localization, and its interaction network [97]. Phyre2 online server was employed to
predict 3D structures of StDREB proteins based on the homology modeling principle. Struc-
tural variations were detected in 3D topologies. The models with high confidence and identity
percentage were selected (S3 Table). For StDREB59, 34 residues (28% of our sequence) were
modeled by the single highest scoring template. A total of 125 residues i.e. 40% of our sequence
were modeled for the protein StDREB15. In the case of StDREB64, StDREB32, StDREB12, and
StDREB44 about 80 residues (28% our sequence), 113 residues (64% of our sequence), 102
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Table 2. Secondary structure analysis of StDREB proteins using SOPMA server.

DREB subgroups Proteins a-helices (%) Extended strand (%) Beta turn (%) Random coil (%)
Al StDREB59 51.64 5.74 1.64 40.98
A2 StDREB15 30.67 7.03 2.88 59.42
A3 StDREB64 24.14 10.69 4.14 61.03
A4 StDREB32 44.32 10.80 2.84 42.05
A5 StDREB12 33.10 11.03 2.76 53.10
A6 StDREB44 21.83 11.50 2.65 64.01

https://doi.org/10.1371/journal.pone.0261215.t002

residues (70% of our sequence), and 94 residues (28% of our sequence) were modeled by the
best scoring template, respectively. The obtained models were submitted to the Galaxy Refine
server for further refinement, which rebuilds all side-chain conformations preceded by overall
structure relaxation. The quality of the predicted 3D models was evaluated using the PRO-
CHECK server with Ramachandran Plot analysis where >90% of residues were allowed in the
favorable region. Validation of three-dimensional structures has been considered as the core
of structural determination methods [98]. The number of residues in favored regions was
identified as 92.9% for StDREB59, 90.7% for StDREB15, 92.5% for StDREB64, 94.7% for
StDREB32, 95.7% for StDREB12, and 93.6% for StDREB44. Thus, the calculated percentages
for Ramachandran Plot verified the good stereo-chemical quality of the generated models

(Fig 9).

Predicted pocket binding sites and disordered regions of StDREB proteins

Molecular pockets were detected on the StDREB protein surfaces using CASTp 3.0 server,
which locates, delineates, and measures concave regions on 3D structures of proteins. Protein
binding pocket detection is considered vital for structural versatility and interaction specificity.
Many structural studies, such as functional site prediction, include the identification of ligand
binding sites in protein structures [99]. Therefore, we predicted pocket binding sites of
StDREB proteins to gain insights into the structural variations that might be connected with
the functional roles of DREB proteins in S. tuberosum. The active catalytic ligand binding sites
were illustrated as red regions (Fig 9). Detailed surface area and volumes were also measured
for predicted ligand binding sites (Table 3). The amino acid residues surrounding a protein’s
binding pocket determine its physiochemical properties and form, as well as its functionality
[100]. Numerous functionally significant residues were localized in this pocket, including
valine (VAL), glutamine (GLN), arginine (ARG), asparagine (ASN), glycine (GLY), lysine
(LYS), alanine (ALA), aspartic acid (ASP), glutamic acid (GLU), tyrosine (TYR), isoleucine
(ILE), methionine (MET), and leucine (LEU).

Disordered regions are connected with key cellular processes such as cell cycle control, sig-
naling cascades, transcription regulation, and chaperone activity [101]. In addition, disordered
proteins’ intrinsic conformational versatility gives them a strong molecular advantage in tran-
sient interactions, allowing them to bind multiple partners with low affinity and high specific-
ity [102]. Disordered regions (DRs) of the StDREB proteins were identified and indicated as
red by the PrDOS web program (Fig 10).

Protein association network of StDREBs

Protein biological functions and molecular pathways could be better understood by interaction
network analysis. Protein-protein interaction analysis reveals valuable information about a
protein’s unknown function [103]. Therefore, we employed STRING to predict the proteins
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Fig 9. Predicted 3D structures and pocket binding sites of the StDREB proteins. The putative 3D structures of
StDREB proteins were generated by the Phyre2 server and refined by the Galaxy Refine server. The active catalytic
binding sites were illustrated as red regions using the CASTp server 3.0.

https://doi.org/10.1371/journal.pone.0261215.9009
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Table 3. Predicted area and volume of the StDREB proteins’ active catalytic site using CASTp server.

DREB subgroups Protein Area (Solvent accessible surface-SA) Volume (Solvent accessible surface-SA)
Al StDREB59 630.940 374.969
A2 StDREB15 493.984 431.147
A3 StDREB64 297.723 244.975
A4 StDREB32 218.213 97.534
A5 StDREB12 322.427 251.415
A6 StDREB44 308.613 294.684

https://doi.org/10.1371/journal.pone.0261215.t003

that interact with StDREBs. The interactions consisted of a full network based on physical and
functional protein associations. The findings revealed numerous interactions of six StDREB
proteins with regulatory proteins encoded by several other genes not related to the DREB gene
family.

Our results demonstrated the direct interaction of StDREB59 (PGSC0003DMT400037119)
with ten other potential protein partners (Fig 11A). Based on UNIPROT information, two
(102598791 and PGSC0003DMT400032829) members were found to be NAC-domain pro-
teins. NAC-domain-containing proteins belong to one of the largest transcription factor fami-
lies and play essential roles in embryo development, cell cycle regulation, lateral root
formation, flowering, and hormone signaling, as well as biotic and abiotic stress responses
[104, 105]. The results indicated the interaction of two transmembrane proteins (THM18)
(102600950 and 102595003) with StDREB59. According to Pfam results, THM18 proteins are
characterized by the presence of two SANT domains, which are considered essential for his-
tone acetyltransferase activity [106]. Histone acetylation is a key phase in the epigenetic regula-
tion of many biological processes, including plant stress responses. Histone acetyltransferases
are important regulators of cell differentiation, influencing cell cycle progression, gene inter-
play, and plant responses to environmental cues [107, 108]. For instance, genome-wide analy-
ses of HATSs have been performed in rice [109], tomato [110], brachypodium [111], and cotton
[112]. Expression profiling of histone acetyltransferases and histone deacetylases regulated
drought stress responses in wheat [113]. Two important bHLH transcription factor family
members (102582692 and 102589311) were identified interacting with StDREB59, suggesting
their mutual role in signal transduction and stress responses. bHLH TFs play roles in a variety
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Fig 10. Predicted disordered regions (DRs) of StDREB proteins using the PrDOS server. The red residues
represented the disordered regions in the amino acid sequences.
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Fig 11. Protein-protein interaction networks of (A) StDREB59, (B) StDREB15, (C) StDREB64, (D) StDREB32, (E)
StDREBI12, and (F) StDREB44 detected through STRING tool. The red node indicated six query proteins from A1-A6
subgroups and other nodes represented their predicted functional partners. The light green, magenta, black, green,
aqua, blue, and light sky blue lines represented protein-protein associations predicted by text-mining, experimental
determination, co-expression, gene neighborhood, gene co-occurrence, curated databases, and protein homology
respectively.

https://doi.org/10.1371/journal.pone.0261215.g011

of anabolic mechanisms and signal transduction in plants, including anthocyanin synthesis,
gibberellin synthesis, light signaling, and tryptophan biosynthesis [28]. They also regulate
stress responses, such as drought, salinity, heat, and cold, thereby regulating the plant’s adap-
tive responses [114]. Another interacting protein Calmodulin-binding transcription activator
(Camta) (PGSC0003DMT400038758) was also recognized interacting with StDREB59 protein.
Calmodulins (CaMs) are calcium-binding proteins that bind to a large number of target pro-
teins such as metabolic enzymes, protein kinases, ion channels, protein phosphatases, and
transporters [115]. N-carbamyl-L-amino acid amidohydrolase (PGSC0003DMT400039091), a
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plant enzyme involved in allantoin, purine nucleobase, and ureide catabolic process were also
associated with the StDREB59 protein network. Interestingly, StDREB59 also interacted with
StDREB9 (PGSC0003DMT400061541, 102579651) which belongs to A2 subgroup, suggesting
that S. tuberosum DREB proteins also interact with each other to regulate various stress
responses. An interesting protein MAEWEST (102598012) was also found in the interaction
network. The MAEWEST protein belongs to the WUSCHEL-related homeobox (WOX) tran-
scription factor family, which is characterized by the presence of a conserved DNA-binding
homeodomain and participates in key developmental processes such as organ formation [116].
The second protein StDREB15 (PGSC0003DMT400060970; 102589787) belongs to the A2
subgroup of the StDREB gene family. Like StDREB59, StDREB15 also interacted with a mem-
ber of the bHLH transcription factor family (102598787). In addition, LOB domain-containing
protein (102584070), Homeobox protein (PGSC0003DMT400017751), Zinc-finger protein
(PGSC0003DMT400042209), DNA binding proteins (PGSC0003DMT400002162; 102589864;
PGSC0003DMT400003586), protein phosphatase 2c (PGSC0003DMT400059610;
PGSC0003DMT400003812), and Brassinazole-resistant 1 protein (102582060) were revealed
in protein network, indicating their linked functional associations (Fig 11B). Based on the
functional annotation of potential interacting partners, LOB domain-containing protein medi-
ates hormone signaling, Brassinazole-resistant 1 protein facilitates brassinosteroid mediated
signaling pathways which has vital role in plant physiology and development, protein phos-
phatase 2c has important molecular functions in serine/ threonine phosphatase activity and
they acts as binding sites for several cofactors, whereas Zinc-finger protein is known to
increase abiotic stress tolerance by regulating ROS scavenging, osmotic potential, as well as
potassium and sodium homeostasis. Lateral organ boundaries (LOB) domain (LBD) genes are
a gene family that encodes plant specific TFs and are important in plant growth and develop-
ment [117]. LBD genes are vital modulators of plant lateral organ development such as inflo-
rescence, leaf, embryo, root, as well as hormone signaling and stress responsive, implying that
these proteins act in a variety of processes [118]. For instance, LBD40 was highly expressed in
tomato roots and fruit. SILBD40 expression was found to be JA dependent, and it may be
downstream of MYC2, which is the key TF in JA signaling pathway [119]. Functional charac-
terization of LBD genes in tomatoes identified four genes (SILBD20, SILBD47, SILBD3, and
SILBD22) to be involved in fruit ripening and one gene (SILBD5) in hormone signaling [120].
Homeobox genes contain a classic DNA binding domain referred to as homeodomain that is
required for plant development by controlling cell division and differentiation e.g. WOX
[121]. In rice, functional analysis of two stress responsive genes (OsHOX22 and OsHOX24)
was found to be highly upregulated under a variety of abiotic stress conditions. Their transcript
levels were significantly increased in response to hormones such as SA, Aux, ABA, and GA
[122]. Zinc finger proteins are important transcriptional regulators in plant responses to a
variety of stress conditions such as drought, salt, heat, light, and oxidative stress [123]. PP2Cs
play an important role in ABA signaling and stress responses. RNA sequences and qRT-PCR
analysis suggested that potato PPP2C genes respond to multiple abiotic stresses, particularly
salinity and water stress [124]. Plant growth and development have been linked to the BZR
gene family. Expression profiling in wheat revealed the role of TaBZRs in various developmen-
tal stages as well as stress tolerance to cold, drought, and heat [125]. Similarly, various proteins
were predicted to associate with A3 subgroup protein i.e. StDREB64
(PGSC0003DMT400085168, 107062344) (Fig 11C). The regulatory proteins included Sodium
transporter hkt1 (102584881), Pentatricopeptide repeat-containing protein
(PGSC0003DMT400018827), DNA-binding protein (PGSC0003DMT400006851), ABI3
(102586961), short-chain dehydrogenase reductase (PGSC0003DMT400064513; 102584670),
VPI1-ABI3 (102586621), and Molybdenum cofactor sulfurase (PGSC0003DMT400056893),
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which are responsible for sodium ion transmembrane transporter activity, biotic and abiotic
stress responses, sequence-specific TF binding sites, abscisic acid responsiveness, xanthoxin
dehydrogenase activity, seed maturation, and pyridoxal phosphate binding respectively. HKT1
makes a significant contribution to salinity tolerance by removing sodium ion from the tran-
scription stream in Arabidopsis [126]. PPR proteins are directed to chloroplast or mitochon-
dria and affect their expression by modifying RNA processing. Their combined action has a
significant impact on plant development, respiration, photosynthesis, and environmental
responses [127]. Furthermore, Mg protoporphyrin IX chelatase (102605088) has diverse bio-
logical and molecular function such as involvement in chlorophyll biosynthetic process and
ATP binding, respectively. Mg chelatase is a polymeric enzyme which introduces a magnesium
ion into protoporphyrin IX to produce Mg protoporphyrin IX during the first committed step
of chlorophyll synthesis [128]. The protein, Zeaxanthin epoxidase (PGSC0003DMT400010287,
ZEP) exhibits catalytic activity for the conversion of zeaxanthin into antheraxanthin and sub-
sequently violaxanthin, a key reaction for abscisic acid biosynthesis [129]. The gene ontology
biological processes indicated the response of zeaxanthin epoxidase to heat, red light, and
water deprivation as well.

The results revealed that the SSDREB32 (PGSC0003DMT400046516, 102581505) demon-
strated the association with Eukaryotic translation initiation factor 3 subunit
(PGSC0003DMT400073440), MYB-like DNA-binding domain protein (102587080), MYB
transcription factor (PGSC0003DMT400003796), LOB domain-containing protein
(102584070), Stachyose synthase (102595658), and EMB2757 (102597324) (Fig 11D). MYB
transcription factors are known for their role in hormone signal transduction and abiotic stress
tolerance [130]. The protein EMB2757 exhibits numerous functional roles such as embryo
development, root development, desiccation tolerance, and cellular response to DNA damage
stimulus and plasmodesmata organization whereas; Stachyose synthase participates in carbo-
hydrate metabolism. Stachyose is a tetra-saccharide that is known as a transport carbohydrate
[131]. The raffinose family of oligosaccharides (RFOs) (Ajugose, Verbascose, and Stachyose)
protect the embryo from maturation related desiccation, act as a signaling molecule after path-
ogen attack accrues in vegetative tissues in response to a variety of abiotic stresses [132]. Four
proteins were annotated as conserved genes with unknown functions. Based on Pfam’s
description, two proteins (107059672; 102600449) possessed the DUF241 domain and
DUF761 respectively, which represent plant proteins with unknown functions. The remaining
two proteins (PGSC0003DMT400069817, PGSC0003DMT400011707) lacked the presence of
domain. The STRING interaction revealed the association of StDREB12
(PGSC0003DMT400020525, 102589042) with NAC domain protein
(PGSC0003DMT400082472, nac), Homeobox protein knotted-1-like LET12 (HOX1), Chro-
matin remodeling complex subunit (PGSC0003DMT400011842), RelA-SpoT RSH4
(102594006), and APETALA?2 (102582479) (Fig 11E). RelA-SpoT RSH4 (domain HD_4) pro-
tein regulates transcriptional and translational activities, plant development, and stress
responses [133]. Two out of ten proteins were identified as Avr9/Cf-9 rapidly elicited protein
65 (102584833; 102585479), which are immediately activated upon the perception of the path-
ogen. Additionally, StDREB12 also interacted with StDREB13 (PGSC0003DMT400041065),
which suggested their involvement in a similar protein network. Based on the results, another
protein with bHLH domain (107062192) had a role in protein dimerization activity while the
tenth protein (PGSC0003DMT400006896) lacked the Pfam domain and its role remained
unclear. Furthermore, protein interactions of StDREB44 (PGSC0003DMT400022023,
102585333) were analyzed. Among ten interacting proteins, three were found to be histone
deacetylase (102587267, 102603454, and 102605718). The HD type 1 subfamily of histone dea-
cetylases is involved in plant growth, development, and abiotic and biotic stress responses.
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Other proteins involved Leucine-rich repeats (102602696; 102591117), magnesium and cobalt
efflux protein corC (10259075), Protein LE25 (102605148), Caleosin
(PGSC0003DMT400096337; 102597495), and AP2 domain-containing transcription factor
(PGSC0003DMT400035808) (Fig 11F). Late embryogenesis abundant (LE25) proteins act as
protector molecules under water and salt stress [134] whereas Caleosin protein is responsible
for calcium ion binding in signal transduction [135]. Overall, our findings suggested that
StDREB proteins directly interact with various proteins encoded by different gene families,
and are possibly involved in plant growth, development, and abiotic and biotic stress tolerance.
A deep investigation of these proteins will expand the function and interaction network of
StDREBEs.

Conclusions

The present study illustrates a detailed in-silico investigation of the StDREB gene promoter
regions. We identified and categorized 104 cis-regulatory promoter elements into seven func-
tional groups. Our results elucidated varied motifs which were found to be involved in various
functions such as abiotic stress responses (drought and low temperature), hormonal induction,
light regulation, cell development, promoter binding sites, and biotic stress responses. The
results of homology modeling provided a detailed insight into secondary and tertiary struc-
tures of StDREB proteins, as well as catalytic binding sites and disordered regions. Our results
confirmed that structural validation of the predicted protein models was reliable and consis-
tent. Moreover, our results indicated protein interactions among StDREBs and their potential
interacting partners, which suggested their putative functional diversity. Taken together, our
findings shed light on the possible roles of the S. tuberosum DREB gene family. Our data will
serve as a solid foundation for unraveling the candidate genes required for genetic engineering
to enhance stress tolerance in S. fuberosum, as well as a better understanding of the functional
relationships between StDREB genes.
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