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Combined stress has been seen as a major threat to world agriculture production. Maize is one of the leading cereal crops of the
world due to its wide spectrum of growth conditions and is moderately sensitive to salt stress. A saline soil environment is a major
factor that hinders its growth and overall yield and causes an increase in the concentration of micronutrients like boron, leading to
excess over the requirement of the plant. Boron toxicity combined with salinity has been reported to be a serious threat to the yield
and quality of maize. The response signatures of the maize plants to the combined effect of salinity and boron stress have not been
studied well. We carried out an integrative systems-level analysis of the publicly available transcriptomic data generated on
tolerant maize (Lluteño maize from the Atacama Desert, Chile) landrace under combined salt and boron stress. We identified
significant biological processes that are differentially regulated in combined salt and boron stress in the leaves and roots of
maize, respectively. Protein-protein interaction network analysis identified important roles of aldehyde dehydrogenase (ALDH),
galactinol synthase 2 (GOLS2) proteins of leaf and proteolipid membrane potential regulator (pmpm4), metallothionein lea
protein group 3 (mlg3), and cold regulated 410 (COR410) proteins of root in salt tolerance and regulating boron toxicity in
maize. Identification of transcription factors coupled with regulatory network analysis using machine learning approach
identified a few heat shock factors (HSFs) and NAC (NAM (no apical meristem, Petunia), ATAF1–2 (Arabidopsis thaliana
activating factor), and CUC2 (cup-shaped cotyledon, Arabidopsis)) family transcription factors (TFs) to play crucial roles in
salt tolerance, maintaining reactive oxygen species (ROS) levels and minimizing oxidative damage to the cells. These findings
will provide new ways to design targeted functional validation experiments for developing multistress-resistant maize crops.

1. Introduction

The recent trends in the global population have shown an
increase of up to 150 million while the overall gross domestic
product (GDP) has reduced by 5% [1]. India is ranked 101st

among the 126 countries with a global hunger index (GHI)
score of 27.5 which falls under the “serious” category, making
it a topic of immediate concern [2]. Global food security has
become a serious concern, with the periodic climate change
which comes with direct and indirect adverse effects through
temperature rise, rainfall, reduction of groundwater levels,
soil erosion, flooding, etc. on agricultural production of

important crops like rice, wheat, maize, barley, and soybean
[3]. This change in climate also helps to increase the inci-
dence of diseases and pests making the agricultural plants
vulnerable to them [4]. Being sessile and grown under a
direct environment, plants are constantly exposed to differ-
ent types of severe environmental stresses, i.e., abiotic that
are governed by non-living factors like soil salinity, tempera-
ture, water, and biotic, governed by living pathogens [5].

Salinity stress is one of the most common stress condi-
tions which affects about 20-50% of irrigated lands world-
wide and causes an annual economic loss of up to 12.6
billion dollars [6]. Salinity stress is generally governed by
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water-soluble salts present in the soil that affect the plant by
causing reduction of water and osmotic potential, chlorophyll,
etc. leading to death [7]. Reports say that more than 800 mil-
lion hectares of land have been affected by salinity, and some
of them have been rendered completely unusable for agricul-
ture [8]. Roots being the only route for mineral transport to
the plants, ions generated from salt enter the plant body via
transporters, with their excess transport leading to internal
damages to the plant [9]. Boron is an important micronutrient
for plants. Deficiency as well as excess amounts of boron acts
as two different stress conditions that hamper plant growth
and development and restrict crop production worldwide
[10]. Different regions around the globe like California, India,
Chile, Peru, Malaysia, the Middle East, and some parts of Aus-
tralia contain an adequately high amount of boron in the soil
restricting agricultural production in these areas. Plants, in
fact, experience combined stress in the natural environment
and respond accordingly, which is quite different from the
response to single stress conditions. In the natural environ-
ment, soil salinity is considered to be a companion of boron,
as it is accumulated as sodium salts in high saline areas due
to its soluble nature. This combination of boron and salinity
stress is called “BorSal.” BorSal can occur naturally through
high boron and saline soil or irrigation with high salt and
boron containing water [5, 6, 11, 12].

Maize, one of the most important cereals in the world,
not only finds use as a source of food but also as a source
of feed for animals and as industrial raw material. It has
proved to be the most versatile cereal crop due to its adapt-
ability in various climatic zones and 83% of its production
being used in feed, starch, and biofuel industries. Despite
its range of adaptability, maize cultivation in the world is
limited by diseases and abiotic stress factors leading to a
grain loss of about 11% of the total production. As maize
is a moderately salt-sensitive crop, salinity stress consider-
ably affects its growth and development and thereby reduces
overall yield, which is a matter of immediate concern.

Since the past decade, along with experimental analysis,
scientists have been using high-throughput omic approaches
to understand the systemic complexity and gain mechanistic
insights of plants during stress conditions [13]. The tran-
scriptomic approach for studying the expression and regula-
tion of coding regions of the plant genome in response to
different stress conditions has aided in capturing significant
information on stress resistance genes and transcription fac-
tors [14, 15]. Transcriptomic study of maize during single
heat stress has identified 167 putative transcription factors
belonging to different TF families like myeloblastosis
(MYB), apetala2-ethylene responsive element binding protein
(AP2-EREBP), basic leucine zipper (b-ZIP), basic helix loop
helix (bHLH), NAC, and WRKY (a TF family renamed with
singlet codes of tryptophan, arginine, lysine, and tyrosine)
[16]. Maize seeds treated with zinc are reported to improve
tolerance against boron toxicity by activating genes related
to carbon metabolism, hormone signal transduction, ribo-
some assembly, etc. [17]. Similarly, the application of sal-
icylic acid improved ROS scavenging systems in the plant
during boron stress [18]. Li et al. [19] performed a global
transcriptome analysis of maize during individual drought,

salinity, heat, and cold stress and reported 167 commonly
regulated genes with 10 upregulated and 2 downregulated
TFs, respectively. The majority of these analyses reported
results targeting a single stress response. A limited number
of transcriptomic studies have been conducted in maize
against combined stress response, namely, drought and cold
stress [20], cold and heat stress [21], and cold and drought
stress [22]. The study conducted by Huanca-Mamani et al.
[23], on combined salinity and boron stress in maize,
focused on their effect in the noncoding regions of maize.
Hence, we performed an integrative systems-level transcrip-
tomic data analysis using the publicly available maize dataset
to identify the differentially expressed genes along with the
common and unique molecular signatures expressed during
stress resistance in leaves and roots.

2. Materials and Methods

2.1. Data Retrieval, Experimental Setup, and Design of
Workflow. Publicly available RNA-Seq dataset generated
on the seeds of Lluteño maize (Z. mays L. cv. amylacea)
and two commercial hybrids (Prays-214 and GH-2041) by
Huanca-Mamani et al. [23] was used for our study. The
dataset was retrieved from the NCBI SRA database and
downloaded from the ENA server. In the original work
[23], seeds of the abovementioned maize variety were first
germinated using perlite under greenhouse conditions and
allowed to grow for 2 weeks. Two-week-old seedlings were
cultured in a hydroponic environment with Hoagland’s
solution (renewed every 3 days) for 10 days for acclimatiza-
tion and then subjected to combined NaCl (150mM) and
boron (20 ppm) stress for 3 h and 96 h, respectively. Further,
root and leaf samples were collected, stored, and sequenced
using the Illumina MiSeq platform generating 150 bp
paired-end reads [23]. The data was downloaded in FASTQ
format from the ENA BioProject database (Accession num-
ber: PRJNA327501) (https://www.ebi.ac.uk/ena/browser/
view/PRJNA327501). The dataset contained 6 samples in
total, out of which, 4 belonged to combined stress (at 2 time
points in root and leaf) and the remaining 2 to the control
set. The original study focused on long noncoding RNAs,
whereas our analysis is focused on studying the protein-
coding genes from the data using our in-house benchmarked
RNA-Seq data analysis pipeline (Figure 1).

2.2. Transcriptomic Analysis of RNA-Seq Data. The tran-
scriptomic data analysis pipeline begins with preprocessing
of the data that checks the quality of fastq files done using
fastqc [24]. It was followed by fastp to eliminate the presence
of any adapters and low-quality reads [25]. The fastq files
followed alignment using Hisat2 against the Zm-B73-REF-
ERENCE-GRAMENE-4.0 maize plant reference genome
[26] resulting in large sam files. These sam files were then
compressed into bam files, and they were subjected to read
mapping at the gene level using the featureCounts tool
[27] and taking Zea_mays.B73_RefGen_v4.49 as the annota-
tion file (gtf). The count data obtained were subjected to dif-
ferential expression analysis using the DESeq2 R package
[28] for the identification of differentially expressed genes
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(DEGs) (Supplementary Table S1). Taking padj ≤ 0:05, the
list of DEGs was created for two datasets (Figure 2). The
VennDiagram tool (https://bioinformatics.psb.ugent.be/
webtools/Venn/) was used to check for common and
unique DEGs in leaf and root (Figure 3(a)). Hierarchical
clustering of the overlapping DEGs was done using MeV
(version 4.9.0) [29] to observe their expression in leaf and
root, respectively (Figure 3(b)). The data was then followed
for downstream analysis.

2.3. Gene Set Enrichment Analysis and Pathway Analysis.
The DEGs from leaves and roots of maize were subjected
to gene ontology analysis for biological processes using
g:Profiler, a web server for functional enrichment analysis
and conversion of gene list [30]. The gene ontology (GO)
term for biological processes was selected after taking padj
value <0.05 (Figure 4). Further, pathway enrichment analy-
sis was carried out using the same web server to understand
the involvement of DEGs in different biological pathways.
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Figure 1: Sequential steps of the RNA-Seq data analysis pipeline, beginning with data retrieval, preprocessing, alignment, assembly, and
normalization followed by downstream analysis.
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Figure 2: Bar plot showing the number of upregulated, downregulated, and total DEGs in leaf and root, respectively.
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Figure 3: Representation of individual and commonly expressed DEGs in leaf and root. (a) Venn diagram showing overlap of the
upregulated DEGs of leaf and root. (b) Heatmap showing expression patterns of the 94 overlapping DEGs in leaf and root of maize. The
heat map has been constructed taking the highest and lowest value of expression of a DEG (in terms of log2fold change) in leaf and
root, respectively. Blue color represents the lowest, and yellow color represents the highest fold change value.
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2.4. Protein-Protein Interaction (PPI) Networks, Hub Gene
Identification, and Mapping of Transcription Factor
Families. PPI networks were constructed using the STRING
database [31]. Cytoscape (version 3.8.2) was used to visualize
the protein interaction relationship network [32]. The net-
work was analyzed using network analyzer, and hub genes
were extracted using the degree centrality filter and selecting
genes belonging to the top five highest degrees (Figure 5).
Functional characterization of these hub genes was done to
determine their role in defense response. To determine the
presence of transcription factors, the transcripts obtained
from PPI analysis were mapped to the list of maize TFs
obtained from plant transcription factor database (Plant
TFDB) [33] (Table 1).

2.5. Using Machine Learning to Construct Transcriptional
Regulatory Networks. Gene regulatory networks for leaf
and root of maize were constructed taking significant DEGs
as the input. The position weight matrices (PWM) and tran-
scription factor information for maize were downloaded
using the cis-BP database [34]. The retrieve-seq tool of the
RSAT server for Plants was used to retrieve (-1000 bp)
upstream regions of the target genes (TG) [35]. The predic-
tion of TFs and their interaction with target genes was car-

ried out using the FIMO tool of the MEME suite, and the
results were filtered with a p value <10−4 [36]. The TF-TG
interaction data was represented in the form of an interac-
tion network using Cytoscape [32]. Considering degree
centrality as the filtering criteria (>4000), the highly con-
nected transcription factors (TFs) were identified as hubs
(Figure 6).

3. Results

3.1. Identification of DEGs in Maize Leaves and Roots. The
analysis of RNA-Seq data of maize revealed a total of 615
protein-coding DEGs in leaf and 171 in root, respectively,
among which the number of upregulated DEGs was more
than the downregulated DEGs. The overall content of differ-
entially expressed genes revealed a stark difference between
leaf and root, with 561 DEGs upregulated in leaf and 171
in the root. On the other hand, 54 DEGs of leaf and no
DEGs of root were found to be downregulated (Figure 2).
The overexpression of some of these genes might reveal
key signatures in defense response against combined stress.
The analysis from Venn showed a total of 94 upregulated
DEGs commonly expressed in leaf and root (Figure 3(a)).
A study of their expression profiles revealed varying levels
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Figure 5: Protein-protein interaction network showing the hub genes with the highest degree centrality in (a) leaf and (b) root.
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of expression of the same gene in leaf and root, respectively
(Figure 3(b)). These findings might shed light on the gradual
progression of stress response from roots to the leaves of
maize.

3.2. Gene Set Enrichment and Pathway Analysis. The analy-
sis of gene ontology for biological processes in leaf and root
revealed common as well as unique patterns of overexpres-
sion. In the leaf, the top five biological processes involved

response to oxidation-reduction process (GO: 0055114),
inorganic substance (GO: 0010035), abscisic acid (GO:
0009737), abiotic stimulus (GO: 0009628), and temperature
stimulus (GO: 0009266) (Figure 4(a)). In the case of root, the
top five GO terms denoted response to chemical (GO:
0042221), organic substance (GO: 0010033), oxygen-
containing compound (GO: 1901700), lipid (GO: 0033993),
and hormone (GO: 0009725) (Figure 4(b)). The pathway
enrichment analysis revealed significant expression of the

Table 1: Common and unique transcription factor families identified in leaf and root of maize using command line-based mapping of DEGs
to Plant TFDB.

Sl.
No.

TF ID
TF

family
TF common

name
Found in (leaf/
root/both)

Function References

1
GRMZM2G002131_

P01
HSF HSF1 Leaf

Transcription regulation, sequence-specific DNA
binding

[90, 91]

2
GRMZM2G011598_

P01
NAC NAC44 Both Transcription regulation, DNA binding

[33]
3

GRMZM2G014653_
P01

NAC LOC101027155 Leaf
Response to wounding, negative regulation of abscisic

acid-activated signaling pathway

4
GRMZM2G045883_

P01
bHLH bHLH161 Leaf Protein dimerization activity

5
GRMZM2G092137_

P01
bZIP bZIP9 Leaf

Transcription factor activity, sequence-specific DNA
binding

6
GRMZM2G105348_

P01
HSF Zm.96358 Both

Transcription factor activity, sequence-specific DNA
binding

[90]

7
GRMZM2G109627_

P01
NAC NAC118 Leaf

Multidimensional cell growth, fruit ripening, flower
development, leaf senescence

[33]

8
GRMZM2G118047_

P01
HSF LOC10120269 Leaf

Transcription factor activity, sequence-specific DNA
binding

[92]

9
GRMZM2G127379_

P01
NAC LOC100502408 Leaf Stress-induced transcription factor NAC1 [93–95]

10
GRMZM2G164909_

P01
HSF LOC100286024 Leaf Response to chitin

[90, 92,
96]

11
GRMZM2G180328_

P01
NAC

NAC20,
SNAC052

Both Regulation of transcription, DNA-templated [33, 90]

12
GRMZM2G336533_

P01
NAC pco133091 Leaf Regulation of transcription, DNA-templated

[91, 97,
98]

13
GRMZM2G347043_

P01
NAC

NAC49,
SNAC1

Leaf Regulation of transcription, DNA-templated
[90, 98,
99]

14
GRMZM5G858197_

P02
bZIP Zm.81747 Leaf

Transcription factor activity, sequence-specific DNA
binding

[90]

15
GRMZM5G871347_

P03
WRKY Zm.86376 Leaf

Regulation of transcription, DNA-templated, integral
component of membrane

[100, 101]

16
GRMZM2G061487_

P01
ERF EREB20 Leaf

Transcription factor activity, sequence-specific DNA
binding

[33]

17
GRMZM2G171179_

P01
ERF

EREB160,
umc1588

Leaf
Transcription factor activity, sequence-specific DNA

binding
[102–104]

18
GRMZM2G351330_

P01
HD-ZIP HB66 Both

Transcription factor activity, sequence-specific DNA
binding

[33]

19
GRMZM2G117164_

P01
HD-ZIP Zm.18537 Both

Transcription factor activity, sequence-specific DNA
binding

[33]

20
GRMZM2G396527_

P01
HD-ZIP HB70 Both

Transcription factor activity, sequence-specific DNA
binding

[33]

21
GRMZM2G143640_

P01
MYB_
Related

LOC103636453 Both Regulation of transcription, DNA-templated [105]
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MAPK signaling pathway (KEGG: 04016). The downregu-
lated DEGs did not reveal any significant metabolic pathway.
These findings provided an indication of gradual amplifica-
tion of stress response signatures from roots to the leaves.

3.3. PPI Analysis, Hub Genes, and Transcription Factor
Identification. The PPI networks determined hub genes with
the top five highest degrees. The hub genes commonly
expressed in leaves and roots were low temperature-
induced 65 kDa protein (LTI65) and GOLS2, while those
unique to the leaves and roots were delta-1-pyrroline-5-car-
boxylate synthase (P5CS), ALDH, glyoxalase 1 (Glo1), pro-
line responding 1 (pro1), and mlg3, COR410, heat shock
protein 70 kDa (HSP70), beta amylase 1 (BMY1), heat shock
protein 101 kDa (HSP101), pmpm4, and NAC44, respectively
(Figure 5). The P5CS and pro1 identified from leaf and
GOLS2 from root regulated the highest number of genes in
their respective networks. On the other hand, the mapping
of transcripts to PlantTFDB revealed the presence of several
transcription factor families in leaf and root. TFs that were
commonly expressed in leaves and roots belonged to the
families NAC, HSF, bHLH, MYB, and homeodomain-leucine
zipper proteins (HD-ZIP), respectively. Apart from these,
leaves uniquely expressed TFs from bZIP, WRKY, and ethyl-
ene responsive factor (ERF) families (Table 1).

3.4. Transcriptional Regulatory Network in Leaf and Root.
Out of 615, 17 DEGs coded for TFs in leaf. A transcriptional
regulatory network was constructed taking the identified
TFs and DEGs as source and target nodes, respectively.
The network did not follow Poisson’s distribution
(mean = 4:24123; variance = 15,280:46) and hence, the net-
work appeared to display nonrandomness in its distribution.
The igraph package in R was used to calculate the topologi-
cal parameters of the network. The network was negatively
assortative (-0.2892093), indicating the interaction of nodes
with higher degrees with those of smaller ones. This obser-
vation was in compliance with real-world biological net-
works that tend to have negative assortativity [37]. The
hub TFs (degree > 4000) identified were DRE binding factor
(dbf1), homeobox 41 (hb41), MYB related 24 (mybr24), heat
shock factor 1 (HSF1), and heat shock factor 8 (HSF8)
(Figure 6(a)).

In the case of root, 7 out of 171 DEGs coded for TFs.
The constructed regulatory network for root also did not
follow Poisson’s distribution (mean = 2:31696; variance =
7,746:27) indicating nonrandomness of the network. The
assortativity and degree coefficient of the network were cal-
culated to be -0.0492369 and 7.115, signifying a similar kind
of interaction as that of the leaf. The hub TFs (degree > 4000)
identified were NAC44, hb41, and heat shock factor 17
(HSF17) (Figure 6(b)).

4. Discussion

4.1. Differential Gene Expression of Leaf and Root. This
research focused on the study of stress response signatures
from protein-coding genes against combined stress of salt
and boron in maize. Our analysis showed that the maize

plant presents a differential response in leaf and root during
combined stress. From our DEG analysis, we found that
some genes were completely upregulated in roots. Roots
being the primary point of entry of the ions from the soil,
an increase in the concentration of sodium and boron ions
in soil exhibited overexpression of stress-responsive genes
in roots to impart tolerance against the impending stresses.

4.2. Gene Set Enrichment and Pathway Analysis. The gene
ontology analysis for biological processes indicated a gradi-
ent in the amplification of stress resistance from roots to
the leaves. The DEGs expressed in roots were concentrated
in the response to salt and osmotic stress, oxygen-
containing compounds, and hormone as well as in the
response to endogenous stimuli of lipid and abscisic acid
(Figure 4(a)). The gradient gradually progressed towards
leaves that responded to abiotic and chemical stimuli such
as osmotic stress, water deprivation, chemical, inorganic
substance, and alcohol (Figure 4(b)). This suggested that a
major portion of stress tolerance in maize got built up in
the root system and progressed towards the shoot system.
By comparing the top five GO terms enriched in leaf and
root for all three-time points, it was observed that salinity
and boron stress were triggered in both leaves and roots
for basic metabolic responses. Roots being the first in line
for absorption of Na+ and B3+ initiated the response towards
growth and development, while leaves responded in the
maintenance of homeostasis and hormone signaling of the
system.

As observed from the pathway enrichment analysis,
maize exhibited significant upregulation of the secondary
metabolite biosynthetic pathway as well as the mitogen-acti-
vated protein kinase (MAPK) signaling pathway. Maize land-
races are reported to synthesize a diverse range of secondary
metabolites that play important roles throughout the life
cycle of the plant. They act as mediators in plant-insect,
plant-microorganism, and plant-plant interactions [38].
MAPKs are reported to be one of the largest groups of trans-
ferase enzymes catalyzing the phosphorylation of protein
substrates on serine/threonine residues. They are found in
the cytoplasm and nucleus and are involved in the mecha-
nism of signal transduction in plants. By regulating MAPK
cascades, cells exhibit a wide range of stress responses such
as high/low temperature, UV radiation, ozone, ROS,
drought, high/low osmolarity, heavy metals, wounding, and
pathogen infections. Hormones such as auxin (AUX), absci-
sic acid (ABA), jasmonic acid (JA), salicylic acid (SA), ethyl-
ene (ET), brassinosteroids (BR), and gibberellins/gibberellic
acid (GA) have also been shown to enhance their signaling
through MAPK cascades [39]. These cascades are regulated
transcriptionally, translationally, and posttranscriptionally
through protein-protein interactions [40], rendering the
expression of this pathway an important factor in stress
resistance.

4.3. Signaling Crosstalk Mechanism between Leaf and Roots
against Stress. The overlap of genes of the leaves and roots
provided interesting insights into the mechanism of stress
resistance in maize. We used UniProt (http://www.uniprot
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.org) to extract the corresponding proteins of the 94 com-
monly up-regulated DEGs (Supplementary Table S2) in
leaf and root. Both leaf and root were affected differently
during combined stress, i.e., root was the primary targeted
site through which the ions related to boron as well as salt
were accumulated in plants, which gradually affected other
parts like leaves. Similar expression of genes in different
targeted sites indicates a possible crosstalk mechanism
between the leaves and roots in the context of combined
stress. Based on their experimentally determined functions,
we clustered the significant proteins into five different
groups from the commonly expressed 94 proteins
(Supplementary Table S2).

One group of proteins was involved in plant defense
mechanisms and related processes. During combined stress,
the plant becomes weak in its internal environment and
needs to protect itself from invading pathogens and their
related effectors. Identified proteins like hexosyltransferase,
glycosyltransferase [41], and chitinase [42] were involved in
the formation of cell walls. Another protein called 12-oxo-
phytodienoic acid reductase2 is expressed when a plant
receives any physical injury like a wound [43]. This showed
that during combined stress, the plant tries to strengthen its
first line of defense in both roots and leaves. Apart from this,
proteins like neomenthol dehydrogenase [44] and polygalac-
turonase inhibitors [45] protect the plant from direct patho-
gen attack indicating activation of the internal response of
the plants against pathogens.

Another group of proteins, the intracellular ABC (ATP-
binding cassette) transport family that is known to be
involved in the regulation of transport was upregulated,
and this group of proteins coordinates the action of the
transporters during adverse stress conditions [46]. Other
proteins like phosphatidyl ethanolamine-binding protein
(PEBP) regulate flowering [47] and chloroplast stay-green
protein 1 promote chlorophyll degradation during senes-
cence [48]. Important proteins like E3 ubiquitin ligase were
involved in protein targeting [48].

Upregulated proteins related to cellular signaling were
clustered into a different group. They were involved in cal-
cium ion regulation, transcriptional histone modification
signaling, nitrogen and carnitine pathways, and membrane
trafficking [49–51]. Calcium is one of the important mole-
cules of plant intracellular signaling that coordinates various
intracellular processes, establishing a co-regulatory mecha-
nism between leaf and root [52]. Proteins in this group were
also involved in membrane trafficking regulation, a signifi-
cant defense mechanism during BorSal stress where ion
movement within cells is of prime importance [50].

Another set of proteins performs important functions in
cellular processes. Proteins like cytochrome p450 are
involved in the cellular metabolism of important xenobiotic
substances and are not native to plant systems [53]. Upreg-
ulation of AAA-ATPase proteins involved in organelle bio-
synthesis and hypersensitive response helps the plant cope
with the combined stress situation [54]. Nucleus– and phrag-
moplast–localized protein kinase 1 (NPK1) belonging to the
mitogen-associated protein kinase kinase kinase family
(MAPKKK) playing a significant role in cell plate formation

during the cell cycle [55] is also found to be an overlapping
gene between leaf and root. This suggests that the maize
plant also establishes coordination between the important
cellular processes apart from defense and regulation.

The last group of proteins functions in relation to plant
hormones. We observed activation of proteins related to
ABA, a master hormone during stress conditions [56]. Pro-
teins related to hormone transport [57] and biosynthesis
are expressed along with guard proteins like nucleoredoxin
which protects antioxidant enzymes from ROS-mediated
oxidation [58]. Two putative genes (Zm00001d038181 and
Zm00001d044529) coded for the hormone transporter pro-
tein family nitrate transporter 1/peptide transporter (NRT1/
PTR) which plays an important role in the transport of hor-
mones like IAA (indole-3-acetic acid/auxin), GA, JA, and
ABA [59]. Genes that coded for hormones were found to
express in both leaves and roots, resulting in the coordinated
regulation of combined stress. Apart from this, we also
observed 8 proteins, which are not yet characterized and
have been grouped as unknown (Supplementary Table S2).
From the above analysis, it can be inferred that the plant
tries to establish complete coordination between root and
leaf by activating proteins in both the stress-affected regions.

4.4. Protein-Protein Interaction Analysis and Functional
Characterization of Hub Genes. As observed from the PPI
network analysis, the hub genes identified from leaves are
mainly involved in growth and development, regulation of
cellular ROS levels coupled with heat shock absorption activ-
ity. The genes pro1 and glo1 were reported to play a key role
in photorespiratory metabolism which catalyzes the oxida-
tion of glycolate to acetaldehyde and produces H2O2 (hydro-
gen peroxide) (Figure 5(a)). The photorespiration process is
significant in maize despite it being a C4 plant because of the
evolution of this pathway, preventing toxic glycolate accu-
mulation. Hence, C4 photosynthesis in maize is
photorespiration-dependent throughout seedling develop-
ment [60]. The function of P5CS was reported in embryo-
genesis, pollen development, fertility, and reproductive
development [61]. Its involvement in proline biosynthesis
made it the rate-limiting enzyme and is subjected to feed-
back inhibition by proline which in turn regulates proline
levels under normal as well as in stress conditions [62].
Reports have also shown that proline accumulation increases
during salinity stress making it a compatible osmolyte for
osmotic adjustment. This phenomenon also results in the
stabilization of proteins, membranes, and subcellular struc-
tures, buffering of cellular redox potential and protection
of cellular functions by ROS [63]. The aldehyde dehydroge-
nase (ALDH) enzyme is reported to be involved in proline
homeostasis and indirectly detoxify cellular levels of ROS
[64], aids in another development by acting as a nuclear
restorer of cytoplasmic male sterility [65]. This enzyme also
aids in reducing the effect of cellular toxicity as a result of
lipid peroxidation during drought and salt stress [66].

The hub genes from roots are primarily involved in the
enhancement of salt tolerance, osmotic stress tolerance,
thermotolerance, and regulating membrane potential and
cellular ROS production (Figure 5(b)). The pmpm4, as its
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name suggests, is involved in cation uptake that regulates the
membrane potential of root cells thereby maintaining intra-
cellular ion homeostasis during salt stress [67]. The BMY1
and mlg3 genes function as key regulators of growth and
development [68, 69]. While BMY1 aids in the process of
seed germination and maintaining the physiological quality
of seeds [70], mlg3 forms polypeptides that accumulate in
the plant tissues as well as in maturing embryos experiencing
water deficit. This accumulation of polypeptide is dependent
on abscisic acid and limitation of water uptake and helps in
protection against osmotic shrinkage during stress [71]. The
overexpression of heat shock proteins (HSPs) during com-
bined salinity and boron stress gave an indication of the
resistant parameters that are induced/coexpressed to confer
higher tolerance. HSP101 is required in the translational
enhancement of mRNA [72], for heat-induced thermotoler-
ance [73] and maintenance of a high basal thermotolerant
state in the germinating kernels [74]. HSP70 of the HSP fam-
ily is involved in regulating cellular ROS levels by maintain-
ing antioxidant enzymes and their activities, resulting in a
significant increase in stress tolerance and cryoprotection
[75]. It also functions as a chaperone by stabilizing new pro-
teins and ensuring their correct folding or by aiding in the
refolding of proteins that were damaged by cell stress [76].
COR410 belongs to group II late embryogenesis abundant
(LEA) proteins, also called dehydrins. Dehydrins are the
low molecular weight proteins that take part in protective
reactions to dehydration in plants [77]. They have been
reported to bind to metal ions that can inhibit the produc-
tion of ROS at its source [78]. They can also bind to DNA
as well as proteins and membranes; this would ultimately
protect the structural integrity of DNA and the proteins
from damage by environmental stress [69].

Apart from the expression of unique hub genes, the two
hub genes commonly expressed in the leaves and roots,
LTI65 and GOLS2, are involved in response to water depri-
vation and heat shock promoter activity. LTIs are essentially
low-temperature induced ABA-responsive genes [79]. They
encode a protein that is expressed in response to water dep-
rivation such as cold, high-salt, and desiccation. This
response appears via abscisic acid [80]. GOLS2 is a key
enzyme of the raffinose biosynthetic pathway [81]. The raffi-
nose family of oligosaccharides is essentially α-1, 6-
galactosyl extensions of sucrose and serves as a desiccation
protectant in seeds, protecting the embryo from
maturation-associated desiccation [82]. Hence, both leaf
and root confer maximum protection in the growth and
development of maize seeds.

4.5. Identification and Mapping of Transcription Factors. The
mapping of transcription factors from PlantTFDB showed
the presence of several TF families in the leaves and roots
of maize. The transcription factors belonging to the families
NAC, HSF, bHLH, HD-ZIP, and MYB are expressed in both
leaves and roots due to their involvement in transcription
regulation, DNA binding, regulation of ABA signaling, and
cell growth. The NAC family is reported to be one of the
largest plant-specific transcription factor families that func-
tion as positive or negative regulators of plant immunity to

biotic stress and as modulators of abiotic stress responses
[83]. It has been reported that NAC44 helps in plant second-
ary wall formation and in enhancing salt tolerance [84]
proving its expression to be of spatial importance against
salinity stress response. The HSFs are an important group of
stress-responsive TFs identified in a large number of plant spe-
cies that function in transcriptional regulation during abiotic
stress. They have been reported to activate several target genes
in response to environmental stresses of high temperature,
heavy metals, oxidants, and drought [85]. The bHLH tran-
scription factor in plants also comprises one of the largest
TF families for their regulation in several abiotic stresses. They
regulate their transcriptional expression by specifically bind-
ing to the cis-elements in the promoter region of the target
genes involved in stress response. They also aid in regulating
the synthesis of flavonoids that in turn, aid in the maintenance
of ROS homeostasis during abiotic stress [86]. HD-ZIP, com-
monly referred to as homeodomain-leucine zipper transcrip-
tion factors, enhanced tolerance to drought and salt stress
and increased sensitivity to abscisic acid [87]. It acts as a pos-
itive transcriptional regulator against drought and salt toler-
ance in plants through an ABA-dependent signaling
pathway. The MYB transcription factors are found to be
widely distributed in plants, mainly for their involvement in
ABA response [88] and the phenylpropanoid metabolism
pathway. They are directly linked to the control of the cell
cycle in plants, thereby promoting maintenance during stress
conditions [89]. The transcription factors unique to leaf and
roots have shown to be responsive towards different modes
of abiotic stresses (Table 1).

4.6. Dynamics of Gene Regulatory Network Topology. The
hub TFs identified from the regulatory network analysis of
leaves were dbf1, hb41, mybr24, HSF1, and HSF8, and that
of roots were NAC44, HSF17, and hb41, respectively.

Studies have shown that dbf1 of the AP2/ERF TF family,
also known as dehydration-responsive element (DRE) binding
factor, is mostly expressed in roots and leaves and involved in
the regulation of rab17, an ABA responsive gene in an ABA-
dependent pathway [106]. The dbf1 is also reported to be
involved in GA signaling resulting in internode development
[107] (Figure 6(a)). The overexpression of this TF against
osmotic stress in Arabidopsis conferred more tolerance than
control plants. It also acts as a transcriptional activator by
binding to the GCC-box, an ethylene-responsive element that
promotes upregulation of pathogenesis-related (PR) genes in
the event of pathogen attack [108].

The TF hb41 shows expression in leaves, roots, and pan-
icles of maize during drought stress, which is an indicator of
change in water potential of leaves due to applied salinity
stress. It regulates sodium-hydrogen pumps ((AtNHX1/
AtNHX6)-Arabidopsis thaliana vacuolar Na+/H+ antiporter)
that balances cellular Na+ ions. hb41 activates the enzymes
superoxide dismutase (SOD) and peroxidase (POD) that
help the plant in ROS scavenging [86] (Figure 6(b)).

The mybr24 belongs to the MYB TF family that plays a
significant role in plant defense against various stress condi-
tions. It activates late stamen development by ubiquitylating
the Jasmonate Zim domain (JAZ) through a JA-mediated
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signaling pathway [109]. MYB TFs are reported to be
involved in the negative regulation of salt-sensitive overlay
(SOS) protein which is a sodium/potassium transporter
[110] and activation of the ABA signaling pathway [111]
conferring stress tolerance.

HSF1 andHSF8 of the HSF family are known for epigenetic
regulation by binding to a number of genes such as APX2
(ascorbate peroxidase), HSPs, heat stress-associated 32-kD pro-
tein (Hsa32), FK506-binding proteins (ROF1), and drought-reg-
ulated gene 29A (RD29A) which coordinately help the plant in
stress adaptation [112]. NAC44, a part of the NAC TF family
(NAM, ATAF1, 2, and CUC2), is involved in drought and salt
tolerance, growth, and development [113, 117] by regulating
defense responsive genes like late embryogenesis abundant
(LEA), glutathione S-transferase (GST), and glyoxalase.

GRAS (Gibberellic-Acid Insensitive (GAI), Repressor of
GAI (Rga), and Scarecrow (SCR)) is another large TF
family divided into 8 major subfamilies. They are
involved in root and shoot development, GA signaling,
and phytochrome A signal transduction [114]. In our
study, a GRAS TF is found to be significantly upregu-
lated, and it is known to aid in stress tolerance by regu-
lating seed germination, hypocotyl cell elongation, and
root elongation [115].

As observed from the regulatory network topology, it
can be inferred that upon being subjected to combined salin-
ity and boron stress in maize, a number of key transcription
factors contribute to the overall growth and regulation by
enhancing individual as well as combined tolerance to stress
(Figure 7) (created using BioRender [116]).
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Figure 7: Overview of the transcriptional regulatory mechanism in maize in response to combined salinity and boron stress. (SOS: salt
sensitive overlay; CaM: calmodulin; HSP: heat shock protein; MAPK: mitogen associated protein kinase; HB41: homeobox 41; bHLH: basic
helix loop helix; SOD: superoxide dismutase; POD: peroxidase; AtNHX1/6: Arabidopsis thaliana sodium hydrogen antiporter; AP2/ERF:
apetala2/ethylene responsive factor; dbf1: DRE binding factor; DRE/CRT: drought response element/C-repeat; GA20oxs: gibberelin-20
oxidase; ABA: abscisic acid; GA: gibberelic acid; GRAS: (Gibberellic-Acid Insensitive (GAI), Repressor of GAI (Rga), and Scarecrow
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embryogenesis abundant 3-1; GST: glutathione S-transferase).
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5. Conclusions

From our analysis, we observed that response against com-
bined salinity and boron stress in maize occurs uniformly
from the roots, exhibiting expression of functionally similar
genes throughout the plant to gradually diverging into an
organ-specific response. Our results have elucidated that
the roots of maize protect the plant from water deprivation
and desiccation while the leaves aid in maintaining proper
growth and development during stress conditions. Our
observations have also predicted the possible activation of
a signal crosstalk mechanism between the leaves and roots
with an overlapping expression of genes and transcription
factors regulating defense response, hormonal response,
and cellular processes. Further study on the significant hub
genes and transcription factors would help understand the
mechanistic insights of their working and to develop
multistress-resistant varieties of maize.
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