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Abstract
Background Low temperature (LT) stress is one of the major environmental stress factors affecting the growth and 
yield of maize (Zea mays L.). Hence, it is important to unravel the molecular mechanisms behind LT stress tolerance 
to improve molecular breeding in LT tolerant genotypes. In the present study, two maize genotypes viz. Gurez local 
from Kashmir Himalaya and tropical grown GM6, were dissected for their LT stress response in terms of accumulation 
of differentially regulated proteins (DRPs). Leaf proteome analysis at three-leaf stage of maize seedlings subjected 
to LT stress of 6 °C for a total of 12 h duration was performed using two dimensional gel electrophoresis (2D-PAGE) 
followed by subsequent identification of the proteins involved.

Results After MALDI-TOF (Matrix-assisted laser desorption/ionization-time of flight) and bioinformatics analysis, 19 
proteins were successfully identified in Gurez local, while as 10 proteins were found to get successful identification 
in GM6. The interesting observations from the present investigation is the identification of three novel proteins viz. 
threonine dehydratase biosynthetic chloroplastic, thylakoidal processing peptidase 1 chloroplastic, and nodulin-like 
protein, whose role in abiotic stress tolerance, in general, and LT stress, in particular, has not been reported so far. It 
is important to highlight here that most of LT responsive proteins including the three novel proteins were identified 
from Gurez local only, owing to its exceptional LT tolerance. From the protein profiles, obtained in both genotypes 
immediately after LT stress perception, it was inferred that stress responsive protein accumulation and their expression 
fashion help the Gurez local in seedling establishment and withstand unfavorable conditions as compared to GM6. 
This was inferred from the findings of pathway enrichment analysis like regulation of seed growth, timing of floral 
transition, lipid glycosylation, and aspartate family amino acid catabolic processes, besides other key stress defense 
mechanisms. However, in GM6, metabolic pathways enriched were found to be involved in more general processes 
including cell cycle DNA replication and regulation of phenylpropanoid metabolism. Furthermore, majority of the 
qRT-PCR results of the selected proteins demonstrated positive correlation between protein levels and transcript 
abundance, thereby strengthening our findings.

Conclusions In conclusion, our findings reported majority of the identified proteins in Gurez local exhibiting 
up-regulated pattern under LT stress as compared to GM6. Furthermore, three novel proteins induced by LT stress 
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Background
Low temperature (LT) tolerance is a principal agro-
nomic attribute of temperate grown crops. As changing 
climatic conditions threaten the global food security [1], 
therefore, screening out LT tolerant crops is critical for 
adapting climate smart agricultural practices [2]. Maize 
(Zea mays L.), a critically important food resource, and 
tropical in origin, is inherently susceptible to low temper-
atures. At any crucial stage in its life cycle, a suboptimal 
temperature for longer duration can cause remarkable 
decline in the overall growth and crop yield [3]. Ironi-
cally, the present agricultural output trend of leading 
food crops including maize are not adequate to meet the 
future requirements [4]. Hence, LT tolerance of maize 
must be improved by developing and selecting LT toler-
ant genotypes employing various traditional breeding 
protocols and high-throughput genomic approaches [2].

For many years now, the biological mechanisms behind 
LT-susceptibility of maize have been analyzed [5]. From 
the very first physio-morphological studies, including our 
previous investigations, the research revealed the impact 
of LT stress mostly on photosynthetic apparatus, trans-
port processes, water relations, and plant stature [6, 7]. 
Additionally, the metabolomic studies have also shown 
that both primary and specialized metabolites accu-
mulate within the crop in response to LT stress, which 
include diverse compatible solutes, antioxidant com-
pounds, and biomass precursors [8, 9]. The availability 
of the complete maize genome sequence has made it 
possible to explore the crop’s hidden genetic potential 
using a variety of molecular tools and techniques [3]. It 
is evident from various transcriptomic studies based on 
the response of maize to LT stress [10, 11]. These inves-
tigations unveiled several genes coding for various tran-
scription factors, DNA/RNA binding proteins, chromatin 
condensation, chloroplast functioning, circadian rhythm, 
and phytohormone signaling among other attributes in 
maize [10].

In addition to above, proteomics is a potent tool fur-
nishing the summary of different cellular and molecular 
changes occurring in plants under stress conditions [12]. 
With respect to maize, impressive progress in the field 
of sequencing technologies have led to a large and fast 
increasing proteomic datasets (i.e., amino acid sequences 
and protein interaction networks). A powerful insight of 
these protein sequences finds many applications, such as 
environmental stress resistance, yield and grain quality 
improvement, and so on [13]. One of the versatile pro-
teomic techniques is two-dimensional polyacrylamide gel 

electrophoresis (2D-PAGE) which has been widely used 
in differential proteomic analyses of wheat [14] and rice 
[15] under stress induced conditions. In case of maize, 
2D-PAGE has been employed: to establish the proteome 
map of endosperm [16]; to analyze biotic and abiotic 
stress induced protein changes [17, 18]; and to study the 
proteomic differences in transgenic and non-transgenic 
maize [19].

In the above context, the present study was carried 
out in two maize genotypes viz. LT tolerant Gurez local 
and LT susceptible Gujarat-Maize-6 (G-M-6), differing 
in their geographical origins (temperate and tropical, 
respectively). The genotypes were selected to elucidate 
the comparative protein framework underlying the LT 
stress tolerance in maize seedling leaf cells, that too in 
very first hours of stress perception. Owing to our previ-
ous experiments on same genotypes [7, 9], interestingly, 
the temperate grown ‘Gurez local’ was found to exhibit 
exceptional LT tolerance providing a promising resource 
for identification of novel LT induced proteins. The pro-
teomic (2D-PAGE and MALDI-TOF-MS) investigations 
revealed the altered expression of some remarkable LT 
responsive proteins besides identifying the novel four 
proteins from ‘Gurez local’. Tough subjected to further 
characterization and functional validation, our findings 
provide a comprehensive understanding of LT tolerance 
in maize and reveal an important role of newly identified 
LT regulatory proteins.

Results
Inventory of maize seedling leaf proteins identified by 
2D-PAGE
Gel analysis revealed that in Gurez local, 119 spots were 
obtained through database comparison and analysis, 
among which 80 spots were found to show up-regulated 
and 34 down-regulated expression. Among all these 
spots, only 20 spots of interest were selected based on 
their fold change value for MALDI-TOF analysis. Simi-
larly, in case of GM6, total of 42 spots were found to 
exhibit significant changes in expression levels through-
out the stress time-points, however, only 14 spots of 
interest based on their fold change value (p < 0.05) were 
selected and subjected to further analysis Fig.  2. In the 
end, 19 spots showed positive identification in case of 
Gurez local while 10 spots were identified in GM6 based 
on the MALDI-TOF analysis and subsequent MASCOT 
search as shown in Venn Diagram Fig. 3. With respect to 
their expression level, in Gurez local, 17 spots (pI 5–10/

were found in Gurez local, requiring further functional validation. Therefore, our results offer more insights for 
elucidating the molecular networks mediating LT stress tolerance in maize.
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MW 3000-280000 Da) exhibited up regulated expres-
sion while only two were found to show down regu-
lated expression (Spot ID 84; GINS complex protein 
under NCBI Accession no. AQK40686.1, and spot ID 
26; F10K1.23 under NCBI Acc No. AQK81609.1). How-
ever, in GM6, 5 proteins exhibited up and 5 showed 
down regulated expression (pI 6–10/MW 3000–35,000 

Da) (Table  1). Meanwhile, identified proteins in both 
genotypes under LT stress conditions revealed differ-
ences in the expression patterns as compared to control 
grown plants, depicted in Heatmap clustering Fig.  4. 
Moreover, PCA Biplot analysis also revealed that in LT 
tolerant Gurez local majority of the proteins contribute 
towards LT stress tolerance at different time intervals of 

Fig. 2 2-DE representative gel from leaves of A) Gurez local B) GM6. The numbers in the Gel images represent the protein spots with their ID’s, gener-
ated in the Image Master Gel Analysis Software. The red ellipses indicate up-regulated proteins, while the black ones indicate down-regulated proteins

 

Fig. 1 Maize seedlings (A-E) Gurez local (F-J) GM6 with their corresponding protein profiles at various LT (6 °C) stress time-points. Labels A-E, and F-J 
indicate the stress time points corresponding to 0 h, 2 h, 6 h, 8 and 12 h for Gurez local and GM6, respectively. The 2-DE gel is the ‘Master gel’ from the 
three gel replicates
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the treatment as compared to control grown maize seed-
lings as well as in comparison to GM6 Fig. 5. It can also 
be assumed from PCA Biplot analysis that all these pro-
teins get expressed on exposure to LT stress only in case 
of LT tolerant Gurez local as compared to GM6. Three 
novel proteins were isolated from the protein inventory 
in the Gurez local (Table 1). These proteins include Thre-
onine dehydratase biosynthetic chloroplastic, Thylakoidal 
processing peptidase 1 chloroplastic, and Nodulin-like 
protein, whose further study may offer more information 
about their predicted roles in LT tolerance in maize.

Generation of 3D models and their stereochemical 
validation
The three-dimensional models (3D) necessary for visual-
ization and better understanding of secondary structural 
features of all identified proteins were successfully gen-
erated with > 80% residues modelled at ≥ 90% confidence 
(Fig. S1). In addition, the PDB files obtained from Phyre2 
server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.
cgi?id=index) uploaded at PDBsum (https://www.ebi.
ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.
pl?pdbcode=index.html) gave us the stereochemical vali-
dation of all protein models in the form of Ramachandran 
Plots (RC plots) (Fig. S2). The RC plot statistics (Table S1) 
showing the distribution of main Ф-ψ angles in relation 
to ‘core’ (red) and ‘allowed’ (brown) regions, with resi-
dues falling in the ‘generously allowed’ (dark yellow) and 

‘disallowed’ (pale yellow) regions plotted as red squares 
were successfully obtained for all the proteins.

Classification of LT responsive proteins in both genotypes
Online servers viz. CLAP and Blast2GO (B2G) were used 
to classify the identified proteins respectively based on 
an alignment-free local sequence similarity computing 
approach and the functional annotations Gene ontol-
ogy functional analysis revealed that although most of 
the GO terms are shared between the two genotypes, 
but the differential regulation patterns (DRPs) vary con-
siderably in Gurez local from that of GM6 with respect 
to GO distribution level in terms of metabolic processes 
(GO: 0008152), biological regulation (GO: 0065007), 
and localization (GO: 0051179). However, 3 terms were 
found to be unique to Gurez local including the response 
to stimulus (GO: 0050896), signaling (GO: 0023052), 
and detoxification (GO: 0098754) under ‘biological pro-
cess’ category. With regards to molecular functions, ATP 
dependent activity (GO: 0140657) and antioxidant activ-
ity (GO: 0016209) were specifically enriched in Gurez 
local only while rest other terms were shared between the 
two genotypes (Fig. 6).

Furthermore, in CLAP (Classification of Proteins), 
results in the form of Hieracrchiel clustering for both 
genotypes the protein sequences labelled as ‘NCBI 
Accession numbers’ were efficiently clustered into groups 
exhibiting high domain architectural similarities (Fig. 7). 

Fig. 3 Venn diagram showing total number of identified proteins in Gurez local and GM6 through 2D-PAGE. The number in the middle of larger circles 
indicates total number of proteins for each genotype. The overlapping region depicts the proteins common to both genotypes induced under LT 
conditions. The number within smaller circles on the topside of figure represent up-regulated proteins, while the same on the downside indicate down-
regulated proteins
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In Gurez local, proteins viz. Threonine dehydratase bio-
synthetic chloroplastic (Spot ID 153; NCBI Acc No. 
AQK63454.1) and Translation initiation factor IF-2 (Spot 
ID 52; NCBI Acc No. XP_008668879.1) formed a biologi-
cally meaningful group of two proteins while rest 17 pro-
teins clustered together into another group. The later was 
found to form 4 clusters each containing closely related 
set of proteins separated at distinct nodes.

Similarly, in GM6 for clustering illustrations, 3 groups 
of proteins were obtained. In the first two groups, 2 pro-
teins were clustered together, however, the third group 
splitted further into another two distinct clusters based 
on the set of closely connected proteins.

Table 1 Differentially expressed proteins in maize genotypes in response to LT
Spot 
ID

NCBI Accession Number Protein name pI MW 
(Da)

MAS-
COT 
Score

Fold 
Change

Regulated 
Type

Zea 
mays 
(Gurez 
local)

57 ONM31447.1 RNA-metabolising metallo-beta-lactamase family 
protein [Zea mays]

6.03 23,819 40 10.7891 Up regulated

167 ONM51210.1 rough sheath1 [Zea mays] 5.64 285,450 46 14.5208 Up regulated

153 AQK63454.1 Threonine dehydratase biosynthetic chloroplastic 
[Zea mays]

9.68 30,407 51 41.2574 Up regulated

18 AQK47553.1 Thylakoidal processing peptidase 1 chloroplastic 
[Zea mays]

10.06 20,281 37 3.54261 Up regulated

149 AQK43300.1 farnesylated protein 3 [Zea mays] 5.25 40,895 38 4.45764 Up regulated

165 AQK55089.1 NHL domain-containing protein [Zea mays] 6.69 44,718 40 4.11602 Up regulated

23 ONM53258.1 Aquaporin PIP2-1 [Zea mays] 6.52 3203 23 3.0303 Up regulated

75 NP_001349277.1 Auxin response factor 12 [Zea mays] 5.95 9099.3 48 2.32466 Up regulated

64 ONM07168.1 IND1(iron-sulfur protein required for NADH 
dehydrogenase)-like [Zea mays]

10.17 10,534 31 4.20944 Up regulated

32 ONM04429.1 Splicing factor 3B subunit 5/RDS3 complex sub-
unit 10 [Zea mays]

6.52 3203 23 4.16235 Up regulated

84 AQK40686.1 GINS complex protein [Zea mays] 8.64 2293.28 56 2.49025 Down 
regulated

26 AQK81609.1 F10K1.23 [Zea mays] 9.86 21,278 40 4.38033 Down 
regulated

52 XP_008668879.1 Translation initiation factor IF-2 [Zea mays] 10.94 3584.84 57 14.2597 Up regulated

63 A0A1D6GJ70|A0A1D6GJ70 Threonine ammonia-lyase OS = Zea mays 5.21 32,881 36 11.5956 Up regulated

148 A0A1D6NDN6|A0A1D6NDN6 Rx_N domain-containing protein 9.51 3102.67 49 6.37876 Up regulated

81 ACG43269.1 Nodulin-like protein [Zea mays] 8.87 48,806 36 10.6314 Up regulated

82 XP_008670600.1 Peroxidase 2-like [Zea mays] 5.24 29,956 42 7.93804 Up regulated

159 ONM27097.1 Tetratricopeptide repeat (TPR)-like superfamily 
protein [Zea mays]

6.29 42,195 36 33.5755 Up regulated

122 NP_001266439.2 Calcium-dependent protein kinase substrate 
protein [Zea mays]

9.93 16,833 37 2.0599 Up regulated

Zea 
mays 
(GM6)

220 AQK72491.1 LETM1-like protein [Zea mays] 9.94 4361.72 11 9.12254 Up regulated

1964 XP_008645909.1 Mitochondrial proton/calcium exchanger protein 
[Zea mays]

6.05 8611.6 11 8.17725 Down 
regulated

1972 NP_001169298.1 Flowering time control protein FCA-like [Zea 
mays]

9.08 7925.87 38 4.02113 Down 
regulated

310 ONM20750.1 RNA binding [Zea mays] 9.24 25,210 38 4.22351 Down 
regulated

180 AQK78980.1 Mediator of RNA polymerase II transcription 
subunit 11 [Zea mays]

6.70 6426 45 5.22440 Down 
regulated

3349 NP_001149881.1 Glycosyltransferase family 28 C-terminal domain 
containing protein [Zea mays]

7.63 4766.59 50 2.94550 Up regulated

1279 ONM25687.1 Nuclear pore complex protein NUP98A [Zea 
mays]

10.88 17,084 34 3.20661 Up regulated

5275 ONM30654.1 Importin subunit alpha-2, partial [Zea mays] 10.14 35,762 51 5.98263 Up regulated

178 ONM53258.1 Aquaporin PIP2-1 [Zea mays] 6.25 3203 23 2.08445 Up regulated

6241 ONL95273.1 Nuclear pore complex protein NUP155 [Zea 
mays]

9.62 25,430 43 2.56641 Down 
regulated
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Enriched metabolic pathways of differentially regulated 
proteins (DRPs) in Gurez local and GM6
To further analyze the functional fates of DRPs, KEGG 
enrichment analysis using ShinyGO (http://bioinformat-
ics.sdstate.edu/go/) was performed. It was observed that 
higher protein numbers were constituted in enriched 
pathways in case of Gurez local as compared to the GM6 
(Fig. 8), Also, the two genotypes were found to exhibit a 
remarkable divergence in metabolic pathway responses 
to LT stress. Using hyper geometric test, metabolic path-
ways with –log10 (FDR) value greater than 1.2 were 
considered to be significantly affected by LT stress. We 
observed that in case of LT tolerant genotype Gurez 
local, regulation of seed growth, regulation of timing of 
transition from vegetative to reproductive phase, lipid 
glycosylation and aspartate family amino acid catabolic 
processes were significantly enriched (Fig. S3). Contrast-
ingly, in GM6, cell cycle DNA replication initiation, and 
regulation of phenylpropanoid metabolic processes were 
remarkably enriched. Apart from two enriched meta-
bolic processes (aspartate family amino acid catabolic 
processes and threonine catabolic processes) in the case 
of Gurez local (Fig. S4), most metabolic processes also 
clustered together in a network showing an interactive 
fashion of metabolic pathways. However, GM6 displayed 
a single cluster network of enriched pathways apart 
from the regulation of phenylpropanoid metabolic pro-
cess (Fig. S5). Though additional studies are required for 
empirical observations of the metabolic events, and the 
growth and developmental transitions in plants (includ-
ing maize) where the identified proteins apparently play a 

role, following are some of the enriched pathways which 
are pertinent to mention in Gurez local:

Regulation of seed growth
The leaf proteome revealed that under LT stress condi-
tions, for regulation of seed growth, a number of proteins 
change their expression fashion. These include upregu-
lated proteins viz. NHL domain-containing protein (Spot 
ID 165: NCBI Acc No. AQK55089.1) modulating the 
seed germination under abiotic stress, RNA-metabolising 
metallo-beta-lactamase family protein (Spot ID 57: NCBI 
Acc. No. ONM31447.1) involved in DNA/RNA metabo-
lism, and downregulated proteins, such as, GINS com-
plex (Spot ID 84: NCBI Acc No. AQK40686.1) protein 
and F10K1.23 (Spot ID 26: NCBI Acc No. AQK81609.1) 
playing a critical role in chromosomal DNA replication. 
All these proteins regulate the seed growth and aid in 
seedling emergence and its establishment.

Regulation of timing of transition from vegetative to 
reproductive phase
Developmental transitions from embryonic to post 
embryonic mode (seed germination), and vegetative 
to flowering phase, are regulated by the environmental 
cues [27]. The transition is also controlled by a complex 
genetic network including miRNAs, various transcrip-
tional factors, and altered protein accumulation [28]. 
In the present study, proteins found in higher abun-
dance under LT treatment include: ‘Thylakoidal pro-
cessing peptidase 1 chloroplastic’ (Spot ID 18: NCBI 
Acc No. AQK47553.1) required for choloroplast protein 

Fig. 4 Heatmap Clustering analysis of differentially regulated proteins (DRPs) in (A) Gurez local (B) GM6. The scale bar indicates up-regulated (red) and 
down-regulated (blue) DRPs

 

http://bioinformatics.sdstate.edu/go/
http://bioinformatics.sdstate.edu/go/
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degradation/chloroplast development/proper thylakoidal 
development in photosynthetic tissues; ‘rough sheath1’ 
(Spot ID 167: NCBI Acc No. ONM51210.1) neces-
sary for cell fate/cell division; ‘translation initiation fac-
tor IF-2’ (Spot ID 52: NCBI Acc No. XP_008668879.1) 

controlling different translational processes during veg-
etative and reproductive growth; ‘calcium-dependent 
protein kinase substrate protein’ (Spot ID 122: NCBI Acc 
No. NP_001266439.2) critical for flowering; and ‘splicing 
factor 3B subunit 5/RDS3 complex subunit 10’ (Spot ID 

Fig. 6 GO functional categorization based on biological process, molecular function and cellular component of identified proteins in (A) Gurez local (B) 
GM6 seedling leaves. The scale above represents the number of proteins contributing in each function

 

Fig. 5 Principal Component Biplot analysis (PCA) of identified proteins with their NCBI Accession no.’s in (A) Gurez local, and (B) GM6. The scale on the 
right depicts contribution of each component (protein) at different LT stress time-points. Proteins with their corresponding IDs’ in Gurez local and GM6 
are: Threonine dehydratase biosynthetic chloroplastic (AQK63454.1), Translation initiation factor IF-2 (XP_008668879.1), NHL domain-containing protein 
(AQK55089.1), Peroxidase 2-like (XP_008670600.1), Calcium-dependent protein kinase substrate protein (NP_001266439.2), Auxin response factor 12 
(NP_001349277.1), Aquaporin PIP2-1 (ONM53258.1), Calcium-dependent protein kinase substrate protein (NP_001266439.2), Tetratricopeptide repeat 
(TPR)-like superfamily protein (ONM27097.1),, F10K1.23 (AQK81609.1), Splicing factor 3B subunit 5/RDS3 complex subunit 10 (ONM04429.1), farnesylated 
protein 3 (AQK43300.1), rough sheath1 (ONM51210.1), Thylakoidal processing peptidase 1 chloroplastic (AQK47553.1), GINS complex protein (AQK40686.1), 
Threonine dehydratase biosynthetic chloroplastic (AQK63454.1), RNA-metabolising metallo-beta-lactamase family protein (ONM31447.1) & IND1(iron-
sulfur protein required for NADH dehydrogenase)-like (ONM07168.1), Threonine ammonia-lyase (A0A1D6GJ70|A0A1D6GJ70), Rx_N domain-containing 
protein (A0A1D6NDN6|A0A1D6NDN6) and Flowering time control protein FCA-like (NP_001169298.1), RNA binding (ONM20750.1), LETM1-like protein 
(AQK72491.1), Mitochondrial proton/calcium exchanger protein (XP_008645909.1), Aquaporin PIP2-1 (ONM53258.1), Mediator of RNA polymerase II tran-
scription subunit 11 (AQK78980.1), Importin subunit alpha-2, partial (ONM30654.1), Nuclear pore complex protein NUP155 (ONL95273.1), Glycosyltrans-
ferase family 28 C-terminal domain containing protein (NP_001149881.1), Nuclear pore complex protein NUP98A (ONM25687.1), respectively
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32: NCBI Acc No. ONM04429.1) for checking the growth 
of terminal buds. All the above mentioned proteins accu-
mulate in higher proportions in stress response in Gurez 
local and play a critical roles in floral transitions.

Lipid glycosylation
Glycosylation is one of the fundamental post-transla-
tional modifications modulating various developmen-
tal processes including stress response in plants [29]. 
Remarkably, under LT stress conditions, glycerolipids 
serve as signaling molecules and also protect organeller 
membranes from stress induced damage [30]. Interest-
ingly, one of the novel proteins found in Gurez local viz. 
Nodulin-like protein is believed to have a probable role in 
transport of various carbohydrate meoties or other sol-
utes that may be indirectly involved in lipid glycosylation 
process under LT stress conditions, though subject to 
further investigations.

Aspartate family amino acid catabolic processes and 
threonine catabolic processes
The co-regulation activity of aspartate coupled with 
other amino acids belonging to ‘Asp family amino acids’ 
is beneficial for plant stress adaptation [31]. Hence, the 
up-regulation of Threonine dehydratase biosynthetic 
chloroplastic (Spot ID 153: NCBI Acc No. AQK63454.1) 
and Threonine ammonia-lyase (Spot ID 63: Uniprot ID. 
A0A1D6GJ70) proteins in Gurez local reveal their potent 
roles in amino acid metabolism associated LT stress tol-
erance in maize.

Other pathways involved in stress response in Gurez local
Under environmental stress induced conditions, mul-
tiple signaling pathways converge to regulate stress 
induced genes that in turn produce proteins and enzymes 
required for stress metabolism in maize [32]. The present 
study revealed that most of the proteins accumulated in 

Fig. 7 Hieracrchiel clustering exhibiting high domain architectural similarities of identified proteins in (A) Gurez local (B) GM6, protein sequences 
labelled as NCBI Accession numbers. In Gurez local, Threonine dehydratase biosynthetic chloroplastic (AQK63454.1) and Translation initiation fac-
tor IF-2 (XP_008668879.1) formed a biologically meaningful group of two proteins while rest 17 proteins clustered together into another group. The 
later was found to form 4 clusters each containing closely related set of proteins [I: NHL domain-containing protein (AQK55089.1) & Peroxidase 2-like 
(XP_008670600.1)]; [II: Calcium-dependent protein kinase substrate protein (NP_001266439.2), Auxin response factor 12 (NP_001349277.1), Aquaporin 
PIP2-1 (ONM53258.1)]; [III: Calcium-dependent protein kinase substrate protein (NP_001266439.2), Tetratricopeptide repeat (TPR)-like superfamily pro-
tein (ONM27097.1),, F10K1.23 (AQK81609.1), Splicing factor 3B subunit 5/RDS3 complex subunit 10 (ONM04429.1), farnesylated protein 3 (AQK43300.1), 
rough sheath1 (ONM51210.1) & Thylakoidal processing peptidase 1 chloroplastic (AQK47553.1)] and [IV: GINS complex protein (AQK40686.1), Threonine 
dehydratase biosynthetic chloroplastic (AQK63454.1), RNA-metabolising metallo-beta-lactamase family protein (ONM31447.1) & IND1(iron-sulfur protein 
required for NADH dehydrogenase)-like (ONM07168.1)] separated at distinct nodes. In GM6, 3 groups of proteins were obtained. In the first two groups, 2 
proteins each [(Flowering time control protein FCA-like (NP_001169298.1), RNA binding (ONM20750.1) & LETM1-like protein (AQK72491.1), Mitochondrial 
proton/calcium exchanger protein (XP_008645909.1)] were clustered together, however, the third group splitted further into another two distinct clusters 
of three proteins each [Aquaporin PIP2-1 (ONM53258.1), Mediator of RNA polymerase II transcription subunit 11 (AQK78980.1), Importin subunit alpha-
2, partial (ONM30654.1) & Nuclear pore complex protein NUP155 (ONL95273.1), Glycosyltransferase family 28 C-terminal domain containing protein 
(NP_001149881.1), Nuclear pore complex protein NUP98A (ONM25687.1) based on the set of closely connected proteins
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higher levels under LT stress in Gurez local are involved 
in defense mechanism against LT stress. The accu-
mulation of various abiotic stress responsive proteins 
include farnesylated protein (Spot ID 149: NCBI Acc. 
No. AQK43300.1), auxin response factor 12 (Spot ID 75: 
NCBI Acc. No. NP_001349277.1), IND1 (iron-sulfur pro-
tein required for NADH dehydrogenase)-like (Spot ID 
64: NCBI Acc. No. ONM07168.1), translation initiation 
factor IF-2 (Spot ID 52: NCBI Acc. No. XP_008668879.1), 

and tetratricopeptide repeat (TPR)-like superfamily pro-
tein (Spot ID 159: NCBI Acc. No. ONM27097.1), acting 
as a negative regulator in cold stress signaling. Other 
proteins exhibiting upregulated expression and having 
an indispensable role in both abiotic and biotic stress tol-
erance constitute NHL domain-containing protein (Spot 
ID 165: NCBI Acc. No. AQK55089.1), aquaporin PIP2-1 
(Spot ID 23: NCBI Acc. No. ONM53258.1) and peroxi-
dase 2-like (Spot ID 82: NCBI Acc. No.XP_008670600.1). 

Fig. 8 KEGG pathway enrichment analysis in DRPs in (A) Gurez local (B) GM6. The size of point represents the number of proteins enriched in a particular 
pathway and the X-axis represents fold enrichment value. KEGG, as developed by Kanehisa Laboratories (https://doi.org/10.1093/nar/28.1.27), was used 
in the imagery
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However, another protein viz. Rx_N domain-containing 
protein (Spot ID 148: NCBI Acc. No. A0A1D6NDN6) 
which gets remarkably induced under LT treatment in 
Gurez local maize is well-known for its critical role in 
biotic stress tolerance in plants [33].

Enriched metabolic processes in GM6 as follows
Cell cycle DNA replication initiation, RNA metabolism and 
nucleo-cytoplasmic trafficking
Protein activity generated after mRNA translation and 
other post-transcriptional/translational modifications 
involving a plethora of molecular machinery, directly 
or indirectly contribute to adaptation at cellular level 
under stress induced conditions [34]. As evident from 
the protein list obtained in the study (Table 1), few pro-
teins playing a vital role in nuclear metabolism which 
include ‘RNA binding protein’ (Spot ID 310: NCBI Acc 
No. ONM20750.1) and Mediator of RNA polymerase II 
transcription subunit 11 (Spot ID 180: NCBI Acc. No. 
AQK78980.1) display downregulated expression in LT 
sensitive genotype. Contrastingly, the other two impor-
tant nuclear proteins responsible for nuclear transport 
i.e., nuclear pore complex protein NUP98A (Spot ID: 
1279: NCBI Acc. No. ONM25687.1) and importin sub-
unit alpha-2, partial (Spot ID: 5275: NCBI Acc. No. 
ONM30654.1) accumulate in higher proportion in GM6 
in response to the LT stress.

Other stress responsive pathways
Numerous stress factors affect flowering time in plants 
[35], transmembrane water movement [36] and exchange 
of other small molecules across mitochondria [37]. The 
proteins found in significant abundance in above men-
tioned stress signaling pathways in GM6 include aquapo-
rin PIP2-1 (Spot ID 178: NCBI Acc. No. ONM53258.1) 
and LETM1-like protein (Spot ID 220: NCBI Acc. 
No. AQK72491.1). On the other hand, flowering time 
control protein FCA-like (Spot ID 1972: NCBI Acc. 
No. NP_001169298.1) and mitochondrial proton/cal-
cium exchanger protein (Spot ID: 1964: NCBI Acc. No. 
XP_008645909.1) were found in lower abundance with 
LT treatment progression in GM6. Other metabolic pro-
cesses involving transfer of sugar moieties onto a variety 
of small molecules involve the glycosyltransferase family 
28 C-terminal domain containing protein (Spot ID 3349: 
NCBI Acc. No. NP_001149881.1) which exhibited rela-
tively higher levels in LT sensitive genotype.

Protein-protein interaction networks are associated with 
LT stress response
Using STRING 10.5 database (http://www.string-db.
org/, accessed on 18 April 2022) protein-protein interac-
tion and functional relationships among the differentially 
regulated proteins was predicted with the confidence 

score greater than 0.7 in both genotypes of maize. In 
case of Gurez local, single group constituting 9 interact-
ing proteins was identified in the network. These include 
splicing factor 3B subunit 5/RDS3 complex subunit 10 
(GRMZM2G121942_P02, pco072231b), GINS complex 
protein (GRMZM2G049536_P02, pco124429), NHL 
domain-containing protein (GRMZM2G326783_P01, 
thx29), DNA helicase protein (GRMZM2G139894_
P01, mcm7), GINS complex protein with a predicted 
functional partner ‘Flowering time control protein 
FY’ (GRMZM5G881296_P03), GINS complex protein 
(GRMZM2G076128_P01, TTN10), Protein spa-1 related 
4 isoform X1(GRMZM2G061602_P01), DNA replication 
complex protein (GRMZM2G134295_P03, pco089553b), 
and PHD finger-like domain containing protein 5  A 
(GRMZM2G047018_P01) (Fig. 9). All these proteins take 
part in chromosomal DNA replication.

On the other side, GM6 also exhibited a single cluster 
of 7 proteins in the interaction network. These include 
mediator of RNA polymerase II transcription subunit 11 
(GRMZM2G180815_P01), nuclear pore complex protein 
NUP98A (GRMZM2G348675_P02), nuclear pore com-
plex protein NUP155 (GRMZM2G057853_P01, IDP351), 
importin subunit alpha-2, partial (GRMZM2G059015_
P01, cl23032_-2), component of nuclear pore complex 
(GRMZM2G058498_P01), and RNA binding protein 
(GRMZM5G881296_P03). All these proteins together 
aid in nucleocytoplasmic transport of proteins and RNAs 
(Fig.  9). These results indicate that interaction among 
various proteins especially involved in a particular meta-
bolic pathway is essential in responding to the low tem-
perature stress in maize.

Expression levels of genes encoding DRPs in response to LT 
in maize genotypes
Expression analysis employing qRT-PCR was used to 
analyze the transcriptional activities of fifteen randomly 
selected genes including the three main novel proteins 
(10 from Gurez local and 5 from GM6) in order to cor-
roborate our proteomic findings. In general, in case 
of Gurez local, the results showed that 5 up-regulated 
[RNA-metabolising metallo-beta-lactamase family pro-
tein; rough sheath1; threonine dehydratase biosynthetic 
chloroplastic (reasonably higher expression at 6 and 8 h 
of LT treatments); thylakoidal processing peptidase 1 
chloroplastic; and nodulin-like protein], and 2 down-
regulated proteins (GINS complex protein and F10K1.23 
showing down-regulation post 6  h LT stress) coincided 
well with the patterns of the transcript levels of corre-
sponding coding genes at different LT stress time points. 
However, other 3 proteins (auxin response factor 12, 
splicing factor 3B subunit 5/RDS3 complex subunit 10, 
and threonine ammonia-lyase) showed an exponential 
increment in their corresponding mRNA levels in the 

http://www.string-db.org/
http://www.string-db.org/
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first hours of stress, which later on remarkably decreased 
with the progression of stress treatment (Fig.  10). The 
fascinating part of the story is that the proteins including 
threonine dehydratase biosynthetic chloroplastic, thyla-
koidal processing peptidase 1 chloroplastic, and nodulin-
like protein believed to have a novel and potent role in LT 
stress tolerance in maize as identified in Gurez local were 
consistent with the proteomic findings, hence strength-
ening the basis for the set hypothesis.

In case of GM6, among the 5 selected proteins, 3 pro-
teins (mitochondrial proton/calcium exchanger pro-
tein, nuclear pore complex protein NUP98A, and RNA 
binding) were observed to to replicate the qRT-PCR 
approach while considering the general trend of their 
transcript expression. Hence, overall expression patterns 
of the studied genes were found to corroborate with our 
proteomic findings. However, rest 2 proteins viz. glyco-
syltransferase family 28  C-terminal domain containing 
protein, and aquaporin PIP2-1 exhibited opposite trends 
with their mRNA homologues (Fig. 11).

Correlation analysis of abundance of selected proteins 
with their corresponding transcript levels in maize 
genotypes
The correlational study between the levels of selected 
proteins’ transcripts and their abundance in the two gen-
otypes demonstrated the consistency of gene expression 

at various stress time points (Fig.  12). Evidently, pro-
teins with uniprot IDs A0A1D6MR20, A0A1D6HRV5, 
AOA1D6GJ70, K7TTX2, C0PL36, and B6TE00 exhib-
ited a positive correlation with their mRNA levels in 
the Gurez local genotype. However, the trend was 
reverse in the rest four proteins bearing IDs K7TV72, 
A0A1D6IXQ3, A0A1D6LQ45, and B6U1N6. Similarly, 
in case of GM6, the correlation analysis revealed positive 
(for protein with uniprot ID of A0A1D6ELI2), slightly 
negative (uniprot ID: A0A1D6HCR5), considerably nega-
tive (uniprot IDs: A0A1D6F2P9 and NUP98A), and no 
(uniprot ID: B6TJ06) corroboration between the mRNA 
and protein levels.

Discussion
LT stress severely affects early vigor and production of 
maize [38] which in turn signifies the importance of 
exploring and understanding peculiar molecular net-
works behind cold and other abiotic stresses. Therefore, 
unravelling the stress-driven proteome changes in plants 
holds remarkable significance since proteins, unlike tran-
scripts, are direct effectors of plant responses to stress 
conditions [39]. In this context, we, therefore, demon-
strated the role of various LT induced proteins conferring 
exceptional LT tolerance to the Gurez local maize geno-
type from Kashmir Himalaya compared to its susceptible 
counterpart, GM6. Interestingly, a few proteins showing 

Fig. 9 Protein interaction networks of identified proteins in (A) Gurez local (B) GM6. The network was generated with the help of STRING (https://
string-db.org/) program at a confidence score greater than 0.7. Nodes (colored circles) indicate proteins and the thickness of lines connecting the nodes 
denotes the strength of supplementary data. Different types of interactions between nodes are represented by colored lines. Red lines indicate the fusion 
of genes, green lines neighborhood of genes, blue lines co-occurrence across species, purple lines experimental evidence, yellow lines text mining of 
abstracts from literature, light blue lines databases, and black lines co-expression in the same of other species
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significant expression levels in Gurez local under LT 
treatment are reported for the first time for their potent 
role in conferring LT stress tolerance to maize, however, 
the hypothesis warrants further investigations. Overall, 
our comparative proteomic analysis serves as an impor-
tant exploratory method to determine the impact of envi-
ronment modulated gene expression under LT stress.

Differentially regulated proteins in Gurez local
We identified 19 proteins in Gurez local in response 
to LT stress, among which only two were found to get 
down-regulated, and rest 17 exhibited remarkable abun-
dance with the progression of LT stress including a few 
novel proteins. Pertinently, numerous stress responsive 
proteins with some novel LT-induced ones have been 
well documented from different species earlier as well 
[40]. Here, majority of the proteins identified in Gurez 
local were found to be involved in regulation of seed 
germination and seedling growth, timing of floral tran-
sition, lipid glycosylation, amino acid metabolism, and 

defense mechanisms in response to LT stress. Based on 
the involvement of identified proteins in different pro-
cesses, it may be concluded that Gurez local has devel-
oped strong molecular strategies in due course of time, 
to stand with the harsh environmental cues especially at 
sprouting stage. Nevertheless, and in light of the limited 
scope of present investigation, further experimentation is 
needed to validate the role of identified proteins in differ-
ent metabolic machineries and through various develop-
mental stages of the plant.

Proteins related to seedling establishment in LT tolerant 
Gurez local
Studies have shown that crop quality and yield is primar-
ily affected by seed germination and seedling establish-
ment [41]. Importantly, our study was also focused on 
the stress-responsiveness of maize seedlings at three-leaf 
stage. As a response against LT stress, we found four pro-
teins involved in the process of seedling growth from the 
LT tolerant genotype of this staple crop. Among these, 

Fig. 10 Validation of proteomic data by qRT-PCR in Gurez local genotype. The Y axis represent the ‘relative expression’ and X axis the ‘stress time points’ for 
all the selected genes from DRPs. Data show the mean ± SD of three replicates, and significant differences between treatment and control samples were 
indicated by letters at p ≤ 0.05. The internal control used was alpha tubulin and ΔΔCt was calculated using 0 h as control
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‘NHL domain-containing protein (NHL1)’, with estab-
lished role against pathogen induced stress condition 
in Glycine max at seedling stage [42], was supposed to 
exhibit possible relation with the seedling establishment 
in Gurez local as well. Other proteins include ‘GINS 

complex protein’ and ‘RNA-metabolising metallo-beta-
lactamase family protein’. The former has been found 
to play a role in cell cycle processes in Arabidopsis and 
rice [43] while the members of later in early stages of 
plant development in Arabidopsis [44]. These proteins 

Fig. 12 Correlational analysis of selected proteins with their corresponding mRNA levels in (A) Gurez local (B) GM6. The red color in the scale denotes 
positive correlation while blue denotes inverse correlation between the two

 

Fig. 11 Validation of proteomic data by qRT-PCR for selected genes from DRPs in GM6 maize genotype. Data show the mean ± SD of three replicates, and 
significant differences between treatment and control samples were indicated by letters at p ≤ 0.05

 



Page 14 of 20Ramazan et al. BMC Plant Biology          (2023) 23:183 

subsequently result in the overall vegetative growth of 
the plant through coordinated interaction of cellular 
cycle and cell expansion machinery. Finally, ‘F10K1.23’, 
belonging to the family of UDP glycosyltransferases is 
also believed to promote the seedling growth associated 
LT tolerance in maize. Very recently, this protein was 
found to play a critical role in regulating grain size and 
abiotic stress tolerance with associated metabolic redi-
rection flux in rice [45].

Proteins involved in floral transition under LT stress
As soon as the corn seedlings establish themselves 
towards final vegetative phase (V5) a crucial develop-
mental change in plant’s lifecycle is marked and transi-
tion to flowering begins. The flowering time is critical 
factor in determining the crop yield in maize, and impor-
tantly alteration in flowering timing is a strategy used to 
survive abiotic stresses [46]. In our study, we identified 
five proteins with a potent role in transition to flowering 
stage in maize. For instance, the novel protein identified 
under LT stress viz. ‘Thylakoidal processing peptidase 1 
chloroplastic’ is believed to develop the photosynthetic 
tissues to mark plants’ growth towards flowering stage 
owing to its documented role in chloroplast development 
under salt and osmotic stress in wheat seedlings [47]. 
Similarly, the up-regulation of ‘rough sheath1’ protein 
known to play an indispensable role in cell division and 
expansion in maize leaf [48], is also supposed to cause 
expansion of maize leaves and leaf initiation, heading the 
plant towards the flowering stage. The ‘translation ini-
tiation factor IF-2’ conferring abiotic stress tolerance to 
Tamarix hispida [49] and salt stress tolerance to yeast 
and plants [50], plays an important role in regulating the 
protein synthesis necessary for switching the plant from 
vegetative to reproductive phase. The plant signaling 
key factor ‘calcium-dependent protein kinase’, otherwise 
involved in calcium signaling while regulating flower-
ing time in Arabidopsis [51], may also regulate the floral 
transition in Gurez local under LT stress. Additionally, 
the ‘splicing factor 3B subunit 5/RDS3 complex subunit 
10’ regulating the fall of alfalfa terminal buds [52] might 
also contribute in the terminal bud growth thereby allow-
ing the transition of Gurez local genotype from juvenile 
to adult phase. All these proteins, in one way or the other, 
help the Gurez local to grow and develop under unfavor-
able LT stress.

Transport of sugar moieties and essential amino acids is a 
vital strategy of LT tolerance in Gurez local
One of the interesting and novel proteins that we iden-
tified in Gurez local is ‘nodulin-like protein’ that was 
found highly abundant under LT treatment in terms of 
both protein and mRNA content. As the phloem load-
ing/unloading is highly responsive to environmental 

changes, it is believed to be involved in transport related 
activities in phloem under LT stress conditions. In fact, 
previous findings show its potent role in transport of 
sugar moieties wherein this protein was found to get 
accumulated in the sieve element plasma membrane of 
Arabidopsis [53]. Interestingly, in non-nodulating plant 
species including maize, nodulin like proteins have also 
been found with their special role in transporter activity 
throughout the plant developmental stages [54]. Hence, 
in non-leguminous plants like maize, the functions of 
‘nodulin like protein’ are emerging and require further 
investigations to validate its role in abiotic stress associ-
ated phloem transport.

Apart from sugars, majority of the amino acids have a 
central role in plant environmental stress response [55]. 
Proteins related to amino acid metabolism, particularly, 
‘Asp family amino acids’ that were found in increased 
abundance in Gurez local were one among the novel pro-
teins viz. ‘Threonine dehydratase biosynthetic chloro-
plastic’ and ‘Threonine ammonia-lyase’. Besides playing 
primary role in transport of nitrogen at different stages 
of development in plants, the ‘Asp family amino acids’ 
have essential roles in plant abiotic stress response as well 
[31]. This was reported in a recent study wherein exog-
enous application of some amino acids on maize under 
high temperature stress showed positive effect on growth 
and development of the crop plant [56]. However, the 
direct involvement of ‘Threonine dehydratase biosyn-
thetic chloroplastic protein’ in stress responsiveness in 
plants has not been confirmed so far and requires further 
explorations.

Proteins in relation to ‘response to stimuli’ under LT stress 
induced conditions
Series of defense mechanisms in response to environ-
mental cues operate within an organism necessary for 
its survival [57], and specific proteins in response to 
stress per se are produced in huge quantities through a 
variety of mechanisms [58]. In our study, proteins asso-
ciated with LT stress tolerance found in higher abun-
dance include the farnesylated protein, auxin response 
factor 12, the role of which has been highlighted in case 
of stressed tomato [59] and banana [60]; IND1 (iron-
sulfur protein required for NADH dehydrogenase)-like 
reported earlier in abiotic stress response in rice [61]; 
Tetratricopeptide repeat (TPR)-like superfamily protein 
expressed under osmotic stress responses in Arabidop-
sis [62]; NHL domain-containing protein, the overex-
pression of which provides resistance to biotic stress in 
soyabean [42]; Aquaporin PIP2-1 having a full-fledged 
role in abiotic stress tolerance in plants [63]; and Peroxi-
dase 2-like conferring insect resistance in maize kernels 
[64]. The present study provides additional evidence that 
all these proteins contribute to LT tolerance in maize, 
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hence, our findings provide a potent genetic resource for 
enhancing LT tolerance in this demanding crop plant.

Differentially regulated proteins in GM6
A differential ability of LT tolerant and LT sensitive maize 
genotypes to cope with stress conditions is evident from 
the changes in abundance of different stress protective 
proteins in Gurez local as compared to its counterpart. 
The tolerant genotype does not suffer more from energy 
metabolism disruption and withstands the harsh envi-
ronmental scenario which has been reported earlier also 
[65] as compared to the stress-sensitive genotype. The 
reduced levels of most of the stress protective proteins 
and alteration in the expression of proteins involved in 
basic metabolic processes in GM6 reveals the ineffi-
cient stress tolerance mechanism in the stress sensitive 
genotype.

Regulation of mRNA/protein nucleo-cytoplasmic trafficking 
in plant stress response
The nuclear pore complex (NPC) family components 
not only play key roles in general growth and develop-
ment of plants but also in response to different stressors 
affecting the plant survival [66]. The NPC family consist-
ing of different proteins named as nucleoporins (Nups) 
regulate the molecular trafficking between nucleus and 
cytoplasm [67]. In the present study, two proteins asso-
ciated with NPC family were found in abundance under 
LT stress in GM6. These include nuclear pore complex 
protein NUP98A, and importin subunit alpha-2, partial. 
On the other hand, the down-regulation of third protein 
viz. nuclear pore complex protein NUP155 in LT suscep-
tible genotype depicts the alteration in relative protein 
abundance due to unfavorable stress conditions. All these 
findings demonstrate the role of these proteins in NPC-
mediated plant stress responses.

Furthermore, the down-regulation of RNA binding 
protein and mediator of RNA polymerase II transcription 
subunit 11 by GM6 in response to LT treatment depicts 
the overall susceptibility of the genotype towards stress 
conditions, hence revealing the developmental arrest. 
Similar reports on decreased abundance of most of the 
stress responsive proteins in stress-sensitive species have 
been well documented [65] previously. Otherwise, RNA 
binding proteins associated with post transcriptional 
regulation of RNA metabolism play central roles in stress 
responses besides helping the plant growth and develop-
ment [68].

Altered abundance of other critical stress sensitive proteins 
in GM6
Aquaporins belonging to the class of membrane proteins 
facilitate water transport and transport of other solutes 
thereby playing a vital role in cell signaling, nutrient 

acquisition and stress response [69]. In GM6, aquapo-
rin PIP2-1 was found in higher abundance to ensure the 
water availability to the plant under stressful conditions, 
coherent with the previous findings on maize geno-
types under drought stress [69]. On the other side, leu-
cine zipper/EFhandcontaining transmembrane protein 1 
(LETM1) like protein has a remarkable role in mitochon-
drial translation in early seed development as studied in 
Arabidopsis thaliana [70]. The higher levels of this pro-
tein in GM6 depicts the struggle of this genotype under 
LT stress required for the re-establishment of mitochon-
drial homeostasis and repairing of stress induced molec-
ular damage. Interestingly, the reduced levels of another 
mitochondria associated protein viz. mitochondrial pro-
ton/calcium exchanger protein are concomitant with the 
former one. Actually, one of the death inducing mecha-
nisms in plants under adverse environmental conditions 
is the mitochondrial permeability transition which is 
characterized by collapsing of electrochemical gradient 
across the inner mitochondrial membrane [71]. Hence 
the probable reason behind the reduction in the protein 
levels is to prevent the GM6 genotype from mitochon-
drial damage caused due LT stress, as no special adaptive 
mechanisms operate in this stress sensitive genotype to 
withstand LT conditions.

In addition to the above, it is well known fact that 
ambient temperature profoundly affects the flowering 
time in plants [72]. So, in case of LT sensitive GM6, the 
decreased abundance of flowering time control protein 
FCA-like clearly indicates the delayed flowering tran-
sition due to LT stress thereby diminishing the plant 
growth. Furthermore, enhanced transfer of sugar moi-
eties under abiotic stress conditions has gained much 
interest during the past decade for their roles in ROS 
scavenging, signaling and osmoprotectants [73]. In our 
study also, the elevated levels of glycosyltransferase fam-
ily 28 C-terminal domain containing protein are believed 
to have a potential role in transfer of sugar moieties to 
alleviate the cellular levels of sugars that in turn help the 
GM6 genotype to survive under adverse environment. 
Our study provides additional theoretical basis as well as 
practical significance for further exploration of molecu-
lar mechanisms operating in the golden crop, maize, in 
response to LT stress.

Positive correlation between proteins and their transcript 
abundance confirms the reliability of our data
Most of the proteins among those which were selected 
for qRT-PCR analysis coupled well with their corre-
sponding transcript levels especially the three novel 
proteins from Gurez local viz. hreonine dehydratase 
biosynthetic chloroplastic, thylakoidal processing pepti-
dase 1 chloroplastic, and nodulin-like protein identified 
in our study. The observation was also confirmed by the 
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correlational analysis between the two. However, few 
proteins whose abundance did not match with transcript 
levels from both genotypes may be due to differences in 
the synthesis and decay rates of mRNA and proteins in 
addition to microRNA regulated protein synthesis [74].

Conclusion
In the present study, a comprehensive comparative 
approach was applied to decipher the molecular basis 
of LT tolerance in Gurez local as compared to GM6. We 
successfully identified 19 DRPs in Gurez local and only 
10 in GM6 in response to LT stress of 12  h duration at 
early seedling stage. Most of the proteins (17) in Gurez 
local exhibited up-regulated expression under LT stress 
while only 2 were found to get down-regulated with the 
progression of LT treatment. The proteins were associ-
ated with the regulation of seed germination and seed-
ling growth, floral transition timing, lipid glycosylation, 
amino acid metabolism, and defense adaptations in 
response to LT stress, necessary for the survival under 
extreme environments during early growth phases. Con-
trary to this, in LT susceptible GM6, 5 proteins were 
found in higher abundance and 5 got down-regulated 
under LT conditions. These identified proteins influence 
the basic metabolic activities like cell cycle regulation, 
nucleo-cytoplasmic trafficking and a few in stress defense 
mechanisms. Most notably, the present study identified 
the ‘three’ novel proteins from Gurez local, which include 
threonine dehydratase biosynthetic chloroplastic, thyla-
koidal processing peptidase 1 chloroplastic, and nodulin-
like protein, the roles of which has not been established 
in plant stress defense so far. The results show that Gurez 
local may serve as a repository for exploring more LT 
responsive genes important in molecular breeding of LT 
tolerant maize genotypes. Furthermore, for most of the 
proteins identified in Gurez local, the changes in pro-
tein abundance were consistent with their correspond-
ing transcript levels, hence, substantiating our proteomic 
findings. In nutshell, our investigations clarified the strat-
egies employed by temperate grown ‘Gurez local maize’ 
to withstand adverse low temperatures of Kashmir Hima-
layas comparative to its tropical grown counterpart and 
also elucidated the basic molecular networks and meta-
bolic pathways associated with LT tolerance in maize.

Materials and methods
Plant material, lt treatment and sampling
Two maize genotypes exhibiting differential temperature 
tolerance were selected for the experiment. LT tolerant 
genotype viz., Gurez local (native to Kashmir Himalayas) 
and LT sensitive, Gujarat-Maize-6 (GM6-native to Guja-
rat) lines were obtained from IACRP-Maize (SKAUST-K) 
Srinagar Centre. Seeds were sown in soil: sand mixture 
(v/v 3:1) in pots (volume 300 ml, diameter 8  cm and 

height 12  cm) in a completely randomized experimen-
tal design and a single seedling was maintained per pot. 
The seeds were germinated and allowed to grow up to 
three-leaf stage in a growth chamber (Blue Star, ICo No: 
NKL-750) maintained at a temperature of 25 ± 2 °C, pho-
toperiod of 16 h light/8 h dark under a relative humidity 
of 70%. After two weeks, maize seedlings were subjected 
to LT stress of 6  °C for a period of 12  h wherein 0  h 
served as the control. Based on our preliminary physio-
biochemical investigations on the same samples [9], sig-
nificant results were seen at some selected hours of stress 
time points viz., 2 h, 6 h, 8 and 12 h (Fig. 1). Hence, for 
carrying out the proteomic analysis and quantitative 
real time PCR (qRT-PCR), plant leaf samples were har-
vested on these selected hours of stress. So, a total of 5 
time-points were selected for carrying out the proteomic 
analysis in both the genotypes. All methods were carried 
out in accordance with relevant guidelines.

Protein sample preparation and 2D-PAGE
Extraction of protein samples was done following the 
methodology [20] subjected to certain modifications. 
Briefly, for each time point, 3–5 seedlings (at three-leaf 
stage) were collected and their leaves (three) were har-
vested. Latter were pooled and 1 g leaf tissue was ground 
to fine powder in liquid nitrogen and then dissolved in 
10 ml chilled homogenization buffer [sucrose (40%), 50 
mM HEPES-KOH (pH, 7.5), β mercaptoethanol (1%), 1 
mM EDTA (pH, 7.5), 60 mM sodium fluoride]. After vor-
texing the homogenates, 15 ml tris-equiliberated phenol 
was added to each sample. Sample solutions were kept 
on rocker for 30´ at 4  °C, and then centrifuged (5000 x 
g at 4 °C) for 15 min. Supernatants (phenol phase) were 
transferred to clean and pre-chilled tubes, and 0.1  M 
ammonium acetate in methanol was added for protein 
precipitation at -20 °C overnight. The samples were cen-
trifuged (10,000 x g at 4 °C) for 25 min and pellets were 
washed three times with 80% acetone and then resus-
pended in 500 µl rehydration buffer on ice.

Prior to isoelectric focusing (IEF), protein samples 
(500 µg) were subjected for active rehydration overnight 
at 25 °C into a 24 cm GE Healthcare Strip Holder. First, 
the protein samples were diluted with 2-D rehydration 
buffer [8 M urea, 2 M thiourea, 2% CHAPS (w/v), 20 mM 
DTT, 0.5% pharmalyte (v/v, pH 4 − 7) and 0.05% bromo-
phenol blue (w/v)], and 450 µL of the diluted proteins 
were used to rehydrate the strips passively. The rehy-
drated strips (24 cm, pH 4–7) were subjected to IEF using 
Ettan IPGphor system (GE Healthcare, USA) under the 
following standardized 18 h program: 200 v for 1 h, 500 
v for 1 h, 1000 v for 2 h each for gradient and step, and 
10,000 v for 2 h gradient with 8 h step. The focused strips 
were equilibrated in 15 mL of equilibration buffer [6 M 
urea, 50 mM Tris-HCl (pH 8.8), glycerol (30%, v/v), and 
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SDS (2%, w/v)] first by reduction with DTT, followed by 
alkylation with iodoacetamide (2.5%, w/v) in the same 
buffer, each for 10 min.

The second dimension was conducted by loading the 
IPG strips onto the 12% SDS polyacrylamide gels. On 
the top of 1 mm thick 2D gel, the equilibrated strips were 
sealed using 0.5% low-melting agarose in SDS- electro-
phoresis buffer (25 mM Tris, free base, 200 mM glycine, 
and 0.1% SDS). The proteins were allowed to get resolved 
till the bromophenol blue front reached the gel end on 
Ettan Dalt-6 electrophoresis unit (GE Healthcare, USA) 
at a constant voltage of 90 V.

Gel image analysis and proteome profile evaluation
Gel staining was done using Coomassie Brilliant Blue 
(CBB) G-250 (Bio-Rad, USA) in a gel staining solution 
(10% GAA, 45% methanol with 0.3% CBB). Proteins were 
visualized after 24  h by destaining the 2D gels. Digital 
images of all the gels were obtained using ImageMaster 
2D Platinum (GE Healthcare, USA). Three replicate gel 
images were combined to create a ‘master gel’ for each 
stress time-point. The matchset was generated by com-
paring the master gels from each time-point obtained 
through pairwise comparisons.

After background subtraction, and spot detection, 
matched spots were normalized with the help of total 
density index of the gel images. The proteins show-
ing a change > 2 folds were treated as differentially 
accumulated.

Spot excision and In-Gel trypsin digestion
After proper washing of gel slabs, the selected spots were 
excised using clean scalpel. The gel pieces were cut into 
roughly 1 mm3 cubes and put in clean 1.5 ml eppendorf 
tubes. After that, de-staining of gel slices was carried 
out using water followed by 100  µl of 100 mM ammo-
nium bicarbonate. Later on, reduction and alkylation of 
proteins was completed with 10 mM DTT and 55 mM 
iodoacetamide, followed by drying of samples in vacuum 
centrifuge.

Trypsin digestion of all the samples was executed by 
rehydrating the gel pieces with 30 µl of digestion buffer 
containing 50 mM NH4HCO3 and 20 ng/µl of trypsin for 
30 min at 4 °C. After required quantity of digestion buffer 
was absorbed by the proteins, the excess gel enzyme solu-
tion was removed. Then, 100 µl 50 mM NH4HCO3 buf-
fer was added to cover the gel and incubated overnight at 
37  °C. After overnight incubation, the digest was recov-
ered to a new tube and formic acid was added to the each 
tube to stop enzymatic reaction. The final extraction of 
peptides from gels was carried out and sample peptides 
were resolubilized in 10–20 µl of 0.1% of formic acid to 
proceed for MALDI-TOF/TOF analysis, until then dried 
samples were stored at -20 °C.

Protein species identification by MALDI-TOF MS
All protein digest samples (protein digests) in lyophi-
lized condition were dissolved with 10 µl dissolving sol-
vents (70% H2O, 30% acetone and 0.1% TFA). A suitable 
matrix solution of ά-cyano-4-hydroxy- cinnamic acid 
was prepared (6.0  mg of CHCA, 50% water, 50% aceto-
nitrile, and 0.1% TFA). Both matrix and sample solutions 
were mixed in a 1:1 ratio and were spotted in MALDI 
plate (Opti-TOF™ 384 Well Insert (123 × 81  mm), MDS 
Sciex) in dried droplet method. Co-crystallized matrix 
and sample were allowed to air dry and then subjected 
for MS/MS analysis by 4800 Plus MALDI-TOF/TOF 
Analyzer (AB Sciex Pte Ltd.). MALDI-MS and MS/
MS spectrum were obtained using standard operating 
software 4000 Series Explorer™ Remote Client. Instru-
ment was calibrated (plate model) for both MS and 
MS/MS in reflectron mode against the standard pro-
cedures using calibration mixture of 6 known peptides 
[des-Arg1-Bradykinin, Angiotensin 1, Glu 1-Fibrino-
peptide, ACTH(1–17), ACTH(18–39), ACTH III(7–38 
)]. MALDI-Spectrum was acquired using laser Nd-YAG 
which operates at 355 nm to ionize samples. A fixed laser 
intensity of 6000 and 7000 Hz was used for MS and MS/
MS analysis, respectively to ionize the samples. All raw 
mass spectrometry data in the form of LC-MS/MS files 
were transformed into mgf (mascot generated files) using 
Mascot distiller software (www.matrixscience.com). Pro-
tein identification was done through maize protein data-
base (UP7305_Z_ mays (AA); accessed on 02 December 
2021) using the Mascot search engine (version 2.3.02; 
Matrix Science, London, UK). Following search param-
eters were set while performing the identification: taxon-
omy as ‘other green plants’, cleavage enzyme used trypsin, 
1 maximum missed cleavages allowed, carbamidomethyl 
(C) as fixed modifications and oxidation (M) as variable 
modifications. The results were filtered at a significance 
threshold of P < 0.05 combining evidence from individual 
peptides generated through Mascot. The identified pep-
tide sequences were queried against BLASTp-NCBI (pro-
tein-protein BLAST with E-value cut-off of 1e-10) under 
RefSeq protein of Zea mays (https://blast.ncbi.nlm.nih.
gov/Blast.cgi?PAGE=Proteins; Zea mays taxid: 4577) for 
further identification and annotation of identified maize 
proteins.

Bioinformatic analysis of differentially expressed proteins
Beginning with protein structure prediction, 3D models 
for each identified protein was developed using Phyre2 
web portal for protein modeling, prediction and analysis.

[21]. This algorithm applies hidden Markov mod-
els (HMMs) for classification of proteins based on their 
amino acid sequence, hence predicting the presence of 
a specific protein domain. For analysis of stereochemi-
cal quality of each protein, PDBsum web server was 

http://www.matrixscience.com
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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used [22]. Furthermore, enrichment analysis of all pro-
teins was carried out through ShinyGO graphical tool. 
ShinyGO provides in-depth analysis of gene lists and 
their characteristics, with graphical visualization of 
enrichment, pathway and protein interactions [23]. For 
understanding the system-level of cellular processes 
under LT stress, protein-protein interaction was stud-
ied using STRING database (Search Tool for Retrieval of 
Interacting Genes/Proteins; Version 11.0; [24]. In addi-
tion, online web server CLAP, a useful protein-clustering 
tool, was employed for classification of identified protein 
sequences [25]. Blast2GO (now OmicsBox), a research 
tool for performing high quality functional annota-
tion [26] and for classification of proteins on the basis 
of molecular functions, biological processes and cellular 
components was exercised to generate gene ontology 
representation. Heatmap for visualization of hierarchal 
clustering of proteomics data and correlation analysis of 
transcript levels and corresponding protein abundance 
was generated using R (www.r-project.org/).

RNA extraction and qRT-PCR
Total RNA extraction from all the selected LT stress time 
points was performed using Trizol reagent (Invitrogen, 
Carlsbad, USA) and then reverse transcribed using Revert 
Aid First Strand cDNA Synthesis kit (Thermo-Fisher 
Scientific) as per the manufacturers’ recommendations. 
Primers for selected candidate proteins were designed 
using Primer 3 (http://bioinfo.Ut.ee/primer3-0.4.0/) soft-
ware and were purchased from Integrated DNA Technol-
ogies (IDT), USA (Table S1). The subsequent qRT-PCR 
analysis was done as previously described [9] while using 
0 h as control against the different treatment time points 
including 2 h, 6 h, 8 h, and 12 h.

Statistical analysis
The experimental design followed in the study was com-
pletely randomized Design (CRD) with three replica-
tions. The qRT-PCR data are presented as mean ± SD of 
the three biological samples with three technical repli-
cates for each and analysed by GraphPad Prism for Win-
dows Version 5.0 (Graph pad Software San Diego, CA, 
USA) and Statistix 10 (Analytical software, 2013) fol-
lowing one-way ANOVA. Post-hoc test employed was 
Tukey’s multiple comparison tests among the means. 
Results were considered to be significant at p values 
less than 0.05 (p < 0.05) and the significant differences 
between control and treated samples were indicated by 
letters.
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