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Abstract

Stress-related NAC (NAM, ATAF1-2
and CUC2) genes, known as SNAC sub-fami-
ly have been identified in four different species
such as Arabidopsis thaliana, Oryza sativa, Sor-
ghum bicolor and Zea mays using the tools of
bioinformatics. These genes have been char-
acterized by finding out their introns, exons,
cis-regulatory elements, sub-cellular localiza-
tion, highly conserved motifs, and motif signa-
tures. Phylogenetic tree has been constructed
using protein sequences, calculated synony-
mous to non-synonymous substitution rates
(Ka/Ks) of SNAC paralogs and generated 3-di-
mensional protein models. Predicted SNAC ho-
mologs in maize genome have been studied by
analysing the synteny of ZmSNAC genes with
NAC genes in Arabidopsis thaliana, Oryza sa-
tiva and Sorghum bicolor. miRNA binding sites
have been predicted and analysis of cis-regula-
tory elements in the promoter regions of SNAC
genes in the four plant species has been per-
formed. Identification of SNAC transcription
factor homologues in the four plant species and
their comparative analysis may provide a basis
for further characterization of SNAC transcrip-
tion factors in various other plant species. Avail-
able data have been mined for gene expression
analysis under different abiotic stress conditions
which displayed up- and down-regulations indi-
cating apparent involvement of SNAC genes
during abiotic stress responses.

Keywords: NAC genes, SNAC sub-family
genes, Abiotic stresses, Zea mays

Introduction

It is inarguable that numerous transcrip-
tion factors (TFs) portray an indispensable role
in improving plant tolerance to abiotic stresses
(1,2).TF target genes form a regulon that is in-
volved in the repression/activation of genes as-
sociated with biotic and abiotic stress responses.
The NAC gene family is derived from three dif-
ferent TFs like no apical meristem (NAM), Arabi-
dopsis thaliana activating factor (ATAF1-2), and
cup-shaped cotyledon (CUC2). All the three TFs
share N-terminal conserved NAC domain (~150
amino acid residues) for DNA-binding nuclear
localization with transcriptional regulatory activ-
ity (3). The accessibility of many plant genome
sequences made it possible to find out the num-
ber of NAC homologue genes in diverse plant
species (4-9). TFs and cis-elements function in
the promoter regions of different stress-related
genes, and the overexpression of these genes
can improve the plant’s ability to tolerate abiot-
ic stresses. Stress-related NAC (SNAC) super
family TFs have pivotal roles to play in the con-
trol of growth, development, biotic and abiotic
stress responses. NACs are associated with
drought, salinity, and cold stress tolerance in di-
verse taxa (10-14). The members of NAC gene
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family play crucial roles in the regulation of the
transcriptional reprogramming associated with
plant stress response. Their overexpression in
plants has conferred stress tolerance. Single
NAC gene often responds to several stress fac-
tors, and its protein products participate in the
regulation of multiple processes as negative or
positive regulators. The NAC proteins function
via autoregulation or cross regulation. Overex-
pression of NACs has conferred stress tolerance
in plants (70, 71). Overexpression of TaNAC69
in transgenic wheat crop improved water stress
tolerance and enhanced the expression lev-
els of genes associated with stress tolerance
(15). Another wheat NAC transcription factor
TaNACZ29 was involved in response to drought,
salt and abscisic acid (ABA) treatments (16).
While Turnip Crinkle Virus-interacting protein
(TIP) NACs have been known to be involved
in biotic stresses, and plant development (17),
other members of the NAC like NAM/CUCS3 are
associated with shoot apical meristem formation
and abiotic stress responses (18). Stress-relat-
ed NACs (SNACs) are implicated in virus in-
fection, abiotic stress and cross talk between
diverse signalling pathways (18). Many SNAC
members from Arabidopsis (ANAC72), rice
(TIP - SNAC members), sugarcane (SsNAC23),
wheat (TtNAM-B1) and other species have
been identified. These members are enmeshed
with abiotic stress responses in plants (18-21).
Overexpression of rice SNAC1 gene improved
drought and salt stress tolerance in transgenic
cotton (22). Overexpression of SNAC3 in rice
showed an enhanced plant tolerance to high
temperature and drought, whereas suppression
of SNAC3 by RNAI exhibited increased sensitiv-
ity to these stresses (23).

Maize is the third most important
food crop after rice and wheat. India ranks
sixth in global maize production. It is a staple
food in many parts of the world. It is consumed
directly by humans, and used as animal feed.
Corn starch serves as a source for the produc-
tion of biofuel. NAC transcription factors have
been widely studied in various species such as

Arabidopsis (24), rice (21), soybean (25), wheat
(10), and also maize (5). However, SNAC genes
have not been well characterized in Z. mays.
Present study involves in silico characterization
and gene expression of SNAC genes analysis
in Z. mays with reference to that of other three
plant species as mentioned above.

Material and Methods

Prediction of SNAC genes in Z. mays and
other species, gene structure and conserved
motif analysis

One of the characterized NAC proteins
sequences from Arabidopsis thaliana were ob-
tained from Phytozome database. It was used
as a query sequence against the protein data-
base of four plant species viz., Z. mays, O. sati-
va, A. thaliana and S. bicolor in Phytozome da-
tabase (26) using BLASTP (Evalue>10) to find
ZmSNAC, AtSNAC, OsSNAC and SbSNACs.
Genes which show highest identity with AINAC
are selected for analysis. A total of 11 NAC
encoding genes have been predicted from Z.
mays and one gene from other three species.
Subsequently, Pfam (http://pfam.xfam.org/)
(27) and SMART (http://smart.embl.de/) (28,29)
were used to authenticate the existence of the
conserved NAM domain in putative NACs. The
coding sequences of SNAC genes were down-
loaded from Phytozome database. The CDS
of SNAC genes of four species were predicted
by Gene Structure Display Server (GSDS) for
identification of intron/exon distribution in SNAC
genes. Similarly, all the protein sequences of
SNAC genes were submitted to MEME online
tool for prediction of conserved domains in
SNAC proteins. The location of SNAC genes on
chromosomes were mapped using online phe-
nogram tool.

Sequences analysis, protein-protein interac-
tions, 3D structure prediction and subcellu-
lar localization of NAC genes

The phylogenetic tree of ZmSNAC
proteins was constructed with NAC proteins
of closely related species by MEGA-X using
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the Neighbour-Joining (NJ) method with1000
bootstraps (30). Multiple sequence alignment of
SNAC proteins was aligned by using ClustalW.
Protein parameters such as molecular weight,
pl, GRAVY of all the NAC proteins were calcu-
lated by Protparam software. Sub-cellular local-
ization of all the SNAC genes was predicted by
using WOLFSPORT software. The protein-pro-
tein interactions of ZMSNAC1 and NAC of all
the three species were analysed by STRING
database with default parameters and the pro-
teins which show interactions with NAC genes
were explained in discussion. The 3D structures
of all predicted ZmSNAC sequences along with
NAC1 of other three species were modelled by
using SWISS-MODEL server and their struc-
tures validated by SAVES server. Ramachan-
dran plots of all the predicted SNAC proteins
were analysed by PROCHECK server.

Ka/Ks and collinearity analysis of ZmSNAC
gene homologs, Cis-regulatory elements,
transcription factor analysis and miRNA pre-
dictions

Synonymous to non-synonymous sub-
stitution rates of ZmSNAC gene homologs were
calculated by using TB tool, and the time of evo-
lution of NAC genes were tabulated by TB tools
software. The collinearity analysis of ZmSNAC
homologs were analysed with Arabidopsis,
S.bicolor, and O.sativa genomes by using MCS
scanX and TB tools.The promoter sequences of
all SNAC genes (upstream 1500 bp) were col-
lected from Phytozomedata base. These pro-
moter sequences were submitted to PlantCARE
to predict cis-acting elements present in the pro-
moter regions of SNAC genes. Also, the tran-
scription factors which interact and regulate the
expression of SNAC genes were predicted from
Plant Transcription factor Database and their
interaction network is visualized by Cytoscape.
The miRNA binding sites in SNAC genes were
predicted using Plant psRNA binding prediction
tool.

In silico expression analysis of ZmSNAC
genes

The expression data of Z. mays was download-
ed from maize genetics and genomic database.
The FKPM values of identified ZmSNAC genes
from different parts of maize plant (B73 cultivar)
were extracted and under drought, salt, cold,
heat and salinity stress conditions also extract-
ed. All the FKPM values were visualized by TB
tools software.

Results and Discussion

Identification of SNAC gene homologs in Z.
mays and other species

Eleven highly identical SNAC gene
homologs have been identified in Z. mays ge-
nome based on A. thaliana characterized NAC
genes and one each from Oryza, Sorghum and
Arabidopsis from Phytozome database. All the
above predicted SNAC genes were screened
for conserved NAM domain. Genes which con-
tain conserved NAM domain were considered
as candidate genes for further analysis, and
rest were discarded. All the predicted Z. mays
NAC genes were designated as ZmSNACT1 to
ZmSNAC11and remaining species as AtNACT,
OsNAC1 and SbNACT.

Characterization of SNAC genes

Intron/exon  distribution of SNAC
genes were identified in all four species.
ZmSNAC7,8,9,10 and 11 comprise three ex-
ons and two introns, rest of the ZmMSNAC gene
homologs displayed two exons and one intron
(Fig.1a). In AtSNAC, three exons and two in-
trons, in OsSNAC and SbSNAC two exons and
one intron respectively have been identified (Fig.
1c). All the ZmSNAC genes have been mapped
on the chromosomes. ZmSNAC71showed
the longest coding sequence of 1197 bp and
ZmSNACS5,6 the shortest coding sequence of
846 bp respectively. AtNAC1 displayed the cod-
ing sequence of 852 bp, SONAC1 960 bp, whil-
eOsNAC1 951 bp. On the other hand, ZmSNAC
homologs in the same group displayed equal
number of intron and exon distribution (Table:1).
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Fig. 1. Phylogenetic analysis(a), intron/exon distribution of ZmSNAC genes (b) and Intron/exon
distribution of AtISNAC1, OsSNAC1 and SbSNAC1 genes (c).

Table 1. Characteristics of SNAC genes

Transcript ID Gene name Chromosome Strand CcDs No. ofintrons/
(bp) exons
Zm00001d034601_P001 ZmSNAC1 1 forward 939 01:02
Zm00001d013003_P001 ZmSNAC2 5 reverse 1104 01:02
Zm00001d019207_P001 ZmSANC3 7 forward 903 01:02
Zm00001d005208_P001 ZmSNAC4 2 reverse 912 01:02
Zm00001d042246_P001 ZmSNAC5 3 forward 846 01:02
Zm00001d048044_P001 ZmSNAC6 9 reverse 846 01:02
Zm00001d038221_P001 ZmSNAC7 6 forward 1020 02:03
Zm00001d042609_P001 ZmSNACS8 3 forward 888 02:03
Zm00001d000112_P001 ZmSNAC9 1 reverse 1080 02:03
Zm00001d028999_P001 ZmSNAC10 1 reverse 1122 02:03
Zm00001d008399_P001 ZmSNAC11 8 forward 1197 02:03
Sobic.001G040200 SbNAC1 1 reverse 960 01:02
AT5G08790 AtSNACT 5 reverse 852 02:03
LOC_0Os03g6080080 OsNAC1 3 forward 951 01:02
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Phylogenetic analysis, chromosome loca-
tion and Ka/Ks analysis of ZmSNAC genes

Evolutionary tree of ZmSNAC protein se-
quences were constructed with SNAC homologs
in Arabidopsis, Oryza, Sorghum, Miscanthus
sinensis, Panicum virgatum, Panicum hallii, Trit-
icum aestivum, Setaria viridis with NJ method,
and 1000 bootstrap values using MEGA.7(Fig 2
a). According to evolutionary relationship, NAC
genes are divided into four groups (1, 11, llI, 1V).
ZmSNAC homologs (ZmSNAC11, ZmSNAC10,
ZmSNAC4, SbNAC8, SbNAC7, and SbNAC2)
showed three ortholog pairs with S. bicolor NAC
homologs. Based on the evolutionary studies,
four ZmSNAC paralog pairs (ZmSNACS5-6,
ZmSNAC3-4, ZmSNAC10-11and ZmSNAC7-8)
have been identified. Synonymous to non-syn-
onymous substitution rates (Ka/Ks) of ZmSNAC
homologs have been calculated (Table2). While
ZmSNAC11-ZmSNAC10 shows the highest Ka/
Ks ratio, ZmSNAC4-ZmSNAC3 the least Ka/
Ks ratio. All the discovered ZmSNAC paralog
pairs show Ka/Ks <1. Based on this, it has been
found that ZmSNAC paralog pairs experienced
purifying selection during evolution. Evolution-
ary time of ZmSNAC paralog pairs have been
predicted which appears few million years.
ZmSNAC homologs have been mapped on
Zea mays chromosomes. While chromosome1
consists of ZmSNAC1,9, 10, third chromosome
localizesZmSNAC5 and 8. ZmSNAC homologs
distributed on all chromosomes except chromo-
some 4and 10. Sorghum SbSNACT appears to
be localized on chromosome 1, AtSNAC1 on
chromosome 5 andOsSNAC17 on chromosome
3 (Fig. 2b).

::::::

2b

Fig.2. Evolutionary analysis of ZmSNAC ortho-
logs in different species (a) and Physical map-
ping of ZmSNAC homologs (b)

Table 2.Ka/Ks analysis of ZmSNACparalogs

Gene pairs Ka Ks Kal/Ks ratio T(MYA)

ZmSNAC1-

ZmSNAC2 0.1301

0.15525 0.838003221 | 9.916158537

ZmSNAC6-

ZmsNAacs | 0-00258081

0.00794802 | 0.32471106 | 0.196708079

ZmSNACY-

Zmsnacy | 018315

0.33925 0.539867354 | 13.95960366

ZmSNAC4-

ZmSNAC3 0.029552825

0.094005805 | 0.314372341 | 2.252501905

ZmSNAC11-
ZmSNAC10

0.2337 0.2772 0.843073593 17.8125

Multiple sequence alignment and conserved
motif analysis

Multiple  sequence  analysis  of
ZmSNAC1 proteins was performed with
AtSNAC1, OsNAC1 and SbNAC1 proteins us-
ing Clustal W algorithm (Fig. 3a). Highly con-
served residues have been identified in all NAC
genes, which maybe involve in regulatory func-
tions and constitute conserved domain such as
NAM domain. Conserved motifs present in the
NAC genes have also predicted by MEME tool
with default parameters. All NAC genes investi-
gated in the present study displayed conserved
NAM motif. ZmSNAC7 to 11 displayed only 5
motifs out of 10 including conserved NAM motif
and the same motif pattern has been observed
in AtSNAC1. SbNAC1 and OsNAC1 showed the
same number of motifs and similar motif distri-
bution (Fig. 3b).
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3b
Fig.3. Multiple sequence alignment of ZmMSNAC
proteins with Arabidopsis, Sorghum and Rice
NAC1 proteins respectively (a) and Motif pat-
tern of NAC genes (b)

Protein parameters, sub-cellular localiza-
tion, protein-protein interaction and 3D
structure prediction

In all the predicted ZmSNAC homo-
logs, ZMSNAC11 is the longest protein which
consists of 399 amino acids; ZmSNAC5 and
ZmSNACG6 are the shortest with 282 amino
acids. ZmSNAC11 has the highest molecular
weight (42481.38 D), followed by ZmSNAC2
(40706.86 D), and ZmSNACS6 has been found to
be the smallest protein with a molecular weight of
30578.82 Daltons. ZmSNACS6 has a pl value of
9.99, and ZmSNAC9 has 5.25. While most of the
ZmSNAC homologs have been found localized
in the nucleus including AtSNAC1, OsSNAC1
and SbSNAC1, ZmSNAC5 and 7 in the chloro-

1536

plast, and ZmSNACS have been seen in the mi-
tochondria (Table3). The string protein-protein
analysis of ZmMSNAC1(Fig: 4a) shows 11 nodes
with several interacting partners. The interact-
ing partners include putative regulator of chro-
mosome condensation (RCC1) family protein
(TIDP3052), putative WRKY DNA-binding do-
main superfamily protein (GRMZM2G054125_
P01), BZIP transcription factor (gpm34), DnaJ
heat shock N-terminal domain-containing pro-
tein (GRMZM2G343149 P01), peroxidase fam-
ily protein (GRMZM2G142011_P02), DREB-like
protein (GRMZM2G124037_P01), and dehy-
dration-responsive element-binding protein 1B
(tdsgR86B10). AtNAC1, OsNAC1, and SbNAC1
have also been analysed by STRING (Fig:4. b,
¢ &d). The 3D structures of all ZmMSNAC homo-
logs and SNAC genes from Arabidopsis, Ory-
za and Sorghum have been predicted using
SWISS-MODEL server. All the SNAC genes
showed significant similarity with respective
templates. Template identities (IDs), identity
percentage are tabulated. The 3D structures are
validated by SAVES server and Ramachandran
plots have been predicted. Most of the amino
acids of SNAC proteins are localized in favour-
able regions of Ramachandran plot.

o~ o ~ e
e I & | o
- @ [ e
o8 & |g— &
o e o
e .e“"“ e_._,.., e
4a 4b
e e - el
- e | o
e ‘”‘“‘“ Arzie A l't
® & N\l
Q °-
aen.e““ e ® o |\
’ \‘“l 6”-“:” ew‘ B
4c 4d

Fig. 4. PPI analysis of ZmSNAC1 (a) AtSNAC1
(b), OsSNAC1 (c) and SbSNAC1 (d)
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Table 3. ZmSNAC proteins length, molecular weight, pl, sub-cellular localization and GRAVY
Gene name | Protein length Mol.wt(Da) pl Sub-cellular GRAVY
localization
ZmSNAC1 313 34841.31 6.27 Nucleus -0.622
ZmSNAC2 368 40706.86 6.63 Nucleus -0.689
ZmSANC3 301 33628.77 5.31 Nucleus -0.704
ZmSNAC4 304 33893.14 5.74 Nucleus -0.691
ZmSNAC5 282 30579.85 9.91 Chloroplast -0.702
ZmSNACG6 282 30578.82 9.99 Nucleus -0.723
ZmSNAC7 340 35805.54 9.15 Chloroplast -0.401
ZmSNACS8 296 32544.2 8.46 Mitochondria -0.452
ZmSNAC9 360 38842.42 5.25 Nucleus -0.48
ZmSNAC10 374 40588.62 8.7 Nucleus -0.573
ZmSNAC11 399 42481.38 6.18 Nucleus -0.344
SbNAC1 320 35422.92 6.1 Nucleus -0.604
AtSNAC1 284 32225.23 5.55 Nucleus -0.686
OsNAC1 317 35177.8 6.62 Nucleus -0.611
5a Cis-regulatory elements prediction and col-
linearity analysis of SNAC genes
Cis-elements which are present in the
promoter regions of ZmSNAC, AtSNAC, Os-
SNAC and SbSNAC have been analysed using
PlantCARE software tool (Fig.6.a). Cis-acting
elements that interact with NAC genes such as
light-responsive, low-temperature-responsive,
MYB-drought-inducible and MYB-binding ele-
ments have been identified. Further, abscisic

SbNAC1

OsNAC1

AtSNAC1

Fig. 5. 3D structures of ZmMSNAC (a) and Arabi-
dopsis, Oryza and Sorghum (b)

acid-responsive, gibberellic acid-responsive,
auxin-responsive, salicylic acid-responsive
and methyl jasmonic acid-responsive elements
have been identified. Collinearity analysis of
ZmSNAC genes were performed with Arabi-
dopsis, Sorghum and Oryza genomes using
MCScanX and visualized by TB tools (Fig. 6.b,
¢ and d). While maize chromosome 1 shows 2
homologs each on S. bicolor chromosomes 2
and 1, chromosome 2 displays one homolog
each on sorghum chromosome 1, and 2. Sim-
ilarly, chromosome 3 shows one homolog each
on sorghum chromosome 3 and 9, and chro-
mosome 5 displays two homologs on sorghum

In silico identification and gene expression analysis of SNAC subgroup of NAC superfamily
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and 5 and chromosome 7 displays 2 homologs
each one on rice chromosome 3 and 7. There is
no significant similarity of collinearity of maize
SNAC genes with Arabidopsis genome.

ZmsNAct HIH—-11 4t
Zms 4

1] 18 a "
— e oo o

ol e i = = =] = o cn ot o =

1t [0} 20 1 [T} 51 80 T4 8 b

o e o et thl )

6d

Fig 6: Cis-regulatory analysis of SNAC tran-
scription factors (a), Collinearity analysis of
ZmSNAC homologs with S. bicolor genome
(b), Collinearity analysis of ZmSNAC homologs
with O. sativa genome(c), Collinearity analysis
of ZMSNAC homologs with A. thaliana genome
(d).

Transcription factor prediction and miRNA
binding analysis

In the present study, TFs which interact
and regulate the expression of SNAC genes
have been identified in ZmSNAC (Fig.7.a),
AtSNAC1, SbSNACT1, and OsNACTgenes
(Fig.7.b, ¢ &d). Interaction of TFs with C2H2-
type zinc fingers, Trihelix, calmodulin binding

transcription activators(CAMTA), TFs neces-
sary for the transactivation of the adenoviral E2
promoter and the expression of viral DNA rep-
lication proteins(E2F) and dimerization partner
(DP) (together known as E2F/DP), LATERAL
ORGAN BOUNDARIES DOMAIN (LBD), aux-
in-response factors (ARF), MYB, SQUAMOSA
promoter binding protein (SBP),APETALA2 TFs
(AP2), zinc finger proteins that bind the consen-
sus DNA sequence (T/A)GATA(A/G) (GATA),
basic leucine zipper (bZIP), ethylene-response
factor (ERF) and other NAC transcription fac-
tors. The miRNA binding sites have also been
predicted. WhileZmSNAC10 shows two miR-
NA binding sites, AtSNACT displays 4 miRNA
binding sites. All the predicted miRNAs exhibit
cleavage inhibition.
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Fig. 7. Transcription factor network of ZmSNAC
homologs (a) Arabidopsis (b), sorghum (c), and
rice (d) SNAC1 homologs

Expression analysis of ZmSNAC genes

To explore the expression patterns of
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maize ZmSNAC genes, maize microarray data
that presents a complete atlas of global tran-
scription profiles across diverse developmental
stages have been utilized (31). The maize mi-
croarray data provides transcription patterns in
12 different tissues representing 8 major organs
of inbred lineB73. Data reveal high expression of
ZmSNACS8in leaf tissues followed by ZmSNAC7
and ZmSNACT1, 11, 9,10(Fig. 8.a). No significant
expression was noticed for ZmSNAC genes in
the shoot tip. ZMSNAC5,6,7,10, and 11 show
meagre expression levels in all the tissues ex-
cept leaf. Rest of the ZmSNAC genes exhibit
moderate to low expression pattern in all the ex-
amined tissues except in shoot-tips. Expression
patterns of ZmMSNAC genes in maize seedlings
under cold, heat, salt and ultraviolet light (UV)
stress conditions were assessed (Fig. 8.b). Re-
sults revealed upregulation of ZmSNAC1 in cold
and salt stress, but moderate to low expression
patterns under UV and heat tress conditions re-
spectively. ZmSNACS8 also displayed enhanced
expression under cold stress, but low expres-
sion patterns in salt and heat stress conditions.
ZmSNAC3 was up-regulated under cold stress,
but no significant expression was noticed in oth-
er stress conditions. ZmSNACS5 and 6 displayed
insignificant expression patterns in all the stud-
ied stress responses. Remaining ZmSNAC
genes showed low expression patterns under
the stress conditions examined. Expression
patterns of all ZmSNAC genes were examined
at reproductive and vegetative stages of devel-
opment under drought stress. ZmSNAC1 gene
showed the highest expression levels at repro-
ductive stage under drought conditions followed
by ZmSNACS8. But these genes showed low
expression patterns in vegetative stage under
drought conditions (Fig. 8.c). ZmSNAC2 exhib-
ited moderate expression in both reproductive
and vegetative stages under drought stress re-
sponses. Rest of the ZmSNAC genes displayed
no significant similarity at any developmental
stage under drought stress conditions. Expres-
sion patterns of ZmSNAC homologs were ex-
amined in the leaf tissues under drought and
salt stress conditions after 10-daytreatment (T0O)

followed by re-watering (T7). Interestingly, ex-
pression of ZmMSNAC1 gene was highly upregu-
lated under all stress conditions (Fig. 8.d).
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Fig. 8. Heat maps showing expression patterns
of ZmSNAC homologs in various organs of Z
mays (a), expression patterns of ZmSNAC ho-
mologs in seedlings under cold, heat, salt and
UV stress conditions and control (b), expression
patterns of ZmSNAC homologs at reproductive
and vegetative stages under drought conditions
(c) and expression patterns of ZmSNAC homo-
logs under drought and salt stress conditions in
leaf tissue of rmr6 cultivar and control samples

(d).
Discussion

NAC is a large group of TFs and play
central roles in plant developmental process-
es, diverse abiotic stress responses, signal-
ling pathways, and numerous plant defence
mechanisms. NAC TFs have been identified in
Arabidopsis (32), Oryza sativa (19), Zea mays
(5), Musa acuminata (33), Solanum lycopersi-
cum (34), Asparagus officinalis (35), and Med-
icago sativa (36). SNAC subgroup is a part of
this family, and has not been studied in detail.
The identified ZmSNAC gene homologs have
been divided into four groups (I, II, Ill, IV), and
are closely related to SbSNAC, AtSNAC and
OsSNAC genes. SNAC proteins comprise con-
served NAM domain, and the conserved motif
pattern and number of motifs have been found
similar in each group. Phylogenetic analysis of
the SNAC gene family in maize revealed that
the genes in the same subdivisions or subclades
generally contained the same intron/exon pat-
tern, with the location of the intron(s) existence

fully conserved. NAC proteins undoubtedly act
as TFs, and modulate scores of physiological
and biochemical functions by interacting with
cis-elements in the promoter regions (1). Inter-
estingly, NAC/SNAC TFs have been found to
regulate senescence, biotic and abiotic stress-
es and plant hormone homeostasis (37, 38, 39).
ABRE is the most frequently found cis-regula-
tory element found in all studied SNAC genes.
In fact, stress-mediated cis-element TF interac-
tions are known in plants (40). These findings
propound the involvement of SNAC genes in
drought and abiotic stress responses (41,42).
Presence of auxin, and gibberellic acid-re-
sponsive cis-elements in the promoter regions
of SNAC genes suggest that these genes may
involve in growth and developmental activities
of plants (43). Identification of cis-elements re-
lated to methyl jasmonic acid and salicylic acid
also provides evidence for the implication of
SNAC genes in plant defence responses. Low
temperature-responsive elements found in this
study indicate the involvement of SNAC genes
in cold stress-response (44). Likewise, light-re-
sponsive elements noticed in this investigation
suggest that SNAC genes may be regulated by
light and circadian clocks, alongside their in-
volvement in nutrient uptake and utilization (45).
The finding of MYB binding and MYB-drought
inducibility-responsive elements indicate the
role of SNAC genes in drought-induced stress
responses.

Studies have revealed that segmental
duplication was largely responsible for the ex-
pansion of maize gene family, such as CCCH,
HD-Zip and HS (46,47,48). In this study, the
number of ZmSNAC genes involved in the seg-
mental duplication is almost the same as that
of tandem duplication. It has been described
that the maize genome has experienced sev-
eral rounds of whole genome duplication, in-
cluding an earliest duplication prior to the diver-
gence of grasses (~50-70 million years), and
further whole genome duplication (~5 million
years), which discriminate maize from sorghum
(49,50). The Ka/Ks analysis of ZmSNAC genes
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revealed that all of them experienced purifying
selection during divergence. Collinearity anal-
ysis of ZmSNAC gene homologs mapped on
O. sativa, S. bicolor and A. thaliana genomes
displayed different number of homologs on dif-
ferent genomes. The SNAC protein structures
predicted in this study may help to understand
their interaction with other protein networks. The
protein-protein interactions of ZmSNAC1, Sb-
NAC1, AtSNAC1 and OsNAC1T and their inter-
acting partners have been identified. ZmSNAC1
protein displayed interaction with WRKY108
protein. Zhang et al. (51) reported that WRKY21
and WRKY108 transcription factors in Oryza
function redundantly to promote Pi uptake by ac-
tivating OsPHT1;1 expression under Pi-replete
conditions.ZmSNAC1 showed interaction with
dehydration-responsive element-binding protein
DREB1B. DREBs play crucial regulatory roles
in abiotic stress responses in plants (52).DRE-
B1A displayed drought and freezing tolerance
in transgenic Arabidopsis and chickpea plants
alongside yield gain (53,54,55).ZmSNAC1has
been found interacting with CBF3-like protein;
CRT/DRE binding factor. In Arabidopsis, a fam-
ily of transcription factors that bind to the CRT/
DRE promoter region has been identified and
designated as CBF or DRE genes (56,57,58).
These genes can activate the expression of
cold-response (COR) genes and thus are vital
components of the cold acclimatization pathway
and may function as “Master Switches” that ac-
tivate a signal transduction pathway leading to
improved freezing tolerance (59). Overexpres-
sion of Arabidopsis core binding factor1 (CBF1)
and CBF3 result in constituent expression of
COR genes and enhanced freezing tolerance in
Arabidopsis (57,60). Similar results have been
noticed in protein-protein interaction analysis of
AtSNAC1, OsSNAC1 and SbSNAC1 proteins.

C2H2 zinc finger (ZF)sequences
(CX2-4CX3FX5LX2HX3-5H) (C2H2 proteins)
comprise two cysteines and two histidines
that coordinate a zinc atom, forming a dense
nucleic acid-binding domain. Majority of such
proteins characterized to date are DNA-bind-
ing transcription factors, and many have been

shown to play crucial roles in the development
of plants (61). miRNA have been detected in
this study. They are known to play pivotal roles
during plant growth, development besides abi-
otic stress tolerance (62). Such a role for the
detected miRNAs in this study cannot be ruled
out, but needs further investigations. Expres-
sion analysis under abiotic stress conditions
indicated a clear role for SNAC genes. Further,
by attaching the target mMRNA, NACs are known
to modulate post-transcriptional activities (63).
Overexpression of micro-RNA-targeted NAC
ameliorated salt stress via ABA-mediated path-
way (64). Stress-responsive NAC TFs (SNACs)
are involved in plant abiotic stress responses
(65). While overexpression of SNAC1 enhanced
the water stress tolerance by increasing root
development and reducing transpiration rate in
transgenic cotton (22). Stress-responsive NAC
TF gene ONACO022 improved the drought and
salt stress tolerance in rice (66). Such transgen-
ics displayed lower levels of Na* in roots and
higher concentrations of proline and soluble
carbohydrates (66). NAC transcription factor
JUNGBRUNNEN1 enhances drought tolerance
in Solanum lycopersicum (67). Overexpression
of ZMNAC33 in A. thaliana improved the seed
germination percentage under the influence of
ABA as well as osmotic stress (68). In Malus-
baccata, overexpression of MbNAC25 gene in
Arabidopsis enhances tolerance to cold and salt
stresses (63). Similarly, overexpression of cot-
ton GhNACOQ72 increased the drought and salt
stress tolerance in transgenic Arabidopsis (69).
The expression patterns of ZmSNAC genes in
diverse abiotic conditions (drought, cold, heat,
salt and UV stress) in different organs at differ-
ent stages of development inferred the involve-
ment of SNACs in stress. While ZmSNAC1,
ZmSNACS8 displayed the highest expression
patterns, ZmSNAC2 showed moderate expres-
sion under the abiotic stress conditions studied.
This study helps to understand SNAC gene
structure and functions in detail. Further, the
study helps to design and develop crop plants
with superior abiotic stress tolerance. Breeding
plants with NAC TFs help us to develop crops
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that are resilient to biotic and abiotic stresses.
Conclusions

In the present study, 11 ZmSNAC
genes in Z. mays genome have been predicted
based on A. thaliana characterized SNAC1 se-
quences. Motif analysis of SNAC genes showed
the presence NAM domain, which is highly con-
served in the NACs of Z. mays, A. thaliana, O.
sativa, and S. bicolor. Evolutionary studies of
ZmSNAC genes revealed that these genes are
closely related to SbSNAC genes in compari-
son with O. sativa. All the ZmSNAC genes have
been divided into four groups based on distri-
bution, indicating the evidence of four ancestor
genes in NAC gene family in Z. mays. The Ka/
Ks analysis of ZmSNAC genes revealed that
these genes experienced purifying selection
during the course of evolution. Identification
of cis-acting elements, transcription factor and
miRNA predictions and expression analysis
provide insights into the regulation of ZMSNAC
genes. Further, incorporating such TFs via
breeding program or through genetic engineer-
ing methods would lead to tolerance to diverse
abiotic stress without any yield penalty.
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