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Chitinases are a kind of hydrolases using chitin as a crucial substrate and play a vital role in the plant defense
mechanism against fungal pathogens. Foxtail millet has more abiotic stress tolerance, despite it, these are more
prone to blast disease which is caused by a fungal pathogen Magnaporthe grisea. In the present investigation,
the identification and characterization of chitinase gene family in foxtail millet (Sefaria italica) is done by using
different computational tools. Other studies such as sequence alignment, motif and domains identification, gene
ontology expression, and structural analysis of these genes were performed. Forty chitinase genes were identified
and classified into GH-18 and GH-19 sub-families under the glycosyl hydrolase family. Among these, class-I11
genes seem to be quantitatively high. Many of these genes take part actively in defense mechanism under low-
temperature, drought, and osmotic stress conditions with the help of regulatory elements such as TC-rich repeats,
MYB binding site, stress responsive elements, low temperature induced, etc., that are present in promoter site. Also,
the average number of genes is expressed in a moderate level in response to stress and invasion of pathogens that is
observed in expression analysis. This study can help understand the functions of chitinases in S. ita/ica. This may
be helpful in future study to generating blast-resistant foxtail millet genotypes by enhancing chitinase production.

1. INTRODUCTION

Millets are the diverse group of cereals that produce small seeds.
They include various annual food and fodder grasses such as
foxtail millet (Setaria italica), pearl millet (Pennisetum glaucum),
finger millet (FEleusine coracana), proso millet (Panicum
miliaceum), barnyard millet (Echinochloa sp.), kodo millet
(Paspalum scrobiculatum), etc. [1]. Among them, Foxtail millet
(S. italica) belongs to tribe Paniceae under Poaceae family and
the subfamily named Panicoideae [2]. It is generally named as
Italian millet or German millet or Russian millet or Chinese millet
or Hungarian millet; in India, it is commonly named as Kangni
(Hindi) and is diploid (2n) in nature with 9 pairs of chromosomes
[3,4]. The production cost is very inexpensive and also, they are
pest-free crops. In India, foxtail millet is mainly cultivated in
Andhra Pradesh, Karnataka, and Tamil Nadu. Foxtail millet has
high nutritional value, in 100 g of foxtail millet grain contains
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protein 12.3 g, carbohydrates 60.9 g, vitamins 3.3 g, minerals
3.3 g, calcium 31 mg, and food energy nearly 323-350 K Cal
[5]. Foxtail millets are rich in minerals such as iron, potassium,
magnesium, zinc, and edible fiber (crude) and also free of gluten
with a flat GI that helps reduce the production of glucose, result in
lowering the risk of diabetes mellitus [1]. Also, these show strong
resistance to several abiotic stresses, especially to drought and
low nutrition cases. Diseases that affect foxtail millet include leaf
and head blast disease [6]. Among biotic stressed, blast is a major
disease which is caused by fungus called Magnaporthe grisea,
affecting the leaf and head regions and reduces its yield. Fungi are
one of the most effective pathogens that infect and lead to a vast
crop yield losses annually [7].

Plants trigger defense response against invading pathogens upon
the study of various immunogenic microbial signatures, such as
microbe-associated molecular patterns, and PAMPs (pathogen-
associated molecular patterns) [8]. The most significant component
of pathogenesis-related proteins (PRs) functional families and
are important to target genes to improve crop development
is chitin [9]. Chitinases play a crucial role as a substrate for
chitin with its hydrolase activity. These catalyze the hydrolytic
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cleavage of chitin’s B-1, 4 glycosidic bonds that are present in
fungal cell walls [8]. During fungal infection, plants chitinases
release chitin oligosaccharides which is a kind of PAMP, that
activates the immune responses to protect plants from chitin-
containing pathogens [10,11]. Studies reported that numerous
chitinases are suggested to cleave arabinogalactan proteins and
N-acetylglucosamine-containing glycoproteins in the plant cell
walls, as a result, oligosaccharides are released that act as signal
molecules triggering a defense response in plants [§].

Chitinases are differentiated mainly based on the catalytic domains
it holds. They are divided into two families, GH18 and GH19
(Glycolyse Hydrolase) families [12], where GH18 and GHI19
families further classified into five classes (class 1-V). GHI8
chitinases (class III and V) are broadly grouped in a variety of
organisms such as plants, animals, fungi, and viruses [13], while
GHI19 chitinases (class I, I1, IV) are located largely in higher plants
[12], also responsible for major plants chitinolytic activity [14].
Besides pathogen infection, chitinases are also induced by various
abiotic stresses like ethylene, salicylic acid, particles of pectin,
heavy metals, wounds [15]. Effective studies are going on those
chitinases that are expressed constitutively and specifically from
different plant species expressed in organs such as flowers, leaves,
seed, and roots, without any induction of pathogens or stress [16].
Thus, identification and studying these chitinases reveal their role
and importance in Foxtail millet.

2. MATERIALS AND METHODS

2.1. Identification of Putative Chitinase Genes

Chitinase genes present in S. italica plant genome are retrieved by
hidden markov model of Glyco Hydro 18 (PF00704) and Glyco
Hydro 19 (PF00182) domains seed profiles are collected from
Pfam 31.0 (https://en.wikipedia.org/wiki/Pfam, accessed date: 8th
August 2020) [17]. These genes are collected using “PF00704”
and “PF00182” as keywords (threshold £ values < 1.0) and also
its amino acid length, gene sequence, coding region length are also
obtained from the foxtail millet genomic database (Phytozome
v12.1, https://phytozome.jgi.doe.gov/pz/portal.html#, accessed
date: 28th August 2020). The entire sequences are checked for
the presence of domains GH-18 and GH-19 using SMART (http://
smart.embl-heidelberg.de/, accessed date: 1st September 2020).
The molecular weights, isoelectric points, GRAVY values of
these genes are predicted in ExPASy tool (https://web.expasy.org/
protparam/, accessed date: 2nd September 2020) [18]. BaCello is
used to predict the subcellular localization of all the genes [19],
and the cleavage sites of signal peptide were predicted using
SignalP [20].

2.2. Phylogenetic Analysis and Multiple Sequence Alignment

Evolutionary affiliation among the predicted chitinase genes was
analyzed by aligning the full-length sequences of 65 chitinase
proteins from S. italica (predicted sequences) and Arabidopsis
thaliana (https://www.arabidopsis.org/) using Clustal W [21].

The unrooted neighbor-joining (NJ) phylogenetic tree was
constructed based on Poisson correction using MEGA X [22].

Bootstrap analysis is employed using 1,000 replicates. The
pair-wise gap deletion mode is done to make sure that the more
divergent C-terminal domains can contribute to the topology
of the NJ tree. Thus, all the positions that contain gaps and the
missing data are deleted.

2.3. Visualization of Gene Structure and Chromosomal
Localization

The coding sequence (CDS) and identical genomic sequence of all
identified chitinase genes were utilized to predict the exon—intron
structures using Gene Structure Display Server (GSDS v2.0) [23].
Chromosomal locations of chitinase genes were visualized by
using MapGene v2.0 (http://mg2c.iask.in/mg2c_v2.0/) by using
the gene annotation information accessible at the Phytozome
database and chromosome data of the S. italica genome [24].

2.4, Identification of Conserved Domains, Motifs, and Active
Site Analysis

MEGA X [22] and MEME suite 5.0.1 (Multiple Em for Motif
Elicitation) [25] were used to identify conserved domains.
Sequence alignment and editing are done by using BioEdit [26].
Multiple sequence alignment was done separately according to the
homology of amino acid sequences in 4 groups in which group
1 comprised of chitinases of class I, class II, and class IV; group
2 contains numerous class I and IV chitinases; group 3 included
class III chitinases which are in large number and group 4 includes
only class V chitinase genes. MEME suite (http://meme-suite.org/
index.html) is implied to identify the conserved motifs through
which the classifications are confirmed.

2.5. Prediction of Cis-Acting Elements in Promoter Region

Cis-acting elements in the promoter region of chitinase genes
were investigated using PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html) [27] by subjecting the 1,500 bp
sequences upstream from the start codon which is retrieved from
the Phytozome database [17].

2.6. Gene Ontology Annotation of Chitinase Genes

To obtain the Ontology of Chitinase Genes, the Blast2GO tool [31]
was used where the sequences are imported onto the Blast2GO
tool’s workspace and screened using BLASTP. Then the gene
mapping and annotation are studied by using InterproScan,
whereas the biological processes (BP), cellular components (CC),
and metabolic pathways were predicted by using identified GO
terms and represented in statistical chart form.

2.7. 3-D Structural Analysis of Chitinase Genes

The 3-dimentional structure of the chitinase proteins are
analyzed and constructed using Phyre V 2.0 server [28]. There
should be a 75% and more alignment coverage and 100%
thresholds confidence so that the quality of the model structure
is maintained. MEMSAT-SVM prediction method is used to
predict the transmembrane helix and membrane topology of all
the chitinases.
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3. RESULT

3.1. Identification of Chitinase Genes

A total of 46 putative chitinase genes are identified (6 sequences
considered as putative chitinases-like proteins— (CLP) as
a result of the search in the phytozome database among the
Foxtail millet genome. The length of these genes ranges from
222 to 1,038 residues, the protein molecular weights range

Table 1: Physicochemical properties of predicted chitinase genes in Foxtail millet.z
Genome CDS

between 23.98 and 52.24 kDa, and isoelectric points (pl) vary
from 4.28 to 9.92. Among those 40 chitinases, 31 are predicted
to be located in secretory pathway (SP), 3 are localizing in the
chloroplast (C) and 6 in the nucleus (N) (Table 1). Chitinases
are classified into 5 classes within 2 families (GH 19 and
GH_18 families) [12] where GH-19 includes Class-I, II, and
IV chitinases, GH_18 includes Class-III and V chitinases.
Class-I has highly conserved N-terminal cysteine-rich region

Amino acid Molecular

S.no Gene No. Gene name Family Class T i
1 SICHI001 Seita.6G209900 GH19 2 2,349 924
2 SICHI002 Seita.3G250200 GHI19 1 1,429 1,143
3 SICHI003 Seita.7G150300 GH19 2 5,321 693
4 SICHI004 Seita.1G225300 GH19 4 1,039 825
5 SICHI005 Seita.J029100 GH19 2 1,061 684
6 SICHI006 Seita.2G258500 GHI19 2 1,909 990
7 SICHI007 Seita.7G150600 GH19 4 1,449 813
8 SICHI008 Seita.9G551100 GH19 2 1,505 783
9 SICHI009 Seita.5G033200 GH19 2 1,429 849
10 SICHIO10 Seita.3G250400 GH19 1 1,238 966
11 SICHIO!1 Seita.4G286000 GH19 1 1,235 1,029
12 SICHIO12 Seita.3G055300 GH19 2 1,458 951
13 SICHIO13 Seita.9G339100 GH19 2 1,959 750
14 SICHIO14 Seita.7G150700 GH19 4 1,449 825
15 SICHIO15 Seita.7G150400 GHI19 4 2,782 819
16 SICHIO16 Seita.7G150100 GH19 4 935 843
17 SICHIO17 Seita.7G150200 GH19 2 1,071 711
18 SICHIO18 Seita.7G150500 GH19 4 1,352 855
19 SICHIO19 Seita.9G551200 GH19 2 871 699

20 SICHI020 Seita.5G389800 GHI18 3 1,236 900
21 SICHI021 Seita.5G275500 GH18 3 1,267 918
22 SICHI022 Seita.5G389900 GH18 3 3,793 897
23 SICHI023 Seita.5G390000 GH18 3 1,744 894
24 SICHI024 Seita.7G065100 GHI18 5 2,341 1,521
25 SICHI025 Seita.8G136200 GH18 3 918 918
26 SICHI026 Seita.8G116800 GH18 3 999 918
27 SICHI027 Seita.5G390100 GHI18 3 1,390 900
28 SICHI028 Seita.2G058400 GH18 3 1,316 888
29 SICHI029 Seita.8G180500 GHI18 3 1,317 1,038
30 SICHI030 Seita.5G278700 GH18 3 2,334 1,965
31 SICHIO031 Seita.8G117200 GHI18 5 1,928 1,359
32 SICHI032 Seita.5G251500 GH18 3 706 669
33 SICHI033 Seita.5G251600 GH18 3 1,232 888
34 SICHI034 Seita.2G058300 GHI18 3 1,150 891
35 SICHI035 Seita.9G578100 GH18 3 1,023 909
36 SICHI036 Seita.2G107300 GHI18 3 894 843
37 SICHI037 Seita.8G136300 GH18 3 1,234 915
38 SICHI038 Seita.8G244400 GHI18 3 1,282 1,056
39 SICHI039 Seita.8G178900 GH18 3 1,112 870
40 SICHI040 Seita.7G055300 GHI18 3 1,190 906

T B PI Gravy Location SignalP
307 33,779.83 5.49 -0.356 S.P 0.998
380 39,181.18 8.71 —-0.156 NUCLEUS 0.023
230 25,217.56 9.39 -0.357 S.P 0.993
274 28,481.94 6.1 0.018 S.P 0.999
227 24,369.37 9.06 —-0.245 S.P 0.993
329 36,560.65 8.17 —0.318 NUCLEUS 0.449
270 28,752.26 7.85 —-0.227 S.P 0.998
260 28,028.48 8.63 -0.39 S.P 0.974
282 30,807.65 7.98 —-0.259 S.P -
321 34,254.75 8.55 -0.182 NUCLEUS 0.135
342 35,848.08 7.8 —-0.239 NUCLEUS 0.983
316 34,168.06 6.11 -0.356 S.P 0.999
249 26,335.36 4.77 —0.104 S.P 0.997
274 28,474.63 5.64  —0.126 S.P 0.999
272 29,286.85 8.55 —0.33 S.p 0.999
280 28,988.47 6.05 —0.022 S.P 0.999
236 25,317.79 8.7 -0.093 S.P 0.917
284 29,459.82 8.47 -0.27 S.P 0.999
232 25,648.08 2.28 -0.259 S.P 0.996
299 31,864.07 8.09 —0.095 S.P 0.99
305 31,433.98 4.78 0.057 S.P 0.971
298 31,604.46 5.04  —0.098 S.P 0.986
297 31,549.71 6.81 0.072 S.P 0.955
506 52,249.26 8.91 0.134 NUCLEUS 0.078
305 33,522.95 7.71 -0.191 S.P 0.913
305 33,541.93 7.1 —-0.258 S.P 0.969
299 31,241.51 9.07 0.082 S.P 0.998
295 32,775.12 6.59 -0.214 S.P 0.976
345 37,210.31 8.12 —0.022 CHLOROPLAST 0.07
655 70,640.82 5.58 -0.132 S.P 0.988
452 49,514.43 4.72 —0.021 NUCLEUS 0.961
222 23,987.39 9.2 0.007 S.P 0.848
295 30,536.92 4.28 -0.071 S.P 0.995
296 32,503.01 8.89 —-0.05 S.P 0.987
302 32,520.71 8.68 -0.208 CHLOROPLAST 0.34
280 29,629.23 5.02 —0.029 S.P 0.964
304 32,866.27 8.6 -0.013 S.P 0.921
351 38,477.89 9.13 —0.043 CHLOROPLAST 0.002
289 31,491.56 7.07 —0.141 S.P 0.991
301 32,677.53 9.92 —0.084 S.p 0.969

AA, CDS, Gene sequence length, Mw/KDa, GRAVY, PI, Localization & SignalP.
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that involves in chitin-binding, and seen in two sequences,
i.e., SICHIO10, SICHIO11. Class II lacks both the N-terminal
cysteine-rich region and the C-terminal extension, which have
a catalytic domain that is observed among 10 sequences [29].
Class IV chitinases resemble the class I chitinases with a very
similar main structure but are significantly smaller due to four
deletions distributed along with the chitin-binding domain
and the catalytic region which are satisfied by 7 sequences,
i.e., SICHI002, SICHI004, SICHIO07, SICHIO14, SICHIOI1S,
SICHIO16, SICHIO18. While in the GH_18 family, 19 sequences
belong to Class-11I and Class-V into two based on c-terminal
extension and catalytic domain position [15].

3.2. Phylogenetic Analysis and Multiple Alignment

To evaluate the evolutionary relationship of the chitinase genes
in the foxtail millet, A. thaliana chitinase sequences are used as
reference sequences to generate the phylogenetic analyses based
on the NJ method using MEGA X. Total 64 chitinase proteins are
predicted in both A4. thaliana and S. italica and categorized into
two important evolutionary branches which determine the GH19
and GH18 families, which were furthermore divided into five
groups, class-I-V. GH18 family comprises the classes III and V
with a total of 31 sequences, while GH19 family comprises the
classes I, II, and IV with 33 sequences altogether. Class III is
the largest class with 20 sequences representing nearly 31% of
the total number of chitinase genes, while class I is the smallest,

SICHI015
SICHI01g

SICHIDZ6 —
SICHI034 — |
gIcHI0® T

SICHI031
SICHID24

with only 3 sequences that represent only 4% approximately. The
remaining classes-II, IV, and V share 21.87%, 25%, and 17.18%
of chitinases, respectively. When it comes to Foxtail millet, class
IIT shares a greater number of sequences, i.e., 19, and both the
classes I and V share only 2 sequences in each. The phylogenetic
tree represented below shows that the GH18 and GH19 domains
are separated into two different clades (Fig. 1).

3.3. Visualization of Chitinase Genes on Chromosomes

Out of all the 40 chitinases, 12 chitinases have zero introns,
6 chitinases with 2, and the remaining 18 with only one intron,
including SICHIO1S5 with a large intron (Fig. 2). Chromosomal
positions are determined by the presence of the maximum
numbers of genes, i.e., nine are spotted on the 7th chromosome
followed by eight on the 5th chromosome and seven genes on the
8th chromosome. Four each on 2nd and 9th chromosomes, three
genes are identified on 3rd, two on Ist, and one gene each on
4th and 6th chromosomes (Fig. 3). Some clusters are also seen
like on 5 and 7 chromosomes with two clusters each. Two genes
(SICHI022 and SICHI0027) and (SICHI020 and SICHI0023)
form two clusters on chromosomes 5, where all the genes belong to
class-II1. Two genes from class IV (SICHI0007, SICHIO015), one
from class II (SICHI0O017) form to a single cluster and one more
cluster is formed by four genes in which three genes (SICHI0014,
SICHI0016, SICHI0018) belong to class-1V and one from class-I1
(SICHI0003) on chromosomes 7.

GH-18
" GH-19

AT2G43620.1
AT2G43610.1
S;chﬂf

Figure 1: Phylogenetic tree built using the NJ method in MEGA X. Boot strap values are from 1,000 replications. GH19 family sequences got separated on right side
clade, GH18 family sequences on left. The value at the nodes represents bootstrap percentage.
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Figure 2: All the information about the chromosome number and size are identified and represented in the above figure.

3.4. Conserved Domains and Active Site Analysis

Foxtail millet chitinases contain the conserved domain structures
according to the previously identified chitinases in plant
[12]. Studying the gene sequences shows the existence of the
catalytic domain GH19 (PF00182) with one or two active sites
that were represented as CHITINASE 19 1 (PS00773) and/
or CHITINASE 19 2 (PS00774) (Fig. 4a) and I and IV classes
of chitinases possess a domain that binds chitin that is CHIT _
BIND I 1 (PS00026) located at N-terminal (Fig. 4b). Another
catalytic domain GH-18 (PF00704), i.e., CHITINASE 18
(PS01095) with classes IIT and V active site (Fig. 4c). Functional
site analysis of these sequences was done using ExPASyprosite [ 18]
results that out of 46, in 6 sequences catalytic domains are devoid
of active sites responsible for their chitinolytic activity also had
incorrect amino acid sequences at their active sites. Hence, they are

classified as putative CLPs. Multiple sequence alignment of foxtail
millet chitinases is done in four groups. Sequence alignment is
done using ClustalW and edited using BioEdit. The diversification
of chitinase proteins and its conserved motifs are examined using
MEME suite, where 30 conserved motifs are found in the chitinase
proteins (Fig. 4d). Such similar motif compositions of each group
provide added proof in supporting the phylogenetic analyses results
but also presumed functional significance.

3.5. Cis-Acting Elements Prediction in Promoter Region

The transcriptional regulation of chitinase genes was done by
several phytohormones and pathogens [30]. To interpret the
probable regulation mechanisms of SICHI genes, the cis-acting
elements situated in the promoter sequence are predicted using
Plant-CARE [27]. Many elements were identified out of which 18
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Figure 3: (a, b) The intron—exon structure of all the 40 chitinase genes in Foxtail millet. The CDS is indicated by a yellow horizontal bar, the untranslated regions are
indicated by a blue horizontal bar, and introns are determined by the black line. (a) determines GH19, (b) determines GH18 domain family genes.

elements were more common in all the genes, which functions in
several hormone regulations and stress-related elements (Table 2).
In our results, nearly 19 elements that are related to response to
stress [TATA box, CAT, CAAT, G-box, W-box, ARE, GARE motif,
GT I-motif, TC-rich repeat, MYB binding site (MBS), CGTCA-
motif, SKn-I, ACI, WUN-motif, dehydartion responsive element,
HD-ZIP, low temperature induced (LTR), MBS, stress responsive
elements (STRE)]) and few hormones like TGACG-motif,
ethylene-responsive element, ABA-responsiveness (ABRE),
Auxin-responsiveness, and SA-responsiveness elements were
observed

3.6. Gene Ontology Annotation of chitinases Genes

Gene Ontology of 64 chitinases genes results that these are
associated in various bpBP, molecular functions (MF), ccCC
[31] and are represented in Figure 5. Among various BPb,
different metabolic processes and responses to stimuli (under
stress conditions) are mostly associated. Hydrolase activities and
binding activities are mainly observed in MF. Most of the CC are

found in extracellular region and the remaining are distributed in
membrane regions.

3.7. 3-D Structural Analysis of Sichi Genes

The 3-dimensional structure of chitinase genes helps us by
understanding insights the chitin-binding domain by providing
information that is usually hard to get experimentally. The 3-D
supermolecule structures were sculptured for all the I-V chitinases
using the Phyre V 2.0 server [28] for understanding the structural
properties of foxtail millet chitinase genes. Protein models were
built under default parameters [32]. Moreover, these predicted 3D
protein structures are considered highly stable and give a basic
understanding of the alpha chains and beta sheets in percentages
form. Classes-1, IV, and V chitinases were able to predict membrane
topology, which provides the signal peptide with a varied length of
amino acids, at N-terminal that supports delivering the protein at
its target site, and gets cleaved-off once it reaches its destination.
All these chitinases are cytoplasmic and their action is extra-
cellular (Fig. 6).
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Table 2 Prcdi'ctcd CIS—aCting elements which are more commonly identified CIS-acting CORE )
along with their functions and core sequences. SNO | (c S Function
sNo ClS-acting CORE Function 10 MYB CAACCA Drought and ABA, GA stress responses
elements Sequences
11 SP1 GGGCGG Light responsiveness
1 A-BOX CCGTCC Regulatory element
12 G-box CACGTT Light responsiveness
2 ABRE ACGTG Abscisic acid responsiveness
13 MYC CATTTG Drought and ABA responses
3 TCA Element TCATCTTCAT  Salicylic acid responsiveness
14 TGACG MOTIF TGACG MelJA responsiveness
4 CAT BOX GCCACT Meristem responsiveness
15 STRE AGGGG Stress responsive element
5 CGTCA MOTIF CGTCA MeJA responsiveness
16 LTR GTTTTCTTAC  Low temperature responses
6 AUX RR-CORE  GGTCCAT Auxin responsiveness bi
anaerobic . .
7 BOX-4 ATTAAT Light responsiveness 17 response element AAACCA Anaerobic induction
8 TC-richrepeats ~ GTTTTCTTAC  Defense and stress responsive ~hani
P P 18 W-BOX TGACY/TIGAC Resp0n§e to mechanical damage and
9 MBS CAACTG Drought responses stress signals

GO Distribution by Level (3) - Top 20
#Seqs

0.0 25 5.0 7.5 100 125 15.0 175 200 228 25.0 275 300 328 350 378 400

primary metabolic process |
organic substance metabolic process |

celular metabolic process 1

catabolic process 1
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Figure 5: Chitinase gene ontology analysis and the GO terms which are involved in BP, MF, & CC.

Figure 6: Classes [-V predicted 3-D protein structures of foxtail millet chitinases.
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4. DISCUSSION

Foxtail millet is a versatile and stable food crop globally and is
cultivated widely in arid and semi-arid areas of China, India,
Japan, and some part of South and North America [33]. Among all
the millets, Foxtail millet is the second most cultivated and next to
Pearl millet (FAOSTAT 2005; http://faostat.fao/org/) it has a wide
tolerance to abiotic stress. However, plants have a continuous
threat from pathogen infections and affect their growth and
yield. During such stress conditions, plants activate their defense
system and start to produce PR proteins that act as antimicrobial
compounds [34]. Among various PR proteins, chitinases play
a major role and exhibit anti-fungal activity by catalyzing the
hydrolysis of chitin which is the central element of the fungal cell
wall [18]. Research on chitinase genes is mainly done in some of
the major crops like A. thaliana, Oryza sativa, and Zea mays. In
the present investigation, chitinase genes identification studies are
done in S. italica which is most prone nature towards blast disease.

Among 46 chitinase genes identified, 6 were expelled as they
lack catalytic amino acids and missing motifs. Thus, 40 chitinase
genes were finalized in the foxtail millet genome and the number
of chitinases is higher than that of 4. thaliana, Brassica rapa [35],
pigeon pea, and Ammopiptanthus nanus, however significantly
lesser than Solanum lycopersicum [36]. Further, these 46 genes
were differentiated in to two groups and five different classes (I—
V) in which 21 genes are grouped under GH-18 family domain
and the remaining 19 under GH-19 family. All these genes were
distributed on nine chromosomes. Among them most of the
chitinases were located on chromosome 5, 7, and 8, and only one
chitinase was observed on chromosomes 1, 4, and 6 each and
some clusters were present on chromosomes 5 and 7. In 4. nanus,
all the genes were distributed on 9 chromosomes in which clusters
were observed on all the chromosomes expect on chromosome 7
[37], whereas in S. lycopersicum, the chitinase genes were sited
on 12 chromosomes in which a total of 34 genes were found to be
clustered onto the chromosomes 1, 2, 3, 7, 10, and 11 [36].

Chitinases of Class Il and V were having an additional Lysozymal
activity and showed grater similar to fungal, yeast, and bacterial
chitinases [9]. Some theoretical studies reported that the class 111
chitinases have a different and bigger role than compared to other
classes. The present investigation on S. italica genome also shows
that class III was the largest class with 19 chitinases and similar
to that of 4. nanus, Cucumis sativus was also significantly higher
than A. thaliana [37]. In Pteris ryukyuensis two N-terminal LysM
domains on class-III chitinases contribute to have an antifungal
activity where the LysM helps in binding to chitin in the cell wall
of fungi [38]. They observed an abnormal expression of class-III
chitinases genes in sugarcane, enhancing its biotic and abiotic
stress tolerance [39]. Besides its theoretical import, more research
has to be done to know its biological significance and difference
between class-III and other plant chitinases.

Studies reported that the density of introns in chitinase genes
was inversely proportional to stress responses regulation. Stress-
related genes possess very less number of introns so that they
regulate rapidly during stress conditions [40]. The number of
introns in chitinase genes of S. italica is very low. These chitinase
gens generally maintain particular amino acids for the catalytic

activity, where in GH-18 family genes there was a major reduction
of chitinase activity when they got mutated with less Glu(E)-
Trp(W) and Asp(D)-Trp(W) residues along with more repeats of
Met(M), Leu(L), Gly(G), Val(V), and Ile(I) [36]. In GH-19 family
genes, the presence of two consecutive Glu (E) residues and some
repeats of Asp(D), Thr(T), or Ser(S) in the catalytic region [41]. In
A. nanus, out of 28 chitinase genes, 25 of these genes had two or
fewer introns [42] and in B. rapa genome 32 chitinase genes out of
33 were identified to have two or fewer introns [35].

Chitinases were involved in many tolerant/adaptive responsive
activities in stress conditions that regulated transcriptionally
with the help of many Cis-regulatory elements analyzed using
the PlantCARE database. Elements like MBS, MYB, MYC, and
LTR were more commonly observed in promoter site of most of
the chitinases genes in S. italica that were involved in response
to low temperature and drought stress conditions. MYC, LTRE-1,
and MYB were also observed in 4. nanus [37]. One of the most
frequently occurring cis-acting elements in promoter regions of
foxtail millet is the TGACG motif and TATA-box, which were
present in promoters of most of the chitinase genes. The C-repeat
binding factors operate an important role in plants to tolerate cold
responses and adaptive to the new environment [43]. Also, TC-rich
repeats have a predominant role in developing strong defensive
responses and W-box interferes in the fungal elicitor-induced gene
expression by associating with WRKY1 in the parsley family [44].
Several studies identified that ethylene (ERE-ethylene-responsive)
was a key hormone in the induction of chitinase genes [45]. Other
hormones like ABRE, TCA, and TGACG-motif were predicted
to regulate the chitinase genes transcription [46] and some stress-
responsive elements such as STRE, W-box, and WUN-motif
mediate pathogen or elicitor inducible transcription of chitinases
[47,48].

Gene ontology results have shown different GO terms out of
which primary metabolic process, cellular metabolic process was
high and expressed in all the genes along with, response to stress
and other organisms also share a moderate level of expression
in most of them, which might be useful in defensive response to
fungal pathogens. In MF, genes showed the elevated expression of
hydrolase activity and an average expression of catalytic activity
in all the genes.

The protein structures of randomly selected genes, each from
all the five classes, made a clear idea about the alpha, beta, and
transmembrane helices percentage that helps determine the strength
of the hydrogen bonds and the protein structure. The knowledge
of transmembrane (TM) helices can be valuable in limiting the
possibilities of tertiary structure formation for the given protein
as well as in predicting the function [49]. As the TM helices for
both Class-II and III were missing and made as a limitation for
predicting the function of these chitinases whether they help in
inducing the defense response against the fungal pathogens.

5. CONCLUSION

Total forty chitinase family genes were identified from the foxtail
millet genome, in which, 21 were group into the GH-18 subfamily,
and GH-19 under GH-19 subfamily. Class-I has 2, Class-II with
10, Class-IIT has 19, Class-IV has 7, and finally, Class-V has 2
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chitinases genes in S. italica. A greater number of Class-III genes
were observed comparatively, inferring that Class-III genes with
fewer non-coding regions may be magnified in signifying their
involvement in stress response. Gene ontology expression study
of chitinases under biological process, MF, and CC GO terms, the
prediction of the cis-acting regulatory elements in the promoter
region of the genes, helps discover chitinases with key roles in the
abiotic stress responses and defense against pathogens in S. italica.
3-D structure prediction was also done for five random genes from
every class along with alpha, beta, and transmembrane helices.
The research and results could provide solid data for assuming
the functions of chitinases in foxtail millet and might help classify
the chitinase genes, which can be used for both pathogen control
and improvement of abiotic stress tolerance in crop improvement.
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