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Abstract: Vegetables of the Allium genus are prone to infection by Fusarium fungi. Chitinases of the
GH19 family are pathogenesis-related proteins inhibiting fungal growth through the hydrolysis of
cell wall chitin; however, the information on garlic (Allium sativum L.) chitinases is limited. In the
present study, we identified seven class I chitinase genes, AsCHI1-7, in the A. sativum cv. Ershuizao
genome, which may have a conserved function in the garlic defense against Fusarium attack. The
AsCHI1-7 promoters contained jasmonic acid-, salicylic acid-, gibberellins-, abscisic acid-, auxin-,
ethylene-, and stress-responsive elements associated with defense against pathogens. The expression
of AsCHI2, AsCHI3, and AsCHI7 genes was constitutive in Fusarium-resistant and -susceptible garlic
cultivars and was mostly induced at the early stage of F. proliferatum infection. In roots, AsCHI2
and AsCHI3 mRNA levels were increased in the susceptible and decreased in the resistant cultivar,
whereas in cloves, AsCHI7 and AsCHI5 expression was decreased in the susceptible but increased
in the resistant plants, suggesting that these genes are involved in the garlic response to Fusarium
proliferatum attack. Our results provide insights into the role of chitinases in garlic and may be useful
for breeding programs to increase the resistance of Allium crops to Fusarium infections.

Keywords: garlic Allium sativum L.; GH19 family; class I chitinases; biotic stress; Fusarium spp.; gene
structure; gene expression

1. Introduction

Plants belonging to the Allium genus are widely cultivated for their culinary and
medicinal properties [1]. Throughout their life cycle, onions (including garlic), like all
other agricultural plants, are infected with fungi, in particular Fusarium spp., which are
the most viable and destructive soil-dwelling crop pathogens causing Fusarium basal rot
(F. oxysporum £. sp. cepae) and bulb rot (F. proliferatum) [2-5].

F. oxysporum f. sp. cepae is responsible for 60% of the world’s garlic crop losses.
This species produces chlamydospores that can survive in the soil for many years and
cause decease symptoms at all pre- and post-harvest stages, infecting the roots and basal
plates [5]. The mycotoxigenic species F. proliferatum is able to colonize the roots of garlic
plants, remaining a latent infection during growth, and develop rot during storage, affecting
almost 30% of bulbs and producing a wide range of toxins [4]. Observed symptoms include
dry brown necrotic spots, and sometimes white mycelium and water-soaked signs at the
clove surface [4].

Fusarium infections are suppressed with fungicides, the use of resistant cultivars, and the
intercropping of Allium spp., which is considered an effective method of Fusarium biological
control [6,7]. It has been shown that Fusarium growth can be suppressed by antifungal
volatiles such as 2-methyl-2-pentenal and organosulfur compounds and non-volatiles such as
spirostanol, furostanol, and steroidal saponins produced by Allium roots [8-12], as well as
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by Flavobacterium spp. accumulated in Allium rhizospheres [13]. The mechanism underlying
the fungicidal effects of Allium plants was addressed by RNA-seq analysis, which revealed
45 miRNAs involved in positive (miR164a, miR168a, and miR393) and negative (miR394)
regulation of resistance to Fusarium, and identified differentially expressed genes encoding
polysaccharide-hydrolyzing enzymes such as chitinases and -glucanases implicated in
Allium immune defense [5,14,15].

As the fungal cell wall is rich in chitin, a long-chain polymer of N-acetyl-3-D-glucosa-
mine (GIcNAc) [16], chitinases (E.C. 3.2.1.14) play an important role in plant-fungi interac-
tions. These glycoside hydrolases (GHs) inhibit the growth and spread of pathogenic fungi
through the digestion of 3-1,4-glycosidic bonds in the cell wall chitin [17], which results in
the release of chito-oligosaccharides recognized by plant receptors containing a Lys motif
(CEBiP and CERK1) and the induction of plant immune response [18,19]. Therefore, plant
chitinases are considered pathogenesis-related (PR) proteins and have been classified into
PR-3, PR-4, PR-8, and PR-11 families [20], which in turn are grouped into GH18 (PR-3 and
PR-8) and GH19 (PR-3, PR-4, and PR-11) families according to protein structure and cat-
alytic mechanism (carbohydrate-active enzymes (CAZy) database, http://www.cazy.org,
accessed on 20 January 2021) [21]. GH18 mainly comprises animal, fungal, bacterial, and
viral chitinases, whereas most plant chitinases belong to the GH19 family [22]. The few
GH18 plant enzymes are class Il and V endochitinases involved in the resistance to biotic
and abiotic stresses [23-27]; however, their antifungal activity is much lower than that of
GH19 chitinases [17,23,28], which act directly on the fungal cell wall chitin [29-31] and
whose antifungal activity depends on the protein charge [32,33].

Based on domain architecture and sequence identity, the GH19 family is divided into
classes I, I, IV, VI, and VII [29]. Class I members have an N-terminal chitin-binding domain
(CBD), a linker region enriched in Thr, Pro, and Gly residues, a catalytic domain GH19, and
a C-terminal extension (CTE). GH19 chitinases of classes I-VI lack some of these regions,
whereas class VI enzymes are similar in size and structure to class I proteins, but form a
distinct clade because of low sequence similarity in the N-terminal region [29].

Studies on purified chitinases or chitinase-overexpressing transgenic plants have
demonstrated the antifungal activity of these enzymes which either directly hydrolyze
fungal chitin or activate systemic acquired resistance in the host [34]. Thus, in both resis-
tant and susceptible Eucalyptus grandis plants vacuolar targeted class I chitinase (GH19;
Eucgrl01495), as well as clusters of putative chitinase genes, particularly on chromosomes
3 and 8§, are strongly upregulated in response to the fungal pathogen Chrysoporthe aus-
troafricana [35], whereas extracts of transgenic Nicotiana tabacum overexpressing Drosera
rotundifolia chitinase class I suppress the growth of another fungal pathogen, Trichoderma
viride [36]. These studies point on the role of class I chitinases in antifungal plant immunity;
however, the information on chitinases from Allium spp. is very limited. In onion (A. cepa
L.), eight class I and one class VII chitinases have been characterized in silico and four of
the class I enzymes are predicted to have a role in plant defense [37], whereas in garlic
(A. sativum L.), only two chitinases are annotated in the NCBI GenBank (mRNA fragments
M94105.1 and M94106.1; https:/ /www.ncbi.nlm.nih.gov/ accessed on 6 April 2021).

Complete sequencing of the garlic genome and transcriptome [38] makes it possible
to explore the genetic and functional signatures of chitinases in this species. In the present
study, we identified in silico seven putative class I chitinase-encoding genes AsCHI1-7
in the genome of A. sativum cultivar (cv.) Ershuizao and cloned their homologues from
garlic cultivars resistant and susceptible to Fusarium rot. We analyzed the structure of
genes, including their promoter regions, and their phylogeny. In addition, the expression
of AsCHI1-7 mRNA was determined in various tissues of garlic under normal conditions
and in response to F. proliferatum infection. Based on the data obtained, we suggest a role
for chitinases in garlic protection against fungal pathogens. Our results provide useful
insights into the function of A. sativum chitinases, which can be used in breeding programs
to increase the resistance to Fusarium in cultivated Allium spp.
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2. Results
2.1. In Silico Genome-Wide Identification of Class I Chitinase Genes in A. sativum cv. Ershuizao

A total of seven complete sequences of class I chitinase genes were found in the
genome and transcriptome of A. sativum cv. Ershuizao (PRINA606385, PRINA607255) and
annotated as AsCHI1-7 (A. sativum chitinases 1-7) (Table 1). The AsCHII gene is located
on chromosome 5 and the other six genes—on chromosome 6. The sizes of the identified
genes range from 1118 to 1589 bp, and the coding sequences (CDSs) range from 933 bp in
AsCHI3 to 969 bp in AsCHI6 and consist of three exons (Table 1, Figure 1A).
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Figure 1. Structural and phylogenetic analysis of garlic chitinases. (A) Evolutionary relationship and exon-intron structures
of class I chitinases from Allium sativum cv. Ershuizao (AsCHI1-7) and Arabidopsis thaliana (AT3G12500). The unrooted
dendrogram is based on amino acid sequences. Analysis was performed using the maximum likelihood method. Percentages
of replicate trees in which the associated sequences clustered together in the bootstrap test (1,000 replicates) are shown next
to the branches. (B) Sequence alignment and functionally important sites of class I chitinases from A. sativum cv. Ershuizao
and A. thaliana. The regions with 50-100% identity are shaded. The chitin-binding domain (CBD1) and glycoside hydrolase
domain (GH19) are indicated by red and blue frames, respectively. CBD1 signature PS00026 (Cx(4,5)-CSx(2)-GxCGx(4)-
[FYW]-C) is underlined in green, chitinase 19_1 signature PS00773 (Cx(4,5)-FY-[ST]-x(3)-[FY]-[LIVMF]-xAx(3)-[ YF]-x(2)-
F-[GSA])—in violet, and chitinase 19_2 signature PS00774 ([LIVM]-[GSA]-Fx-[STAG](2)-[LIVMFY]-W-[FY]-W-[LIVM])—
in orange.
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Table 1. Characteristics of predicted class I chitinase genes in the Allium sativum cv. Ershuizao genome (PRJNA606385).

Gene Genomic Location (Strand) Transcript ID in Size (bp) Number of Exons CDS (bp)

RNA-Seq Data [37] P P
AsCHI1 ch05: 744404486-744406074 (—) AsabG02504.1 1589 3 960
AsCHI2 ch06: 936506601-963507740 (+) Asab6G07412.1 1140 3 960
AsCHI3 ch06: 937609134-937610251 (+) Asa6G07419.1 1118 3 933
AsCHI4 ch06: 938113646-938115026 (—) Asab6G07424.1 1381 3 966
AsCHI5 ch06: 938164705-938166085 (—) 1381 3 966
AsCHI6  ch06: 938218393-938219916 (—) Asa6G07425.1* 1524 3 969
AsCHI7 ch06: 938640561-938642142 (—) Asab6G07427.1 1582 3 960

* AsCHI5 and AsCHI6 sequences were detected in a single 1797 bp transcript Asa6G07425.1 (1-963 bp—AsCHI6; 7-412 and 567-966

bp—AsCHI5).

Phylogenetic analysis of the AsCHI protein sequences revealed three main clades:
the first comprising closely related AsCHI4, AsCHI5, and AsCHI6 (99.1-99.4% identity),
the second—AsCHI1 and AsCHI7 (95.3% identity), and the third—AsCHI2 and AsCHI3
(90.6% identity with 30 variable residues) as well as the only known class I chitinase from
Arabidopsis thaliana (AT3G12500) (Figure 1A).

2.2. Structural and Phylogenetic Analyses of Class I Chitinases Predicted in Garlic

The sizes of the translated AsCHI homologues were 310 (AsCHI3), 319 (AsCHI1,
AsCHI2, and AsCHI7?), 321 (AsCHI4, and AsCHI5), and 322 (AsCHI6) amino acids (aa)
(Table 1). The predicted physicochemical properties of AsCHI proteins are presented in
Table 2. AsCHI aliphatic indexes showing the relative number of hydrophobic residues
were from 52.73 to 63.42 and AsCHI hydrophobicity indexes (grand average hydropathy—
GRAVY) calculated as the sum of hydrophobicity values of all residues divided by sequence
length were negative, indicating the hydrophilic nature of the translated proteins.

Similar to other GH19 class I chitinases, putative AsCHI homologues contained
a conserved CBD1 with the CHIT_BIND_I_1 signature (PS00026; C-x(4,5)-C-C-5-x(2)-
G-x-C-G-x(4)-[FYW]-C) and the GH19 catalytic domain (PF00182) with two active site
signatures: CHITINASE_19_1 (PS00773; C-x(4,5)-F-Y-[ST]-x(3)-[FY]-[LIVMF]-x-A-x(3)-[ YF]-
x(2)-F-[GSA]) and CHITINASE_19_2 (PS00774; [LIVM]-[GSA]-F-x-[STAG](2)-[LIVMFY]-W-
[FY]-W-[LIVMY]) (Figure 1B, Table 2). In addition, the GH19 domain contained a highly con-
served motif [FHY]-G-R-G-[AP]-x-Q-[IL]-[ST]-[FHYW]-[HN]-[FY]-N-Y specific for GH19
chitinases [39] and N-terminal motifs MLXXR, XFYTYX, AFXXAA, FXXTGX, and TSH
characteristic for class I chitinases [40].

The size of CBD1 (38 aa) was the same in all AsCHI proteins and those of the GH19
domains were 232 aa (AsCHI1, AsCHI2, AsCHI3, and AsCHI?7) and 233 aa (AsCHI4,
AsCHI5, and AsCHI6). N-terminal signal peptides (19-21 aa) with the predicted cleavage
site SxA-(Q/E)Q were detected in all AsCHI proteins (Table 2).

Multiple Em for Motif Elicitation (MEME)-based analysis revealed 10 conserved
motifs in putative AsCHI enzymes, including motifs 5 (CBD1) and 8 (signal peptide). Motif
10 was characteristic for the C-terminus of clade 1 proteins AsCHI4, AsCHI5, nuAsCHI6
(Figures 1A and 2).
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Table 2. Characteristics of the predicted class I chitinases in A. sativum cv. Ershuizao. GRAVY: grand average hydropathy.

Location of Specific Regions (aa)

Functional Annotation in Gene Ontology Categories

Protein Symbol  Size (aa) MW (kDa)  pl Signal Peptide CBD1 GH19 Domain Aliphatic Index  GRAVY Cellular Component Biological Process Molecular Function
chitin catabolic process
(GO:0006032)
cell wall macromolecule chitinase activity
AsCHI 319 3372 847 1-19 21-58 75-306 57.62 0304 Secretory pathway ~ rapolic process (GOMOIGE) - (CO0004%68)
ponse to fungus chitin binding
(GO:0050832) (GO:0008061)
carbohydrate metabolic process
(GO:0005975)
chitin catabolic process
(GO:0006032)
cell wall macromolecule chitinase activity
AsCHI2 319 3843 739 121 23-60 82-313 52.73 ~0275  Secretory pathway Cat;%(l’;}scafc’zﬁ‘;‘ifg (GO00169%) it
process (GO:0000272) (GO:0008061)
defense response to fungus
(GO:0050832)
chitin catabolic process
(GO:0006032)
cell wall macromolecule chitinase activity
AsCHI3 310 3274 540 121 23-60 73-304 54.26 ~0246  Secretory pathway Cat;%‘f;};ﬁiﬁﬁz (GO00169%) raticasid
process (GO:0000272) (GO:0008061)
defense response to fungus
(GO:0050832)
chitin catabolic process
(GO:0006032)
cell wall macromolecule o .
catabolic process (GO:0016998) chitinase activity
AsCHI4 321 3517 605 1-19 21-58 73-305 62.99 —0346  Secretory pathway polysaccharide catabolic (GO:0004568)
. . . - chitin bindin
process (GO:0000272) (GO'0008061§
defense response (GO:0006952) ’
response to fungus
(GO:0009620)
chitin catabolic process
(GO:0006032)
cell wall macromolecule hiti tivit
catabolic process (GO:0016998) cht mése activity
AsCHI5 321 3526 588 1-19 21-58 73-305 62.99 —0357  Secretory pathway  defense response (GO:0006952) (£0:0004368)
response to fungus (GO:00080 61§

(GO:0009620)
carbohydrate metabolic process

(GO:0005975)
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Table 2. Cont.

Location of Specific Regions (aa)

Functional Annotation in Gene Ontology Categories

Protein Symbol  Sij MW (kD 1 Aliphatic Ind,
rotemn Symbo ize (aa) &ba) P Signal Peptide CBD1 GH19 Domain tphatic Index GRAVY Cellular Component Biological Process Molecular Function
chitin catabolic process
(GO:0006032)
cell wall macromolecule hiti tivit
catabolic process (GO:0016998) ¢ lGlgaSS OZC516‘E]51 y
AsCHI6 322 35.34 5.88 1-20 22-59 74-306 63.42 —0.349 Secretory pathway defense response (GO:0006952) (GO:0004568)
response to fungus chitin binding
(GO:0009620) (GO:0008061)
carbohydrate metabolic process
(GO:0005975)
chitin catabolic process
(GO:0006032)
cell wall macromolecule chitinase activity
catabolic process (GO:0016998) (GO:0004568)
AsCHI7 319 33.79 6.19 1-19 21-58 75-306 60.06 —0.325 Secretory pathway defense response to fungus chitin binding
(GO:0050832) (GO:0008061)

carbohydrate metabolic process
(GO:0005975)
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Name p-value Motif Locations
AsCHI1 867e-281 | I I I |
AsCHI2 488e261 ML | NN N 1 | |
AsCHI3  1.22e-260 HRET] I I 1 | |
AsCHI4 0.00e+0 I ] I I || | I
AsCHI5 0.00e+0 I N I i || | I
AsCHI6 0.00e+0 HTT ] I A || I 1]
AsCHI7 5.04e-203 I I DN i 1] I |
Motif Symbol Motif Consensus

1. M FNQMLLHRBDYSCPARGFYTYDAFIAAANSFBGFGTTGDIDTRKREIAAF

2. I KYYGRGPIQJSYNYNYGPAGRAIGZDLLABPDLVASDPTVSFKTAIWEWM

3. '] TITNITINGGSECGHGEDDRVNDRIGFYKRYCDILRVDPGQNT.DCNNQLPF

4. I QTSHETTGGGPAAPDGPY SWGYCFKEEQGNPPDYCSPSAQW

5. [ ISLSVILGSTAQQCGWQAGGALCPDGLCCSREGYCGATDEYCGQDCQSQC

6. I SPKPSCHDVITGHWFPSAADRAAGRYPGY

7. 1 PGPPSGVASIISAYQ

8. B MKAYIAAI

9. 0 PCAPGK

10. O KLLPAISV

Figure 2. Distribution of conserved motifs in AsCHI proteins of A. sativum cv. Ershuizao. Analysis was performed using
Multiple Em for Motif Elicitation (MEME) 5.3.0. The length of each box corresponds to that of the motif.

The total ratio of basic (Arg, His, and Lys) to acidic (Asp and Glu) residues in putative
AsCHI proteins was 27/17 (AsCHI1), 24/18 (AsCHI2), 19/19 (AsCHI3), 34/30 (AsCHI4,
34/31 (AsCHI5), 34/31 (AsCHI®6), and 26/23 (AsCHI?). Considering the pl value deter-
mined for each studied chitinase (Table 2), it can be proposed that AsCHI1 and AsCHI2are
basic enzymes, while the rest of the proteins are acidic rather than basic.

Functional annotation in gene ontology (GO) terms predicted that the AsCHI proteins
had chitinase activity and chitin-binding ability, and were involved in the catabolism of
chitin, cell wall macromolecules, polysaccharides and carbohydrates, and in plant response
to fungal infection (Table 2).

In the NCBI database of non-redundant protein sequences, AsCHI1 had the highest
degree of identity with chitinases of Cocos nucifera (EHA8588849.1; 76%) and Chimonanthus
praecox (ACNb55075.1; 75%), AsCHI2—-with chitinases of Ananas comosus (CAD1821239.1,
OAY84822.1; 78%) and C. nucifera (EHA8588849.1; 77%), AsCHI3—with chitinases of Elaeis
guineensis (XP_010941404.1; 77%) and C. nucifera (EHA8588849.1; 77%), AsCHI4-6—with
chitinases of E. guineensis (XP_010941401.1; 68%), Phoenix dactylifera (XP_026656006.2;
66%), and Acacia mangium (BAO45893.1; 66%), and AsCHI7—with chitinases of C. nucifera
(EHAS8588849.1; 78%), E. guineensis (XP_010941404.1; 76%), and Cinnamomum micranthum
(RWR90612.1; 76%).

2.3. In Silico Analysis of the Expression of A. sativum Class I Chitinases

Next, we analyzed the expression of class I chitinase genes in various tissues (roots,
bulbs, pseudostem, leaves, buds, flowers, and sprouts) of A. sativum cv. Ershuizao based on
transcriptomics data (PRJNA607255 and GSE145455 [38]). The analysis of gene expression
in bulbs was more detailed than for other tissues, and included eight developmental stages
(from 192 to 227 days old), since this underground part of the plant is most susceptible to
Fusarium infection with visible symptoms. A less detailed analysis of other tissue types, in
addition to the above, is due to the presence of transcriptome data for these tissues only for
one stage [38].

Figure 3 shows that AsCHI2/AsCHI3 and AsCHI4-6 had a similar expression pattern
within each clade, whereas those of AsCHI1 and AsCHI7 were rather different. AsCHI4-6
showed maximum expression in the pseudostem and shoots, and AsCHI2/AsCHI3—in the
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pseudostem. The AsCHI1 gene was strongly expressed in the roots and AsCHI7—in the
roots, pseudostem, and flowers.

-,

311 3
Row Z-Score

Asa6G07419.1
(4sCHI3)

Asa6GOT412.1,
(AsCHI2)

Asa6G07425.1
(4sCHIS, AsCHI6)

Asa6G07424.1
(4sCHI4)

Asa6G07427.1
(AsCHI7)

Asa5G02504.1
(AsCHII)

roots
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bulbs 2
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bulbs 4
bulbs 5
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bulbs 7
bulbs 8
ps stem
leaves
buds
flowers
sprouts

Figure 3. Heatmap of AsCHI1-7 mRNA expression in Allium sativum cv. Ershuizao tissues. Gene transcription was analyzed
in roots, bulbs (1, 2, 3, 4, 5, 6, and 7 correspond to 192-, 197-, 202-, 207-, 212-, 217-, 222-, and 227-day-old bulbs), pseudo (ps)
stems, leaves, buds, flowers, and sprouts. Colors red to green indicate a gene expression gradient from low to high.

During bulb development, the expression of AsCHI2, AsCHI3, AsCHI5, and AsCHI6
was quite weak, whereas that of AsCHI4 showed a bell shape, increasing up to stage 4 and
then decreasing. The expression of AsCHI7, which was almost absent at stages 1 and 2,
gradually increased, reaching a maximum at stage 7, whereas that of AsCHI1 peaked at
stage 3 (Figure 3). It should be noted that all genes, except AsCHI1, had a high mRNA

expression level in the pseudostem, whereas only AsCHI1 and AsCHI7 were strongly
expressed in the roots.

2.4. Promoter Analysis of Garlic Class I Chitinase Genes

The AsCHI1-7 sequences upstream of the initiation codon (~1.0 kb), which predictably
included the promoter and 5'UTR, were amplified and analyzed for hormone- and stress-
responsive elements. The search for sites important for gene transcription showed that the
AsCHI1-7 regulatory regions contained 13 hormone-responsive elements (ABRE, ABRE3a,
ABRE4, CARE, AUXRR-core, TGA-box, TGA-element, CGTCA-motif, TCA-element, TATC-
box, P-box, GARE-motif, and ERE), and 12 stress-responsive elements (ARE, DRE1, DRE
core, LTR, MBS, STRE, F-box, AT-rich sequence, TC-rich repeats, W-box, Wun-motif, and
WRE3) (Table 3). Among them, four elements (methyl jasmonate (MeJA)-responsive
CGTCA motif, ethylene (ET) responsive ERE, anaerobic induction essential ARE, and

stress responsive STRE) were common for all analyzed genes which, however, differed in
their numbers.
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Table 3. Regulatory elements found in silico in the promoter sequences of Allium sativum cv. Ershuizao class I chitinase
genes. MeJA: methyl jasmonate.

Number of Elements Found in Gene Promoters

Functional
. L. A tati Motif
Description nnotation ot AsCHI1 AsCHI2 AsCHI3 AsCHI4 AsCHI5 AsCHI6 AsCHI7
Cis-acting elements ABRE 6 1 2 1
involved ingabscisic ac,id ABRE3a 4
response ABRE4 4
P CARE 1 1
Cis-acting elements AUXRR-core 1 1 1
involved in a%lxin response TGA-box 1 1
P TGA-element 1 1 5
Hormone
responsive Cis-acting element involved CGTCA- 1 1 5 ’ 7 ’ 1
in MeJA response motif
C%s-ac’qng glemen’c involved TCA-element ’ 1 1
in salicylic acid response
Cis-acting element involved TATC-box 1
in gibberellin response P-box 1 1
GARE-motif 1 2 1 1
Ethylene-responsive element ERE 1 2 9 1 2 2 2
Cis-acting eleI.ngnt essgnhal ARE 4 3 1 8 ’ 3 ’
for anaerobic induction
Dehydration-responsive DRE1 2
element DRE core 1 1 1
Cls—actmg element involved LTR 1 1 3 1
in low temperature response
MY.B—bmdmg site involved MBS 1 1
in drought response
Stress Stress-responsive element STRE 4 1 2 4 5 1 1
responsive
p Salt and heavy metal stress F-box 1 1
response element
Maximal elicitor-mediated AT-rich )
activation sequence
Cis-acting element involved TC-rich

in defense and 1 1

repeats
stress responses
Fungal elicitor and W-box 1 5 1 ’ 1
wound responses
Wound-responsive element Wun-motif 2 1 2 2
Wound and WRE3 1 1 1

pathogen response

AsCHI1 contained six abscisic acid (ABA)-responsive elements (ABRE), whereas the
other genes contained one or two; ABRE3a and ABRE4 as well as dehydration-responsive
DRE1 were found only in the AsCHII gene (Table 3).

AT-rich sequence (maximal elicitor-mediated activation) was present only in AsCHI2,
whereas ABA-responsive CARE and auxin-responsive TGA-box were found in AsCHI2
and AsCHI3, and defense and stress responsive TC-rich repeats—in AsCHI6 and AsCHI7.
WRES3 involved in wound and pathogen responses was detected in AsCHI2, AsCHI5, and
AsCHI7, and salicylic acid (SA)-responsive elements were found in AsCHI2, AsCHI3, and
AsCHI7 (Table 3).
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cv. Sarmat

Control

cv. Strelets

Figure 4. Symptoms of Fusa

There were no ABA- and auxin-responsive elements in AsCHI6, whereas gibberellin
(GA)-responsive elements were absent in AsCHI1 and AsCHI7, and dehydration-responsive
elements—in AsCHI3, AsCHI4, and AsCHI5. Low temperature-responsive elements were
absent in AsCHI2, AsCHI5, and AsCHI7, drought- and salt/heavy metals-responsive
elements—in AsCHI3-7, and W-box (fungal elicitor and wound responsive)—in AsCHI4
and AsCHI7 (Table 3).

2.5. Class I Chitinase Gene Expression in cv. Sarmat and Strelets Infected with F. proliferatum

Data on chitinase genes obtained for cv. Ershuizao were used to elucidate the possible
roles of the identified genes in two garlic cultivars known to be resistant and susceptible,
respectively, to Fusarium infection.

Garlic cv. Sarmat and Strelets resistant and susceptible to Fusarium rot, respectively,
were infected with F. proliferatum, and analyzed for disease symptoms after 24 and 96 h.
In cv. Sarmat, there were no symptoms of infection, whereas in cv. Strelets, the roots
showed white fungal mycelium cover after 96 h (Figure 4). White mycelium is the reported
symptom of Fusarium rot. Consequently, the external growth of the pathogen is observed
only in the case of root colonization and indicates the sensitivity of the cultivar to this
infection, while the tissues of the resistant cultivar are able to suppress the growth of fungi.
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rium rot disease in infection-resistant (Sarmat) and -susceptible (Strelets) garlic cultivars. Cloves

were soaked in the suspension of F. proliferatum (Fp) conidia for 5 min and analyzed after 24 and 96 h; control cloves were

treated with distilled water.

As sequences of some chitinase genes were very similar, common primer pairs were
used to amplify AsCHI4-6 and AsCHI1/AsCHI7. In these cases, the resulting products
were sequenced to determine preferentially expressed genes.

Analysis of AsCHII-7 expression in roots, stems, and cloves of infected and control
plants revealed that AsCHI1/AsCHI7, AsCHI2, and AsCHI3 were transcribed in all analyzed
organs, whereas AsCHI4—6—only in cloves (Figures 5 and 6). In Sarmat roots, the chitinase
genes were significantly upregulated at 24 and 96 h after infection and in Strelets roots,
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the upregulation was observed only at 24 h, whereas at 96 h the expression of some genes
was decreased (AsCHI1/AsCHI?), slightly increased (AsCHI2), or was the same (AsCHI3)
compared to the control (Figure 5). In the stems, the activation of class I chitinase genes
was observed in both cultivars at 24 h, but in cv. Sarmat it almost doubled that in cv. Strelets;
however, at 96 h the expression of all AsCHI genes was significantly downregulated. In the
cloves, the transcription of the analyzed genes was overall higher in all infected samples
compared to the control. The mRNA expression of AsCHI2 and AsCHI3 increased with
time; in cv. Strelets, it markedly exceeded that in cv. Sarmat where the expression level at 24
h was almost the same as in the control. However, the transcription of AsCHI1/AsCHI7 and
AsCHI4-6 had different dynamics in the two cultivars, increasing with time in cv. Strelets

and decreasing in cv. Sarmat (Figure 5).
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Figure 5. Expression of the AsCHI genes in roots, stems, and cloves of Allium sativum cv. Sarmat and Strelets after 24 and
96 h of Fusarium proliferatum infection. The data were normalized to GAPDH and UBQ mRNA levels and presented as the

mean + SE (1 = 3) compared to control taken as 1. * p < 0.05 compared to uninfected control.
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Figure 6. Expression of the AsCHI genes in roots, stems, and cloves of Allium sativum cv. Sarmat and Strelets: in control (C)

and treated (T; after 24 and 96 h of Fusarium proliferatum infection) plants. The data were normalized to mRNA levels of
GAPDH and UBQ genes and presented as the mean =+ SE (1 = 3).

In control plants, the expression of the AsCHI genes was also time-dependent (Figure 6).
In both analyzed cultivars, AsCHI1/AsCHI7 transcription increased from 24 to 96 h, except
for cv. Strelets cloves, where it decreased. Compared to 24 h, at 96 h AsCHI2 and AsCHI3
were upregulated in the stems but downregulated in the roots and cloves, whereas AsCHI4—
6 was slightly upregulated in the cloves of cv. Sarmat but significantly downregulated in
those of cv. Strelets. In the stems of uninfected cv. Strelets, the levels of AsCHI2, AsCHI3,

and AsCHI1/AsCHI7 expression were higher than in those of cv. Sarmat (Figure 6).

2.6. Expression and Characterization of AsSCHI CDSs in A. sativum cv. Sarmat and Strelets

To determine which genes of AsCHI1/AsCHI7 and AsCHI4-6 clades were expressed in
the tissues of the two garlic cultivars, we performed sequencing of PCR-amplified products,
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which revealed that only AsCHI7 and AsCHI5 were transcribed in the roots, stems, and
cloves of both cultivars.

CDSs of AsCHI2, AsCHI3, AsCHI5, and AsCHI7 (Table 1) were amplified from the
cDNA of garlic cv. Sarmat and Strelets using 5'- and 3’- UTR-specific primers and se-
quenced; the data have been deposited in the NCBI GenBank (Table 4). The sequences
of AsCHI genes from the two cultivars were almost identical to those from cv. Ershuizao
(Table 1), except for a few single nucleotide polymorphisms: 450A > T, 520T > C, 816C >
T, and 940T > C (AsCHI2), 141T > C, 486T > A, 696G > A, 712A > G, 777C > T, 891C > A,
and 915C > A (AsCHI3), 757G > A and 765C > G (AsCHI5, cv. Sarmat only), and 198A > G,
330A > T, 414C > T, 699A > G, 834T > C, and 901G > A (AsCHI?).

Table 4. Characteristics of AsCHI homologous genes identified in Allium sativum cv. Sarmat and Strelets. CDS: coding

Sequence.
cv. Sarmat cv. Strelets
G
ene NCBI ID Number  Gene(bp) ~ CDS(bp)  Protein(aa) ~ NCBIID  NUMOCT  Gene(bp) ~ CDS(bp)  Protein (aa)
AsCHI2  MW770892 4 1141 960 319 MW?770893 4 1141 960 319
AsCHI3 ~ MW770894 7 1118 933 310 MW?770895 7 1118 933 310
AsCHI5 ~ MW77089% 2 1397 966 321 MW?770897 0 1397 966 321
AsCHI7 ~ MW770898 6 1579 960 319 MW?770899 6 1579 960 319

AsCHI2, AsCHI3, AsCHI5, and AsCHI7 proteins did not differ in size from cv. Er-
shuizao chitinases but contained the following residue substitutions: neutral S174P (AsCHI2),
T238A (AsCHI3), and V2531 (AsCHI5; cv. Sarmat), and radical G301S (AsCHI?).

2.7. Analysis of Promoters in Class I Chitinase Genes Differentially Expressed in cv. Sarmat and
Strelets after F. proliferatum Infection

We next amplified and analyzed the promoters (~1.0 kb before the start codon) of
the AsCHI2, AsCHI3, and AsCHI7 genes, which were differently regulated in cv. Sarmat
and Strelets in response to F. proliferatum infection. The AsCHI2 promoter differed from
the corresponding cv. Ershuizao sequence by four nucleotide substitutions, and between
Sarmat and Strelets sequences by 1 bp indel at position —451 relative to cv. Ershuizao
AsCHI2 promoter.

The AsCHI3 promoter differed from the corresponding cv. Ershuizao sequence by nine
nucleotide substitutions and three indels (1, 3, and 20 bp). The 20 bp indel (TTGCTGACGT-
GAGAAAGGCA) was present at position —365 in cv. Sarmat and Strelets but at position
—874 in cv. Ershuizao, which can be explained by inaccuracies in the assembly of the A.
sativum genome. The AsCHI7 promoter was identical in both cv. Sarmat and Strelets, and
differed from the corresponding cv. Ershuizao sequence by 12 SNPs and two indels (2, and
3 bp).

The search for sites important for AsCHI2, AsCHI3, and AsCHI7 transcription in cv.
Sarmat and Strelets revealed the same cis-regulatory elements as in the AsCHI2 promoter of
the corresponding genes in cv. Ershuizao (Table 3). Compared to cv. Ershuizao, the AsCHI3
promoter of cv. Sarmat and Strelets acquired two additional elements, ABRE and P-box, at
position —365 in cv. Ershuizao AsCHI3 promoter and lost the W-box element; the AsCHI7
promoter of cv. Sarmat and Strelets acquired additional TC-rich repeat.

3. Discussion

The genus Allium (family Amaryllidaceae, order Asparagales) comprises 971 species,
including economically important cash crops such as diploid garlic A. sativum, which
has one of the largest genomes (16.24 Gb vs. 157 Mb of A. thaliana genome) among
vegetables [38,41,42]. Significant pre- and post-harvest losses of garlic regularly occur
worldwide because of diseases caused by soil fungi of the Fusarium genus [43]. The
antifungal activity of class I chitinases indicate their role in the mechanism of garlic
resistance to Fusarium rot, which can make these enzymes a promising target in crop
breeding programs.
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In the present study, we identified and characterized seven class I chitinase genes
in the A. sativum cv. Ershuizao genome [38]); among them, four were amplified from
garlic cv. Sarmat and Strelets resistant and susceptible to Fusarium rot, respectively. All
the genes were orthologues of the only known A. thaliana class I chitinase gene (PR3;
OAP02400.1), suggesting redundancy or, conversely, functional divergence among AsCHI1-
7, such as involvement in differential responses to various stresses and pathogens. Analysis
of chromosomal localization showed that the garlic genome contained two clusters of
tandemly arranged chitinase genes, AsCHI4—7 and AsCHI/AsCHI2, which may be a result
of tandem duplication. All AsCHI1-7 genes had only two introns (Figure 1), which is
similar to the structure of Brassica rapa chitinase genes shown to be induced at the early
stage of clubroot infection [44]. This finding confirms the hypothesis about the rapid
regulation of stress-related genes during stress, which is considered to be partly due to a
low number of introns [45,46].

All putative AsCHI1-7 proteins contained chitin-binding and catalytic domains, sug-
gesting functional conservation of garlic class I enzymes in regard to chitin hydrolysis. The
presence of N-terminal signal peptides indicates the secretion of mature proteins, which
is supported by GO analysis predicting the involvement of AsCHI1-7 in the secretory
pathway (Table 2) and is in agreement with the subcellular localization of A. thaliana chiti-
nases [47]. The structure of putative AsCHI1-7 chitinases may also indicate participation
in the response to fungal pathogens, as apoplastic chitinases were shown to be induced at
the early stage of infection and block the intercellular hyphae growth, acting together with
pathogen elicitors to initiate downstream defense pathways [48].

The expression of chitinase genes is triggered by phytohormones (e.g., MeJA and
SA) and pathogen attack [49-51]. Thus, 20 hormone- and stress-related cis-regulatory
elements were found in the promoters of the Cucumis sativus chitinase genes [52]. Cis-
acting elements associated with response to SA, MeJA, auxin, ET, and GA as well as
TC-rich repeats involved in defense and stress response were identified in the promoters
of B. rapa class I chitinase genes [44]. Similar to C. sativus, but unlike B. rapa, the AsCHI1-
7 promoters contained elements associated with the response to ABA as well as those
related to immune defense and response to elicitors and various stresses such as anaerobic
conditions, dehydration, low temperature, salinization, heavy metals, and wounding
(Table 3). Among the detected stress response elements, the fungal elicitor-responsive
W-box was reported to be associated with the induction of chitinase gene expression
by a transcription factor implicated in host antifungal defense [53]. It is assumed that
other stress-responsive elements such as STRE and WUN-motif mediate pathogen- and/or
elicitor-inducible transcription of chitinase genes [52,54].

In plants, pathogen attacks induce systemic or local acquired resistance associated
with antagonistic SA and JA defense signaling, respectively [21,55]. The SA pathway leads
to the accumulation of PR1, PR2, and PR5 proteins, whereas the JA pathway—to that
of PR3, PR4 and PR12 proteins [21]. Thus, in garlic an attack by necrotrophic Fusarium
fungi should trigger JA signaling, including the activation of class I chitinases belonging to
PR3, PR4, and PR11 families, because the AsCHI1-7 promoters contain MeJA-responsive
elements, indicating the participation of AsCHI1-7 enzymes in local acquired resistance.
However, SA-responsive elements found in the promoters of AsCHI2, AsCHI3, and AsCHI7
genes may also suggest their role in systemic acquired resistance.

ET is responsible for the defense against necrotrophic pathogens [55], and the presence
of the ET-responsive element ERE found in all AsCHI1-7 promoters (Table 3) suggests the
possibility of their induction by ET after Fusarium attack.

Infection with pathogens can also modulate ABA homeostasis in host plants [44]. For
example, infection with necrotrophic pathogen Botrytis cinereal promotes ABA biosynthesis
in Arabidopsis [56], whereas increased ABA biosynthesis in tomatoes in response to bacterial
attack inhibits pathogen penetration through stomatal closure [57]. Four AsCHI genes
contain ABA-responsive promoter elements; among them, AsCHI1 contains 14 (Table 3).
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An important role in mediating biotic stress response is played by the crosstalk of
JA with auxins and GAs, which promotes plant growth [58]. Among the AsCHI gene
promoters, GA-responsive elements were absent only in AsCHI1 and AsCHI7; however, the
AsCHI7 promoter had six auxin-responsive elements. Thus, AsCHI1 and AsCHI7 may not
participate in GA-mediated defense, but may be involved in ABA- and auxin-mediated
response, respectively, to Fusarium.

A possible role of the identified chitinases in the protection of garlic against Fusarium
was revealed by examining the AsCHI1-7 expression pattern in tissues of control and
infected bulbs of garlic cultivars differing in the resistance to Fusarium basal rot. The
results indicated that three genes, AsCHI1, AsCHI4, and AsCHI6, were not functional in cv.
Sarmat and Strelets, since their mRNA could not be detected irrespectively of F. proliferatum
infection; in contrast, AsCHI4 and AsCHI1 transcripts were observed in the pseudostem and
roots, respectively, of cv. Ershuizao (Figure 3). It is possible that these genes are expressed in
a cultivar-specific manner and involved in responses to pathogens other than Fusarium spp.
AsCHI2, AsCHI3, and AsCHI7 were transcribed constitutively, whereas AsCHI5 expression
was specific to cloves ((Figure 6).

All genes were differentially regulated by infection, which is consistent with the in-
duction of chitinase expression in plants under biotic stresses [21]. In both resistant and
susceptible cultivars, AsCHI2, AsCHI3, and AsCHI7 genes showed early induction, except
for AsCHI2 and AsCHI3 in cv. Sarmat cloves, where these genes were upregulated later
(Figure 5). The most pronounced difference between the response of the resistant and sus-
ceptible cultivars to Fusarium was the time-dependent upregulation of AsCHI2 and AsCHI3
expression in cv. Sarmat roots and their downregulation in cv. Strelets roots. Furthermore,
AsCHI7 and AsCHI5 mRNA levels decreased in the cloves of cv. Sarmat while increasing
in those of cv. Strelets (Figure 5). These results suggest that the expression of AsCHI2, As-
CHI3, AsCHI5, and AsCHI7 may underlie the difference between resistant and susceptible
cultivars in the response to Fusarium infection. The identical promoter sequences of these
genes in resistant and susceptible garlic plants suggest that their expression after infection
is controlled at the level of the activity of transcriptional regulators.

The results obtained can be useful for breeding programs with the aim of increasing
the resistance of onion crops to Fusarium infections, since chitinases, which have antifungal
activity and are differently expressed in cultivars resistant and susceptible to fungi, may
be involved in plant defense from pathogens. The protective effect can be achieved by
homologous and heterologous overexpression of chitinase genes, which has already been
tried by many researchers. For example, overexpression of the Momordica charantia chitinase
gene McCHIT1 in rice (Oryza sativa subsp. indica) significantly increased the resistance
of transgenic lines to Sheath blight compared to wild-type plants [59]. Heterologous
overexpression of the Coniothyrium minitans chitinase gene CmCH]1 led to the upregulation
of defense-related genes and enzymes in soybean plants, and thus enhanced their resistance
to Sclerotinia sclerotiorum infection [60].

4. Materials and Methods
4.1. In Silico Identification and Structural Characterization of A. sativum Class I Chitinase Genes

The search for class I chitinase genes was performed in the A. sativum cv. Ershuizao
transcriptome sequence (NCBI accession number: PRJNA607255) and whole-genome
shotgun contigs (NCBI accession number: PRINA606385) [38]; partial sequences of A.
sativum class I chitinases (M94105.1 and M94106.1) were used as references. We selected
sequences that contained start and stop codons and full-length CBD1 and GH19 domains
characteristic of class 1 chitinases but did not have premature stop codons in CDSs.

Multiple sequence alignment and structural and phylogenetic analyses of chitinase
genes and encoded proteins were conducted with MEGA 7.0.26 [61]. To predict exon—
intron structures, chitinase genes and CDSs were analyzed with GSDS v2.0 [62]. Pre-
dicted proteins were characterized by molecular weight, isoelectric point (pI), aliphatic
index and grand average hydropathy (GRAVY) (ExPASy ProtParam; https://web.expasy.
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org/protparam/; accessed on 10 November 2020), conserved domains, sites, and mo-
tifs (NCBI-CDD, https://www.ncbinlm.nih.gov/cdd, accessed on 10 November 2020;
UniProt, https://www.uniprot.org/, accessed on 10 November 2020; and Multiple Em
for Motif Elicitation (MEME 5.1.1) [63], http://meme-suite.org/tools/meme, accessed
on 1 December 2020), biological processes and molecular functions (PANNZER?2; http:
/ /ekhidna2.biocenter.helsinki.fi/sanspanz/, accessed on 1 December 2020), subcellular
localization (BaCello; http://gpcr2.biocomp.unibo.it/, accessed on 1 December 2020), the
functional importance of residue substitutions (PROVEAN; [64]), and signal peptide cleav-
age sites (SignalP 5.0; http://www.cbs.dtu.dk/services/SignalP/, accessed on 1 December
2020). The phylogenetic dendrogram was constructed based on protein sequences using
the MEGA 7.0.26 (maximum likelihood (ML) method); confidence for tree topologies was
estimated by bootstrap values of 1000 replicates.

4.2. In Silico mRNA Expression Analysis

The expression of class I chitinase genes in garlic tissues was determined using A.
sativum cv. Ershuizao RNA-Seq data (FPKM; ID: PRJNA607255) [38] and visualized using
Heatmapper [65].

4.3. Gene Identification

To amplify full-length chitinase genes from garlic cultivars, gene-specific primers were
designed based on A. sativum cv. Ershuizao transcriptomic data (NCBI accession number:
PRJNA607255) (Table 5); manual revision of sequence polymorphisms and additional
evaluation were performed using Primer3 (http://frodo.wi.mit.edu/primer3/, accessed
on 15 October 2020). Genomic DNA was isolated from young leaves of a single plant of
each cultivar accession as previously described [66] and used as a template (100 ng) for PCR
amplification at the following conditions: initial denaturation at 94 °C for 5 min, 35 cycles
of denaturation at 94 °C for 30 s, primer annealing at 55 °C for 30 s, and extension at 65
°C for 2 min, and final extension at 65 °C for 5 min. The amplified PCR products of the
expected size were purified by using the QITAEX® II Gel Extraction kit (QIAGEN, Hilden,
Germany), cloned in the pGEM®-T Easy (Promega, Madison, WI, USA), and sequenced
(3-5 clones for each accession) on ABI Prism 3730 DNA Sequencer (Applied Biosystems,
Waltham, MA, USA) using the designed primers.

4.4. Plants, Fungi, and Fusarium Infection Assay

Accessions of garlic cv. Sarmat and Strelets resistant and susceptible to Fusarium rot,
respectively, were kindly provided by the Federal Scientific Vegetable Center (Moscow
region, Russia) and F. proliferatum was kindly provided by the Group of Experimental
Mycology, Winogradsky Institute of Microbiology (Research Center of Biotechnology of
the RAS, Moscow, Russia).

The choice of cultivars for comparative analysis was based not only on the difference
in resistance to fungal diseases, but also on the similarity of other varietal morphological
characteristics for the possible elimination of their influence on the experimental results.
Both cultivars are winter garlic of Russian breeding. These are mid-season, shooting
varieties: the leaf is green with a waxy bloom of medium intensity, leaf length/width
is 50-51/2.0-2.3 cm; the bulb is round—flat, 65 g; the number of cloves is 5-7 (Strelets)
or 7-11 (Sarmat); the structure of the cloves is simple; the color of dry scales is lilac—
purple (Strelets) or lilac-white with anthocyanin streaks (Sarmat), leathery scales are brown
(Strelets) or light pink (Sarmat), the flesh is white; productivity is 2.0 (Strelets) and 1.9
(Sarmat) kg m 2. Data on the resistance of cultivars to F. oxysporum infection were obtained
from their originators (the Federal Scientific Vegetable Center, Moscow region, Russia).
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Table 5. List of primers for AsCHI1-7 gene amplification, sequencing, and expression analysis.

Genes/Gene Groups

Primer Sequences (5'—3')

Amplicon Size (bp)

Application

AsCHI1 ATAAAAGYGGTGGTACATTGC 1100
AsCHI7 GTACATAAAACTCATRTGCGWA
GTAGATRCAGTCCTRCTGCT
AsCHI2 ~1100
ATATCATATGACGACTTCGC Gene amplification and
GTAGATRCAGTCCTRCTGCT sequencing
AsCHI3 ATTGCACATGTATCATATGAGG ~1100
g:gﬂﬁ TAAAAGGAGAGGTACGCAC 1100
GTAATTATTGCAAGCATCGTAA
AsCHI6
CTTTCCAGAAACCTGTGACT
AsCHI2 TGCAGCTGCTATGAAGGCA ~1000
ASCHI3 GTAAATGAGCATGGGTAAGTTG 1000 Regulatory region
° GTATTGGCTGCAGCATAGC - amplification and sequencing
AGCACCACCAGCTTGTCTA
AsCHI7 ATGAGAACCGCGTTGATCGT ~1000
AsCHI1 GTACCACTGGGGATACCGAT 1
AsCHI7 CCCCATGAATATGGTCCATCG
GGAACCACTGGAGACATCAATG
AsCHI2 GCCTTGTTCTTGCTTGAAGCAG 140
qRT-PCR
ASCHI3 GGAACCACTGGAGACATCGATA 40
GCCTTGTTCTIGCTTGAAGCAG
gzggﬁ GGTACCACCGGGAGTATTGAC e
e ACCCCATGAATATGGTCCACCT

The F. proliferatum strain was previously isolated from garlic bulbs (cv. Strelets); the

pathogenicity test showed that the first signs of the decease appear on the surface of the
treated cloves after five days of infection (Filyushin et al., Plant Desease, accepted 3 April
2021). Since this strain was identified in cv. Strelets, and, in addition, it was identified for
the first time in Russia, it was decided to use this particular strain in the present study.

The number of cloves in a bulb (5-7 for cv. Strelets and 7-11 for cv. Sarmat) determined
the number of cloves used per biological replicate in the Fusarium infection experiment. In
total, six bulbs of each cultivar were used; six cloves from each bulb were processed and
halved for control and experiment.

Cloves of each cultivar were sterilized in 70% ethanol for 3 min, rinsed with sterile
water, placed in Petri dishes with wet filter paper, and incubated at +25 °C in the dark.
After 36 h, active root growth was observed and half of the cloves of each cultivar were
infected by soaking in F. proliferatum conidial suspension (~10° conidia mL~!) for 5 min
(the inoculation procedure was carried out according to [67]). Then, the infected cloves
were transferred to fresh Petri dishes and incubated at +25 °C in the dark; uninfected cloves
were used as the control. The experiment was performed in three biological replicates.
Various tissues (roots, stems (basal plates), and cloves) were collected at 24 (tissues of three
out of six treated and control cloves from each replicate) and 96 h (tissues of the remaining
three treated and control cloves from each replicate) after inoculation, immediately frozen
in liquid nitrogen, and stored at —80 °C. Expression was checked at 24 h and 96 h after
inoculation, as it has been reported that the genes of certain pathogenesis-related proteins
showed peak expression 1-3 days after inoculation with hemibiotrophic pathogens [52,68].
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4.5. RNA Extraction and Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted from individual roots, stems, and cloves (0.5 g of each tissue,
pre-ground to powder in liquid nitrogen) using the RNeasy Plant Mini Kit (QIAGEN,
Hilden, Germany), purified from genomic DNA (RNase free DNasy set; QIAGEN, Hilden,
Germany), qualified by gel electrophoresis, and used for first-strand cDNA synthesis
(GoScript Reverse Transcription System; Promega, Madison, WI, USA) with an oligo-dT
primer. RNA and cDNA concentrations were quantified by fluorimetry (Qubit® Fluorome-
ter, Thermo Fisher Scientific, Waltham, MA, USA) and qRT-PCR was performed in a CFX96
Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) with 3.0 ng
of cDNA, SYBR Green RT-PCR mixture (Syntol, Moscow, Russia), and specific primers
(Table 5). The following cycling conditions were used: initial denaturation at 95 °C for
5 min and 40 cycles of denaturation at 95 °C for 15 s and annealing/extension at 60 °C
for 40 s.

AsCHI gene expression was normalized using two reference garlic genes, GAPDH [69]
and UBQ [70], and qRT-PCR results were statistically analyzed with Graph Pad Prism
version 8 (GraphPad Software Inc., San Diego, CA, USA; https://www.graphpad.com/
scientific-software/prism/, accessed on 12 December 2020). The data were expressed as
the mean + standard deviation (SE) based on three technical replicates of three biological
replicates for each combination of cDNA and primer pairs. The unequal variance (Welch’s)
t-test was applied to assess differences in gene expression; p < 0.05 was considered to
indicate statistical significance.

4.6. Promoter and 5'-UTR Identification and Analysis

The regulatory regions of chitinase genes were amplified by PCR using specific primers
designed based on A. sativum cv. Ershuizao transcriptome sequence (Table 5), purified,
cloned, and sequenced. The search of specific cis-elements in promoters and 5'-UTRs (1.0 kb
regions upstream of the initiation codon) was performed using the PlantCARE database,
which provides an evaluation of cis-regulatory elements, enhancers, and repressors [71]; (http:
/ /bioinformatics.psb.ugent.be/webtools/plantcare /html/; accessed on 25 January 2021).

5. Conclusions

We identified and characterized seven genes encoding class I chitinases in A. sativum
cv. Ershuizao and cloned AsCHI2, AsCHI3, AsCHI5, and AsCHI7 homologues from two
garlic cultivars resistant and susceptible to Fusarium rot. The chitinase gene promoters con-
tained hormone- and stress-responsive elements, including those associated with responses
to fungal pathogens and their elicitors, suggesting that the putative garlic chitinases partic-
ipate in local acquired resistance, whereas AsCHI2, AsCHI3, and AsCHI7 may be involved
in systemic acquired resistance. Upon Fusarium attack, all AsCHI genes can be induced
by ET, whereas AsCHI1 and AsCHI7 may be activated by ABA and auxin, respectively.
AsCHII-7 transcriptional profiling in resistant and susceptible garlic cultivars infected with
F. proliferatum suggests that the expression of AsCHI2, AsCHI3, AsCHI5, and AsCHI7 genes
could define the difference in chitinase-mediated response to Fusarium infection between
resistant and susceptible plants. Our results provide useful insights into the functions of
class I chitinases in A. sativum and Allium plants in general, and may be used in breeding
programs to increase the resistance of Allium crops to Fusarium infections.
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