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ABSTRACT

A novel chitinase gene, EaChi, and its expression pattern from the earthworm, E. andrei are
demonstrated. Based on a deduced amino acid sequence, in EaChi, two specific domains for GH
family 18 are well conserved with two essential amino acid residues for enzyme activity. The
phylogenetic analysis shows that earthworm chitinase, EaChi, is evolutionarily close to other
lophotrochozoan chitinases. The expression pattern analysis of EaChi indicates that the major
expression is localized at intestinal epithelium and epidermis, possibly suggesting that the prime
functions of the chitinase activity could be related to not only digestive process but also self-
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defending immunity as a biochemical barrier to protect the invasion of chitin-containing

pathogens, including fungi, nematodes and protozoa.

The chitinase (EC 3.2.1.14) catalyzes the hydrolysis of -1,
4-linkage between N-acetylglucosamines (GIcNAc) in
chitin, which is one of the most abundant polysacchar-
ides in nature next to cellulose and starch (Garcia-Fraga
et al. 2014). This enzyme has widely different functions
involved in digestion, molting processes, defense/
immunity and growth/development (Arakane &
Muthukrishnan 2010). In general, in the chitinous
animal, the function of chitinase is mainly associated
with growth and pattern formations, such as insect
molting. On the other hand, chitinases expressed in the
non-chitinous pathogens are likely to be related to
nutrition or innate immunity against chitinous patho-
gens (Mali et al. 2004). In the earthworm, since among
microorganisms in surrounding environment, chitinous
organisms including fungi, protozoa and algae are
major sources of nutrients and/or pathogens (Edward &
Fletcher 1988), and it is commonly supposed that the
chitinase is a necessary enzyme to mainly support
functions not only of a digestive enzyme for the hydroly-
sis of dietary but also of a host defense factor against
chitin-containing pathogens.

Since the basic knowledge of the earthworm chitinase
activity regarding its presence and distribution was
reported in the mid-twentieth century, in which earth-
worm gut might possess the chitinase activity mainly
in the posterior part of intestine probably originated
from the earthworm itself rather than symbiotic
microbes (Tracy 1951), very little information has been
accumulated on the molecular level characteristics of

the earthworm chitinase, enabling us to better under-
stand its biological significances in view of earthworm
nutrition and self-defense.

Here, we report a novel earthworm chitinase gene,
EaChi, from the earthworm, E. andrei with providing its
full-length ¢DNA sequence and multiple alignments
analysis as well as histological expression pattern.

Sexually mature E. andrei were reared by the method
of Cho et al. (2009) with the supply of powdered cow
manure as a food material. Sequence and bioinformatics
analyses were carried out by the methods described by
Tak et al. (2015). To obtain the full-length cDNA of earth-
worm chitinase gene, EaChi, 3'- and 5'-rapid amplification
of cDNA ends (RACE) PCR was performed according to
manufacturer’s manual (Clonetech) with specific primer
sets: 3'Race [5" GACTTCAACGGTGCCTGGGACACT 37, 5
Race [5° GCACCGTCCATAGGTGGCAGTACC 3, full-
length (forward) [5' ATGAGGGTCGCCCTCTGCT
TAATCGTG 3'], full-length (reverse) [5° TTATAGACCG
CAGGCTGCCTTCCGTTC 3’1. For in-situ hybridization
(ISH) of EaChi, specific primers (forward: ACTTC
GATCTGCTGAACCAG; reverse: TAGCCGGATTGACGTA
GAGTC) were designed. Riboprobes (1116 bp) were
amplified from E. andrei cDNA, gel extracted, cloned
into pGEM-T Easy (Promega) and labeled with digoxy-
genin using the MEGAscript (Ambion) kit, according to
the manufacturer’s instructions.

Adult earthworms were fixed at 4°C overnight (4%
paraformaldehyde in 1 x PBS) and dehydrated in metha-
nol series, equilibrated in 30% sucrose and mounted in
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W RY ALCL I VAALGGY AV ADYKRVC VYV SHNISQ
1+ ATG ABG BTC BOC CTC TC TTA ATC BTG GCT GOG CTT GGA GTC GCA GIT GCA GAC TAC AAG CBC GTG TGC TAC 6T TCC AT T6G T0B CAG
Y R P O AGKTFETMHANYNGALCDFAVFESFEGKI VS
9% TAT CGT CCG GAT GCC G6C AM TTC ACS ATG GCT AKC GTC AAT 66 66 CTC TBC BAC TTT GCC GTC TTC TCC TIT G54 AKS ATC TC G6C
L A A T N R T A S A A S I S
1815 AAT CAA ATT CAG CCG TAC CAD TG AAC GAC GAA AGC ACT GAT T6G TCB GTC CBA AAC TTC GAT CTG CT AAC CAG AKG AM TCA AC AAT
9: P 6 L KT I{L AV GG UNIH GMNDTVY SAMNLSSSG ET RO
271: COB GGT CTG MG ACA ATCICTT 606 GC_ GG 634 T63 ACICAC G3A ATB BAC ACA GTG TCC GOC AT TTA TCG TCA AGC GG ACC OGC CAB
20:0 F | 0 S A I S Y LPRUIE FDODGLOLTDTFTETVPIGBSRGEGS
361: CAB TTC ATC GAC AGC GOC ATA TCC TAC CTG CCA AGA T6G $534 TIC GAT 66 TIG GAC_CTG GAT TTC GAA TAT_(CAJGGA TOL AGA GGA AGT
LA S A A A T S S S T S S A T A S
451: CCA CUB GAG GAC AM CAG 03A TTC ACC TCA CTC 6CA TCB GAA CTG AGA TCB 6L TIC GAG 6CA 6A GC6 GTC ARG ACC GG AAA GCG CGT
LT R S S T S S T A S S T S T 2 A S S T A A3
5413 CTT ATT CTC TCG GCT GO 616 GCC 60C G3A AMA BCC ACC ATC GAT GOC BGT TAC GAG GTC 60 6CT CTC TCC ANT TAC CTG GAC TAC TTC
AN Y N T ¥ O F NG AED T Y TEHNSPLYATSQEV BT
631: AAC 6T ATG ACC TAT GAC TIC AAC GGT GCC T63 GAC ACT GTG ACT GBC CAC AAT TCT CCA CTC TAC GCT ACT TUB CAA GAA GTT GGC ACG
Catalytic Domain
F T A O T S S T A e S R S SO S S I S
7211 G AGA GAA CTG CTC AT GT6 AAC TIT GCA GCB AT TAC TG GTC AGC CTC 604 GCC CCG AMA 6AA AAG CTG TTG CTG GGT ACT 6CC ACC
P T A A S S T Yt - A Y S
811: TAT 66 GG TGC TTC CAG CT6 ACC GAT GCC 656 AAC AAC GG CTT G3A BCT CUG ATA ABA GGA CCA TBC ACC GD5 G50 AQC TAC ACG AGA
WE A G F LS Y VRS EUKTNTR e A VTRVY SN TE A
901: G GCA GOT TIC CTG TCC TAC TAC 645 GTG TGT AGT TIC CTG AAG AAT CCT GG GCC GIT CGT 6T TAT TCG AAT GAA ATT CAG GCT CCA
T A A A T A S A O T T R S S A A S A
991 TAT GCA TAC AAC GG GAC CAA T6G GTT GCA TAC BAC GAC GCA CAA AGC CTT CAA GCC AAG ATT BAC TAC ATC AS GCA AAC GGC TAT GG
%: 6 9 | T § N L OLDGDFAGTFCOSGEBGPVYPLLDLLNDG
1081: 66C T66 ATC ACC T63 AAC TTG GAT CTC GAT GAC TTC 6CC G6A ACG TIT TGC BAT AGC G6A CCA TAC CCT CTC CTG GAC CTC CTC AAC CAA
3R T L G&YVYPTOSPTAQPPTTTTTTPYTGPATT
1171: CGT ACC CIT GBA TAC GTC CCA ACA GAT TCA CCA ACT GCA CAA COG (CA ACT ACS ACG ACC ACB ACT CCT TAC ACC GG CCA GCA ACA ACA
@: T P T T T T T T 0APGGEGEGATFTCAGEKADEBLY VNP A
1261: ACT CCA ACT ACC ACA ACA ACA ACT CAB GCT CCA G3A G3A 6GA BGT A TIC T&C GCA GGA MG GCG GAC GBA CTC TAC GTC AAT COG 60T
— = = = = = = — = Shitin-binding Peritrophin-A Domain_ _ _ _ _ _ _ _ _
1T C T S Y Y HCSNGNONITPCGBYGE T YYDD YL T
1351: ACA TG ACT TCB TAT TAC CAC TGC TOC AT GGC AAC GAC AKC ATC ACC CCA TGC GGG GTC 65T ACC TAC TAC GAT GAT 6T6 CTC ACG ATC
@:C N W PD S L SPERTEKHGAMLEG.L
1441: TGS AAC TG CCC GAC AGC CTG TCA C03 G CB3 AAG GCA GOC TG GBT CTA T
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Figure 1. (a) Nucleotide and deduced amino acid sequences of the earthworm chitinase, EaChi. The open reading frame of earthworm
chitinase gene, EaChi, consists of 1494 nucleotides encoding 497 amino acids. The solid line delineates putative signal peptide sequence.
Black dotted and broken lines delimit two conserved domains for glycosyl hydrolases (GH) family 18, catalytic and chitin-binding Peritro-
phin-A domain, respectively. Two boxed sequences in catalytic domain indicate the chitin-binding and chitin-catalyzing domain, respect-
ively from N-terminal. This sequence information has been deposited in GenBank with accession number, KR259353. (b) Phylogenetic
analysis constructed using the neighbor-joining method based on amino acid sequences of the GH18 family chitinases. The bootstrap
analysis was performed with 1000 replications. All chitinases from the lophotrochozoa can be grouped into a clade, in which earthworm
EaChi appeared to be close to a chitinase from the leech, H. robusta. The following sequences were employed in phylogenetic analyses
[(GeneBank accession or *Protein ID numbers, JGI Genome Website; H. robusta (http://genome.jgi-psf.org/Helro1/Helro1.home.html),
C. teleta (http://genome.jgipsf.org/Capcal/Capcal.home.html)]: Lophotrochozoa; Polychaeta, C. teleta_Cht (*205081); Clitellata,
H. Robusta_Cht (*173643); E. andrei_Cht (KR259353); Mollusca; Bivalvia, C. gigas_Chit3 (CAI96027); Gastropoda, L. gigantea_Cht
(*130278). Ecdysozoa; Nematoda, C. elegans _Cht-1 (AAA83586); Arthropoda, A. gambiae_Chi-1 (AAB87764); L. manilensis_Chit
(ABK76337); P. papatasi_Chit1 (AAV49322). Vertebrata; mouse, M. musculus_CHIA (ABK78778), M. musculus_dehydrogenase (539807);
frog, X. tropicalis_Chit (AAH91095); human H. sapiens_CHT1 (AAI04971); cow B. taurus_CHIA (AAl02932). Bacteria; Proteobacteria,
V. alginolyticus_vacB (CAC29091); Actinobacteria S. griseus_chiC (BAA23739). Fungi; T. lanuginosus _chit (AAY99632);, M. flavoviride
_chil (CAB44709). Plant; A. thaliana_chitinase (BAB03157). (c) Multiple sequence alignment of the catalytic domain center of EaChi
with other GH18 family chitinases from lophotrochozoans. All these chitinases show highly conserved chitin-binding (a) and chitin-catalyz-
ing (b) domain. EaChi appeared to exhibit the highest sequence similarity (62%) to chitinase from the leech. The asterisks refer to the
conserved amino acid residues and arrows indicate the positions of essential amino acid residues (d and e) for catalyzing activity of
the chitinase.

OCT (Tissue-Tek) and stored frozen before sectioning on
a cryostat (8-um sections). Prepared sections were dried
(50°C, 30 min) and stored at —70°C until further use. The
specimens were incubated at 37°C for 10 min in 20 pg/

ml pronase E in PBT (PBS plus 0.1% Tween20, pH 7.4),
then rinsed three times in PBT and incubated in 0.3%
H,0, in methanol at room temperature for 20 min. Sec-

were then postfixed for 20min in 4%
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Figure 2. Expression of EaChi mRNA in earthworm tissues. The major expression of EaChi appeared to be localized in the lining of
intestinal epithelial cells (Ep) and epidermal layer (Ed) (Figure 2(a) and (c)) with minor expression around setae areas (arrows,
Figure 2(a) and (d)). The higher magnification of boxed areas in Figure 2(a) is shown in Figure 2(c) and 2(d). Control using sense-
probe is represented in Figure 2(b). Ch: Chloragogue tissue; CM: Circular muscle; Co: Coelum; L: Lumen of intestine; LM: Longitudinal

muscle; T: Typhlosole. Scale bars: A and B 500 pm; C and D 100 pm.

paraformaldehyde and finally rinsed twice in PBT. Prehy-
bridization was carried out at 67°C for 30 min in hybrid-
ization buffer (50% deionized formamide, 5 x SSC, 1 x
Denhardt’s solution, 0.1% CHAPS, 100 ug/ml heparin,
0.1% Tween 20, 100 pg/ml tRNA). The prehybridization
buffer was replaced with fresh hybridization buffer con-
taining 2 ng/ml of the corresponding probe (EaChi) and
specimens were incubated at 67°C overnight. Washed
specimens were incubated at room temperature for
1.5 h in 1% blocking reagents (Roche) in PBT, then incu-
bated at 4°C for 16 h with 1/1000 Anti-DIG/POD antibody
(Roche) in 1% blocking reagents. Subsequent washes
(320 min) in TNT at room temperature were followed
by a single 1 x 30 min rinse in the NEN TSA Plus amplifi-
cation solution. The color reaction was initiated by
adding a 1:50 dilution of reconstituted cyanine-3 in the
NEN amplification solution. Specimens were stained
with 4, 6-diamidino-2-phenylindole (DAPI, Sigma) to
visualize cell nuclei. Stained specimens were dehydrated
in ethanol, mounted in Fluoromount-G (SouthernBio-
tech), and examined by microscopy.

The open reading frame of earthworm chitinase gene,
EaChi, from the midgut of E. andrei, consists of 1494
nucleotides encoding 497 amino acids with a signal
peptide for extracellular localization (Figure 1(a)). In the
deduced amino acid sequence of EaChi, two domains
for glycosyl hydrolases (GH) family 18, catalytic and

chitin-binding Peritrophin-A domain, are well conserved
in the same way which is diagnosed D-X-X-D-X-D-X-E
and S/AxGG motifs, respectively (Figure 1(a) and (c))
(Barariotti et al. 2011; Junges et al. 2014). The phyloge-
netic analysis (Figure 1(b)) as well as multiple sequence
alignment of catalytic center (Figure 1(c)) indicates that
earthworm chitinase, EaChi, is evolutionarily close to
other lophotrochozoan chitinases, with the closest
relationship to leech chitinase. In addition, two essential
amino acid residues, glutamic and aspartic acid, for
enzyme activity are present in the chitin-catalyzing
domain (Figure 1(c)) (Watanabe et al. 1993).

In order to initially comprehend the physiological role
of this chitinase, the transcriptional expression pattern
analysis by in situ hybridization has been carried out.
The major expression of EaChi appeared to be localized
in the lining of intestinal epithelial cells and epidermal
layer (Figure 2(a) and (c)) with minor expression around
setae areas (Figure 2(a) and (d)). These results could
allow us to suggest that in this earthworm species, the
prime functions of the chitinase activity could be
related to not only digestive process but also self-
defending immunity as a biochemical barrier to protect
the invasion of chitin-containing pathogens, including
fungi, nematodes and protozoa of surrounding environ-
ment. Concerned the chitinase with immune-related
function, a cnidarian chitinase has been reported to



exhibit a double role in pattern formation and immunity,
based on its expression pattern in polyps mostly
restricted to their basal portion where most pathogens
are likely to be originated (Mali et al. 2004). Moreover,
in the oyster, another lophotrochozoa evolutionally
close to the earthworm, GH 18 chitinase could be tran-
scriptionally induced in hemocytes by challenging of
bacteria and lipopolysaccharides, indicating that this
enzyme could play a significant role as an immunity
effector (Barariotti et al. 2007). The physiological signifi-
cance of EaChi expression around setae areas could not
be clearly demonstrated only with the present data.
However, considered that in the earthworm, altered
self-structure such as setae, a chitinous structure
related with locomotion, and necrotic muscle cells are
degraded and secreted by the formation of brown
body in coelomic cavity (Valembois et al. 1992), it
cannot be completely excluded that the earthworm chit-
inase would contribute the degradation process of waste
self-structure composed of chitin.
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