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To investigate whether earthworm cellulases contribute to the innate immune system, the responsive-
ness of cellulase activity and mRNA expression to bacterial challenge was examined by zymography and
RNA sequencing. A zymographic analysis revealed that the activity levels of earthworm cellulases were
upregulated in response to either a bacterial (Bacillus subtilis or Escherichia coli) or LPS challenge. After
the challenge, significant increases in cellulase 1 and cellulase 2 activity levels were observed within 8

;(ey::lords: —16 and 16—24 h, respectively. In the coelomic fluid, both activities were significantly upregulated at 8 h
Bzite‘r,\i’;lrxallen o post-injection with B. subtilis. Based on RNA sequencing, cellulase-related mRNAs encoding beta-1,4-
Cellulase ¢ endoglucanases were upregulated by 3-fold within 6h after B. subtilis injection. Our results clearly

demonstrated that earthworm cellulases are upregulated by bacterial challenge at the mRNA and protein
levels. These results support the view that earthworm cellulases act as inducible humoral effectors of

Upregulation
Humoral effector

innate immunity against bacterial infection.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Since the initial discovery of an animal cellulase [1], numerous
cellulases in Ecdysozoa [2], Lophotrochozoa [3], and Deuterostomia
[4] have been identified and characterized. Research on animal
cellulases has focused on their molecular characteristics at the gene
and protein levels [5,6], industrial applications for biofuel produc-
tion [7], host-invasive process [8], and horizontal gene transfer in
evolution [9].

In the earthworm, endogenous cellulase activity was identified
primarily for the contribution to cellulose digestion [10]. Interest-
ingly, earthworm cellulase mRNA was shown to be expressed not
only in gut epithelial cells but also in non-digestive tissues, such as
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the epidermis and coelomic cell-aggregates. This suggests that in
addition to digestion, earthworm cellulases may be involved in
other processes including innate immunity [11]. However, the
direct relationship of earthworm cellulases with innate immunity
has not been identified yet. To investigate whether earthworm
cellulases are involved in host defense and innate immunity, it is
necessary to examine their responsiveness to bacterial challenge.
In this study, zymography and RNA sequencing were used to
quantitatively evaluate changes in earthworm cellulase activity and
mRNA expression levels in response to bacterial stimulation. Our
findings strongly suggest that these enzymes act as an inducible
humoral effectors of innate immunity against bacterial infection.

2. Materials and methods
2.1. Animals
Sexually mature earthworms Eisenia andrei with well-

developed clitella were obtained from a commercial source
(Seoul, Korea) and reared as described previously [11]. Before use,
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earthworms were placed on moistened filter paper in Petri dishes
with earthworm saline for 48 h to purge the gut contents and avoid
sample contamination.

2.2. Microbial challenge and sample collection

After purging the gut contents, 20 pL of PBS containing lipo-
polysaccharides (LPS, 5pg), gram-negative Escherichia coli
(10% CFU), or gram-positive Bacillus subtilis (10* CFU) was admin-
istered via parenteral injection into the post-clitellum. Earthworms
injected with PBS alone were used as controls. After the injection,
earthworms were severed to obtain the middle region (about
15—20 segments of the post-clitellum) at various time points.
Pooled samples (5 earthworms per sample) were prepared for non-
reducing SDS-PAGE by a previously described procedure [11]. The
coelomic fluid (CF) was prepared as described previously [12]. The
CF samples from 5 earthworms were pooled and centrifuged
(8000xg, 10 min). The supernatant was then stored at —80 °C until
use. The protein concentration was determined using the SMART
BCA Protein Assay Kit (iNtRON, Seongnam, Korea) according to the
manufacturer’s instructions.

2.3. Zymography and densitometry

A zymographic analysis of cellulase activity was performed as
described previously [11,13], with slight modifications. Briefly,
zymogram gels were copolymerized with carboxymethyl cellulose
(CMC, 1 mg/mL). Either 0.5 pug (CF) or 5 pg (middle region) of pro-
tein per lane was loaded onto a non-reducing gel (SDS-PAGE, 10%).
The gels were run at a constant voltage on ice, maintaining a
running buffer temperature below 4 °C. After electrophoresis, for
renaturation, the gels were washed five times for 30 min at room
temperature with 0.1 M succinate buffer (pH 5.8) containing 10 mM
DTT and then incubated at 37 °C for 1 h. After incubation, the gels
were stained with 0.1% Congo red. The stain was then rinsed with
1M NaCl. Areas with enzymatic activity appeared as clear bands
over a dark reddish background. Densitometry of clear bands was
performed with scanned images using Image] (NIH, Bethesda, MD,
USA).

2.4. RNA sequencing and annotation

At 6 h post-injection (hpi) with B. subtilis, RNA samples were
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prepared by a previously described method [14] and sequenced
using the Illumina HiSeq2500 System at Theragen Etex Bio Institute
(Suwon, Korea). The Illumina reads that did not meet the minimum
quality score (30 per base) across the whole read were removed
using Trim Galore! (ver. 0.6.2). Unknown nucleotide ‘Ns’ were
trimmed. After the filtering process, de novo assemblies of the
transcriptomes were generated using Trinity (ver. 2.8.5) [15]. The
transcripts were annotated by BLAST (standalone blastx ver. 2.8.1)
searches against the non-redundant protein database of National
Center for Biotechnology Information (NCBI). Putative endogluca-
nase genes were verified by blastp searches against the CAZy
database [16]. Paired-end reads were mapped to our assembled
transcriptomes using bowtie2 (ver. 2.3.5) and the expression values
(FPKM) were calculated using Cufflinks (ver. 2.2.1) [17].

2.5. Statistical analyses

Comparisons between groups were performed using unpaired
Student’s t-tests. Results are presented as means =+ standard error of
the mean (SEM). Data are representative of at least three inde-
pendent experiments.

3. Results and discussion

The activity profile of cellulases from E. andrei indicated two
main enzymes with estimated molecular masses of 29.2 (cellulase
1) and 15.3 (cellulase 2) kDa (Fig. 1A). No cellulase activity was
detected in the lysates obtained from two bacteria used in this
study, indicating that cellulase activity in the zymogram was not
affected by bacterial sources (Fig. 1B).

Injection with LPS, gram-negative bacteria, or gram-positive
bacteria induced the upregulation of cellulase 1 activity (Fig. 2A).
After the challenge with gram-positive B. subtilis, cellulase 1 ac-
tivity was upregulated within 8 hpi, reached a maximum level (>2
times higher than levels in the control) at 12 hpi, and then returned
to levels in controls at 48 hpi. Stimulation by gram-negative E. coli
resulted in a similar pattern, with upregulation starting at 8 hpi and
maximum activity levels detected at 12 hpi. The effect of LPS was
maintained until 16—48 hpi. As shown in Fig. 2B, cellulase 2 activity
was significantly upregulated 8 h after stimulation with B. subtilis.
Although E. coli challenge had a significant effect on cellulase 2
activity at 16 hpi, the magnitude of the effect was a slightly less
than that of B. subtilis. In addition, activity levels in response to LPS
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Fig. 1. Cellulase activity profile for the earthworm middle region (A) and lysates of bacteria injected into earthworms (B). (A) Two main bands were detected with estimated
molecular masses of 29.2 (cellulase 1) and 15.3 (cellulase 2) kDa. (B) Lysates of E. coli and B. subtilis showed no cellulase activity.
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Fig. 2. Cellulase activity levels following bacterial or LPS challenges in the middle region and CF of the earthworm E. andrei. The responsiveness of cellulase activities in the middle
region (A, B) and in the CF to B. subtilis (C, D) is shown. (A, B) Changes in the density of the zymographic bands relative to those of controls in the PBS alone-injected group are
presented. Error bars represent means + SEM of at least three independent experiments. (*P < 0.05; **P < 0.01; ***P < 0.001) The injection with gram-negative or gram-positive
bacteria induced the upregulation of cellulase 1 activity to a maximum of two-fold higher than that of the non-stimulated control. Cellulase 2 activity was significantly upregu-
lated by B. subtilis at 8 h after stimulation. (C, D) In CF, the activities of both cellulase 1 and 2 were significantly upregulated by approximately 2-fold at 8 hpi with B. subtilis.

gradually decreased to control levels after the peak at 16 hpi. In a
previous study, high mRNA expression of a gene encoding an
earthworm cellulase was observed in the coelom [11], where the
innate immune response by parenteral bacterial challenges is ex-
pected. Thus, we examined the responsiveness of cellulase activity
in CF following a B. subtilis challenge. The activities of both cellulase
1 and 2 were significantly upregulated by approximately 2-fold at 8
hpi (Fig. 2C and D).

In addition, we found that the expression levels of several
cellulase-related mRNAs are upregulated by the B. subtilis chal-
lenge; the five most highly upregulated mRNAs are listed in Table 1.
All five mRNAs were annotated as beta-1,4-endoglucanases and
had open reading frames (ORF) of 1368 or 1116 bp, with signifi-
cantly upregulated expression (by approximately 3-fold). Based on
amino acid sequence similarity (maximally 98.25%) with previously
reported earthworm proteins (Supplemental Fig. 1), they were
identified as genes encoding cellulases. The deduced amino acid
sequence of the two genes with short ORFs (1116 bp) showed only

Table 1
Top 5 cellulase-related mRNAs upregulated by B. subtilis challenge in E. andrei.

two amino acid residue differences (shown in red) with conserved
C-terminal catalytic residues of GHF9 (Supplemental Fig. 1A) and
the three genes with long ORFs (1368 bp) showed about 90% amino
acid similarities with additional N-terminal catalytic residues
(Supplemental Fig. 1B). These results indicate that the earthworm
genome contains different types of cellulase genes encoding
various isozymes that are stimulated by bacterial invasion.

These results clearly demonstrated that earthworm cellulases
are upregulated by bacterial challenge at both the mRNA and
enzymatic activity levels. These findings support the view that
earthworm cellulases act as inducible humoral effectors of innate
immunity against bacterial infection.

In addition to cellulases, another carbohydrate-polymer hydro-
lase believed to play a role in host defense in cnidarians, the chi-
tinase HyChit1, is expressed only in the stolon ectoderm and lower
part of the polyp [18]. A chitinase from the oyster Crassostrea gigas
is primarily expressed in non-digestive tissues and hemocytes; it is
stimulated at the transcriptional level in response to either

Trinity ID* Size (bp) Putative function Matching organism (accession No.) Fold Change (log;) P-value/E-value
DN2700_c0_g1_i11 1368 beta-1,4-endoglucanase Eisenia fetida (BAM14716.1) 1.60 <0.03/0.00
DN2700_c0_g1_i1 1116 beta-1,4-endoglucanase Eisenia andrei (ACE75511.1) 1.58 <0.01/0.00
DN2700_c0_g1_i5 1116 beta-1,4-endoglucanase Eisenia andrei (ACE75511.1) 1.56 <0.01/0.00
DN2700_c0_g1_i3 1368 beta-1,4-endoglucanase Eisenia fetida (BAM14716.1) 1.55 <0.02/0.00
DN2700_c0_g1_i10 1368 beta-1,4-endoglucanase Eisenia andrei (ACE75511.1) 1.54 <0.03/0.00

2 The deduced amino acid sequences are shown in Supplemental Fig. 1.
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bacterial or LPS challenge, indicating an important role as an im-
mune effector in mollusks [19]. Earthworm cellulases likely func-
tion as humoral effectors. In general, to form protective envelopes,
most bacteria synthesize extracellular polysaccharides, including
cellulose, which is a critical determinant of viability [20]. In addi-
tion, the enzymatic hydrolysis of capsular polysaccharides by a
carbohydrate-degrading enzyme renders the bacterium vulnerable
to host defense by increasing susceptibility to phagocytosis by
macrophages [21].
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