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Abstract

Lysozyme plays a crucial role in the immune response to bacterial infections. In this research, a
goose-type lysozyme (designed as ToLyzG) was identified from Takifugu obscurus. ToLyzG cDNA
encoded a 190-amino-acid protein. The phylogenetic tree showed that ToLyzG was primarily
grouped with five g-type lysozymes from other pufferfish. ToLyzG was expressed in all examined
tissues of untreated T. obscurus. The expression of ToLyzG in the liver, spleen, kidney, and intestine
could be induced after Vibrio harveyi infection. To understand its biological activity, the coding
region of ToLyzG was expressed and purified. The optimal conditions for recombinant ToLyzG were
pH 7.0 and 35 °C. rToLyzG had lytic activity against a variety of bacteria with the highest activity
against V. harveyi, Vibrio parahaemolyticus, and Aeromonas hydrophila. rToLyzG protein could not
only bind to lipopolysaccharide, peptidoglycan, and six species of bacteria, but also inhibit the
growth of these bacteria. Remarkably, rToLyzG demonstrated more potent suppressive activity
against Gram-negative bacteria than Gram-positive bacteria. The present research enhances the
comprehension of the biochemical features of g-type lysozyme from T. obscurus, potentially
shedding light on its significant function in the host's defense strategy against bacterial pathogens.

Introduction

Lysozyme, a ubiquitous bacteriolytic enzyme found across a wide range of
organisms!!l, facilitates the hydrolysis of the p-(1,4)-glycosidic bond
linking N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM)
in peptidoglycan (PGN), leading to the lysis of bacterial cells™?.
Lysozymes are divided into six distinct categories based on variations in
their structural, catalytic, and immunological properties. Within verte-
brate animals, two types of lysozymes are recognized: chicken-type (c-
type) and goose-type (g-type)l?l. These two types vary in amino acid
sequence and enzymatic characteristics??.. Typically, g-type lysozymes are
larger (ranging from 20 to 22 kDa) compared to c-type lysozymes (which
weigh about 11 to 15 kDa) and lack a signal peptidel”).

G-type lysozyme first recognized as an antimicrobial agent in the
egg whites of various bird species has since been discovered across a
broad range of vertebrates, spanning mammals, reptiles, and fish[*l.
The initial identification and study of g-type lysozyme in fish occurred
in Paralichthys olivaceusP). Later, this type of lysozyme has been
cloned in other teleosts, including Gadus morhua L.1°l, Ctenopharyn-
godon idellus’), Scophthalmus maximus!®l, Ictalurus punctatusl),
Dicentrarchus labrax L.\, Microptenus salmoides!'), Labeo rohital'?],
Totoaba macdonaldil'3], and Trachidermus fasciatus!'4]. In fish, g-type
lysozyme is regarded as a crucial part of the immune system, demon-
strating potent activity against both Gram-positive and Gram-nega-
tive bacteria, such as Micrococcus luteusl®l, Streptococcus iniael'?),
Vibrio harveyil'®l, Vibrio alginolyticus!'”], Photobacterium damselaell%],
and Aeromonas hydrophilallll. Apart from their antimicrobial activi-
ties, g-type lysozymes could also perform many other functions, in-
cluding against viral particles and parasites!”], immunomodulatory!#],
anti-inflammatory('¥, and regulation of early developmentl*l. How-
ever, as of now, there is limited information available concerning
the molecular characteristics and functions of g-type lysozymes in
pufferfish.

© The Author(s)

Obscure puffer Takifugu obscurus is a marine species found in the
East China Sea, Yellow Sea, and Bohai Seal'°]. Recently, T. obscurus has
gained significance as a highly valuable aquaculture species. However,
its breeding has been hindered by a variety of infectious diseases,
resulting in substantial economic losses. Consequently, research into
the molecular mechanisms underpinning the host's immune defense
against pathogens has garnered increasing attention. Our previous
work cloned and identified a c-type lysozyme (ToLyzC) in T. obscurus,
providing compelling evidence for its pivotal role in the antimicrobial
immunity of this species!2’]. Building on this foundation, the current
research aimed to clone a novel g-type lysozyme of T. obscurus (named
ToLyzG), and to analyze its expression and antibacterial activities.

Materials and methods

Bacteria and fish

V. harveyi was cultivated in tryptic soy broth (TSB) and incubated
overnight at 28 °C. A. hydrophila was inoculated into Luria-Bertani (LB)
broth and cultured at 28 °C. Vibrio parahaemolyticus was cultured in an
LB medium containing 3% NaCl and grown at 37 °C. Staphylococcus
aureus, Bacillus subtilis, and Bacillus thuringiensis were all cultivated in LB
medium at 37 °C. Two hundred T. obscurus (body size of ~12 cm) were
obtained from a pufferfish breeding base in Nantong, China, and kept at
23 °C in freshwater. The pufferfish were adapted to lab conditions for
10 d before experimental interventions.

Cloning of ToLyzG

A coding region sequence homologous to lysozyme was retrieved from a
high-throughput transcriptome data of T. obscurus and named ToLyzG.
Two primers (ToLyzG-F and ToLyzG-R, Table 1) were designed to verify
the nucleotide sequence accuracy. The PCR products were subcloned into
the pEasy-T3 vector and underwent sequence analysis at Nanjing
Springen, China.
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Table 1. Primers used in this study.

Primers Nucleotide sequence (5'-3") Tr?t’\/(ague
ToLyzG-F CAAGCCACCGAAATCCTGGTTGAGTT 70.5
ToLyzG-R GACATTTTTCTCACCCTTATTGTAGGCAGC 69.0
ToLyzG-qF CACCGAAATCCTGGTTGAGT 57.2
ToLyzG-qR CACCCTTATTGTAGGCAGCTAA 57.2
B-actin-qF GACAGCTATGTGGGAGATGAAG 56.5
B-actin-qR GGAGCTCGTTATAGAAGGTGTG 56.3
ToLyzG-exF GCCATGGCTGATATCGGATCCATGCCTTAC 84.6
GGAAAGATAGAGGATATA
ToLyzG-exR  ACGGAGCTCGAATTCGGATCCAAACCCCAT 89.5
GTTGCTTTTGTACCACTG

Sequence analysis

The ToLyzG sequence was analyzed utilizing the BLAST program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi)?!! and the ExPASy platform
(https://web.expasy.org/translate/)??. A domain search was performed
with SMART (http://smart.embl-heidelberg.de/)**! and visualized using
PyMOL 2.5. Three-dimensional structural models were constructed using
the SWISS-MODEL (https://swissmodel.expasy.org/)?!l. The molecular
weight (Mw), isoelectric point (pI), and instability index were calculated
with the ProtParam (https://web.expasy.org/protparam/)??. Multiple
sequence alignment was generated using the Clustal Omega
(www.ebi.ac.uk/Tools/msa/clustalo/)?land the GENEDOC  software.
Based on this alignment, a phylogenetic tree was developed using the
neighbor-joining (NJ) algorithm in MEGA 7.0 software, and 1000
bootstraps were applied to assess reliability!?°l.

Bacterial infections and sample collection

To investigate the expression pattern of ToLyzG, three untreated
pufferfish were dissected, and the liver, spleen, kidney, gills, heart, and
intestine were harvested. These three untreated pufferfish were of similar
age and weight, ensuring that any observed differences in the study
outcomes could not be attributed to variations in these factors. In the
immune challenge experiment, 90 T. obscurus were randomly assigned to
three groups. In two challenge groups, pufferfish were injected with 100
uL of V. harveyi or S. aureus (about 3.0 x 107 CFU/mL). In the control
group, fish were injected with 100 pL of sterile PBS. At 0, 12, 24, 36, 48,
and 72 h post-injection, the liver, spleen, kidney, and intestine tissues
were sampled from three pufferfish. All isolated tissue samples were snap-
frozen in liquid nitrogen and kept at —80 °C for future use.

RNA extraction and cDNA synthesis

Total RNA was extracted from the above samples utilizing TRIzol Rea-
gent. To ensure the absence of DNA contamination, DNase I (Promega,
USA) was incorporated. The integrity and purity of RNA were assessed
through electrophoresis on a 1.5% agarose gel, while its concentration
was measured spectrophotometrically at 260 nm. Then, the first-strand
cDNA was synthesized using 2 pg of RNA with the PrimeScript™ RT
reagent kit (TaKaRa, Japan). Following synthesis, the cDNA was diluted
fivefold with ddH,O and stored at —20 °C for future use.

Expression pattern analysis

To quantify the expression of ToLyzG across various pufferfish tissues,
quantitative real-time PCR (RT-qPCR) was conducted, utilizing f-actin
as the housekeeping gene for normalization. Gene-specific primers
(ToLyzG-qF and ToLyzG-qR, B-actin-qF and B-actin-qR) were designed
and are listed in Table 1. The RT-qPCR reactions were set up using the
SYBR Premix Ex Taq™ II Kit (TaKaRa, Japan). Each 10 pL reaction
mixture contained 1 pL of diluted cDNA template, 5 uL of 2x Ex Taq™
SYBR premix, 0.4 pL of each primer, and 3.2 pL ddH,O. The relative
expression of ToLyzG mRNA was calculated using the 2-2CT method "],

2

Recombinant expression and purification

The coding sequence of ToLyzG was amplified using two primers
ToLyzG-exF and ToLyzG-exR (Table 1) with the restriction enzyme site
BamH 1. The resulting PCR product was purified, digested, and
subcloned into the expression plasmid (pET32a, Novagen, Germany).
The ligation product was then transformed into Escherichia coli DH5a
(TransGen, China), and the positive clone was identified through PCR
screening and confirmed by sequencing. Subsequently, the pET32a-
ToLyzG plasmid was transformed into E. coli BL21 (DE3) (TransGen,
China). Recombinant expression was induced at 37 °C for 5 h by adding
isopropyl S-D-1-thiogalactopyranoside (IPTG, 0.5 mM). As a negative
control, pET-32a without an insert fragment was used, which expresses a
thioredoxin-His-tagged protein (TRX). The recombinant ToLyzG and
TRX proteins were detected by 12% SDS-PAGE and purified by His Bind
resin chromatography (Novagen, Germany).

Influence of pH and temperature on the lytic activity of
rToLyzG

To determine the optimal conditions for the lytic activity of rToLyzG, a
turbidimetric assay was conducted using Micrococcus lysodeikticus
(Sigma, USA) as the substrate. A bacterial suspension with ODg, of 0.3
was prepared in 0.1 M phosphate buffer ranging from pH 5.0 to 8.0, with
increments of 0.5. Subsequently, 150 pL aliquots of these suspensions
were mixed with 50 pL of rToLyzG (500 pg/mL). The initial ODgy,
reading denoted as A0 was immediately recorded using a spectrophoto-
meter. The mixtures were then incubated at 37 °C for 30 min, and
subsequently cooled on ice to terminate the reaction. The ODg,, was
measured again, denoted as A. The lytic activity (Up) of the enzyme was
calculated using the formula: Uy = (A0 — A)/A.

For the determination of the optimal temperature, a mixture of M.
lysodeikticus and rToLyzG, adjusted to the optimal pH of 7.0, was
incubated in a water bath at temperatures varying from 15 to 50 °C,
with increments of 5 °C, for 30 min. The ODy, values were recorded
before and after incubation, denoted as A0 and A, respectively. All
measurements were performed in triplicate to ensure accuracy and
reproducibility.

Bacteriolytic activity of rToLyzG

The bacteriolytic spectrum of rToLyzG was evaluated under optimal pH
and temperature conditions using a methodology similar to the previous
one. Six bacterial strains were selected as test substrates: V. harveyi, V.
parahaemolyticus, A. hydrophila, S. aureus, B. subtilis, and B.
thuringiensis. The suspension of each bacterium was prepared in 0.1 M
phosphate buffer (adjusted to pH 7.0) to achieve an OD at 600 nm of 0.3.
One hundred and fifty uL of each suspension was combined with 50 pL of
rToLyzG (500 ug/mL) and incubated at 37 °C for 30 min. Absorbance
measurements were taken before (A0) and after (A) the incubation
period. The lytic activity of the enzyme (Uy) was calculated.

Polysaccharide binding assay

To evaluate the binding affinity of rToLyzG to lipopolysaccharide (LPS)
or peptidoglycan (PGN) sourced from Sigma-Aldrich, USA, an enzyme-
linked immunosorbent assay (ELISA) was employed. LPS and PGN were
dissolved in ddH,O to 80 pg/mL and then coated onto the wells of a
microplate with 50 pL per well. The microplate was placed at 37 °C
overnight and incubated at 60 °C for 30 min. Then each well was blocked
with 200 pL of 3% bovine serum albumin (BSA) at 37 °C for 1 h.
Subsequently, 100 pL of purified rToLyzG or rTRX (0, 3, 5, 8, 15, 25, and
50 pg/mL) were added to each well and incubated for 3 h. One hundred
uL of rabbit anti-His antibody, diluted 1:2000 (Abbkine, USA), was then
added and incubated for 2 h. One hundred pL of peroxidase-conjugated
goat anti-rabbit IgG (1:5000 diluted) was added and incubated for 1 h.
After each incubation step, the wells were washed four times with PBS
containing 0.5% Tween-20 to remove unbound reagents. To initiate the
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colorimetric reaction, 0.01% 3,3',5,5'-tetramethylbenzidine was added to
each well. The reaction was subsequently stopped by the addition of 2 M
H,SO,, followed by the measurement of absorbance at a wavelength of
450 nm.

Bacterial binding activity of rToLyzG
Six bacteria (V. harveyi, V. parahaemolyticus, A. hydrophila, S. aureus, B.
subtilis, and B. thuringiensis) were used for the binding assay. These
bacteria were harvested, thoroughly washed, and resuspended in PBS to
3.0 x 107 CFU/mL. Subsequently, 500 puL of each suspension was
incubated with 500 L of rToLyzG (500 pg/mL). The mixtures were
gently rotated for 45 min to facilitate binding. Following incubation, the
samples were centrifuged, and the cells were washed three times with
PBS. To elute the bound proteins, a 5% SDS solution was employed.
r'TRX protein was used as a control. The eluted proteins and the final
bacterial pellets were analyzed by Western blot using anti-His antibody.
The interaction between bacteria and proteins was further evalu-
ated using ELISA. One hundred pL of each bacterial suspension was
dispensed into a microtiter plate and incubated overnight at 4 °C.
Following this, the bacterial cells were fixed using 50 uL of 0.05%
glutaraldehyde and subsequently blocked with 100 pL of 3% BSA.
Afterward, 100 pL of rToLyzG (100 pg/mL) was added and incubated
for 3 h. The wells added with rTRX at the same concentration were
employed as control. Following this incubation period, the ELISA
protocol continued with subsequent steps.

Bacterial growth inhibition assay
To investigate the inhibitory effect of rToLyzG on bacterial growth, V.
harveyi, V. parahaemolyticus, A. hydrophila, S. aureus, B. subtilis, and B.

a

thuringiensis were cultivated in TSB or LB medium as previously specified
until they reached ODyy, of 0.1. Subsequently, rToLyzG was added to
these cultures at 100 pg/mL. Under identical conditions, rTRX was
utilized as a control. The growth was continued for 8 h, and ODg, was
measured every hour with a spectrophotometer.

Statistical analysis

All experiments were independently replicated at least three times.
Statistical analysis was carried out using GraphPad Prism 9.0 software.
The results were reported as the mean + SD from triplicate experiments.
An unpaired t-test was utilized to evaluate differences between the
challenged and control groups. Statistical significance was determined
when p values were less than 0.05.

Results

Molecular characteristics of ToLyzG

The cDNA encoding ToLyzG was retrieved from the previously
constructed cDNA library and deposited in NCBI GenBank with the
accession number PQ633364. The complete coding region sequence of
ToLyzG was 573 bp long encoding a 190-amino-acid protein with Mw of
20.88 kDa and theoretical pI of 5.96 (Fig. 1a). In the ToLyzG protein
sequence, there were 22 positively charged residues and 25 negatively
charged residues. The computed instability index, which was 30.13,
classified the protein as stable. Sequence analysis predicted that ToLyzG
contained an SLT domain (residues 48-174) with a GLMQ motif in the
deduced amino acid sequence. However, no signal peptide was detected.
Analysis of the 3D structure of ToLyzG using a g-type lysozyme from
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Bioinformatics analysis of ToLyzG. (a) Nucleotide and amino acid sequence of ToLyzG from T. obscurus. The numbers on the right indicate the total

number of amino acids in each line, with the start codon (ATG) and stop codon (TAA) highlighted in red. The predicted SLT domain is underlined, and the
GLMQ motif is shaded in yellow. (b) 3D structure prediction of ToLyzG. The blue spirals depict the helical regions, while the brown lines signify the coiled

regions.
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Takifugu rubripes (SMTL ID: P61133.1.A) as a template structure showed
that the predicted 3D structure of ToLyzG contained eight a-helices
(Fig. 1b). Notably, no -sheet regions were identified within the protein
structure.

Bioinformatics analysis of ToLyzG

The analysis by BLASTP search indicated that compared to g-type
lysozymes of other fish species, ToLyzG was more identical with g-type
lysozymes from other puffer species such as T. rubripes (99.47%) and
Takifugu flavidus (97.37%). It also shared sequence homology with g-type
lysozymes of Tetraodon nigroviridis (69.78%) and Takifugu bimaculatus
(69.23%). Multiple sequence alignments further revealed that g-type
lysozymes from different puffer species were highly conserved, especially
in the SLT domain (Fig. 2). The phylogenetic tree depicted in Fig. 3 was
constructed using g-type lysozymes from several known fish species. This
tree revealed the presence of two primary branches: one branch contained
seven g-type lysozymes from five species of pufferfish, and the other
branch comprised of g-type lysozymes from the remaining fish. ToLyzG
exhibited the closest genetic relationship to g-type lysozyme derived from
T. rubripes.

Tissue distribution of ToLyzG

Results from RT-qPCR revealed the expression pattern of ToLyzG mRNA
across various normal tissues. Notably, the highest levels of ToLyzG
transcripts were detected in the liver, followed by the kidney, intestine,
spleen, and gills. Conversely, the lowest expression levels were detected in
the muscle and heart (Fig. 4).

Expression profiles of ToLyzG upon bacterial infections

The expression patterns of ToLyzG in four immune-related tissues after
V. harveyi or S. aureus challenge were investigated by qPCR. After
infection with V. harveyi, ToLyzG in the liver showed significant
upregulation, as compared to control, with a peak (6.35-fold, p < 0.01) at
36 h post-infection (hpi) (Fig. 5a). The expression of ToLyzG in the spleen
and intestine showed consistent and heightened upregulation from 12 to
48 hpi, reaching a peak at 48 hpi (9.28- and 9.11-fold, p < 0.001, Fig. 5b &
d), followed by a marked decrease at 72 hpi. In the kidney, ToLyzG
expression increased rapidly at 12 hpi (5.96-fold, p < 0.001, Fig. 5c),

followed by a decline at later time points. Upon S. aureus stimulation,
ToLyzG mRNA in the liver and intestine was upregulated only at 12 hpi
(1.34- and 1.18-fold, p < 0.05, Figs. 6a & d). No obvious changes in
ToLyzG expression were observed in the spleen and kidney, only slightly
upregulated at 36 hpi (1.54-fold, p < 0.05, Fig. 6b) and 48 hpi (1.70-fold,
p < 0.05, Fig. 6¢), respectively. There were no notable alterations in
ToLyzG expression observed in the PBS-injected group over the period
from 0to 72 h.

Expression and purification of rToLyzG

The recombinant ToLyzG protein was successfully expressed in E. coli
after being induced with IPTG. Upon analysis by SDS-PAGE, an
expected protein band of about 41 kDa, corresponding to rToLyzG, was
detected in the supernatant of the protein extract (Fig. 7a). The rToLyzG
fusion protein was then purified using a Ni-NTA column, resulting in the
isolation of a single protein band. The concentrations were measured as
614 pg/mL for the rToLyzG protein and 586 pg/mL for the rTRX protein,
respectively.

Influence of pH and temperature on the lytic activity of
rToLyzG

The peak activity of lysozymes from each fish species varies at different
temperatures and pH values. Therefore, the lytic capacity of rToLyzG was
assessed through a turbidimetric test, utilizing M. lysodeikticus as the test
substrate. The results indicated an optimal pH range of 5.5 to 8.0, with a
peak performance at pH 7.0 (U = 0.47, Fig. 7b). Furthermore, rToLyzG
exhibited robust lytic activity between 25 °C and 45 °C, achieving its
maximum activity at 35 °C (Up = 0.49, Fig. 7c).

Lytic activity of rToLyzG against bacteria

The lytic activity of rToLyzG against six species of bacteria was
determined at optimum pH and temperature (Table 2). rToLyzG protein
exhibited stronger bacteriolytic capacity against Gram-negative bacteria
V. harveyi (U = 0.865), V. parahaemolyticus (U = 0.785), followed by A.
hydrophila (Uy =0. 658). The bacteriolytic capacity was relatively low
against Gram-positive bacteria S. aureus (U = 0. 516), B. subtilis (U = 0.
483), and B. thuringiensis (Uy = 0. 466), respectively.

SLT domain

TolyzG : MPYGEIE 66
TrlyzG : MPYGEIE 66
TrlLyzGL : 65
TfLyzG 66
TfLy=aGL : 40
ThLyzG 59
TnlyzG 59

* 80 * 100 * 120 *
TolLyzG E X ] 132
TrlyzG : 132
TrlyzGL : 127
T{lyzG : 132
TfLyzGL : 102
ThlyzG : 121
TnlyzG :|H SRAG NG G 123

SERESREAGNQL NG GD
140 * 160 * 180 *
ToLYZG 190
Trlyzs H 190
TrLyzGL : v 185
TfLyzG : v 190
TfLyzGL : N[V 160
ThLyzG v 179
TnlLyzG TTHED T : 181
KFp W1lAal CHLEGREAAYN G NV sy VDA TTG DYSHNDVVaRAQWYR HE F

Fig.2 Comparison of the amino acid sequences of ToLyzG with known g-type lysozymes in pufferfish. The red boxes represent the SLT domains.

Huang et al. Animal Advances 2025, 2: e001



Function of ToLyzG in antimicrobial immunity

Animal
Advances

3 Pseudochaenichthys georgianus lysozyme g-like XP 033945552.1

39— Champsocephalus esox lysozyme g KAK5898827.1

84— Pogonophryne albipinna lysozyme g KAJ4944476.1

L
"

100 58

\
)
*r

o ToLyzG

— Chaenocephalus aceratus lysozyme g KAI4799048.1
Notothenia coriiceps lysozyme g-like XP 010786326.1
— Dissostichus eleginoides Lysozyme g KAK1885717.1
Gasterosteus aculeatus aculeatus lysozyme g-like XP 040041688.1
Trachidermus fasciatus lysozyme g UUB23895.1
Acanthopagrus latus lysozyme g-like XP 036967708.1
chentrarchus labrax lysozyme g CBJ56263.1
Morone saxatilis lysozyme g-like XP 035516224.1
Kryptolebias marmoratus lysozyme g XP 017283201.1
Acanthochromis polyacanthus lysozyme g-like XP 051801916.1

Tetraodon nigroviridis lysozyme g CAG06115.1

10|0 Takifugu rubripes lysozyme g NP 001027764.1
Takifugu flavidus lysozyme g XP 056915022.1
Takifugu flavidus lysozyme g-like XP 056892752.1

logl Takifugu rubripes lysozyme g-ike XP 029706537.1
5

0.050

Takifugu bimaculatus lysozyme g TNM85519.1
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Fig. 4 Tissue distribution of ToLyzG. The expression of ToLyzG gene in
six tissue samples of T. obscurus was quantified using RT-qPCR. f-actin
served as the internal reference gene for normalization. Data are presented
as the mean + SD (n = 3).

Binding of rToLyzG to polysaccharide

The direct binding of rToLyzG to polysaccharides was determined by
ELISA. Figure 8 illustrated that rToLyzG could bind to LPS and PGN
with different binding affinities. The saturation of rToLyzG binding to
polysaccharides was observed, with the binding profile aligning with a
logarithmic pattern. Notably, LPS demonstrated a stronger binding
affinity for rToLyzG compared to PGN.

Binding assay of rToLyzG to bacteria

The binding capacity of rToLyzG to bacteria was assessed through
Western blot and ELISA analyses. Western blot results showed distinct
reaction bands (about 41 kDa) with high specificity in the elution
solution, indicating that rToLyzG could bind to V. harveyi, V.

Huang et al. Animal Advances 2025, 2: €001

parahaemolyticus, A. hydrophila, S. aureus, B. subtilis, and B. thuringiensis
(Fig. 9a). In ELISA, the P/N values of rToLyzG for six bacteria tested were
all greater than 2.1 (Fig. 9b). Furthermore, compared to Gram-positive
bacteria, rToLyzG exhibited a stronger binding affinity towards Gram-
negative bacteria.

Antimicrobial activity of rToLyzG

The impact of the rToLyzG protein on the growth of the above bacteria
was further studied. During this experiment, rToLyzG was incubated
with bacteria samples, and the growth of bacteria was monitored at
defined intervals. Compared with the rTRX protein treatment group,
rToLyzG significantly suppressed the growth of V. harveyi (Fig. 10a), V.
parahaemolyticus (Fig. 10b), and A. hydrophila (Fig. 10c). Conversely,
the inhibitory effect of rToLyzG against S. aureus (Fig. 10d), B. subtilis
(Fig. 10e), and B. thuringiensis (Fig. 10f) was relatively low.

Discussion

Lysozymes, owing to their lytic activity, are crucial immune molecules
found across vertebrates and invertebrates. These enzymes exhibit
varying amino acid sequences and enzymatic characteristics®*?’. In
various fish species, several g-type lysozymes have been previously cloned
and are known for their conserved antimicrobial properties, whereas the
structural and functional roles they play in pufferfish remain
uncharacterized.

In the current research, a g-type lysozyme, named ToLyzG, was
identified from T. obscurus, and its lytic characteristics further investi-
gated. The cDNA sequence of ToLyzG encoded a polypeptide consist-
ing of 190 amino acids, with an estimated Mw of 21 kDa. The amino
acid number of ToLyzG was comparable to that reported in most fish
species such as Channa striatusl®l, Euryglossa orientalis!, L.
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SD. Significant differences are indicated by asterisks, * p < 0.05, ** p < 0.01, *** p < 0.001.
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rohital'?], and T. fasciatus!"l. The majority of fish g-type lysozymes,  the four highly conserved cysteine residues found in birds and
including the ToLyzG studied here, lack a signal peptide at the N-  mammals, aligning with the theory that ToLyzG may function as an
terminus, indicating that these enzymes may not be secreted via cellu-  intracellular protein. Sequence comparison of ToLyzG with lysozymes
lar or tissue pathways. The absence of cysteine residues is a prevalent ~ from diverse species unveiled the presence of the GLMQ motif, which
trait among many fish g-type lysozymes®2l. Notably, ToLyzG lacked  is postulated to enhance binding affinity for NAG-NAM. Furthermore,
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Table 2. Lytic activity of rToLyzG against bacteria. a - LPS
Bacteria UL =@ rToLyzG wk
=2 =+=1TRX *%
Vibrio harveyi 0.865 a
Vibrio parahaemolyticus 0.785 e
Aeromonas hydrophila 0.658 §
Staphylococcus aureus 0.516 _g
Bacillus subtilis 0.483 §
Bacillus thuringiensis 0.466 <
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the GLMQ motif has been implicated in enzymatic activities or the . .
Protein concentration (pg/mL)

modulation of specific lytic transglycosylases(*3l. Phylogenetic analysis
demonstrated that ToLyzG was primarily clustered with other puffer- P

. GN
fish g-type lysozymes and, to a lesser extent, with those from other 0.6 .

teleost fish. Consistent with traditional taxonomic classifications, these tg‘]’{?’ZG *
species belong to the same family, and the clustering of their g-type o
lysozymes offer molecular support for the study of biological evolu- 0.4 - *

tion.

Considerable investigative efforts have been devoted to exploring
the tissue distribution of g-type lysozymes across diverse fish species,
consistently demonstrating their widespread occurrence in all tissue
categories. In S. maximus, a high-level expression of SmLysG was
detected in the kidney, gills, brain, heart, and spleenl®l. Abundant
expression of Ec-lysG was observed in the head kidney, stomach, gills,
and intestine of Epinephelus coioides!'7). D. labrax L. g-type lysozyme
was hlghest expressed in the gllls and head kidney[m]_ Lr-lysG was Fig. 8 Carbohydrate binding ability of rToLyzG. The binding of different
mainly expressed in the skin, anterior kidney, brain, liver, and spleen concentrations of rToLyzG to (a) LPS and (b) PGN was assessed by ELISA,
of L. rohital'?l. The current study found ToLyzG to be expressed in six with rTRX serving as a control. Data are presented as the mean £ SD (n =
tissues, particularly with heightened expression in the liver, kidney, fz* Significant differences are shown with asterisks, * p < 0.05, ** p < 0.01,
intestine, spleen, and gills. Lysozyme, a well-documented antimicro- p <0.001.
bial protein is known for its broad-spectrum inducibility against vari-
ous pathogens, particularly bacteria. However, following bacterial
challenges, the expression patterns of g-type lysozymes in fish immune ~ kidney, spleen, and gills"). In S. maximus, Lyg2 expression was upre-
organs showed variability. For instance, C. idellus challenged with A.  gulated in mucosal tissues after challenge with V. anguillarum and

o
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hydrophila exhibited upregulated g-type lysozyme in the liver, head
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Fig. 9 Binding of rToLyzG to bacteria. The binding activity of rToLyzG to
different bacteria, including V. harveyi, V. parahaemolyticus, A. hydrophila,
S. aureus, B. subtilis, and B. thuringiensis was determined by (a) Western
blot and (b) ELISA. rTRX was used as a negative control. Significant
differences are represented with asterisks, ** p < 0.01, *** p < 0.001.

S. iniael**). The expression of EuOr LysG was upregulated in the gills,
kidney, liver, spleen, and muscle of E. orientalis injected with V. para-
haemolyticusi®'l. V. harveyi can cause luminescent vibriosis in aquatic
animals, leading to high mortality rates and significant economic
losses in aquaculturel®®l. S. aureus can contaminate feed and water,
posing a risk to the health of aquatic animals*l. Infection of T. obscu-
rus with V. harveyi and S. aureus resulted in increased levels of ToLyzG
mRNA, hinting at a potential antimicrobial function of ToLyzG in the
host's immune defenses. While most lysozymes are known to be effec-
tive against Gram-positive bacteria, with limited reports on their acti-
vity against Gram-negative bacterial’’l, the present study observed a
significantly greater upregulation of ToLyzG in response to Gram-
negative bacteria.

Studies suggest that g-type lysozymes in fish exhibit varying pH and
temperature dependence patterns. G-type lysozymes of P. olivaceus!],
Siniperca chuatsil®®], C. idellus], and E. orientalisl®!] exhibited the
highest activities at pH 6.0 to 7.0, whereas gLYS in G. morhua L.
possessed peak activity at pH < 4.8[6. The optimal temperatures of g-
type lysozymes in S. maximus®l, E. coioides!'”), and seahorse
Hippocampus abdominalist%) were 20, 30, and 35 °C, respectively. In
contrast, the g-type lysozyme of C. idellus showed maximum activity at
60 °Cl7l. The present research revealed that the optimal conditions for
rToLyzG activity were pH 7.0 and 35 °C. rToLyzG exhibited high
activity within a broad pH range of 5.5 to 8.0 and a temperature range
spanning from 25 to 45 °C. These findings are in accordance with the
hypothesis that ToLyzG functions as a highly active enzyme under the
physiological conditions typically encountered in its natural environ-
ment. Further testing of rToLyzG's lytic activity against a diverse array
of bacteria revealed that, at optimal conditions of pH 7.0 and 35 °C, it
exhibited potent lytic activity against Gram-negative bacteria V.
harveyi, V. parahaemolyticus, and A. hydrophila. In contrast, its acti-
vity against Gram-positive bacteria was relatively lower. V. para-
haemolyticus severely threatens fish health, causing diseases that can
lead to significant mortality in aquaculturel®l. A. hydrophila is a
pathogenic bacterium that can cause septicemia, furunculosis, and
other diseases in fish, seriously affecting their health and survival
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Fig. 10 Antimicrobial activity of rToLyzG against different microbes. (a) V. harveyi, (b) V. parahaemolyticus, (c) A. hydrophila, (d) S. aureus, (e) B. subtilis, or
(f) B. thuringiensis was inoculated with rToLyzG protein. Bacterial growth was evaluated by measuring the absorbance at 600 nm every 1 h. rTRX was used as
the control. Significant differences are represented with asterisks, * p < 0.05, ** p < 0.01, *** p < 0.001.
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rates!*!]. It was also reported that rLr-lysG in L. rohitahad had lytic
activity against A. hydrophila and Edwardsiella tardal'?. G-type
lysozymes of E. coioides and S. chuatsi possessed lytic activities against
V. alginolyticus and A. hydrophilal®®42]. In E. orientalis, rEuOr LysG
showed strong lytic activities against bacteria Bacillus cereus and A.
hydrophilal3!l.

A fundamental role of lysozyme is to function as an antimicrobial
agent, which often involves direct interaction with bacteria. The
present study demonstrated that rToLyzG could bind directly to LPS
and PGN, the primary constituents of the cell walls in Gram-negative
and Gram-positive bacteria, with a notably higher binding affinity
towards LPS than PGN. rToLyzG could also bind to V. harveyi, V.
parahaemolyticus, A. hydrophila, S. aureus, B. subtilis, and B.
thuringiensis, with a stronger binding ability to Gram-negative bacte-
ria. The binding captivity of rToLyzG to bacteria helps to prevent these
pathogens from invading cells, instead keeping them confined to the
extracellular surface or matrix. To investigate the possible antibacte-
rial captivity of rToLyzG, growth inhibition experiments were
performed at pH 7.0. The findings indicated that rToLyzG exhibited a
stronger inhibitory effect against Gram-negative bacteria. V. harveyi
exhibited a more pronounced growth reduction in response to
rToLyzG than V. parahaemolyticus and A. hydrophila, hinting at
potential differences in cell wall structures that make V. harveyi more
susceptible to rToLyzG. Contrary to our results, rfSmLysC showed
stronger growth inhibition against M. luteus, S. aureus, and S. iniae,
but had weaker effects against E. tarda, Pseudomonas fluorescens, and
V. anguillarum®3. These results further suggest that ToLyzG plays a
significant but distinct role in the defense against Gram-negative and
Gram-positive bacterial infections in T. obscurus.

Conclusions

In the current study, a g-type lysozyme of T. obscurus (ToLyzG) was first
identified. ToLyzG was expressed in six tissues of T. obscurus. ToLyzG
expression was upregulated after V. harveyi challenge in the liver, spleen,
kidney, and intestine. The recombinant ToLyzG had lytic activity against
various bacteria. Furthermore, rToLyzG could not only bind to LPS,
PGN, and six bacteria but also inhibit the growth of these bacteria.
Notably, rToLyzG exhibited stronger inhibitory effects against Gram-
negative bacteria compared to its effects on Gram-positive bacteria. The
combined results suggest a crucial role of ToLyzG in the immunity of T.
obscurus against bacterial challenge.
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