
 

Involvement of a goose-type lysozyme from Takifugu
obscurus in immune response against Gram-negative
bacteria

2025 Volume 2, Article number: e001

https://doi.org/10.48130/animadv-0024-0009

Received: 24 October 2024

Revised: 24 November 2024

Accepted: 12 December 2024

Published online: 21 January 2025

Ying Huang, Rui Shen, Li-Fan Cui, Yan Shi, Xiao-Rui Song and Zhe Zhao*

Jiangsu Province Engineering Research Center for Marine Bio-resources Sustainable Utilization, College
of Oceanography, Hohai University, Nanjing 210024, China
* Corresponding author, E-mail: zhezhao@hhu.edu.cn

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.
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 Introduction
Lysozyme, a ubiquitous bacteriolytic enzyme found across a wide range of
organisms[1],  facilitates  the  hydrolysis  of  the β-(1,4)-glycosidic  bond
linking N-acetylglucosamine  (NAG)  and N-acetylmuramic  acid  (NAM)
in  peptidoglycan  (PGN),  leading  to  the  lysis  of  bacterial  cells[2,3].
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)[2].  These  two  types  vary  in  amino  acid
sequence and enzymatic characteristics[2]. 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 peptide[2].

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[4].
The initial identification and study of g-type lysozyme in fish occurred
in Paralichthys  olivaceus[5].  Later,  this  type  of  lysozyme  has  been
cloned  in  other  teleosts,  including Gadus  morhua L.[6], Ctenopharyn-
godon  idellus[7], Scophthalmus  maximus[8], Ictalurus  punctatus[9],
Dicentrarchus labrax L.[10], Microptenus salmoides[11], Labeo rohita[12],
Totoaba macdonaldi[13],  and Trachidermus fasciatus[14].  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  luteus[8], Streptococcus  iniae[15],
Vibrio harveyi[16], Vibrio alginolyticus[17], Photobacterium damselae[10],
and Aeromonas  hydrophila[11].  Apart  from  their  antimicrobial  activi-
ties,  g-type  lysozymes  could  also  perform  many  other  functions,  in-
cluding against viral particles and parasites[17], immunomodulatory[18],
anti-inflammatory[14],  and  regulation  of  early  development[3].  How-
ever,  as  of  now,  there  is  limited  information  available  concerning
the  molecular  characteristics  and  functions  of  g-type  lysozymes  in
pufferfish.

Obscure  puffer Takifugu  obscurus is  a  marine  species  found in  the
East China Sea, Yellow Sea, and Bohai Sea[19]. 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[20].  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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 Sequence analysis
The  ToLyzG  sequence  was  analyzed  utilizing  the  BLAST  program
(http://blast.ncbi.nlm.nih.gov/Blast.cgi)[21] and  the  ExPASy  platform
(https://web.expasy.org/translate/)[22].  A  domain  search  was  performed
with  SMART  (http://smart.embl-heidelberg.de/)[23] and  visualized  using
PyMOL 2.5. Three-dimensional structural models were constructed using
the  SWISS-MODEL  (https://swissmodel.expasy.org/)[24].  The  molecular
weight (Mw), isoelectric point (pI),  and instability index were calculated
with  the  ProtParam  (https://web.expasy.org/protparam/)[22].  Multiple
sequence  alignment  was  generated  using  the  Clustal  Omega
(www.ebi.ac.uk/Tools/msa/clustalo/)[25]and  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[26].

 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
μL of V. harveyi or S.  aureus (about 3.0  × 107 CFU/mL).  In the control
group, fish were injected with 100 μL 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  μg  of  RNA  with  the  PrimeScriptTM RT
reagent kit (TaKaRa, Japan). Following synthesis, the cDNA was diluted
fivefold with ddH2O 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 β-actin
as  the  housekeeping  gene  for  normalization.  Gene-specific  primers
(ToLyzG-qF  and ToLyzG-qR, β-actin-qF and β-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  μL  reaction
mixture  contained 1  μL of  diluted cDNA template,  5  μL of  2× Ex Taq™
SYBR  premix,  0.4  μL  of  each  primer,  and  3.2  μL  ddH2O.  The  relative
expression of ToLyzG mRNA was calculated using the 2−ΔΔCᴛ method[27].

 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 I.  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 DH5α
(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 β-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 OD600 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  μL  aliquots  of  these  suspensions
were  mixed  with  50  μL  of  rToLyzG  (500  μg/mL).  The  initial  OD600
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  OD600 was
measured again, denoted as A. The lytic activity (UL) of the enzyme was
calculated using the formula: UL = (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 OD600 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 μL of each suspension was combined with 50 μL of
rToLyzG  (500 μg/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 (UL) 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  ddH2O  to  80  μg/mL  and  then  coated  onto  the  wells  of  a
microplate  with  50  μL  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  μL  of  3%  bovine  serum  albumin  (BSA)  at  37  °C  for  1  h.
Subsequently, 100 μL of purified rToLyzG or rTRX (0, 3, 5, 8, 15, 25, and
50 μg/mL) were added to each well and incubated for 3 h. One hundred
μL of rabbit anti-His antibody, diluted 1:2000 (Abbkine, USA), was then
added and incubated for 2 h. One hundred μL 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

 

Table 1.    Primers used in this study.

Primers Nucleotide sequence (5'-3') Tm value
(°C)

ToLyzG-F CAAGCCACCGAAATCCTGGTTGAGTT 70.5
ToLyzG-R GACATTTTTCTCACCCTTATTGTAGGCAGC 69.0
ToLyzG-qF CACCGAAATCCTGGTTGAGT 57.2
ToLyzG-qR CACCCTTATTGTAGGCAGCTAA 57.2
β-actin-qF GACAGCTATGTGGGAGATGAAG 56.5
β-actin-qR GGAGCTCGTTATAGAAGGTGTG 56.3
ToLyzG-exF GCCATGGCTGATATCGGATCCATGCCTTAC

GGAAAGATAGAGGATATA
84.6

ToLyzG-exR ACGGAGCTCGAATTCGGATCCAAACCCCAT
GTTGCTTTTGTACCACTG

89.5

Function of ToLyzG in antimicrobial immunity

2   Huang et al. Animal Advances  2025, 2: e001

http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://web.expasy.org/translate/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://swissmodel.expasy.org/
https://web.expasy.org/protparam/
https://www.ebi.ac.uk/Tools/msa/clustalo/


colorimetric  reaction,  0.01% 3,3ʹ,5,5ʹ-tetramethylbenzidine was  added to
each well. The reaction was subsequently stopped by the addition of 2 M
H2SO4,  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  ×  107 CFU/mL.  Subsequently,  500  μL  of  each  suspension  was
incubated  with  500  μL  of  rToLyzG  (500  μg/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.
rTRX  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  μL  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  μL  of  0.05%
glutaraldehyde  and  subsequently  blocked  with  100  μL  of  3%  BSA.
Afterward, 100 μL of rToLyzG (100 μg/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.

thuringiensis were cultivated in TSB or LB medium as previously specified
until  they  reached  OD600 of  0.1.  Subsequently,  rToLyzG  was  added  to
these  cultures  at  100  μg/mL.  Under  identical  conditions,  rTRX  was
utilized as a control.  The growth was continued for 8 h,  and OD600 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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Fig. 1    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  α-helices
(Fig.  1b).  Notably,  no β-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.  6c),  respectively.  There  were  no  notable  alterations  in
ToLyzG expression  observed  in  the  PBS-injected  group  over  the  period
from 0 to 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 μg/mL for the rToLyzG protein and 586 μg/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 (UL = 0.47, Fig. 7b). Furthermore, rToLyzG
exhibited  robust  lytic  activity  between  25  °C  and  45  °C,  achieving  its
maximum activity at 35 °C (UL = 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 (UL = 0.865), V. parahaemolyticus (UL = 0.785), followed by A.
hydrophila (UL = 0.  658).  The  bacteriolytic  capacity  was  relatively  low
against Gram-positive bacteria S. aureus (UL = 0. 516), B. subtilis (UL = 0.
483), and B. thuringiensis (UL = 0. 466), respectively.
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 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.

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[28,29].  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  striatus[30], Euryglossa  orientalis[31], L.
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rohita[12],  and T.  fasciatus[14].  The  majority  of  fish  g-type  lysozymes,
including  the  ToLyzG  studied  here,  lack  a  signal  peptide  at  the  N-
terminus, indicating that these enzymes may not be secreted via cellu-
lar or tissue pathways.  The absence of cysteine residues is  a prevalent
trait  among  many  fish  g-type  lysozymes[32].  Notably,  ToLyzG  lacked

the  four  highly  conserved  cysteine  residues  found  in  birds  and
mammals,  aligning  with  the  theory  that  ToLyzG  may  function  as  an
intracellular protein. Sequence comparison of ToLyzG with lysozymes
from diverse species unveiled the presence of the GLMQ motif, which
is postulated to enhance binding affinity for NAG-NAM. Furthermore,
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the  GLMQ  motif  has  been  implicated  in  enzymatic  activities  or  the
modulation of specific lytic transglycosylases[33]. Phylogenetic analysis
demonstrated that ToLyzG was primarily clustered with other puffer-
fish  g-type  lysozymes  and,  to  a  lesser  extent,  with  those  from  other
teleost fish. Consistent with traditional taxonomic classifications, these
species  belong  to  the  same  family,  and  the  clustering  of  their  g-type
lysozymes  offer  molecular  support  for  the  study  of  biological  evolu-
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  spleen[8].  Abundant
expression of Ec-lysG was observed in the head kidney, stomach, gills,
and intestine of Epinephelus  coioides[17]. D. labrax L. g-type lysozyme
was  highest  expressed  in  the  gills  and  head  kidney[10]. Lr-lysG was
mainly expressed in the skin,  anterior kidney,  brain,  liver,  and spleen
of L. rohita[12]. The current study found ToLyzG to be expressed in six
tissues,  particularly  with  heightened  expression  in  the  liver,  kidney,
intestine,  spleen,  and  gills.  Lysozyme,  a  well-documented  antimicro-
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
organs  showed  variability.  For  instance, C.  idellus challenged  with A.

hydrophila exhibited  upregulated  g-type  lysozyme  in  the  liver,  head
kidney,  spleen,  and gills[7].  In S.  maximus, Lyg2 expression was upre-
gulated  in  mucosal  tissues  after  challenge  with V.  anguillarum and
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Table 2.    Lytic activity of rToLyzG against bacteria.

Bacteria UL

Vibrio harveyi 0.865
Vibrio parahaemolyticus 0.785
Aeromonas hydrophila 0.658
Staphylococcus aureus 0.516
Bacillus subtilis 0.483
Bacillus thuringiensis 0.466
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S. iniae[34].  The expression of EuOr LysG was upregulated in the gills,
kidney, liver, spleen, and muscle of E. orientalis injected with V. para-
haemolyticus[31]. V. harveyi can cause luminescent vibriosis in aquatic
animals,  leading  to  high  mortality  rates  and  significant  economic
losses  in  aquaculture[35]. S.  aureus can  contaminate  feed  and  water,
posing a risk to the health of aquatic animals[36]. 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  bacteria[37],  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[5],
Siniperca  chuatsi[38], C.  idellus[7],  and E.  orientalis[31] 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[8], E.  coioides[17],  and  seahorse
Hippocampus  abdominalis[39] were  20,  30,  and  35  °C,  respectively.  In
contrast, the g-type lysozyme of C. idellus showed maximum activity at
60 °C[7]. 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  aquaculture[40]. 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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rates[41].  It  was  also  reported  that  rLr-lysG  in L.  rohitahad had  lytic
activity  against A.  hydrophila and Edwardsiella  tarda[12].  G-type
lysozymes of E. coioides and S. chuatsi possessed lytic activities against
V.  alginolyticus and A.  hydrophila[38,42].  In E.  orientalis,  rEuOr  LysG
showed  strong  lytic  activities  against  bacteria Bacillus  cereus and A.
hydrophila[31].

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,  rSmLysC  showed
stronger  growth  inhibition  against M.  luteus, S.  aureus,  and S.  iniae,
but had weaker effects against E. tarda, Pseudomonas fluorescens,  and
V.  anguillarum[43].  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.

 Ethical statements
The  sampling  protocol  was  approved  by  the  Ethics  Committee  of
Experimental  Animals  at  Hohai  University  (identification  number:
hhuhy-23-012, approval date: 2023/5/25) and adhered to the Animal Care
Guidelines issued by the Ministry of Science and Technology (China). No
wild animals were used in this study.

 Author contributions
The authors confirm contribution to the paper as follows: methodology:
Huang Y,  Shen R,  Cui LF,  Shi  Y,  Song XR; software:  Huang Y,  Shen R,
Cui  LF,  Shi  Y;  supervision,  writing - original  draft:  Huang  Y;  funding
acquisition: Huang Y, Shi Y, Zhao Z; writing - review & editing: Huang Y,
Zhao  Z;  data  curation:  Shen  R;  formal  analysis,  validation:  Shen  R,  Cui
LF, Song XR; resources, conceptualization: Zhao Z. All authors reviewed
the results and approved the final version of the manuscript. 

 Data availability
Data will be made available upon reasonable request to the corresponding
author.

Acknowledgments
The current study was supported by the Open project of Key Laboratory
of  Marine  Biogenetic  Resources,  Third  Institute  of  Oceanography,
Ministry  of  Natural  Resources  (HY202402),  the  Guangdong  Provincial
Key Laboratory of Applied Marine Biology (LAMB20221006), the Project
for Seed Industry Vitalization of Jiangsu Province (JBGS[2021]133), and
the  Research  Funds  of  the  Jiangsu  Marine  Bioresources  Innovation
Center (2022YHTZZZ04).

Conflict of interest
No  potential  conflicts  of  interest  were  disclosed.  The  manuscript  is
approved by all authors for publication. Zhe Zhao is the Editorial Board
member of Animal Advances who was blinded from reviewing or making
decisions  on  the  manuscript.  The  article  was  subject  to  the  journal's
standard  procedures,  with  peer-review  handled  independently  of  this
Editorial Board member and the research groups.

References 

 Jollès P,  Jollès J. 1984. What's  new in lysozyme research? Always a model
system,  today  as  yesterday. Molecular  and  Cellular  Biochemistry
63(2):165−89

1.

 Callewaert  L,  Michiels  CW. 2010. Lysozymes  in  the  animal  kingdom.
Journal of Biosciences 35(1):127−60

2.

 Li L,  Cardoso JCR, Félix RC, Mateus AP,  Canário AVM, et  al. 2021. Fish
lysozyme  gene  family  evolution  and  divergent  function  in  early  develop-
ment. Developmental and Comparative Immunology 114:103772

3.

 Irwin  DM. 2014. Evolution  of  the  vertebrate  goose-type  lysozyme  gene
family. BMC Evolutionary Biology 14:188

4.

 Hikima J, Minagawa S, Hirono I, Aoki T. 2001. Molecular cloning, expres-
sion and evolution of the Japanese flounder goose-type lysozyme gene, and
the lytic activity of its recombinant protein. Biochimica et Biophysica
Acta 1520(1):35−44

5.

 Larsen AN, Solstad T, Svineng G, Seppola M, Jørgensen TØ. 2009. Molecu-
lar characterization of a goose-type lysozyme gene in Atlantic cod (Gadus
morhua L.). Fish & Shellfish Immunology 26(1):122−32

6.

 Ye X, Zhang L, Tian Y, Tan A, Bai J, et al. 2010. Identification and expres-
sion analysis of the g-type and c-type lysozymes in grass carp Ctenopharyn-
godon  idellus. Developmental  and  Comparative  Immunology
34(5):501−9

7.

 Zhao  L,  Sun  JS,  Sun  L. 2011. The  g-type  lysozyme  of Scophthalmus
maximus has  a  broad  substrate  spectrum  and  is  involved  in  the  immune
response  against  bacterial  infection. Fish  &  Shellfish  Immunology
30(2):630−7

8.

 Wang R, Feng J, Li C, Liu S, Zhang Y, et al. 2013. Four lysozymes (one c-
type  and  three  g-type)  in  catfish  are  drastically  but  differentially  induced
after bacterial infection. Fish & Shellfish Immunology 35(1):136−45

9.

 Buonocore  F,  Randelli  E,  Trisolino  P,  Facchiano  A,  de  Pascale  D,  et  al.
2014. Molecular characterization, gene structure and antibacterial  activity
of a g-type lysozyme from the European sea bass (Dicentrarchus labrax
L.). Molecular Immunology 62(1):10−18

10.

 Zhang C, Zhang J,  Liu M, Huang M. 2018. Molecular cloning, expression
and  antibacterial  activity  of  goose-type  lysozyme  gene  in Microptenus
salmoides. Fish & Shellfish Immunology 82:9−16

11.

 Mohapatra  A,  Parida  S,  Mohanty  J,  Sahoo  PK. 2019. Identification  and
functional characterization of a g-type lysozyme gene of Labeo rohita, an
Indian major carp species. Developmental and Comparative Immunol-
ogy 92:87−98

12.

 Moreno-Córdova  EN,  Islas-Osuna  MA,  Contreras-Vergara  CA,  López-
Zavala  AA,  Ruiz-Bustos  E,  et  al. 2020. Molecular  characterization  and
expression  analysis  of  the  chicken-type  and  goose-type  lysozymes  from
totoaba  (Totoaba  macdonaldi). Developmental  and  Comparative
Immunology 113:103807

13.

 Liu Y, Zha H, Yu S, Zhong J, Liu X, et al. 2022. Molecular characterization
and antibacterial  activities of a goose-type lysozyme gene from roughskin

14.

Function of ToLyzG in antimicrobial immunity

Huang et al. Animal Advances  2025, 2: e001   9

https://doi.org/10.1007/BF00285225
https://doi.org/10.1007/s12038-010-0015-5
https://doi.org/10.1016/j.dci.2020.103772
https://doi.org/10.1186/s12862-014-0188-x
https://doi.org/10.1016/S0167-4781(01)00248-2
https://doi.org/10.1016/S0167-4781(01)00248-2
https://doi.org/10.1016/j.fsi.2008.03.021
https://doi.org/10.1016/j.dci.2009.12.009
https://doi.org/10.1016/j.fsi.2010.12.012
https://doi.org/10.1016/j.fsi.2013.04.014
https://doi.org/10.1016/j.molimm.2014.05.009
https://doi.org/10.1016/j.fsi.2018.07.058
https://doi.org/10.1016/j.dci.2018.11.004
https://doi.org/10.1016/j.dci.2018.11.004
https://doi.org/10.1016/j.dci.2018.11.004
https://doi.org/10.1016/j.dci.2020.103807
https://doi.org/10.1016/j.dci.2020.103807


sculpin  (Trachidermus  fasciatus). Fish  &  Shellfish  Immunology
127:1079−87
 Whang I,  Lee  Y,  Lee  S,  Oh MJ,  Jung SJ,  et  al. 2011. Characterization and
expression analysis of a goose-type lysozyme from the rock bream Opleg-
nathus fasciatus, and antimicrobial activity of its recombinant protein.
Fish & Shellfish Immunology 30(2):532−42

15.

 Fu GH, Bai ZY, Xia JH, Liu F, Liu P, et al. 2013. Analysis of two lysozyme
genes and antimicrobial functions of their recombinant proteins in Asian
seabass. PLoS One 8(11):e79743

16.

 Wei S, Huang Y, Huang X, Cai J, Wei J, et al. 2014. Molecular cloning and
characterization of a new G-type lysozyme gene (Ec-lysG) in orange-spot-
ted  grouper, Epinephelus  coioides. Developmental  and  Compara-
tive Immunology 46(2):401−12

17.

 Rymuszka A,  Studnicka M, Siwicki  AK,  Sierosławska A,  Bownik A. 2005.
The  immunomodulatory  effects  of  the  dimer  of  lysozyme  (KLP-602)  in
carp (Cyprinus carpio) L. - in vivo study. Ecotoxicology and Envi-
ronmental Safety 61(1):121−27

18.

 Huang  Y,  Shi  Y,  Hu  S,  Wu  T,  Zhao  Z. 2020. Characterization  and  func-
tional  analysis  of  two  transmembrane  c-type  lectins  in  obscure  puffer
(Takifugu obscurus). Frontiers in Immunology 11:436

19.

 Wang RX, Huang Y, Shi Y, Jiang FH, Gao Y, et al. 2022. Characterization
and  functional  analysis  of  a  c-type  lysozyme  gene  from  obscure  puffer
Takifugu  obscurus. Developmental  &  Comparative  Immunology
133:104412

20.

 Altschul  SF,  Madden  TL,  Schäffer  AA,  Zhang  J,  Zhang  Z,  et  al. 1997.
Gapped  BLAST  and  PSI-BLAST:  a  new  generation  of  protein  database
search programs. Nucleic Acids Research 25(17):3389−402

21.

 Gasteiger  E,  Gattiker  A,  Hoogland  C,  Ivanyi  I,  Appel  RD,  et  al. 2003.
ExPASy: the proteomics server for in-depth protein knowledge and analy-
sis. Nucleic Acids Research 31(13):3784−88

22.

 Letunic  I,  Bork  P. 2018. 20  years  of  the  SMART protein  domain  annota-
tion resource. Nucleic Acids Research 46(D1):D493−D496

23.

 Waterhouse  A,  Bertoni  M,  Bienert  S,  Studer  G,  Tauriello  G,  et  al. 2018.
SWISS-MODEL:  homology  modelling  of  protein  structures  and  com-
plexes. Nucleic Acids Research 46(W1):W296−W303

24.

 Sievers  F,  Higgins  DG. 2014. Clustal  omega. Current  Protocols  in
Bioinformatics 48:1.25.1−1.25.33.

25.

 Kumar  S,  Stecher  G,  Tamura  K. 2016. MEGA7:  molecular  evolutionary
genetics analysis version 7.0 for bigger datasets. Molecular Biology and
Evolution 33(7):1870−74

26.

 Livak  KJ,  Schmittgen  TD. 2001. Analysis  of  relative  gene  expression  data
using  real-time  quantitative  PCR  and  the  2-ΔΔCT Method. Methods
25(4):402−8

27.

 Saurabh S,  Sahoo PK. 2008. Lysozyme:  an important  defence molecule  of
fish innate immune system. Aquaculture Research 39:223−39

28.

 Ragland  SA,  Criss  AK. 2017. From  bacterial  killing  to  immune  modula-
tion:  Recent  insights  into  the  functions  of  lysozyme. PLoS  Pathogens
13(9):e1006512

29.

 Kumaresan V, Bhatt P, Ganesh MR, Harikrishnan R, Arasu M, et al. 2015.
A  novel  antimicrobial  peptide  derived  from  fish  goose  type  lysozyme
disrupts the membrane of Salmonella enterica. Molecular Immunol-
ogy 68:421−33

30.

 Safarian M, Tabandeh MR, Zolgharnein H, Ghotrami ER. 2016. Molecular
characteristics of lysozyme G in Euryglossa orientalis; cDNA cloning,
phylogenic  analysis,  physicochemical  properties  and  tissue  gene  expres-
sion. Fish Physiology and Biochemistry 42(6):1833−44

31.

 Kawamura S, Ohkuma M, Chijiiwa Y, Kohno D, Nakagawa H, et al. 2008.
Role  of  disulfide  bonds  in  goose-type  lysozyme. FEBS  Journal
275(11):2818−30

32.

 Höppner C, Carle A, Sivanesan D, Hoeppner S, Baron C. 2005. The puta-
tive  lytic  transglycosylase  VirB1  from Brucella suis interacts  with  the
type IV secretion system core components VirB8, VirB9 and VirB11. Micro-
biology 151:3469−82

33.

 Gao C, Fu Q, Zhou S, Song L, Ren Y, et al. 2016. The mucosal expression
signatures of g-type lysozyme in turbot (Scophthalmus maximus) follow-
ing bacterial challenge. Fish & Shellfish Immunology 54:612−9

34.

 Zhang XH, He X, Austin B. 2020. Vibrio harveyi: a serious pathogen of
fish  and  invertebrates  in  mariculture. Marine  Life  Science  &  Tech-
nology 2(3):231−45

35.

 Vaiyapuri  M, Joseph TC, Rao BM, Lalitha KV, Prasad MM. 2019. Methi-
cillin-resistant Staphylococcus  aureus in  seafood:  prevalence,  labora-
tory  detection,  clonal  nature,  and  control  in  seafood  chain. Journal of
Food Science 84(12):3341−51

36.

 Ibrahim HR,  Aoki  T,  Pellegrini  A. 2002. Strategies  for  new antimicrobial
proteins  and  peptides:  lysozyme  and  aprotinin  as  model  molecules.
Current Pharmaceutical Design 8(9):671−93

37.

 Sun BJ, Wang GL, Xie HX, Gao Q, Nie P. 2006. Gene structure of goose-
type lysozyme in the mandarin fish Siniperca chuatsi with analysis on
the  lytic  activity  of  its  recombinant  in Escherichia coli. Aquaculture
252:106−13

38.

 Ko J, Wan Q, Bathige SDNK, Lee J. 2016. Molecular characterization, tran-
scriptional  profiling,  and  antibacterial  potential  of  G-type  lysozyme from
seahorse (Hippocampus abdominalis). Fish & Shellfish Immunology
58:622−30

39.

 Li L, Meng H, Gu D, Li Y, Jia M. 2019. Molecular mechanisms of Vibrio
parahaemolyticus pathogenesis. Microbiological  Research
222:43−51

40.

 Wu Y, Chen J, Wei W, Miao Y, Liang C, et al. 2022. A study of the antibac-
terial  mechanism  of  pinocembrin  against  multidrug-resistant Aeromonas
hydrophila. International Microbiology 25(3):605−13

41.

 Yin ZX, He JG, Deng WX, Chan SM. 2003. Molecular cloning, expression
of orange-spotted grouper goose-type lysozyme cDNA, and lytic activity of
its recombinant protein. Diseases of Aquatic Organisms 55(2):117−23

42.

 Yu LP, Sun BG, Li J, Sun L. 2013. Characterization of a c-type lysozyme of
Scophthalmus  maximus:  expression,  activity,  and  antibacterial  effect.
Fish & Shellfish Immunology 34(1):46−54

43.

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum  Academic  Press  on  behalf  of  Nanjing

Agricultural  University.  This  article  is  an  open access  article  distributed
under Creative Commons Attribution License (CC BY 4.0), visit https://
creativecommons.org/licenses/by/4.0/.

Function of ToLyzG in antimicrobial immunity

10   Huang et al. Animal Advances  2025, 2: e001

https://doi.org/10.1016/j.fsi.2022.07.053
https://doi.org/10.1016/j.fsi.2010.11.025
https://doi.org/10.1371/journal.pone.0079743
https://doi.org/10.1016/j.ecoenv.2004.07.005
https://doi.org/10.1016/j.ecoenv.2004.07.005
https://doi.org/10.1016/j.ecoenv.2004.07.005
https://doi.org/10.3389/fimmu.2020.00436
https://doi.org/10.1016/j.dci.2022.104412
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/gkg563
https://doi.org/10.1093/nar/gkx922
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1002/0471250953.bi0313s48
https://doi.org/10.1002/0471250953.bi0313s48
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/j.1365-2109.2007.01883.x
https://doi.org/10.1371/journal.ppat.1006512
https://doi.org/10.1016/j.molimm.2015.10.001
https://doi.org/10.1016/j.molimm.2015.10.001
https://doi.org/10.1016/j.molimm.2015.10.001
https://doi.org/10.1007/s10695-016-0261-z
https://doi.org/10.1111/j.1742-4658.2008.06422.x
https://doi.org/10.1099/mic.0.28326-0
https://doi.org/10.1099/mic.0.28326-0
https://doi.org/10.1099/mic.0.28326-0
https://doi.org/10.1016/j.fsi.2016.05.015
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1007/s42995-020-00037-z
https://doi.org/10.1111/1750-3841.14915
https://doi.org/10.1111/1750-3841.14915
https://doi.org/10.2174/1381612023395349
https://doi.org/10.1016/j.aquaculture.2005.07.046
https://doi.org/10.1016/j.fsi.2016.10.014
https://doi.org/10.1016/j.micres.2019.03.003
https://doi.org/10.1007/s10123-022-00245-w
https://doi.org/10.1016/j.fsi.2012.10.007
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Bacteria and fish
	Cloning of ToLyzG
	Sequence analysis
	Bacterial infections and sample collection
	RNA extraction and cDNA synthesis
	Expression pattern analysis
	Recombinant expression and purification
	Influence of pH and temperature on the lytic activity of rToLyzG
	Bacteriolytic activity of rToLyzG
	Polysaccharide binding assay
	Bacterial binding activity of rToLyzG
	Bacterial growth inhibition assay
	Statistical analysis

	Results
	Molecular characteristics of ToLyzG
	Bioinformatics analysis of ToLyzG
	Tissue distribution of ToLyzG
	Expression profiles of ToLyzG upon bacterial infections
	Expression and purification of rToLyzG
	Influence of pH and temperature on the lytic activity of rToLyzG
	Lytic activity of rToLyzG against bacteria
	Binding of rToLyzG to polysaccharide
	Binding assay of rToLyzG to bacteria
	Antimicrobial activity of rToLyzG

	Discussion
	Conclusions
	Ethical statements
	Author contributions
	Data availability
	References

