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Lysosomes-associated membrane proteins (LAMPs), a family of glycosylated
proteins andmajor constituents of the lysosomal membranes, play a dominant
role in various cellular processes, including phagocytosis, autophagy and
immunity in mammals. However, their roles in aquatic species remain
poorly known. In the present study, three lamp genes were cloned and
characterized from Micropterus salmoides. Subsequently, their
transcriptional levels in response to different nutritional status were
investigated. The full-length coding sequences of lamp1, lamp2 and lamp3
were 1251bp, 1224bp and 771bp, encoding 416, 407 and 256 amino acids,
respectively. Multiple sequence alignment showed that LAMP1-3 were highly
conserved among the different fish species, respectively. 3-D structure
prediction, genomic survey, and phylogenetic analysis were further
confirmed that these genes are widely existed in vertebrates. The mRNA
expression of the three genes was ubiquitously expressed in all selected
tissues, including liver, brain, gill, heart, muscle, spleen, kidney, stomach,
adipose and intestine, lamp1 shows highly transcript levels in brain and
muscle, lamp2 displays highly expression level in heart, muscle and spleen,
but lamp3 shows highly transcript level in spleen, liver and kidney. To analyze
the function of the three genes under starvation stress in largemouth bass,
three experimental treatment groups (fasted group and refeeding group,
control group) were established in the current study. The results indicated
that the expression of lamp1 was significant induced after starvation, and then
returned to normal levels after refeeding in the liver. The expression of lamp2
and lamp3 exhibited the same trend in the liver. In addition, in the spleen and
the kidney, the transcript level of lamp1 and lamp2 was remarkably increased
in the fasted treatment group and slightly decreased in the refed treatment
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group, respectively. Collectively, our findings suggest that three lamp genes
may have differential function in the immune and energetic organism in
largemouth bass, which is helpful in understanding roles of lamps in
aquatic species.
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largemouth bass, lysosomes-associated membrane proteins, tissue expression, fasting,
re-feeding

1 Introduction

Lysosomes, which may originate from pre-existing
endolysosomes or autolysosomes (Mahapatra et al., 2021), are
spherical bodies with amorphous of 50–500 nm diameter, single
membrane, terminal degradation vesicular structures organelles,
and are found in almost all eukaryotic cells (Debjyoti et al., 2014;
Rondón-Barragán et al., 2017). Lysosomes are responsible for the
degradation of cellular macromolecules (such as carbohydrates,
proteins, lipids, and nucleic acids) into their constituent building
blocks, which are generally obtained via phagocytosis or
endocytosis, or autophagy (Alessandrini et al., 2017; Baba
et al., 2020). Accumulating evidence indicated that lysosomes
act as a metabolic signalling centre and play an essential role in
numerous physiological progresses, such as, nutrient sensing
(Perera and Zoncu, 2016; Lawrence and Zoncu, 2019), antigen
presentation (Watts, 2012), disease development (Nishino et al.,
2000; Ballabio and Gieselimann, 2009; Appelqvist et al., 2013;
Alessandrini et al., 2017) and metabolic homeostasis (Schneede
et al., 2011; Lim and Zoncu, 2016; Gu et al., 2021). In addition,
lysosomes contain not only a number of soluble acid hydrolases,
but also plenty of integral lysosomal membrane proteins (Wilke
et al., 2012). Among these proteins, lysosome-associated
membrane proteins (lamps) are the major ones, accounting for
nearly half of the total lysosomal membrane proteins (Eskelinen,
2006; Rajapakshe et al., 2015; Lee et al., 2016). And these proteins
are involved in a variety of complex tasks, including the
acidification of the lysosomal lumen, lysosomal trafficking,
autophagosome-lysosome membrane fusion, exocytosis, and
transport of degraded products to the cytoplasm (Saftig and
Klumperman, 2009; Huang et al., 2017).

The lamps gene family consists of five members, lamp1
(lgp120, CD107a) and lamp2 (lgp110, CD107b, LGP96), lamp3
(CD63, CD208, DC-LAMP, TSC403), lamp4 (CD68,
macrosialin) and lamp5 (BAD-lamp) (Alessandrini et al.,
2017). It has been reported that lamp1-deficient mice are
fertile and viable (Andrejewski et al., 1999), but lamp2
deficiency in mammals, such as in the mice or humans, leads
to postnatal mortality (Tanaka et al., 2000), Danon disease
(Nadeau et al., 2008), fatal cardiomyopathy and myopathy
(Tanaka et al., 2000; Stypmann et al., 2006) due to a massive
accumulation of autophagic vacuoles in many tissues, including
skeletal muscle, liver, spleen and kidney (Tanaka et al., 2000).
Previous studies have shown the function of lamp3, lamp4 and
lamp5 in the human immune response, for example, lamp3 is not
only involved in recruited to Salmonella pathogens for
intracellular proliferation (Lee et al., 2016), but overexpression
lamp3 induced lysosomal membrane permeabilization and

contributes to cell death in human salivary glands (Tanaka
et al., 2022; Nakamura et al., 2023b). The lamp4 gene may
have the capacity of negative regulatory functions in antigen
presentation processing (Song et al., 2011). In addition, one study
has shown that lamp5 is an essential regulator of inflammatory-
signaling (Lee et al., 2014). Although different isoforms of lamp
have been found, and they have different functions in mammals.
Few studies have been conducted in teleosts, which urgently need
to explore the function of these genes.

The lamp families are highly evolutionary conserved.
Structurally speaking, all lamps belong to the type I
transmembrane proteins and are composed of a large, highly
glycosylated luminal ectodomain with multiple N- and
O-glycosylation sites (Dominguez-Bautista et al., 2015), which
protects them from the action of proteolytic degradation in
lysosomes (Baba et al., 2020), and a transmembrane domain,
followed by a short C-terminal cytoplasmic tail (Wilke et al.,
2012; Terasawa et al., 2016). In addition, the C-terminal
cytoplasmic tail has tyrosine-based sorting signal motifs (-G-Y-X-
X-hydrophobic residue, X, an amino acid), consisting of 11 amino
acid residues that function through adaptor proteins that are
recognized to be involved in trafficking of membrane vesicle
coating between the trans-Golgi network and the lysosomal
membrane (Baba et al., 2020; Sakane and Akasaki, 2018).

To date, lamp gene families have been isolated and identified
from several animal species, including mouse (lamp1 and lamp2)
(Hughes and August, 1981), human ((lamp1 and lamp2) (Fukuda
et al., 1988), lamp3 (Salaun et al., 2003), lamp4 (Holness and
Simmons, 1993) and lamp5 (Defays et al., 2011)) and bird
(lamp3) (Wu et al., 2010). In fish, however, the lamp genes have
received far too little attention in the literature. Only four orthologs
of mammalian lamp genes, including lamp1, lamp2, lamp3 and
lamp4 have been characterized in zebrafish (Danio rerio) (Meireles
et al., 2018; Iyer et al., 2022), lamp1 was identified in japanese
flounder (Paralichthys olivaceus) (Rondón-Barragán et al., 2017),
lamp3 was isolated from rainbow trout (Oncorhynchus mykiss)
(Johansson et al., 2012) and lamp4 was cloned from bluntnose
black bream (Megalobrama amblycephala) (Cui et al., 2022). And
the above results showed that lamp family genes play a vital immune
role in teleosts.

It is well known that the fish growth and basic physiological
progress are influenced by extrinsic and intrinsic factors, such as,
temperature, pH, salinity, dissolved oxygen, size, age,
reproductive or nutritional status (Reinecke, 2010; Fan et al.,
2019; Song et al., 2019; Alfonso et al., 2021; Zengin, 2021; Liu
et al., 2023). In particular, starvation stress is considered to be
one of the most important intrinsic factors that not only alters the
immune function (Tran et al., 2018; Song et al., 2019; Liao et al.,
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2021), but also changes basic energy metabolism in teleosts (Dai,
W. et al., 2018; Dar et al., 2019; Florescu Gune et al., 2019; Martin
et al., 2010). For instance, in Sinibrama taeniatus, the innate
immune parameters were increased, but the adaptive immune
index was declined after short period of starvation (Shi et al.,
2023). In addition, starvation changes the plasma glucose level
and increased lysozyme levels in Anguilla anguilla (Caruso et al.,
2010). Furthermore, a series of studies have found that nutrient
deprivation stress also induceed the autophagy in teleosts (Yabu
and Yamashita, 2008; Yabu et al., 2012). For examples, many
scholars indicated that the autophagosome formation was
observed in the skeletal muscle and intestine of juvenile
Chinese Perch (Siniperca chuatsi) after a short-term starvation
(Wu et al., 2020; Wu et al., 2022; Pan et al., 2022). Fan and others
(2020) demonstrated that nutrient deprivation induced
autophagosome formation in the zebrafish embryonic
fibroblast cells. Meanwhile, plenty of autophagy-related genes
were also induced (Wu et al., 2022). For instance, previous
studies have shown that the transcript levels of autophagy-
related genes (LC3B, gabarapl1, atg12l, atg4b) were
significantly induced by 14days fasting or serum deprivation
of rainbow trout myocytes (Seiliez et al., 2010). Similarly, Wu
et al. found that the expression of autophagy-related genes
(Atg4b/c/d, Becn1, bnip3, LC3a, LC3b, Gabarapl1, and
Atp6v1d) was significantly increased in muscle after treatment
with nutrient deprivation in Chinese perch (Wu et al., 2020; Wu
et al., 2022). Other studies have shown that nutrient restriction
greatly increased the expression of Atg genes (atg4, atg9, atg12,
lc3, gabarap and becn1) in gill epithelial cells of O. mykiss
(Walbaum) (Balmori-Cedeño et al., 2019). A recent study
reported that starvation stimulates lamp1 expression in
zebrafish embryonic fibroblast cells (Fan et al., 2020).
However, further research and exploration are needed to study
the lamp family genes under food-restricted conditions
in teleosts.

Largemouth bass, Micropterus salmoides, belongs to family
Perciformes, order Centrarchidae, and is one of the most
important economic carnivorous fish species in China (Hu et al.,
2022). It is quite popular with customers due to its lack of
intermuscular bone, tasty flesh and high nutritional value (Zhu
et al., 2022). However, like most of fish species, largemouth bass
often suffered from food shortage and/or starvation throughout its
life history due to the seasonal variations, reproduction, breeding
migration and overwintering (Zou et al., 2023). To cope with the
above serious problem, the autophagy-lysosomal pathway is usually
initiated in fish (Belghit et al., 2014; Séité et al., 2018; Lu et al., 2019).
However, few studies have focused on the effect of starvation on the
lysosomal membrane proteins in largemouth bass.

In the present study, the full-length coding sequences of
three lamp genes (lamp1, lamp2, lamp3), were isolated and
characterized from the largemouth bass. Subsequently, the
tissue distribution patterns of these lamp genes were
measured to investigate their properties and functions.
Meanwhile, we also determined their transcription in
response to different nutritional status. Our results may
provide new insights for a better understanding of the
function of lamp genes in the responses of fish species to
food deprivation and/or starvation.

2 Materials and methods

2.1 Experimental animals

In the present study, healthy largemouth bass (M. salmoides,
mean weight: 30 ± 2.3 g, mean ± SEM) were obtained from a fish
farm located in Jingzhou, Hubei Province, PR China and then
transferred to an indoor recirculating water system (experimental
aquarium 300 L) for further experiments. Fish were acclimated for
2 weeks and fed twice daily (09: 00 a.m. and 04: 30 p.m.) with
commercial floating spherical food (Fuxing (Xiamen) biological feed

TABLE 1 Primer pairs used for molecular cloning and quantitative real-
time PCR.

Primers Sequence (5′–3′)

lamp1-01F CCCCCTTCTCTTTCCTCT

lamp1-01R ATCAGCCATACATTCGCTT

Lamp1-02-F ACTCTCTCACGCTTTGGC

Lamp1-02-R AGCATCTGGTCTTGGTCC

Lamp1-03-F AACTCCACGAGCAACAAG

Lamp1-03-R AAGGACTAAAGACAAACAGC

Lamp2-01-F CAGTCGGCGGCGGTAGA

Lamp2-01-R GGTGTGGGGAGGGTGGG

Lamp2-02-F TTACCCACAACCCCTAC

Lamp2-02-R ATGAGAATCAAGCCAGC

Lamp2-03-F CGGAGGGGAACACCAAC

Lamp2-03-R GACACCCAGGGACCAGG

Lamp3-01-F TACCATTATCTGTCCACTC

Lamp3-01-R ATACCAACTTTTCTTCTTTT

Lamp3-02-F TTTTTTTCCTGGCTGCTAT

Lamp3-02-R CCTTGTCTGCGTCTGTCTT

Lamp3-03-F AGTATGGAAAAGAGGTGGA

Lamp3-03-R AACAAATAAATGTAAAAGC

Lamp1-qF TCACTGTGGTGTCGTCGT

Lamp1-qR ATCTGCCATACATTCGCT

Lamp2-qF TCAGCAACGGCACCAAGA

Lamp2-qR ACACCAATCCGCAGACCA

Lamp3-qF ATCCAGCCTGCCTCTAAC

Lamp3-qR ATTCCCAACAGCGTTTTT

LC3-qF AGCACCCCAACAAGATACC

LC3-qR CGTTCATACACCTCGCAGA

beclin-1qF AAAAAGGCAAGATCGAGG

beclin-1qR TCAGGTTGGTGAGCATAAA

β-actin-qF TCCTCGGTATGGAGTCTTG

β-actin -qR GTCAGCGATTCCAGGGTA
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Co., Ltd, China) at 3% of fish weight, faeces were siphoned off from
the bottom of the experimental tank after 1 h of feeding, and the
water was changed daily. During the acclimation and experimental
periods, the water was treated with sand-filtered, the temperature
was maintained at 23°C–25°C, in addition, the dissolved oxygen in
the plastic tanks was maintained at a near saturation, the pH was
7.2–7.7, and the light/darkness photoperiod was 12h/12 h.

2.2 RNA extraction and cDNA synthesis

Total RNA was extracted from M. salmoides liver stored
at −80°C, using Total RNA Kit I (R6731, Omega, Connecticut,
United States of America) according to the manufacturer’s
protocols. The concentration of RNA was then determined using
spectrophotometer (Nanodrop 2000; Thermo Scientific,
Wilmington, United States of America) and the integrity of the
RNA was evaluated using a denaturing agarose gel (1%).
Subsequently, RNA was reverse transcribed into cDNA using
dsDNase (Monad, Suzhou, China) according to the operating
instructions of MonScript RTIII Super Mix. The reverse
transcription programme was carried out at 50°C for 15 min,
followed by 85°C for 5 min, and holding at 4°C. The synthesised
cDNA templates were stored at - 20°C for further study.

2.3 Gene cloning of the Mslamp gene

The potential sequence encodingMslamp was obtained using
the offline BLAST tool search against the largemouth bass
genome database (Sun et al., 2021) and our transcriptome data
(not shown) based on the zebrafish sequence (Genbank number:
NM_001326532.1 (lamp1); NM_001013533.1 (lamp2); XM_
021473556.1 (lamp3)); yellow perch (Genbank number: XM_
028571831 (lamp1); XM_028589168.1 (lamp2); XM_
028587782.1 (lamp3)) and large yellow croaker (Genbank
number: XM_027281519.1 (lamp1); XM_027277608.1 (lamp2);
XM_010736614.3 (lamp3)). To amplify the full-length open
reading frames (ORF) of the largemouth bass lamp genes,
specific primers pairs were designed (Table 1), and PCR
amplification was performed using the following reactions:
initial denaturation stage at 95°C for 3 min, 30 cycles of
denaturation at 95°C for 30 s, annealing at 60°C for 30 s,
elongation stage at 72°C for 60 s; and a final extension stage
72°C for 5 min. The PCR products were purified using an
AxyPrep™ gel extraction kit (Axygen, United States of
America) and then sequenced at Tsingke (Beijing, China).

2.4 Sequence analysis

Potential coding sequences were confirmed using the online
ORF Finder (https://www.ncbi.nlm.nih.gov/orffinder). The deduced
protein sequence was translated using DNAMAN 9.0 (Lynnon
Biosoft, San Ramon, CA, United States of America). Molecular
weight (MW) and theoretical isoelectric point (pI) were
calculated using the ExPASy compute pI/Mw tool (https://web.
expasy.org/compute_pi/). Signal peptide cleavage sites of

largemouth bass lamps were predicted using SignalP-5.0 Server
(https://services.healthtech.dtu.dk/service.php?SignalP-5.0). The
putative protein domain features were predicted via Simple
Modular Architecture Research Tool (SMART) (http://smart.
embl-heidelberg.de/). Potential transmembrane regions were
predicted by TMHMM (https://services.healthtech.dtu.dk/service.
php?TMHMM-2.0). Amino acid sequence similarity searches of
other fish lamps were performed in the National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov/
) and the Ensemble databases (http://asia.ensembl.org/index.html).
Multiple protein sequences alignment of lamp proteins was
conducted using Clustal W multiple alignment program (http://
www.ch.embnet.org/software/ClustalW.html). The putative
N-linked glycosylation sites and O-glycosylation sites were
predicted by NetNGlyc-1.0 (https://services.healthtech.dtu.dk/
service.php?NetNGlyc-1.0) and NetNGlyc-4.0 (https://services.
healthtech.dtu.dk/service.php?NetOGlyc-4.0), respectively.
NetPhos-3.1 (https://services.healthtech.dtu.dk/service.php?
NetPhos-3.1) was employed to predict putative C-terminal
phosphorylation sites. The percentage of similarity and identity
of lamp proteins from other species was calculated by Bioedit.
The online SWISS-MODEL tool (https://www.swissmodel.expasy.
org/) and phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.
cgi?id=index) were applied to predict the 3D-structure of selected
lamp proteins.

2.5 Syntenic and gene structures analysis

To further investigate the identification of Mslamp, the synteny
and gene structures were implemented via comparative genomic
survey (Tan et al., 2019; Wen et al., 2019; Hu et al., 2022). The exon/
intron organization of Mslamp genes was predicted by FGENESH
software (http://linux1.softberry.com/berry.phtml?topic=fgenes_
plus&group=programs&subgroup=gfs). The genome databases of
several representative vertebrate species, such as, D. rerio (GRCz11,
Ensembl), Homo sapiens (GRCh38, Ensembl), Mus musculus
(GRCm38.p6, Ensembl), Xenopus tropicalis (UCB_Xto_10.0,
Ensembl), Gallus gallus (GRCg6a, Ensembl) and Lepisosteus
oculatus (LepOcu1, Ensembl) were selected as the reference.

2.6 Phylogenetic analysis

To determine the evolutionary position of MsLAMPs and the
phylogenetic relationship with other teleost LAMPs, the
phylogenetic tree was constructed by Neighbor-Joining (NJ)
method based on LAMPs protein sequences using Molecular
Evolutionary Genetic Analysis (MEGA 6.0) according to the
methods described in the literature (Wen et al., 2019). Briefly,
the LAMPs protein sequences of several vertebrate species were
retrieved both from the NCBI and the Ensemble databases
(Supplementary Table S3), and then these selected amino acid
sequences of LAMPs were used to perform multiple protein
sequence alignment in Clustal multiple software. Subsequently,
the aligned amino acid dataset was used to construct a
phylogenetic tree using NJ approach of MEGA 6.0 with the JTT
matrix-based model. The robustness of the trees was assessed by
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1,000 bootstrapping iterations. In addition, the lamprey species was
considered as an outgroup.

2.7 The tissue distribution of Mslamp1,
lamp2 and lamp3

To study the tissue distribution of three Mslamp1, lamp2 and
lamp3, six healthy fish were randomly selected, and anesthetized
with MS-222 (10 mg/L-1). Various selected tissues, including liver,
brain, gill, heart, muscle, spleen, kidney, stomach, adipose and
intestine were isolated, and then rapidly frozen in liquid nitrogen
and stored at - 80°C for tissue expression analysis.

2.8 Treatment with different feeding status

To investigate the expression of lamp1, lamp2 and lamp3 in
M. salmoides after food deprivation (2-week) and refeeding
experiment, 135 healthy fish (30 ± 2.5 g, mean ± SEM) were
randomly divided into three experimental groups: control group,
fasted group and refeeding group, and each group contained
three tanks (15 individuals/tank). Fish were acclimatized and fed
under the same conditions (2.1) for 2 weeks prior to the
experiment. The fed group was kept on the same feeding
strategy and the fasted group was not fed throughout all the
treatment period. In the refeeding group, after 2 weeks of fasting,
refeeding was started for 2 days with the same feeding ration as in
the control group. Liver, kidney and spleen were selected for
analysis as they play a crucial metabolic and physiological role
under the stress background information (Hu et al., 2022). Fish
were randomly selected and euthanised with tricaine
methanesulfonate (MS-222, 10 mg/L) for sampling. For each
experimental group, liver, kidney and spleen samples were
collected from 18 fish (6 fish per tank) and frozen in liquid
nitrogen and subsequently stored in - 80°C.

2.9 Real-time fluorescence qPCR analysis

Total RNA was extracted from samples, and first strand cDNA
synthesis was conducted as described above (2.2). The specific
primers (Table 1), synthesized by Tsingke (Beijing, China), were
designed based on the full-length coding sequences of the
largemouth bass lamp genes, and the specific primers were
verified by PCR and the amplification determined by 1% agarose
gel electrophoresis. The cDNA was diluted five times with ddH2O
and used as a template. In the present study, MonAmp™ ChemoHS
qPCR Mix (Monad, China) and LineGene 9,600 Plus (Bioer, China)
were used to monitor the expression level of lamp genes in different
tissues and after the feeding status treatment. The RT-qPCR reaction
mixture consisted of 2 μL of cDNA, 10 μL of MonAmp™ ChemoHS
qPCR Mix (Monad, China) and 0.4 μL of gene-specific primer in a
total volume of 20 μL. The amplification conditions were as follows:
preincubation at 95°C for 5 min, followed by 40 cycles of denaturing
at 95°C for 10s, annealing at 60°C for 10s, and extension stage at 72°C
for 30s. In this study, β-actin was used as an internal reference gene
to analyze the relative expression of lamps gene (Hu et al., 2022). All

reactions were performed in duplicate and each reaction was verified
by the melting curves, which showed a single peak specific for the
target genes. The relative transcript levels of lamps genes were
calculated using the 2−ΔΔCT method (Pfaffl, 2001).

2.10 Statistical analysis

Statistics were performed using the SPSS 18.0 (IBM, Armonk,
NY, United States of America). Graphs were drawn by Prism 8.0
(Graph Pad Software Inc., San Diego, United States of America).
Data are expressed as mean ± SEM (standard error of mean). One-
way analysis of variance (ANOVA) was used to assess the significant
differences followed by Duncan’s multiple range tests. A difference
was considered significant if p < 0.05.

3 Results

3.1 Molecular characteristics of the lamp
genes from largemouth bass

To capture the full-length coding sequence of the Mslamps
genes, pairs of specific primers were designed (Table 1).
Subsequently, the verified fragments of sequence were
assembled into individual complete ORF sequence using
DNAMAN software, respectively. Overall, the sequence
characteristics of Mslamp1-3 were summarized in Table 2. The
ORF for lamp1, lamp2 and lamp3 have a length of 1251bp, 1224bp
and 771bp, encoding for 416 amino acid (aa), 407 aa and 256 aa
residues, respectively. The deduced molecular mass (kDa)/
isoelectric point of lamp1, lamp2 and lamp3 were calculated to
be 104,993 kDa/4.97, 43,546 kDa/5.98 and 28,482 kDa/9.53,
respectively (Table 2). In addition, the signaling peptide,
transmembrane regions, potential N-glycosylation sites,
predicted O-glycosylation and predicted phosphorylation sites
of lamp1, lamp2 and lamp3 were 1/2/6/11/64, 1/1/11/19/47, 1/1/
2/6/21, respectively (Figures 1–3; Table 2). Finally, the verified
nucleotide sequences of lamp1, lamp2 and lamp3 were submitted
and deposited in GenBank under accession numbers: OR587856;
OR587857 and OR587858, respectively.

TABLE 2 The basic molecular information of three Lamps genes from
largemouth bass.

Iterms Gene

Lamp1 Lamp2 Lamp3

ORF (bp) 1,251 1,221 771

Length of amino acid (aa) 416 406 256

Molecular weight (kDa) 104,993 43,546 28,482

Isoelectric point pI 4.97 5.98 9.53

Signal peptide 1 1 1

Transmembrane region 2 1 1

Accession no. OR587856 OR587857 OR587858
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3.2 Multiple alignments and 3-D structure
prediction of largemouth bass lamps

Multiple alignment of the protein sequences revealed a highly
degree of conservation of the LAMP 1-3 protein sequences across
vertebrates (Figure 2). In total, these have the typical features of a
type I transmembrane protein, i.e., a signal peptide, a long
extracellular domain, a hydrophobic transmembrane domain and
a short cytoplasmic domain, with the exception that

MsLAMP1 contains a short cytoplasmic domain in the
N-terminal region. Furthermore, all MsLAMP family proteins
have a conserved tyrosine-based motif (TyrX-X-hydrophobic
residue or YXXØ sorting signal) (412-416 aa for LAMP1
(Figure 2A), 402-406 aa for LAMP2 (Figure 2B) and 252-256 aa
for LAMP3 (Figure 2C)) in the corresponding of short C-terminal
cytoplasmic domain, which is required for lysosomal targeting
(Guarnieri et al., 1993; Wu et al., 2010). Sequence alignment
analysis further revealed that both of MsLAMP1 and

FIGURE 1
Complete coding sequences and deduced protein sequences of the lamp1 (A), lamp2 (B), and lamp3 (C) gene in Largemouth bass (Micropterus
salmoides). The numbers denoting the positions of nucleotide and amino acid were marked on the left. Underlines represent the initiation codon and
termination codon respectively, and stop codon was shown with a black asterisk (*). Two-way arrow indicates the singal peptide. The transmembrane
domains are marked by yellow frame. Black solid box and dotted line shows the cytoplasimic domain and extra-cellular domain, respectively. The
conserved cysteines are indicated with black ellipse. The conserved C-terminal tyrosine-based lysosomal targetingmotif (Tyr-X-X-hydrophobic residue)
is showed in red dotted frame. The potential N-glycosylation sites are indicated with green solid frame.
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MsLAMP2 possess eight conserved cysteine residues, but the
MsLAMP3 has only four conserved cysteine residues with the
potential to form four and two disulfide bridges, respectively
(Rondón-Barragán et al., 2017). In addition, similar to other
LAMP family members, a proline/serine-rich or proline/
threonine region was also found between the luminal and

proximal domains in LAMP1-3 protein sequences. To our
surprise, the N-terminal region of LAMP3 was absent in all fish
sequences (Figure 2C) (Johansson et al., 2012).

Amino acid homology of LAMP family members was performed
using DNASTAR Lasergene software, with the results showing that
all amino acid sequence identities between MsLAMP1, MsLAMP2,

FIGURE 2
Multiple amino acid sequence alignments of largemouth bass LAMP1 (A), LAMP2 (B) and LAMP3 (C) were compared with those of mammals and
other vertebrates. The multiple alignments were conducted using the Clustal X program (version 1.8) and shaded using Genedoc (version 2.7). The
conserved amino acid residues are in black, similar amino acid residues are in dark gray. The signal peptide is indicated by the orange two-way arrow. The
transmembrane domains are marked by red frame. Cytoplasimic domain and extra-cellular domain are depicted in black and green two-way arrow,
respectively. The conserved cysteines are indicated with green dotted frame. The potential N-glycosylation sites in Ms-LAMP are underlined. The
potential O-glycosylation sites aremarked by star. The potential phosphorylation sites are highlighted in black triangle. The conserved serine/proline-rich
region is underlinedwith a double line below. The conserved C- terminal tyrosine-based lysosomal targetingmotif (YXXØ) is showed in green solid frame.
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MsLAMP3, and other teleosts ranged from 40.7% to 99%
(Supplementary Tables S4–S6). MsLAMP1 shares a higher
identity with its counterparts from teleosts such as Micropterus
dolomieu (99%), followed by those from Sparus aurata (88.9%),
Epinephelus lanceolatus (88%), Perca flavescens (85.8%) and Channa
argus (83.2%). A relatively low amino acid identity (43.5%) was
observed for MsLAMP1 compared to H. sapiens (Supplementary
Table S4). A similar pattern was found forMsLAMP2, which had the
highest similarity identity with that of other fish species, such as: S.
chuatsi (76%), followed by Perca flavescens (71.2%) and S. aurata
(69.5%), while the low similarity of MsLAMP2 with H. sapiens
LAMP2 was 39.4% (Supplementary Table S5). In addition,
MsLAMP3 shared the highest identity with S. chuatsi (87.5%),
followed by S. aurata (73.9%), Perca flavescens (73.2%),
Larimichthys crocea (70%), and the lowest identity with H.
sapiens (25.7%) (Supplementary Table S6). Notably, the amino
acid homology of MsLAMP1, MsLAMP2 and MsLAMP3 shared
low identity with each other, i.e., the MsLAMP1 shared only 37.5%
and 24.7% identity with that of MsLAMP2 and MsLAMP3,

respectively. And MsLAMP2 possessed 22.6% identity with that
of MsLAMP3.

The three-dimensional structures of the largemouth bass
LAMPs were predicted by Phyre 2. They were all modelled with
100.0% confidence by the single highest scoring template
(crystallographic structures c5gv0A, 5gv3.2.A and 4akm.1.A were
selected as template models, respectively). The predicted 3D
structure revealed that the individual largemouth bass LAMPs
and those of other vertebrates (such as human and zebrafish)
share a greatly similar structure (Figure 3), which may have
similar functions.

3.3 Phylogenetic analysis

To clarify the evolutionary phylogenetic relationships
between MsLAMPs and other vertebrate LAMPs, a
phylogenetic tree was constructed using MEGA 6.0, with
Lampetra japonicum as an outgroup out root the phylogenetic

FIGURE 3
The 3D-structure of the largemouth bass lamp1-3 genes were predicted by AWISS-MODEL online program and phyre2 73 tool.
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tree. The tree indicated that the inferred vertebrate LAMP
phylogeny was divided into three major subfamilies (Figure 4).
The vertebrate branch was consistent well with established
taxonomic relationships. And each subfamily was composed of
group mammals, avians, reptiles, amphibians and teleosts. As
expected, in all clades, each LAMP was clustered with closer to
the corresponding counterparts of fish than other vertebrates
(mammals, amphibians, reptiles and avians). Within the fish
group, we found that the MsLAMP1, MsLAMP2 and

MsLAMP3 have a close relationship with their homologues in
Perca flavescens, S. aurata, and S. chuatsi, respectively (Figure 4).

3.4 Genomic structure and syntenic analysis
of vertebrate lamp family genes

The DNA structure and synteny of the vertebrate lamp family
genes were analyzed in different representative species based on the
location of lamp in the published genomic data, such as, mammals
(human and mouse), avian (chicken), amphibian (tropical clawed
frog), reptiles (australian saltwater crocodile), perciformes (large
yellow croaker, barramundi perch, gilthead seabream, climbing
perch and amazon molly), tetraodontiformes (tetraodon and
fugu), cyprinformes (zebrafish), lepisosteiformes (spotted gar)
and esociformes (northern pike).

In silico analysis of the lamp gene structure revealed that both
the largemouth bass lamp1 and lamp2 genes share a similar gene
structure with most of vertebrates, containing nine exons and eight
introns each, whereas largemouth bass lamp3 gene possesses seven
exons and six introns (Figure 5).

Similar to the tetrapod lineage, the results showed that three
lamp genes were presented in all representative vertebrates
according to their relative locations on the genome (Figure 6). As
depicted in Figure 6, from fish to human, different conserved
syntenic relationships were found between cul4a and grtp1 gene,
clgalt1c1 and zbtb33 gene, kng1 and sox2 gene, for lamp1, lamp2 and
lamp3, respectively. We also observed that the lamp1, lamp2 and
lamp3 genes are located on different chromosomes (Figure 6).

Interestingly, a specific gene cluster, cul4a-lamp1-grtp1-adprhl1-
dcun1d2-tmco3, which belongs to the downstream gene of lamp1,
was more conserved between tetrapods and several teleosts,
respectively (Figure 6A). Surprisingly, the tfdp1 gene was lost in
the downstream region in perciformes (largemouth bass,
barramundi perch, and large yellow croaker) and
tetraodontiformes (fugu and tetraodon) compared to the
corresponding loci in the other vertebrates. In addition, the
different order (pou2f1b-lamp1-grtp1-dcun1d2) of the lamp1 gene
was observed in beloniformes (medaka and platyfish) (Figure 6A).

Comparison with tetrapod and fish species revealed that the
lamp2 gene has a specific cluster, clgaltlc1-mcts1-cul4b-lamp2-
atp1b4-tmem255a-zbt33, and it showed highly conserved synteny
in all representative genomes examined. However, the mcts1 gene
disappeared in the lamp2 gene cluster in gasterosteiformes
(Stickleback) (Figure 6B).

It appears that there was a greatly conserved syntenic
relationship, the lamp3-mccc1-dcun1d1-atp11b-sox2 gene cluster,
among the downstream genes of vertebrate lamp3, although the
dcun1d1 gene was missing in all teleost species examined. In
comparison, the upstream genes showed more significant
differences between the tetrapods and teleosts (Figure 6C).

3.5 Tissue distribution of Mslamps
family genes

Expression ofMslamps family member transcripts were detected
using qRT-PCR, in ten test tissues, including adipose, brain, gill,

FIGURE 4
Phylogenetic tree of LAMP1, LAMP2 and LAMP3 protein
sequences. The phylogenetic tree indicated the evolutionary
relationship between LAMP1, LAMP2, LAMP3 proteins and the other
vertebrate species. It was constructed using an a multiple
alignment and the neighbor-joining method of MEGA 6.0 program.
The percentage of trees in which the associated taxa clustered
together, and values at the nodes represent bootstrap percentages
from 1,000 replicates. The sequence of Lepisosteus oculatus (Spot
gar) was used as an outgroup to root the tree.
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heart, intestine, kidney, liver, muscle, spleen and stomach. Our data
suggested that the Mslamp family members were constitutively
present in all tissues examined, but at different expression levels.
Among them, the lamp1 gene exhibited highly expression level in
the brain and muscle (p < 0.05) (Figure 7A). Similarly, the highest
transcript level of the lamp2 gene was found in the heart (p < 0.05)
(Figure 7B). Differently, the relative expression level of lamp3 gene
was significantly higher in the spleen than that in other tissues (p <
0.05) (Figure 7C).

3.6 Expression profile of Mslamps family
genes after food deprivation and
refeeding treatment

To investigate how the Mslamp family members are modulated
in response to starvation and refeeding regimes, we examined the
different tissues (liver, spleen and kidney) during the long-term food
deprivation and refeeding. As shown in Figure 8, the expression level
of lamps appeared to be tissue specific, with the lamp1 mRNA level

FIGURE 5
Schematic diagrams of exon/intron structural comparisons of the lamp1 (A), lamp2 (B), lamp3 (C) in various vertebrate species. The brown solid lines
and brown solid box represent introns and a coding region with exons, respectively. As shown in the figure, the size of exons and introns are numbers
above the colorful boxes and brown solid lines, respectively.
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in the liver significantly increased after starvation, and then it was
dramatically fall down to the level of the control group after
refeeding (Figure 8A). Surprisingly, the transcript level of lamp1

in kidney was much lower in both the fasted and refed groups than
that in the control group (p < 0.05), and no significant differences
were observed between the fasted and refed groups (p > 0.05)

FIGURE 6
Comparative synteny analysis of lamp1 (A), lamp2 (B) and lamp3 (C) genes were conducted in the variety of representative vertebrate genomes.
Genes and intergenic regions are showed with different colorful blocks, solid and dotted lines, respectively. As depicted in the figure, the lamp1-3 genes
have been identified in all the selected fish genomes.
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FIGURE 7
The expression of largemouth bass lamp1 (A), lamp2 (B) and lamp3 (C) genes in the different tissues (Ad, Adipose; Br, Brain; Gi, Gill; He, Heart; In,
Intestine; Ki, Kidney; Li, Liver; Mu, Muscle; Sp, Spleen; St, Stomach) were examined by qRT-PCR. The expression value was presented as a ratio (the lamp
mRNA level normalized to the corresponding β -actin gene in tissues values). Error bar represents a standard error of the mean (n = 6). Values with
different letters represent statistical significance (p < 0.05).
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(Figure 8C). In contrast, the opposite phenomenon was observed in
the spleen (Figure 8B).

A similar significantly elevated lamp2 transcription pattern was
detected in both liver and kidney after fasting, whereas it was
remarkably declined after refeeding compared with the control
group (Figures 8D, F). In addition, the splenic lamp2 expression
level in fasted and refeeding group was much higher than that in the
control group (p < 0.05), and no significant differences were detected
between the fasted and refeeding groups (p > 0.05) (Figure 8E).

It was found that the expression level of lamp3 was increased
after fasting compared with the control group, and then significantly
decreased to or even below the control group level after refeeding in
liver and kidney (Figures 8G, I). Nevertheless, the expression of
lamp3 in the spleen was not changed among the three groups (p >
0.05) (Figure 8H).

To confirm whether or not the autophagy was induced by the
starvation and refeeding strategy, in the present study, we examined
the transcript levels of two known autophagosomal markers, Beclin1
and MAPLC3 and/or LC3 (microtubule-associated protein1 light
chain 3), after starvation and refeeding treatment in the
aforementioned tissues. The results showed that Beclin1 mRNA
expression was strikingly upregulated after fasting in the tested
tissues compared to the control group, and then significantly
downregulated after refeeding in three tested tissues (Figures

9A–C). A similar expression pattern of MAPLC3 was observed in
three tissues in response to different feeding statuses (Figures 9D–F).

4 Discussion

In the current study, three of the lamp family genes (lamp1,
lamp2 and lamp3) of largemouth bass (M. salmoides) were
successfully identified and characterized. The full-length coding
sequences of lamp1, lamp2 and lamp3 were 1,251, 1,221 and
771bp, and predicted to encode a protein of 416, 406 and
256 amino acids, respectively, which is consistent with previous
findings, such as in japanese flounder (Bandyopadhyay et al., 2014;
Rondón-Barragán et al., 2017), zebrafish (GenBank no. NM_
001013533) and rainbow trout (Johansson et al., 2012), indicating
that the family of lamp1-3 genes may be conserved in fish. The
multiple sequence alignment revealed that LAMP1-3 proteins
contain a typical feature of a type I transmembrane (a signal
peptide, a long extra-cellular domain, a hydrophobic
transmembrane domain and a short cytoplasmic domain),
protein cysteine residues and proline/threonine region, that is
highly conserved among vertebrates, showing that LAMP1-3
proteins of M. salmoides may have the same function in other
species. In addition, a conserved tyrosine-based sorting signal motif

FIGURE 8
The expression levels of lamp1-3 genes in the liver (A,D,G), spleen (B,E,H), kidney (C,F,I) of largemouth bass after long-term fasting and refeeding
treatments were detected by qRT-PCR (n = 6). The expression value was presented as a ratio (the lamp mRNA level normalized to the corresponding β
-actin gene in tissues values). Error bar represents a standard error of the mean (n = 6). Values with different letters represent statistical significance
(p < 0.05).
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(YXXØ sorting signal) located at the carbon terminal was also
observed, which is capable of targeting the lysosome (Guarnieri
et al., 1993). Interestingly, the N-end of the LAMP3 protein was
missing in all teleosts, which is similar to a previous report carried
out in the sequences of the trout, salmon and zebrafish (Johansson
et al., 2012), suggesting that the functional conservation of
lamp3 in fish.

To investigate the evolutionary history of lamp1-3 genes in
vertebrates, a phylogenetic analysis was conducted based on the
protein sequences, selected from these representative species. We
observed that the relationship between M. salmoides and other
teleosts and vertebrates in the constructed phylogenetic tree is in
consistent with traditional systematics (Figure 4). Meanwhile, the
phylogenetic analysis showed that the LAMP1, LAMP2 and
LAMP3 were clustered together with the homologous
counterparts from other fishes and vertebrates, and divided into
three subclades, which is in line with a previous study carried out by
Johansson (Johansson et al., 2012).

In the current study, mutil-copies lamp (1–3) genes in M.
salmoides were located on different chromosomes and possessed
variable numbers of exons and introns (Figure 5), which is likely to
be due to gene duplication events (Morash et al., 2010). Interestingly,
the number of exons and introns of lamp3 is much lower than that of
lamp1 and/or lamp2, further suggesting that these lamp genes may
have different physiological functions in fish species. This is
consistent with many studies in mammals, for instance, previous
studies found that the lamp2-deficiency is closely associated with
Danon disease, which is characterized by developmental disability,
cardiomyopathy and myopathy in mammals (Malicdan et al., 2008;
Nishino, I et al., 2000). Sakane and Akasaki (2018) demonstrated
that Lamp1 was involved in myoblasts differentiation. Meanwhile,
lamp3 was found to be involved in the regulation of diseases
associated with hepatic lipidmetabolism disorders (Liao et al., 2018).

Gene synteny and gene structure results showed that conserved
gene clusters, i.e., cul4a-lamp1-grtp1-adprhl1-dcun1d2-tmco3,
clgaltlc1-mcts1-cul4b-lamp2-atp1b4-tmem255a-zbt33, lamp3-
mccc1-dcun1d1-atp11b-sox2, which belonging to lamp1-3 (Figures
6A–C), respectively, were observed in almost representative
vertebrate genomes, implying that the lamp1-3 genes may be
exhibited a highly conserved synteny during evolution. However,
some flanking genes of the M. salmoides lamp1-3 were arranged
differently or lost compared with the other fishes or vertebrates
(Figure 6), which might be the result of the gene deletion or gene
rearrangement event (Hu et al., 2022), and showing that the
largemouth bass has an independent evolutionary history.

Exploring the mRNA distribution patterns of lamp1-3 genes in
different tissues would be beneficial to understand the role of these
genes in largemouth bass. The tissue expression patterns of the three
genes were analyzed by qRT-PCR. The results showed that the
lamp1 gene was widely distributed in all tissues examined, and the
highly transcript level of lamp1 was found in the brain (Figure 7A),
which is in line with previous studies in Japanese flounder (Rondón-
Barragán et al., 2017), indicating that the lamp1 gene may be
involved in neural activity. For instance, Barrachina et al. (2006)
revealed that the transcript level of lamp1 was increased in neurons
and in glial cells surrounding senile plaques in patients with
Alzheimer’s diseases. Furthermore, the high expression of lamp1
mRNA in the muscle suggested that it may also be involved in
myogenesis, which was consistent with a study carried out by Sakane
and Akasaki (2018), who demonstrated that knocked down of lamp1
decreased the expression levels of myogenic regulatory factors in
C2C12myotube formation. However, the function of lamp1 in other
tissues and its expression pattern in fish is still unknown.

In vertebrates, lamp2 mRNA expression has been documented
in several tissues/organs, such as neural crest derived ganglia, liver,
pancreas and kidney in murine (Lichter-Konecki et al., 1999), heart

FIGURE 9
The expression levels autophagy-related genes the Beclin-1 (A,B,C) and MAPLC3 (E,F,G) of largemouth bass after long-term fasting and refeeding
treatments were detected by qRT-PCR (n = 6). The expression value was presented as a ratio (the lamp mRNA level normalized to the corresponding β
-actin gene in tissues values). Error bar represents a standard error of the mean (n = 6). Values with different letters represent statistical significance
(p < 0.05).
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and brain in bird (Hatem et al., 1995), and C2C12 myoblasts in
mouse (Sakane and Akasaki, 2018). Similarly, lamp2 transcription
was extensively expressed in all selected tissues in largemouth bass,
and abundantly exhibited in heart, muscle and spleen, indicating
that it might may play a critical role in these tissues. In human,
accumulating evidences revealed that lamp2 deficiency induced
hypertrophic cardiomyopathy and eventually led to the Danon
disease (Zhai et al., 2023). In addition, previous studies showed
that lamp2 was involved in the differentiation process of
C2C12 myoblasts to myotube (Sakane and Akasaki, 2018).
Whether the lamp2 has the same function in teleosts requires
further investigation.

In contrast to the ubiquitous lamp1 and lamp2, lamp3 mRNA
expression has been reported to be tissue and species specific. For
instance, in mammals, previous studies have observed that higher
expression of lamp3 in various cancer tissues (carcinomas)
(Nagelkerke et al., 2011; Wang et al., 2017; Gui et al., 2018;
Nakamura et al., 2023a). Salaun et al. (2003) have shown that
mouse lamp3 mRNA is expressed almost exclusively in peripheral
cells of the lung, but is not detected in other tissues. de Saint-Vis et al.
(1998) have found that lamp3 expression levels are induced upon
activation of human dendritic cells. Other studies have indicated that
the chicken lamp3 is expressed in awide range of tissues, including lung,
thymus, spleen, bursa and ceacal tonsil (Wu et al., 2010). In the present
study, we observed that Ms-lamp3 was constitutively distributed in all
tissues examined, with the highest expression in spleen, and higher in
liver and kidney tissues, which is consistent with the study by Johansson
et al. (2012), which revealed that the lamp3 transcription was highest in
spleen, kidney and liver ofO. mykiss, and was induced by infection with
viral and bacterial pathogens, referring that lamp3 may play a critical
immune role in largemouth bass. In addition, the lamp3 was highly
expressed in the heart, we speculated that it also has a pivotal role in this
tissue, but its need further study.

Many studies have been clearly elaborated that the starvation or
food-deprived often influenced the function of immunity inmammals
(Han et al., 2021; Loft et al., 2022; Forslund, 2023; Janssen et al., 2023)
and altered their energy metabolism (Browning et al., 2012; Soeters
et al., 2012; Dote-Montero et al., 2022). Similarly, the aforementioned
phenomena have also been observed in teleosts (Dai et al., 2018; Liao
et al., 2021; Wang et al., 2021; Gou et al., 2023; Shi et al., 2023).
Moreover, although some studies have shown that starvation alters
the expression of the autophagy-related genes in fish (Balmori-
Cedeño et al., 2019; Wu et al., 2020; Pan et al., 2022), there are
still many autophagy-related gene from teleosts that have not been
identified and characterized. In our study, we observed that the
expression of lamp1 in the liver was significantly induced after
starvation, and then returned to normal levels after refeeding
(Figure 8A). This finding was consistent with previous studies in
zebrafish (Fan et al., 2020), suggesting that the lamp1 gene may be
involved in energy regulation via autophagy in largemouth bass. To
validate that autophagy occurred after long-term starvation, the
transcription level of two classical autophagosomal markers,
Beclin1 and MAPLC3 (Yabu et al., 2012; Al-Shenawy, 2016), was
detected in three tissues (liver, spleen and kidney) of largemouth bass
in the present study. As expected, the mRNA levels of both of
autophagosomal marker genes were significantly increased in the
three tissues after the fasting treatment, and then remarkably
decreased after the refeeding treatment (Figure 9). Interestingly,

the lamp2 and lamp3 showed the same expression pattern trends
as lamp1 in the liver tissue (Figures 8D, G). The liver is a multi-
functional organ with roles in metabolism, nutrient storage, innate
immunity and detoxification in vertebrates (Robinson et al., 2016;
Causey et al., 2018). The high expression levels of lamp genes in the
liver were induced by long-term food deprivation, which might
facilitate the fish to maintain energy homeostasis during starvation.
Collectively, we speculated that lamp1-3 genes might be involved in
energy regulation in the liver via the autophagy pathway in
largemouth bass and these results provide a novel insight into the
mechanism of the adaptive starvation in this fish species.

To investigate whether or not the lamp1-3 genes are involved in
the immune progression in largemouth bass, we determined their
transcriptional patterns in response to starvation and refeeding
schedules. In the present study, the expression of lamp1 in the
largemouth bass kidney was remarkably decreased after starvation
and refeeding compared to the control group. On the contrary, the
transcript level of lamp2 and lamp3 in kidney was significantly
increased after a long-term food deprivation, and then strikingly
decreased to the same level or even lower than that of the control
group after refeeding (Figures 8F, I), suggesting that the lamp2 and
lamp3 but not the lamp1, play a priority role in the kidney tissues
under the stress condition (long-term food deprivation) via
autophagy. In addition, we found that there was no significant
difference in the mRNA expression levels of both lamp1 and lamp3
in the spleen of largemouth bass between the control and fasted
group (Figures 8B, H), but the transcript level of lamp2 was
remarkably increased in the fasted treatment group and slightly
decreased in the refed treatment group (Figure 8E), indicating that
the lamp2 might play an important role in the spleen. The above
expression patterns were similar to previous findings of IL-8 in
kidney and IL-6 and IL-4 in the spleen piglets after dietary restriction
treatment (Han et al., 2018). Kidney is an important haematopoietic
tissue with the ability to sample and retain antigens (Bjørgen and
Koppang, 2021) and plays a vital role in immunity. The spleen is
considered to be a primordial secondary lymphoid organ, generating
adaptive immune responses in almost all gnathostomes (Flajnik,
2018). Previous studies have been demonstrated that the autophagy-
related genes were also induced in the kidney and spleen when fish
were challenged with viruses (Kong et al., 2011; Zhang et al., 2022),
bacteria (Qin et al., 2016) or stress conditions (Kumar et al., 2022;
Kumar et al., 2023). It is therefore reasonable to speculating that the
lamp2 and lamp3 genes may also have an important immunity
function in largemouth bass, which needs to be further investigated.

5 Conclusion

In summary, the lamp1-3 gene family of largemouth bass (M.
salmoides) has been identified and characterized. Multiple alignment
of protein sequences, 3-D structural model prediction, gene synteny
and phylogeny were performed, showing that the lamps genes are
conserved across vertebrates. In addition, the distribution of these
genes was analyzed by q-PCR, indicating that three genes are
extensively detected but showed different patterns. Furthermore,
the fasting and refeeding schedule experiments demonstrated that
three lamp genes may have different functions in immune and
energetic organisms in largemouth bass.

Frontiers in Physiology frontiersin.org15

Yang et al. 10.3389/fphys.2024.1386413

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1386413


Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by the guideline for the care and
use of laboratory animals in the Ethical Committee of laboratory
Animal Experimentation at Yangtze University. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

Y-LY: Formal Analysis, Investigation, Methodology, Software,
Writing–original draft. W-HZ: Formal Analysis, Investigation,
Resources, Writing–original draft. YP: Formal Analysis, Investigation,
Writing–original draft. S-YZ: Investigation, Software, Writing–review
and editing. Y-QF: Investigation, Software, Writing–review and editing.
Y-MX: Writing–review and editing. W-LH: Investigation, Software,
Writing–review and editing. Z-YW: Formal Analysis, Writing–review
and editing. WH: Project administration, Validation, Methodology,
Conceptualization, Writing–review and editing, Funding acquisition.
Y-YY: Funding acquisition,Writing–review and editing. X-FH: Funding
acquisition, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work

was supported by Engineering Research Center of Ecology and
Agricultural Use of Wetland, Ministry of Education (No.
KF202317), Key Laboratory of Sichuan Province for Fishes
Conservation and Utilization in the Upper Reaches of the
Yangtze River (No. NJTCCJSYSYS02), and Yangtze University
College Students Innovation and Entrepreneurship Training
Program (No. Yz2022070). Young and middle-aged Talents
Project of Hubei Provincial Department of Education (No.
Q20201313), National Key Research and Development Program
of China, (No. 2022YFC3202100). National Natural Science
Foundation of China (No. 31972646).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphys.2024.1386413/
full#supplementary-material

References

Alessandrini, F., Pezzè, L., and Ciribilli, Y. (2017). LAMPs: shedding light on cancer
biology. Semin. Oncol. 44 (4), 239–253. doi:10.1053/j.seminoncol.2017.10.013

Alfonso, S., Gesto, M., and Sadoul, B. (2021). Temperature increase and its effects on
fish stress physiology in the context of global warming. J. Fish. Biol. 98 (6), 1496–1508.
doi:10.1111/jfb.14599

Al-Shenawy, H. (2016). Expression of Beclin-1, an autophagy-related marker, in
chronic hepatitis and hepatocellular carcinoma and its relation with apoptotic markers.
APMIS 124 (3), 229–237. doi:10.1111/apm.12498

Andrejewski, N., Punnonen, E. L., Guhde, G., Tanaka, Y., Lüllmann-Rauch, R.,
Hartmann, D., et al. (1999). Normal lysosomal morphology and function in LAMP-1-
deficient mice. J. Biol. Chem. 274 (18), 12692–12701. doi:10.1074/jbc.274.18.12692

Appelqvist, H., Wäster, P., Kågedal, K., and Öllinger, K. (2013). The lysosome: from
waste bag to potential therapeutic target. J. Mol. Cell Biol. 5 (4), 214–226. doi:10.1093/
jmcb/mjt022

Baba, K., Kuwada, S., Nakao, A., Li, X., Okuda, N., Nishida, A., et al. (2020). Different
localization of lysosomal-associated membrane protein 1 (LAMP1) in mammalian
cultured cell lines. Histochem. Cell Biol. 153 (4), 199–213. doi:10.1007/s00418-019-
01842-z

Ballabio, A., and Gieselimann, V. (2009). Lysosomal disorders: from storage to
cellular damage. Biochim. Biophys. Acta 1793 (4), 684–696. doi:10.1016/j.bbamcr.
2008.12.001

Balmori-Cedeño, J., Liu, J. T., Misk, E., Lillie, B., and Lumsden, J. (2019). Autophagy-
related genes in rainbow trout Oncorhynchus mykiss (Walbaum) gill epithelial cells and
their role in nutrient restriction. J. Fish. Dis. 42 (4), 549–558. doi:10.1111/jfd.12959

Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J., and Payne, C. K.
(2014). Lysosome transport as a function of lysosome diameter. PloS One 9 (1), e86847.
doi:10.1371/journal.pone.0086847

Barrachina, M., Maes, T., Buesa, C., and Ferrer, I. (2006). Lysosome-associated
membrane protein 1 (LAMP-1) in Alzheimer’s disease. Neuropath. Appl. Neuro. 32
(5), 505–516. doi:10.1111/j.1365-2990.2006.00756.x

Belghit, I., Skiba-Cassy, S., Geurden, I., Dias, K., Surget, A., Kaushik, S., et al. (2014).
Dietary methionine availability affects the main factors involved in muscle protein
turnover in rainbow trout (Oncorhynchus mykiss). Br. J. Nutr. 112 (4), 493–503. doi:10.
1017/S0007114514001226

Bjørgen, H., and Koppang, E. (2021). Anatomy of teleost fish immune structures and
organs. Immunogenetics 73 (1), 53–63. doi:10.1007/s00251-020-01196-0

Browning, J. D., Baxter, J., Satapati, S., and Burgess, S. (2012). The effect of short-term
fasting on liver and skeletal muscle lipid, glucose, and energy metabolism in healthy
women and men. J. Lipid Res. 53 (3), 577–586. doi:10.1194/jlr.P020867

Caruso, G., Maricchiolo, G., Micale, V., Genovese, L., Caruso, R., and Denaro, M.
(2010). Physiological responses to starvation in the European eel (Anguilla anguilla):
effects on haematological, biochemical, non-specific immune parameters and skin
structures. Fish. Physiol. Biochem. 36 (1), 71–83. doi:10.1007/s10695-008-9290-6

Causey, D. R., Pohl, M. A., Stead, D. A., Martin, S. A. M., Secombes, C. J., and
Macqueen, D. J. (2018). High-throughput proteomic profiling of the fish liver following
bacterial infection. BMC genomics 19 (1), 719. doi:10.1186/s12864-018-5092-0

Cui, H. J., Li, H., Zhang, M. Y., Li, H. P., Wang, X., Wang, Z. R., et al. (2022).
Molecular characterization, expression, evolutionary selection, and biological activity

Frontiers in Physiology frontiersin.org16

Yang et al. 10.3389/fphys.2024.1386413

https://www.frontiersin.org/articles/10.3389/fphys.2024.1386413/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2024.1386413/full#supplementary-material
https://doi.org/10.1053/j.seminoncol.2017.10.013
https://doi.org/10.1111/jfb.14599
https://doi.org/10.1111/apm.12498
https://doi.org/10.1074/jbc.274.18.12692
https://doi.org/10.1093/jmcb/mjt022
https://doi.org/10.1093/jmcb/mjt022
https://doi.org/10.1007/s00418-019-01842-z
https://doi.org/10.1007/s00418-019-01842-z
https://doi.org/10.1016/j.bbamcr.2008.12.001
https://doi.org/10.1016/j.bbamcr.2008.12.001
https://doi.org/10.1111/jfd.12959
https://doi.org/10.1371/journal.pone.0086847
https://doi.org/10.1111/j.1365-2990.2006.00756.x
https://doi.org/10.1017/S0007114514001226
https://doi.org/10.1017/S0007114514001226
https://doi.org/10.1007/s00251-020-01196-0
https://doi.org/10.1194/jlr.P020867
https://doi.org/10.1007/s10695-008-9290-6
https://doi.org/10.1186/s12864-018-5092-0
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1386413


analysis of CD68 gene fromMegalobrama amblycephala. Int. J. Mol. Sci. 23 (21), 13133.
doi:10.3390/ijms232113133

Dai, W. F., Zhang, J. J., Qiu, Q. F., Chen, J., Yang, W., Ni, S., et al. (2018). Starvation
stress affects the interplay among shrimp gut microbiota, digestion and immune
activities. Fish. Shellfish Immun. 80, 191–199. doi:10.1016/j.fsi.2018.05.040

Dar, S. A., Srivastava, P. P., Varghese, T., Nazir, M. I., Gupta, S., and Krishna, G.
(2019). Temporal changes in superoxide dismutase, catalase, and heat shock protein
70 gene expression, cortisol and antioxidant enzymes activity of Labeo rohita fingerlings
subjected to starvation and refeeding. Gene 692, 94–101. doi:10.1016/j.gene.2018.12.058

Debjyoti, B., Austin, C., Zapata, J. A., Joseph, K. Y., Payne, C. K., and Xiaochen, W.
(2014). Lysosome transport as a function of lysosome diameter. Plos One 9 (1), e86847.
doi:10.1371/journal.pone.0086847

Defays, A., David, A., de Gassart, A., De Angelis Rigotti, F., Wenger, T., Camossetto,
V., et al. (2011). BAD-LAMP is a novel biomarker of nonactivated human plasmacytoid
dendritic cells. Blood 118 (3), 609–617. doi:10.1182/blood-2010-11-319699

de Saint-Vis, B., Vincent, J., Vandenabeele, S., Vanbervliet, B., Pin, J., Aït-Yahia, S.,
et al. (1998). A novel lysosome-associated membrane glycoprotein, DC-LAMP, induced
upon DC maturation, is transiently expressed in MHC class II compartment. Immunity
9 (3), 325–336. doi:10.1016/s1074-7613(00)80615-9

Dominguez-Bautista, J. A., Klinkenberg, M., Brehm, N., Subramaniam, M., Kern, B.,
Roeper, J., et al. (2015). Loss of lysosome-associated membrane protein 3 (LAMP3)
enhances cellular vulnerability against proteasomal inhibition. Eur. J. Cell Biol. 94,
148–161. doi:10.1016/j.ejcb.2015.01.003

Dote-Montero, M., Sanchez-Delgado, G., and Ravussin, E. (2022). Effects of
intermittent fasting on cardiometabolic health: an energy metabolism perspective.
Nutrients 14 (3), 489. doi:10.3390/nu14030489

Eskelinen, E. (2006). Roles of LAMP-1 and LAMP-2 in lysosome biogenesis and
autophagy. Mol. Asp. Med. 27, 495–502. doi:10.1016/j.mam.2006.08.005

Fan, X. T., Hou, T. T., Sun, T. Z., Zhu, L., Zhang, S., Tang, K., et al. (2019). Starvation
stress affects the maternal development and larval fitness in zebrafish (Danio rerio). Sci.
Total Environ. 695, 133897. doi:10.1016/j.scitotenv.2019.133897

Fan, X. T., Hou, T. T., Zhang, S., Guan, Y. J., Jia, J., and Wang, Z. Z. (2020). The
cellular responses of autophagy, apoptosis, and 5-methylcytosine level in zebrafish cells
upon nutrient deprivation stress. Chemosphere 241, 124989. doi:10.1016/j.
chemosphere.2019.124989

Flajnik, M. (2018). A cold-blooded view of adaptive immunity.Nat. Rev. Immunol. 18
(7), 438–453. doi:10.1038/s41577-018-0003-9

Florescu Gune, I., Burcea, A., Popa, G., Dudu, A., Georgescu, S., Balas, M., et al.
(2019). Effects of starvation and refeeding on growth performance and stress defense
mechanisms of stellate sturgeon Acipenser stellatus juveniles from aquaculture. Acta
Biochim. Pol. 66 (1), 47–59. doi:10.18388/abp.2018_2712

Forslund, S. (2023). Fasting intervention and its clinical effects on the human host and
microbiome. J. Intern. Med. 293 (2), 166–183. doi:10.1111/joim.13574

Fukuda, M., Viitala, J., Matteson, J. J., and Carlsson, S. R. (1988). Cloning of cDNAs
encoding human lysosomal membrane glycoproteins, h-lamp-1 and h-lamp-2.
Comparison of their deduced amino acid sequences. J. Biol. Chem. 263 (35),
18920–18928. doi:10.1016/S0021-9258(18)37370-8

Gou, N., Wang, K. F., Jin, T. Z., and Yang, B. (2023). Effects of starvation and
refeeding on growth, digestion, nonspecific immunity and lipid-metabolism-related
genes in Onychostoma macrolepis. Animals 13 (7), 1168. doi:10.3390/ani13071168

Gu, J., Geng, M. Y., Qi, M. X., Wang, L. Z., Zhang, Y., and Gao, J. L. (2021). The role of
lysosomal membrane proteins in glucose and lipid metabolism. FASEB J. 35, e21848.
doi:10.1096/fj.202002602R

Guarnieri, F. G., Arterburn, L. M., Penno, M. B., Cha, Y., and August, J. T. (1993). The
motif Tyr-X-X-hydrophobic residue mediates lysosomal membrane targeting of
lysosome-associated membrane protein 1. J. Biol. Chem. 268 (3), 1941–1946. doi:10.
1016/S0021-9258(18)53945-4

Gui, Y., Liu, W. B., Chen, H., Ma, J. L., and Li, J. S. (2018). Expression of LAMP3 and
its correlation with clinicopathologic characteristics and prognosis in hepatocellular
carcinoma. Int. J. Clin. Exp. Patho 11 (1), 367–374.

Han, H., Yin, J., Wang, B., Huang, X. G., Yao, J. M., Zheng, J., et al. (2018). Effects of
dietary lysine restriction on inflammatory responses in piglets. Sci. Rep. 8 (1), 2451.
doi:10.1038/s41598-018-20689-3

Han, K., Singh, K., Rodman, M. J., Hassanzadeh, S., Wu, K., Nguyen, A., et al. (2021).
Fasting-induced FOXO4 blunts human CD4+ T helper cell responsiveness. Nat. Metab.
3 (3), 318–326. doi:10.1038/s42255-021-00356-0

Hatem, C. L., Gough, N. R., and Fambrough, D. M. (1995). Multiple mRNAs encode the
avian lysosomal membrane protein LAMP-2, resulting in alternative transmembrane and
cytoplasmic domains. J. Cell Sci. 108, 2093–2100. doi:10.1242/jcs.108.5.2093

Holness, C. L., and Simmons, D. L. (1993). Molecular cloning of CD68, a human
macrophagemarker related to lysosomal glycoproteins. Blood 81 (6), 1607–1613. doi:10.
1182/blood.v81.6.1607.1607

Hu, W., Guo, Y. X., Zhou, Q., Liu, X., and Wen, Z. Y. (2022). Molecular cloning of
crtc2 and its expression in response to different feeding status in largemouth bass
(Micropterus salmoides). Aquacult. Rep. 25, 101230. doi:10.1016/j.aqrep.2022.101230

Huang, J., Li, L., Liu, J. L., Yu, J., Wu, X. X., Xu, Y., et al. (2017). Altered expression of
lysosomal associated membrane protein 1 in esophageal squamous cell carcinoma.
Pathol. Res. Pract. 213 (8), 938–942. doi:10.1016/j.prp.2017.05.008

Hughes, E. N., and August, J. T. (1981). Characterization of plasma membrane
proteins identified by monoclonal antibodies. J. Biol. Chem. 256 (2), 664–671. doi:10.
1016/s0021-9258(19)70025-8

Iyer, H., Shen, K., Meireles, A. M., and Talbot, W. S. (2022). A lysosomal regulatory
circuit essential for the development and function of microglia. Sci. Adv. 8 (35),
eabp8321. doi:10.1126/sciadv.abp8321

Janssen, H., Kahles, F., Liu, D., Downey, J., Koekkoek, L. L., Roudko, V., et al. (2023).
Monocytes re-enter the bone marrow during fasting and alter the host response to
infection. Immunity 56 (4), 783–796.e7. doi:10.1016/j.immuni.2023.01.024

Johansson, P., Corripio-Miyar, Y., Wang, T. H., Collet, B., Secombes, C. J., and Zou, J.
(2012). Characterisation and expression analysis of the rainbow trout (Oncorhynchus
mykiss) homologue of the human dendritic cell marker CD208/lysosomal associated
membrane protein 3. Dev. Comp. Immunol. 37, 402–413. doi:10.1016/j.dci.2012.02.012

Kong, H. J., Moon, J.-Y., Nam, B.-H., Kim, Y.-O., Kim, W.-J., Lee, J.-O., et al. (2011).
Molecular characterization of the autophagy-related gene Beclin-1 from the olive
flounder (Paralichthys olivaceus). Fish. Shellfish Immun. 31 (2), 189–195. doi:10.
1016/j.fsi.2011.05.002

Kumar, M., Singh, S., Dwivedi, S., Dubey, I., and Trivedi, S. P. (2022). Altered
transcriptional levels of autophagy-related genes, induced by oxidative stress in fish
Channa punctatus exposed to chromium. Fish. Physiol. Biochem. 48 (5), 1299–1313.
doi:10.1007/s10695-022-01119-8

Kumar, M., Singh, S., Dwivedi, S., Trivedi, A., Dubey, I., and Trivedi, S. P. (2023).
Copper-induced genotoxicity, oxidative stress, and alteration in transcriptional level of
autophagy-associated genes in snakehead fish Channa punctatus. Biol. Trace Elem. Res.
201 (4), 2022–2035. doi:10.1007/s12011-022-03301-8

Lawrence, R. E., and Zoncu, R. (2019). The lysosome as a cellular centre for signalling,
metabolism and quality control. Nat. Cell Biol. 21, 133–142. doi:10.1038/s41556-018-
0244-7

Lee, E.-J., Park, K.-S., Jeon, I.-S., Choi, J.-W., Lee, S.-J., Choy, H.-E., et al. (2016).
LAMP-3 (Lysosome-Associated membrane protein 3) promotes the intracellular
proliferation of Salmonella typhimurium. Mol. cells 39 (7), 566–572. doi:10.14348/
molcells.2016.0112

Lee, J. Y., Sohn, I., Do, I.-G., Kim, K.-M., Park, S.-H., Park, J.-O., et al. (2014).
Nanostring-based multigene assay to predict recurrence for gastric cancer patients after
surgery. PloS One 9 (3), e90133. doi:10.1371/journal.pone.0090133

Liao, X. Y., Song, L. Y., Zhang, L. L., Wang, H., Tong, Q., Xu, J., et al. (2018).
LAMP3 regulates hepatic lipid metabolism through activating PI3K/Akt pathway. Mol.
Cell. Endocrinol. 470, 160–167. doi:10.1016/j.mce.2017.10.010

Liao, Z. Z., Lin, D. H., Jia, J. R., Cai, R., Yu, Y., and Li, W. S. (2021). Innate immune
response to fasting and refeeding in the zebrafish kidney. Biomolecules 11 (6), 825.
doi:10.3390/biom11060825

Lichter-Konecki, U., Moter, S., Krawisz, B., Schlotter, M., Hipke, C., and Konecki, D.
(1999). Expression patterns of murine lysosome-associated membrane protein 2
(Lamp-2) transcripts during morphogenesis. Differentiation 65 (1), 43–58. doi:10.
1046/j.1432-0436.1999.6510043.x

Lim, C., and Zoncu, R. (2016). The lysosome as a command-and-control center for
cellular metabolism. J. Cell Biol. 214 (6), 653–664. doi:10.1083/jcb.201607005

Liu, P., Fu, L. W., Li, B. W., Man, M. S., Ji, Y. X., Kang, Q., et al. (2023). Dissolved
oxygen gradient on three dimensionally printed microfluidic platform for studying its
effect on fish at three levels: cell, embryo, and larva. Environ. Sci. Pollut. Res. Int. 30 (8),
21978–21989. doi:10.1007/s11356-022-23688-0

Loft, A., Schmidt, S., Caratti, G., Stifel, U., Havelund, J., Sekar, R., et al. (2022). A
macrophage-hepatocyte glucocorticoid receptor axis coordinates fasting ketogenesis.
Cell Metab. 34 (3), 473–486.e9. doi:10.1016/j.cmet.2022.01.004

Lu, D. L., Ma, Q., Wang, J., Li, L. Y., Han, S. L., Limbu, S. M., et al. (2019). Fasting
enhances cold resistance in fish through stimulating lipid catabolism and autophagy.
J. Physiol. 597 (6), 1585–1603. doi:10.1113/JP277091

Mahapatra, K. K., Mishra, S. R., Behera, B. P., Patil, S., Gewirtz, D. A., and Bhutia, S. K.
(2021). The lysosome as an imperative regulator of autophagy and cell death. Cell. Mol.
Life Sci. 78 (23), 7435–7449. doi:10.1007/s00018-021-03988-3

Malicdan, M. C., Noguchi, S., Nonaka, I., Saftig, P., and Nishino, I. (2008). Lysosomal
myopathies: an excessive build-up in autophagosomes is too much to handle.
Neuromuscul. Disord. 18 (7), 521–529. doi:10.1016/j.nmd.2008.04.010

Martin, S. A., Douglas, A., Houlihan, D. F., and Secombes, C. J. (2010). Starvation
alters the liver transcriptome of the innate immune response in Atlantic salmon (Salmo
salar). BMC Genomics 11 (1), 418. doi:10.1186/1471-2164-11-418

Meireles, A. M., Shen, K., Zoupi, L., Iyer, H., Bouchard, E. L., Williams, A., et al.
(2018). The lysosomal transcription factor TFEB represses myelination downstream of
the rag-ragulator complex. Dev. Cell 47 (3), 319–330. doi:10.1016/j.devcel.2018.10.003

Morash, A. J., Le Moine, C. M. R., and McClelland, G. B. (2010). Genome duplication
events have led to a diversification in the CPT I gene family in fish. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 299 (2), 579–589. doi:10.1152/ajpregu.00088.2010

Frontiers in Physiology frontiersin.org17

Yang et al. 10.3389/fphys.2024.1386413

https://doi.org/10.3390/ijms232113133
https://doi.org/10.1016/j.fsi.2018.05.040
https://doi.org/10.1016/j.gene.2018.12.058
https://doi.org/10.1371/journal.pone.0086847
https://doi.org/10.1182/blood-2010-11-319699
https://doi.org/10.1016/s1074-7613(00)80615-9
https://doi.org/10.1016/j.ejcb.2015.01.003
https://doi.org/10.3390/nu14030489
https://doi.org/10.1016/j.mam.2006.08.005
https://doi.org/10.1016/j.scitotenv.2019.133897
https://doi.org/10.1016/j.chemosphere.2019.124989
https://doi.org/10.1016/j.chemosphere.2019.124989
https://doi.org/10.1038/s41577-018-0003-9
https://doi.org/10.18388/abp.2018_2712
https://doi.org/10.1111/joim.13574
https://doi.org/10.1016/S0021-9258(18)37370-8
https://doi.org/10.3390/ani13071168
https://doi.org/10.1096/fj.202002602R
https://doi.org/10.1016/S0021-9258(18)53945-4
https://doi.org/10.1016/S0021-9258(18)53945-4
https://doi.org/10.1038/s41598-018-20689-3
https://doi.org/10.1038/s42255-021-00356-0
https://doi.org/10.1242/jcs.108.5.2093
https://doi.org/10.1182/blood.v81.6.1607.1607
https://doi.org/10.1182/blood.v81.6.1607.1607
https://doi.org/10.1016/j.aqrep.2022.101230
https://doi.org/10.1016/j.prp.2017.05.008
https://doi.org/10.1016/s0021-9258(19)70025-8
https://doi.org/10.1016/s0021-9258(19)70025-8
https://doi.org/10.1126/sciadv.abp8321
https://doi.org/10.1016/j.immuni.2023.01.024
https://doi.org/10.1016/j.dci.2012.02.012
https://doi.org/10.1016/j.fsi.2011.05.002
https://doi.org/10.1016/j.fsi.2011.05.002
https://doi.org/10.1007/s10695-022-01119-8
https://doi.org/10.1007/s12011-022-03301-8
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.14348/molcells.2016.0112
https://doi.org/10.14348/molcells.2016.0112
https://doi.org/10.1371/journal.pone.0090133
https://doi.org/10.1016/j.mce.2017.10.010
https://doi.org/10.3390/biom11060825
https://doi.org/10.1046/j.1432-0436.1999.6510043.x
https://doi.org/10.1046/j.1432-0436.1999.6510043.x
https://doi.org/10.1083/jcb.201607005
https://doi.org/10.1007/s11356-022-23688-0
https://doi.org/10.1016/j.cmet.2022.01.004
https://doi.org/10.1113/JP277091
https://doi.org/10.1007/s00018-021-03988-3
https://doi.org/10.1016/j.nmd.2008.04.010
https://doi.org/10.1186/1471-2164-11-418
https://doi.org/10.1016/j.devcel.2018.10.003
https://doi.org/10.1152/ajpregu.00088.2010
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1386413


Nadeau, A., Therrien, C., Karpati, G., and Sinnreich, M. (2008). Danon disease due to
a novel splice mutation in the LAMP2 gene.Muscle nerve 37 (3), 338–342. doi:10.1002/
mus.20930

Nagelkerke, A., Mujcic, H., Bussink, J., Wouters, B., van Laarhoven, H., Sweep, F.,
et al. (2011). Hypoxic regulation and prognostic value of LAMP3 expression in breast
cancer. Cancer 117 (16), 3670–3681. doi:10.1002/cncr.25938

Nakamura, H., Tanaka, T., Ji, Y. M., Zheng, C. Y., Afione, S. A., Warner, B. M., et al.
(2023a). Salivary gland LAMP3 mRNA expression is a possible predictive marker in the
response to hydroxychloroquine in Sjögren’s disease. PloS One 18 (2), e0282227. doi:10.
1371/journal.pone.0282227

Nakamura, H., Tanaka, T., Zheng, C. Y., Afione, S.,Warner, B., Noguchi, M., et al. (2023b).
Lysosome-associated membrane protein 3 induces lysosome-dependent cell death by
impairing autophagic caspase 8 degradation in the salivary glands of individuals with
sjögren’s disease. Arthritis Rheumatol. 75 (9), 1586–1598. doi:10.1002/art.42540

Nishino, I., Fu, J., Tanji, K., Yamada, T., Shimojo, S., Koori, T., et al. (2000). Primary
LAMP-2 deficiency causes X-linked vacuolar cardiomyopathy and myopathy (Danon
disease). Nature 406 (6798), 906–910. doi:10.1038/35022604

Pan, Y. X., Tao, J. S., Zhou, J., Cheng, J., Chen, Y. H., Xiang, J., et al. (2022). Effect of
starvation on the antioxidative pathway, autophagy, and mitochondrial function in the
intestine of Chinese perch Siniperca chuatsi. Aquaculture 548, 737683. doi:10.1016/j.
aquaculture.2021.737683

Perera, R. M., and Zoncu, R. (2016). The lysosome as a regulatory hub.Annu. Rev. Cell
Dev. Bi. 32, 223–253. doi:10.1146/annurev-cellbio-111315-125125

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29 (9), e45. doi:10.1093/nar/29.9.e45

Qin, L., Wang, X. Y., Zhang, S. N., Feng, S. Y., Yin, L. C., and Zhou, H. (2016).
Lipopolysaccharide-induced autophagy participates in the control of pro-inflammatory
cytokine release in grass carp head kidney leukocytes. Fish. Shellfish Immun. 59,
389–397. doi:10.1016/j.fsi.2016.11.010

Rajapakshe, A. R., Podyma-Inoue, K. A., Terasawa, K., Hasegawa, K., Namba, T.,
Kumei, Y., et al. (2015). Lysosome-associated membrane proteins (LAMPs) regulate
intracellular positioning of mitochondria in MC3T3-E1 cells. Exp. Cell Res. 331 (1),
211–222. doi:10.1016/j.yexcr.2014.09.014

Reinecke, M. (2010). Influences of the environment on the endocrine and paracrine
fish growth hormone-insulin-like growth factor-I system. J. Fish. Biol. 76 (6),
1233–1254. doi:10.1111/j.1095-8649.2010.02605.x

Robinson, M. W., Harmon, C., and O’Farrelly, C. (2016). Liver immunology and its
role in inflammation and homeostasis. Cell. Mol. Immunol. 13 (3), 267–276. doi:10.
1038/cmi.2016.3

Rondón-Barragán, I., Nozaki, R., Hirono, I., and Kondo, H. (2017). LAMP-1-chimeric
DNA vaccines enhance the antibody response in Japanese flounder, Paralichthys
olivaceus. Fish. Shellfish Immun. 67, 546–553. doi:10.1016/j.fsi.2017.06.045

Saftig, P., and Klumperman, J. (2009). Lysosome biogenesis and lysosomal membrane
proteins: trafficking meets function. Nat. Rev. Mol. Cell Bio. 10 (9), 623–635. doi:10.
1038/nrm2745

Sakane, H., and Akasaki, K. (2018). The major lysosomal membrane proteins LAMP-
1 and LAMP-2 participate in differentiation of C2C12 Myoblasts. Biol. Pharm. Bull. 41
(8), 1186–1193. doi:10.1248/bpb.b17-01030

Salaun, B., de Saint-Vis, B., Clair-Moninot, V., Pin, J., Barthélemy-Dubois, C.,
Kissenpfennig, A., et al. (2003). Cloning and characterization of the mouse
homologue of the human dendritic cell maturation marker CD208/DC-LAMP. Eur.
J. Immunol. 33 (9), 2619–2629. doi:10.1002/eji.200324175

Schneede, A., Schmidt, C. K., Hölttä-Vuori, M., Heeren, J., Willenborg, M., Blanz, J.,
et al. (2011). Role for LAMP-2 in endosomal cholesterol transport. J. Cell. Mol. Med. 15
(2), 280–295. doi:10.1111/j.1582-4934.2009.00973.x

Seiliez, I., Gutierrez, J., Salmerón, C., Skiba-Cassy, S., Chauvin, C., Dias, K., et al.
(2010). An in vivo and in vitro assessment of autophagy-related gene expression in
muscle of rainbow trout (Oncorhynchus mykiss). Comp. Biochem. Physiol. B. Biochem.
Mol. Biol. 157 (3), 258–266. doi:10.1016/j.cbpb.2010.06.011

Séité, S., Mourier, A., Camougrand, N., Salin, B., Figueiredo-Silva, A. C., Fontagné-
Dicharry, S., et al. (2018). Dietary methionine deficiency affects oxidative status,
mitochondrial integrity and mitophagy in the liver of rainbow trout (Oncorhynchus
mykiss). Sci. Rep. 8 (1), 10151. doi:10.1038/s41598-018-28559-8

Shi, J. F., Zhuo, D. Y., Lu, M. F., Wang, H. Y., Gu, H. R., Liu, X. H., et al. (2023). Partial
immune responses in Sichuan bream (Sinibrama taeniatus) after starvation. Front.
Immunol. 14, 1098741. doi:10.3389/fimmu.2023.1098741

Soeters, M. R., Soeters, P. B., Schooneman, M. G., Houten, S. M., and Romijn, J. A. (2012).
Adaptive reciprocity of lipid and glucose metabolism in human short-term starvation. Am.
J. Physio. Endoc. M. 303 (12), E1397–E1407. doi:10.1152/ajpendo.00397.2012

Song, H. B., Xu, D. D., Tian, L., Chen, R. Y., Wang, L. G., Tan, P., et al. (2019).
Overwinter mortality in yellow drum (Nibea albiflora): insights from growth and
immune responses to cold and starvation stress. Fish. Shellfish Immun. 92, 341–347.
doi:10.1016/j.fsi.2019.06.030

Song, L., Lee, C., and Schindler, C. (2011). Deletion of the murine scavenger receptor
CD68. J. Lipid Res. 52 (8), 1542–1550. doi:10.1194/jlr.M015412

Stypmann, J., Janssen, P. M. L., Prestle, J., Engelen, M. A., Kögler, H., Lüllmann-
Rauch, R., et al. (2006). LAMP-2 deficient mice show depressed cardiac contractile
function without significant changes in calcium handling. Basic Res. Cardiol. 101 (4),
281–291. doi:10.1007/s00395-006-0591-6

Sun, C. F., Li, J., Dong, J. J., Niu, Y. C., Hu, J., Lian, J. M., et al. (2021). Chromosome-
level genome assembly for the largemouth bassMicropterus salmoides provides insights
into adaptation to fresh and brackish water. Mol. Ecol. Resour. 21 (1), 301–315. doi:10.
1111/1755-0998.13256

Tan, F. H., Cao, M., Li, X. F., Chao, L., Tian, M. Y., Zhang, L., et al. (2019).
Identification and initial functional characterization of lysosomal integral membrane
protein type 2 (LIMP-2) in turbot (Scophthalmus maximus L). Dev. Com. Immunol. 99,
103412. doi:10.1016/j.dci.2019.103412

Tanaka, T., Warner, B. M., Michael, D. G., Nakamura, H., Odani, T., Yin, H., et al. (2022).
LAMP3 inhibits autophagy and contributes to cell death by lysosomal membrane
permeabilization. Autophagy 18 (7), 1629–1647. doi:10.1080/15548627.2021.1995150

Tanaka, Y., Guhde, G., Suter, A., Eskelinen, E.-L., Hartmann, D., Lüllmann-Rauch, R.,
et al. (2000). Accumulation of autophagic vacuoles and cardiomyopathy in LAMP-2-
deficient mice. Nature 406 (6798), 902–906. doi:10.1038/35022595

Terasawa, K., Tomabechi, Y., Ikeda, M., Ehara, H., Kukimoto-Niino, M., Wakiyama,
M., et al. (2016). Lysosome-associated membrane proteins-1 and -2 (LAMP-1 and
LAMP-2) assemble via distinct modes. Biochem. Bioph. Res. Co. 479 (3), 489–495.
doi:10.1016/j.bbrc.2016.09.093

Tran, N. T., Xiong, F., Hao, Y. T., Zhang, J., Wu, S. G., and Wang, G. T. (2018).
Starvation influences the microbiota assembly and expression of immunity-related
genes in the intestine of grass carp (Ctenopharyngodon idellus). Aquaculture 489,
121–129. doi:10.1016/j.aquaculture.2018.02.016

Wang, D., Cao, X., Zhang, Y., Liu, Y., Yao, C., Ge,W., et al. (2017). LAMP3 expression
correlated with poor clinical outcome in human ovarian cancer. Tumour Biol. 39 (3),
1010428317695014. doi:10.1177/1010428317695014

Wang, M. Y., Xu, G. C., Tang, Y. K., Su, S. Y., Wang, Y. P., and Zhu, Z. X. (2021).
Investigation of the molecular mechanisms of antioxidant damage and immune
response downregulation in liver of Coilia nasus under starvation stress. Front.
Endocrinol. 12, 622315. doi:10.3389/fendo.2021.622315

Watts, C. (2012). The endosome-lysosome pathway and information generation in the
immune system. Biochim. Biophys. Acta 1824 (1), 14–21. doi:10.1016/j.bbapap.2011.07.006

Wen, Z. Y., Wang, J., Bian, C., Zhang, X. H., Li, J., Peng, Y. X., et al. (2019). Molecular
cloning of two kcnk3 genes from the Northern snakehead (Channa argus) for
quantification of their transcriptions in response to fasting and refeeding. Gen.
Comp. Endocr. 281, 49–57. doi:10.1016/j.ygcen.2019.05.016

Wilke, S., Krausze, J., and Büssow, K. (2012). Crystal structure of the conserved
domain of the DC lysosomal associated membrane protein: implications for the
lysosomal glycocalyx. BMC Biol. 10, 62. doi:10.1186/1741-7007-10-62

Wu, P., Chen, L., Cheng, J., Pan, Y. X., Zhu, X., Chu, W. Y., et al. (2022). Effect of
starvation and refeeding on reactive oxygen species, autophagy and oxidative stress in
Chinese perch (Siniperca chuatsi) muscle growth. J. Fish. Biol. 101 (1), 168–178. doi:10.
1111/jfb.15081

Wu, P., Wang, A. M., Cheng, J., Chen, L., Pan, Y. X., Li, H. H., et al. (2020). Effects of
starvation on antioxidant-related signaling molecules, oxidative stress, and autophagy
in juvenile Chinese perch skeletal muscle. Mar. Biotechnol. 22 (1), 81–93. doi:10.1007/
s10126-019-09933-7

Wu, Z. G., Hu, T. J., Butter, C., and Kaiser, P. (2010). Cloning and characterisation of
the chicken orthologue of dendritic cell-lysosomal associated membrane protein (DC-
LAMP). Dev. Comp. Immunol. 34 (2), 183–188. doi:10.1016/j.dci.2009.09.007

Yabu, T., Imamura, S., Mizusawa, N., Touhata, K., and Yamashita, M. (2012).
Induction of autophagy by amino acid starvation in fish cells. Mar. Biotechnol. 14
(4), 491–501. doi:10.1007/s10126-012-9432-9

Yabu, T., and Yamashita, M. (2008). Observation of stress-induced autophagy in fish
cells. Bull. Fish. Res. Agency (Japan) 8, 23–28.

Zengin, H. (2021). The effects of feeding and starvation on antioxidant defence, fatty
acid composition and lipid peroxidation in reared Oncorhynchus mykiss fry. Sci. Rep. 11
(1), 16716. doi:10.1038/s41598-021-96204-y

Zhai, Y. F., Miao, J. X., Peng, Y., Wang, Y. H., Dong, J. Z., and Zhao, X. Y. (2023).
Clinical features of Danon disease and insights gained from LAMP-2 deficiency models.
Trends cardiovas. Med. 33 (2), 81–89. doi:10.1016/j.tcm.2021.10.012

Zhang, X. T., Ming, Y., Fu, X. Z., Niu, Y. J., Lin, Q., Liang, H. R., et al. (2022). PI3K/
AKT/p53 pathway inhibits infectious spleen and kidney necrosis virus infection by
regulating autophagy and immune responses. Fish. Shellfish Immun. 120, 648–657.
doi:10.1016/j.fsi.2021.12.046

Zhu, S. J., Gao, W. H., Wen, Z. Y., Chi, S. Y., Hu, W., Tan, B. P., et al. (2022). Partial
substitution of fish meal by Clostridium autoethanogenum protein in the diets of
juvenile largemouth bass (Micropterus salmoides). Aquacult. Rep. 22, 100938. doi:10.
1016/j.aqrep.2021.100938

Zou, S. B., Ni, M., Liu, M., Xu, Q., Zhou, D., Gu, Z., et al. (2023). Starvation alters gut
microbiome and mitigates off-flavors in largemouth bass (Micropterus salmoides). Folia
Microbiol. 68 (4), 547–558. doi:10.1007/s12223-022-01027-7

Frontiers in Physiology frontiersin.org18

Yang et al. 10.3389/fphys.2024.1386413

https://doi.org/10.1002/mus.20930
https://doi.org/10.1002/mus.20930
https://doi.org/10.1002/cncr.25938
https://doi.org/10.1371/journal.pone.0282227
https://doi.org/10.1371/journal.pone.0282227
https://doi.org/10.1002/art.42540
https://doi.org/10.1038/35022604
https://doi.org/10.1016/j.aquaculture.2021.737683
https://doi.org/10.1016/j.aquaculture.2021.737683
https://doi.org/10.1146/annurev-cellbio-111315-125125
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1016/j.fsi.2016.11.010
https://doi.org/10.1016/j.yexcr.2014.09.014
https://doi.org/10.1111/j.1095-8649.2010.02605.x
https://doi.org/10.1038/cmi.2016.3
https://doi.org/10.1038/cmi.2016.3
https://doi.org/10.1016/j.fsi.2017.06.045
https://doi.org/10.1038/nrm2745
https://doi.org/10.1038/nrm2745
https://doi.org/10.1248/bpb.b17-01030
https://doi.org/10.1002/eji.200324175
https://doi.org/10.1111/j.1582-4934.2009.00973.x
https://doi.org/10.1016/j.cbpb.2010.06.011
https://doi.org/10.1038/s41598-018-28559-8
https://doi.org/10.3389/fimmu.2023.1098741
https://doi.org/10.1152/ajpendo.00397.2012
https://doi.org/10.1016/j.fsi.2019.06.030
https://doi.org/10.1194/jlr.M015412
https://doi.org/10.1007/s00395-006-0591-6
https://doi.org/10.1111/1755-0998.13256
https://doi.org/10.1111/1755-0998.13256
https://doi.org/10.1016/j.dci.2019.103412
https://doi.org/10.1080/15548627.2021.1995150
https://doi.org/10.1038/35022595
https://doi.org/10.1016/j.bbrc.2016.09.093
https://doi.org/10.1016/j.aquaculture.2018.02.016
https://doi.org/10.1177/1010428317695014
https://doi.org/10.3389/fendo.2021.622315
https://doi.org/10.1016/j.bbapap.2011.07.006
https://doi.org/10.1016/j.ygcen.2019.05.016
https://doi.org/10.1186/1741-7007-10-62
https://doi.org/10.1111/jfb.15081
https://doi.org/10.1111/jfb.15081
https://doi.org/10.1007/s10126-019-09933-7
https://doi.org/10.1007/s10126-019-09933-7
https://doi.org/10.1016/j.dci.2009.09.007
https://doi.org/10.1007/s10126-012-9432-9
https://doi.org/10.1038/s41598-021-96204-y
https://doi.org/10.1016/j.tcm.2021.10.012
https://doi.org/10.1016/j.fsi.2021.12.046
https://doi.org/10.1016/j.aqrep.2021.100938
https://doi.org/10.1016/j.aqrep.2021.100938
https://doi.org/10.1007/s12223-022-01027-7
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1386413

	Characterization of three lamp genes from largemouth bass (Micropterus salmoides): molecular cloning, expression patterns,  ...
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 RNA extraction and cDNA synthesis
	2.3 Gene cloning of the Mslamp gene
	2.4 Sequence analysis
	2.5 Syntenic and gene structures analysis
	2.6 Phylogenetic analysis
	2.7 The tissue distribution of Mslamp1, lamp2 and lamp3
	2.8 Treatment with different feeding status
	2.9 Real-time fluorescence qPCR analysis
	2.10 Statistical analysis

	3 Results
	3.1 Molecular characteristics of the lamp genes from largemouth bass
	3.2 Multiple alignments and 3-D structure prediction of largemouth bass lamps
	3.3 Phylogenetic analysis
	3.4 Genomic structure and syntenic analysis of vertebrate lamp family genes
	3.5 Tissue distribution of Mslamps family genes
	3.6 Expression profile of Mslamps family genes after food deprivation and refeeding treatment

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


