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ARTICLE INFO ABSTRACT

Keywords: Asian seabass (Lates calcarifer) is a major aquaculture food fish species in Singapore. Farming of this species is
L. calcarifer increasingly threatened by frequent outbreaks of infectious diseases, resulting in mortality exceeding 50-70%. In
Asymptomatic

this study, we investigated the comparative gut bacterial microbiota using 16S rRNA metasequencing between
asymptomatic and diseased juvenile fish collected during a disease outbreak soon after stocking. Mild to severe
chronic granulomatous enteritis was observed histopathologically in both asymptomatic and diseased fish.
Kidneys of diseased fish tested PCR positive for the ‘big belly’ novel Vibrio spp., Streptococcus iniae and Vibrio
harveyi. These bacteria were also readily detected by PCR in water samples corresponding to tanks fish were
sampled from. Potentially beneficial microbes that promote gut health such as Firmicutes, Bacteroidota and
Actinobacteriota were the dominant phyla in the intestinal microbiota of asymptomatic fish. Moreover, the
bacteria with probiotic potential such as Lactobacillus only presented in asymptomatic fish, and Weissella was
unique and prevalent (47.59%) in asymptomatic fish during the recovery phase of the disease outbreak, making
them candidate biomarkers for monitoring health status of L. calcarifer. Conversely, diseased fish showed
reduced diversity of their gut microbiome, with high abundance of members of the phylum Proteobacteria. Vibrio
was the most dominant genus (87.3%) and Streptococcus iniae was only detected in diseased fish. These findings
provide a baseline study for understanding changes in intestinal microbiota in newly stocked fish with mixed
bacterial infection, biomarker assisted health monitoring, and future host-derived probiotics screening in L.
calcarifer.

Chronic enteritis
Gut microbiota
Vibrio

16S rRNA

1. Introduction

Asian seabass, Lates calcarifer, also known as barramundi, is a major
food fish species widely cultured in Southeast Asia and Australia, with
an annual global production of 90,000 tons in 2017 (Jerry, 2013; Khang
et al., 2018; Longbaf Dezfouli et al., 2019). Aquaculture production of L.
calcarifer is increasingly threatened by frequent outbreaks of multiple
infectious diseases resulting in heavy mortalities often exceeding
50-70% (Gibson-Kueh, 2012; Domingos et al., 2021). Important path-
ogens of L. calcarifer include Vibrio harveyi (Dong et al., 2017), novel
Vibrio sp. in ‘big belly disease’ (Gibson-Kueh et al., 2004; Gibson-Kueh
et al., 2021), Streptococcus iniae (Jiang et al., 2014; Van Khang et al.,
2019), scale drop disease virus (SDDV) (Gibson-Kueh et al., 2012; de
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Groof et al., 2015; Domingos et al., 2021), Lates calcarifer herpes virus
(LCHV) (Chang et al., 2018; Meemetta et al., 2020), and nervous ne-
crosis virus (NNV) (Hick et al., 2011; Jaramillo et al., 2017).

In relation to bacterial-mediated diseases in L. calcarifer, V. harveyi,
an opportunistic pathogen, is recognized as one of the major causes of
vibriosis in L. calcarifer (Ransangan et al., 2012; Dong et al., 2017; Chin
et al., 2020a; Deng et al., 2020). This acute disease transmits rapidly
among L. calcarifer farmed in sea cages, resulting in significant con-
straints for productive farming of the species (Crosbie and Nowak, 2004;
Ransangan et al., 2012). ‘Big belly’ disease is a severe chronic, granu-
lomatous bacterial enteritis caused by a novel Vibrio species (spp.), with
affected fish becoming emaciated and having a swollen abdomen
(Gibson-Kueh et al., 2004; Gibson-Kueh et al., 2021). The mortality rate
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caused by Vibrio spp. throughout the production cycle of L. calcarifer can
range from 40 to 100% (Gibson-Kueh et al., 2004; Gibson-Kueh, 2012;
Dong et al., 2017). S. iniae, a gram-positive bacterium, causes systemic
infections and is also one of the most serious bacterial pathogenic agents
to Asian seabass (Hassani et al., 2021). The production losses due to
S. iniae are reported between 8% and 15% per year, and this figure can
go up to 70% in severe outbreaks (Bromage et al., 1999; Creeper and
Buller, 2006; Van Khang et al., 2019).

The fish gastrointestinal tract of fish is a complex ecosystem,
composed of highly diverse microbiota which are recognized as an
important barrier against invading pathogens (Magnadottir, 2010; Desai
et al., 2016; Kong et al., 2017; Legrand et al., 2017). This microbial
community is largely composed of bacteria and is termed the bacterial
microbiome. A healthy gut microbiome plays important roles in pro-
tecting against the overgrowth of potentially pathogenic taxa and
regulation of the immune system of the host (Austin, 2006). The balance
of fish gut microbial composition has been reported to be influenced by
various internal and/or external factors, such as host developmental
stages, stress, nutritional status and culture system environment (Kim
et al.,, 2021; Xinyuan et al., 2022). Gastrointestinal dysbiosis in the
microbiome can subsequently increase susceptibility to enteritis/in-
flammatory bowel disease in fish, thereby affecting host fitness (Lle-
wellyn et al., 2014; Antonissen et al., 2016; Tran et al., 2018; Abernathy-
Close et al., 2021). Hence, maintaining stabilization of the intestinal
microbiome has significant impact on the immunity and health in
cultured fish by preventing bacterial diseases (Ma et al., 2019). Several
studies comparing the gut microbiome between healthy and diseased
fish have been reported, including hybrid Yunlong grouper (Epinephelus
moara Q X E. lanceolatus &) with nervous necrosis virus infection (Wang
et al., 2022), Malaysian mahseer (Tor tambroides) suffering from infec-
tious abdominal dropsy (Lau et al., 2022), largemouth bronze gudgeon
(Coreius guichenoti) infected by furunculosis (Li et al., 2016), and hybrid
tilapia (Oreochromis aureus x Oreochromis niloticus) with external signs
of parasitic disease (Ofek et al., 2022). The findings from these studies
provided an understanding about the interaction between intestinal
microbiota and the host under disease infection, which will further help
develop effective approaches for better health management of these fish
species.

To date, the gut microbial community of L. calcarifer sufferring from
infectious disease remains poorly understood. The only report was a
finding highlighting gut microbiome with tenacibaculosis symptoms,
and isolation of one strain of sp. nov. Tenacibaculum singaporense
(Miyake et al., 2020). In the present study, we investigated the gut
microbiome of asymptomatic and diseased fish during a bacterial dis-
ease outbreak at a commercial L. calcarifer farm. Improving the under-
standing of these diseases may lead to farmers being able to better
manage the health of the species and limit impacts of disease on L.
calcarifer production.

2. Materials and methods
2.1. Samples collection

Approximately 48,000 juvenile L. calcarifer (17.4 + 5.5 g) trans-
ported from a commercial local fish hatchery were stocked into a 80-ton
flow-through commercial aquaculture system, with incoming sand-
filtered sea water. Water quality parameters were monitored
throughout the study period, with ammonia <0.5 mg/L, water tem-
perature at 30 + 0.5 °C, pH 7.6, salinity 27-28 ppt, and dissolved oxy-
gen ca. 7 mg/L. A disease outbreak was observed on Day 1 post-stocking.
Peak mortality was observed on Day 7, with mortality decreasing until
no further mortality was observed on Day 22. Asymptomatic fish
exhibited active swimming with good feeding response, while diseased
fish showed lethargic behaviour at the water surface, no feeding
response, darkened body coloration, and pale gills. Asymptomatic
(clinically healthy, n = 3) and diseased fish (n = 3) on Day 7 and 9, and
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Asymptomatic fish (n = 3) on Day 22 post-stocking were sampled.
Asymptomatic fish were designated AD7, AD9, and AD22, correspond-
ing to samples taken on Days 7, 9, or 22. Similarly, diseased fish were
designated DD7, DD9, and DD22. Fish were euthanized on farm using
AquiS (40 mg/L) immersion baths and kept chilled on ice during
transport to the laboratory for same day aseptic sampling in a Class 2
biological safety cabinet (ESCO). The exterior of the fish was disinfected
with 70% ethanol, prior to dissecting out the entire gastrointestinal
tract, and gut contents collected into sterile 2 mL screw capped tubes. In
addition, kidney tissues were collected for PCR diagnostic analyses. All
samples were flash frozen in liquid nitrogen and stored at —80 °C until
DNA isolation. Similarly, water samples were collected from the central
drainage outlet of the culture tank into sterile 1 L bottles, on Day 7, 9 and
22 post stocking (corresponding to the fish sampling points). Water
samples (WD7, WD9 and WD22) were promptly ice-bathed, filtered with
a 0.2 pm sterile filter (Sterlitech™) in a Class 2 biological safety cabinet
(ESCO), and stored at —80 °C until processed for DNA extraction.

Formalin-fixed fish tissues (major organs such as liver, kidney,
spleen, intestine and gill etc.) in 10% phosphate-buffered formalin were
sent to Murdoch University Veterinary Histology Laboratory for histo-
processing into haematoxylin and eosin (H&E) slides. Slides were ana-
lysed on an Olympus BX53 transmission light microscope (Olympus
Corporation). Lipid stores in liver (Domingos et al., 2021) and splenic
red blood cell (Gibson-Kueh and Uichanco, 2021) were graded using
histopathology as “+” for mild, “++” for moderate and “++-+" for se-
vere depletion. Similarly, enteritis were graded as mild for focal, mod-
erate for multifocal, and severe, for multifocal to coalescing chronic
granulomatous enteritis (Gibson-Kueh et al., 2004; Gibson-Kueh et al.,
2021).

2.2. DNA extraction and pathogen screening using PCR

DNA was extracted from kidney tissues of the nine asymptomatic
(AD7, AD9 & AD22) and six diseased fish (DD7 & DD9), using a DNeasy
Blood & Tissue kit (250) (QIAGEN, Germany). Microbial DNA was
extracted from intestinal contents of the 15 fish using a Stool Nucleic
Acid Isolation Kit (Norgen Biotek). Finally, a DNeasy PowerWater Kit
(50) (QIAGEN, Germany) was used to extract DNA from the 0.2 pm
sterile filters (Sterlitech™) used for water samples. A blank negative
control (ultra-pure water in sterile 1 L bottles transported to farm and
brought back to laboratory) was processed in parallel with the farm
water samples. Extracted DNA was quantified using a Qubit 2.0 Fluo-
rometer (Invitrogen, Carlsbad, CA, USA), and stored at —20 °C until
analysed.

DNA extracts from fish kidney and water samples were tested by PCR
for common pathogens reported in L. calcarifer: Scale Drop Disease Virus
(SDDV) (Sukhontip et al., 2019), and three bacterial pathogens such as
S. iniae (Torres-Corral and Santos, 2021), V. harveyi (Domingos et al.,
2021) and “Big belly disease” novel Vibrio spp. (Segers and Grisez,
2005). The PCR was conducted using a Taq PCR Core KitTM (QIAGEN),
in 12.5 pL reactions containing 9.4 pL nuclease free water, 1.25 pL 10x
Taq buffer, 0.25 pL dNTPs (10 pM), 0.25 pL of forward and reverse
primers (10 pM), 0.1 pL of Taq DNA polymerase (5 units/pL) and 1 pL of
extracted DNA (at least 20 ng/pL), on a TLO0OTM Thermal Cycler (Bio-
Rad Laboratories, Inc.) (using cycling conditions as stated in the above
publications). PCR products were visualized on a 2% agarose using gel
with a 100-bp DNA ladder (BioLabs, New England).

2.3. Library preparation and Illumnia Novaseq sequencing

V3-V4 hypervariable regions of the bacteria 16S rDNA gene were
amplified with Forward (5-CCTACGGRRBGCASCAGKVRVGAAT-3')
and Reverse (5’-GGACTACNVGGGTWTCTAATCC-3') primers (Ren
et al., 2019). Indexed adapters were added to the ends of the 16S rDNA
amplicons during the PCR. DNA libraries were cleaned up with Agen-
court AMPure XP (Beckman Coulter, USA) and quantified on a Qubit 2.0
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Fluorometer, and size validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Clean DNA libraries were
loaded on an Illumina Novaseq instrument, according to manufacturer’s
instructions (Illumina, San Diego, CA, USA). Sequencing was performed
using a 2 x 250 paired-end (PE) configuration, and image analysis and
base calling were conducted by the NovaSeq Control Software (MCS)
embedded in the NovaSeq instrument.

2.4. Sequence analysis

The Quantitative Insights into Microbial Ecology (QIIME) package
was employed for 16S rRNA analysis. Forward and reverse reads were
joined and assigned to samples based on barcode, and truncated by
cutting off the barcode and primer sequence. Sequences with length <
200 bp were discarded, and the UCHIME algorithm applied to eliminate
the chimera sequences. Effective sequences were assembled into Oper-
ational Taxonomic Units (OTUs) with a sequence similarity at 97%, by
using the clustering program VSEARCH (1.9.6) against the Silva 119
database. Taxonomic information was obtained using RDP classifier
(Version 2.2, https://sourceforge.net/projects/rdp-classifer). Alpha di-
versity indices (Chaol, Ace, Shannon and Simpson) were calculated
using QIIME. Beta diversity was calculated using weighted and un-
weighted UniFrac, and principal coordinate analysis (PCoA) performed.
An unweighted Pair Group Method with Arithmetic mean (UPGMA) tree
was constructed based on the beta diversity distance matrix. LDA effect
size (LEfSe) and biomarkers were identified to investigate differential
bacterial taxa abundances up to the genus level (Segata et al., 2011).
Tax4Fun was employed to predict the functional profiles of microbial
communities (ABhauer et al., 2015). Bacterial functional data were
mapped and annotated at different KEGG (Kyoto Encyclopedia of Genes
and Genomes) levels (Kanehisa et al., 2016).

3. Results

3.1. Histopathology and identification of causative disease agents using
PCR

Severe chronic granulomatous enteritis with intralesional, clusters of
large coccobacilli, along with severe depletion of lipids in liver and
splenic red blood cells, were consistently observed in all diseased fish
(Table 1 & Fig. 1A). Asymptomatic fish generally presented with mild to
moderate enteritis, and depletion of hepatic lipid stores and splenic red
blood cells (Table 1 & Fig. 1A). Interstitial nephritis with coccoid shaped
bacteria were often observed in the kidney of diseased fish, but not in
asymptomatic fish (Fig. 1A). Gills with diffuse epithelial lifting
(oedema) and mild branchitis, were observed in both asymptomatic and
diseased fish.

PCR was performed on kidney of all 15 fish and the three water
samples. A total of 5 out of 6 diseased fish tested PCR positive for “big
belly” novel Vibrio spp., while one asymptomatic fish (AD9) also tested
positive, although amplification of the target as visualized on the gel was

Table 1
Summary of histopathology findings in asymptomatic and diseased Lates
calcarifer.

Tissue Asymptomatic Diseased
AD7 AD9 AD22 DD7 DD9
Liver (Lipid +(2); +++(1) -(3) +++(3) +++(3)
depletion) ++(1)
Spleen (RBC +(2); ++(1) +(1); NE +4+(1);
depletion) ++(D) +4+(1) +++(2)
Intestine +(1); ++(2); +(2); +++3)  +++(3)
(Enteritis) ++(1) +++ (1) ++(1)

* Note: ‘+’ mild; ‘++’ moderate; ‘+++’ severe; ‘- fish with good lipid stores;
‘NE’ spleen not examined; ‘()" Number of fish; RBC = “Red blood cell”.
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weak in this sample. Diseased fish were often concurrently PCR positive
for “big belly’ novel Vibrio spp., S. iniae and V. harveyi. All asymptomatic
and diseased fish tested PCR negative for SDDV. All water samples tested
PCR positive for “big belly’ novel Vibrio spp., S. iniae and V. harveyi.
(Fig. 1B, i-iv).

3.2. Reduced microbiota diversity in diseased L. calcarifer intestine

A total of 3,155,965 quality filtered reads from 9 asymptomatic, 6
diseased and 3 water samples (ranging from 81,679 to 284,944 reads per
sample) were assigned to 1941 operational taxonomic units (OTU), at
97% sequence identity matched with the Silval32 database. OTUs in
water (ranged from 536 to 614) were more diverse than those present in
the gut of fish (ranged from 63 to 474), with more OTUs present in
asymptomatic fish (average: 223 + 143) than diseased fish samples
(average: 87 + 40). In addition, the alpha diversity indices of Chaol
(Fig. 2A) and Shannon (Fig. 2B) indicated the higher richness and di-
versity of gut microbiota in asymptomatic compared to diseased fish,
with the lowest value in DD9 and the highest in AD9 samples. Significant
difference of both indices were observed for DD7 vs AD9 (p < 0.05) and
DD9 vs AD9 (p < 0.01).

3.3. Differences in bacterial composition among gut content of
asymptomatic and diseased fish, and water samples

To further compare the differences in the structure of the bacterial
community among the samples, a hierarchical clustering analysis of
three-dimensional scatter plot was generated using principal coordinate
analysis (PCoA) based on the OTU composition. The results showed the
plots of all asymptomatic samples were dispersed widely, while the
diseased sample plots tend to be clustered in closer proximity. The
asymptomatic fish plots were distinctively separated from the diseased
fish in the first principal component (33% explained variance) (Fig. 2C).
The three water samples clustered together, but distinctively separated
from that of both diseased and asymptomatic fish intestinal samples. The
hierarchical cluster analysis of all the fish and water samples aligned
with the PCoA results (Fig. 2D).

3.4. Diseased and asymptomatic L. calcarifer maintains different
intestinal microbiome profiles at the phylum level

A total 1869 among all of the assigned OTUs were annotated with the
rate of 96.29%. The taxonomic mapping of the fish intestinal microbiota
identified 24 classifiable phyla. Half of these phyla were common be-
tween the asymptomatic and diseased fish, but their abundance varied
greatly among the five groups. The top ten most abundant phyla are
shown in Fig. 3A. The three most dominant phyla were Proteobacteria,
Firmicutes and Fusobacteria in diseased (DD7, DD9) and asymptomatic
fish samples (AD7, AD22), contributing 95.7% to 99.6% of total bacte-
rial diversity in all the four fish groups (Fig. 3A). AD9 was rich in Pro-
teobacteria, Bacteroidota, Actinobacteriota and Firmicutes, together
reaching a relative abundance of 85.8%. In addition, a high abundance
(10.6%) of an unidentified phylum (k Bacteria_Unclassified) was
detected in AD9, which significantly differed from the other fish sam-
ples. Proteobacteria was the most dominant phylum in all five fish sample
groups, with nearly 97.3% and 99.2% mean relative abundance in DD7
and DD9, respectively, while a significant decrease was observed in
asymptomatic fish from 82.9% in AD7, 74.97% in AD9 and 38.09% in
AD22. In contrast, the relative abundance of Firmicutes, Fusobacteria
Bacteroidota and Actinobacteriota was generally high in asymptomatic
fish. Firmicutes had increased abundance across all asymptomatic fish
sampled over time (1.5% in AD7; 3.3% in AD9), and accounted for
nearly half (47.8%) of the microbial community in AD22. The most
predominant phyla in water samples was also Proteobacteria (66.8% to
75.9%), followed by Bacteroidota (13.2% to 30.1%), Fusobacteriota
(1.3% to 8.7%) and Firmicutes (0.4% to 1.8%) (Fig. 3A).
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Fig. 1. A) Histopathology on asymptomatic and diseased L. calcarifer. Chronic granulomatous enteritis (E) were observed in both asymptomatic (i) as well as
diseased fish (ii). Asymptomatic fish had good lipid stores in liver (Lv) (i), as compared to darker staining liver (Lv) due to lipid loss in diseased fish (ii). Diseased fish
had more severe and extensive enteritis, often with intralesional, clusters of large coccobacilli (ii-inset, arrows). Kidney in asymptomatic fish (iii). Kidney of diseased
fish (iv) with interstitial nephritis and coccoid shaped bacteria (arrows). B) PCR on fish and water samples collected on Days 7, 9 and 22 post-stocking, (i) Nearly all
diseased fish (5/6) and all water samples tested PCR positive for big belly (BB) disease novel Vibrio spp. (ii) Half of the diseased fish (3/6) and all water samples tested
PCR positive for S. iniae (SI). (iii) Some diseased fish (3/6) and all water samples tested positive for V. harveyi (VH). (iv) All fish and water samples tested negative for
scale drop disease virus (SDDV). +ve positive control; —ve negative control. The expected size of PCR product for each pathogen is indicated.

3.5. Intestinal microbiota at genus level correlates with disease-state in L.
calcarifer

Differences in intestinal microbiome composition and relative
abundance at a genus level were observed between the asymptomatic
and diseased fish groups (Fig. 3B). The top five highest abundant genus
in DD7 were Vibrio (77.3%), Burkholderia-Caballeronia-Paraburkholderia
(BCP) (6.2%), Pseudomonas (4.9%), Photobacterium (2.5%) and Ceto-
bacterium (1.8%), while Vibrio (97.2%), BCP (0.8%), Ralstonia (0.6%),
Streptococcus (0.4%) and Comamonas (0.2%) were rich in DD9 (Fig. 3B).
The members of the genera that contributed significantly to the micro-
bial diversity of the three asymptomatic groups were BCP (24.7%),
Ralstonia (13.9%), Photobacterium (13.6%), Cetobacterium (11.2%) and
Pseudomonas (9.9%) in AD7; Ralstonia (29.1%), Brucella (10.7%), Pelo-
monas (9.3%), BCP (4.2%) and Pseudomonas (3.6%) in AD9; Weissella
(47.6%), Photobacterium (12.3%), Cetobacterium (9.8%), Ralstonia
(9.3%), Comamonas (2.9%) and Brucella (2.7%) in AD22 (Fig. 3B).

Vibrio was the most abundant genus and prevalent in diseased fish
with a relative abundance of 77.3% in DD7 and 97.2% in DD9, while it
was rarely present in the asymptomatic fish (0.6% in AD7, 2.4% in AD9,
0.3% in AD22) (Fig. 3B & 4A). S. iniae was detected at the species level
with greater relative abundance in diseased fish as compared to the
asymptomatic fish groups (Fig. 4A). In contrast, the relative abundance
of Ralstonia, Brucella, pelomonas and allorhizobium neorhizobium_par-
arhizobium_rhizobium (ANPR) were significantly high in the asymptom-
atic fish compared to the diseased fish (p < 0.05) (Fig. 4A & 4B).
Notably, Weissella was unique in the asymptomatic group AD22 with a
rather high relative abundance (47.59%) (Fig. 3B & Fig. 4A). In addi-
tion, Lactobacillus was also only presented in asymptomatic fish
(Fig. 4A).

The analysis of the microbiome of water revealed that Pseudoalter-
omonas (34.8 to 45.5%) was the most dominant genus across all of the
three sample collection time points, followed by Nautella (7.6 to 12.2%),
Lishizhenia (6.1 to 7.7%), Vibrio (3.7 to 8.5%), NS10_marine_group (0.06
to 14.5%), Cetobacterium (1.0 to 8.6%) and Photobacterium (1.9 to 6.1%)
(Fig. 3B). Although there is a strong difference in microbiota composi-
tion at the genus level between water and fish, a decline in the relative
abundance of Vibrio in water was observed overtime (8.51% to 3.66%)
with a drop in mortality rate (Fig. 3B), which was similarly observed in
the gut over time.

3.6. LEfSe analyses

LEfSe analyses were performed to characterize the microbial com-
munities exhibiting significant differences in abundance between the
asymptomatic and diseased groups. A total of 21 bacterial taxa with
significant differential relative abundances were identified with LDA
score > 3.0. Sixteen of these bacterial taxa were higher in the asymp-
tomatic fish and five were higher in the diseased fish samples (p < 0.05)
(Fig. 4B & 4C). In particular, the analysis revealed that the genus Vibrio,
family Vibrionaceae, class Gammaproteobacteria and phylum Proteobac-
teria were more dominant in diseased fish; whereas in the asymptomatic
fish, a higher representation of the phyla Firmicutes, Bacteroidota and
Actinobacteriota, the families of Burkholderiaceae, Rhizobiaceae and
Comamonadaceae, as well as genera of Ralstonia, Brucella, Pelomonas and
ANPR were identified.

3.7. Immune-related pathways with significant differences between
diseased and asymptomatic L. calcarifer

The potential physiological associations of the gut microbiota in
diseased and asymptomatic groups were compared. A total of 72 func-
tional pathways related to human disease (KEGG level 1) and the im-
mune system (KEGG level 2) were identified. Of these, 18 pathways
showed significant differences between the two groups (Fig. 5) including
Vibrio cholerae infection, NOD-like receptor signaling pathway,
Pertussis, Salmonella infection, and Th17 cell differentiation. In addi-
tion, two pathways of Biofilm formation - Vibrio cholerae (infection) and
bacterial secretion system were the most abundant (Fig. 5).

4. Discussion

This study is based on field samples (sourced from a local fish
hatchery), collected during disease outbreak soon after stocking in a
commercial fish farm. Mild to severe, chronic granulomatous enteritis
was observed histopathologically in both asymptomatic and diseased
juvenile L. calcarifer. All diseased L. calcarifer in this study tested PCR
positive for the ‘big belly’ novel Vibrio spp., V. harveyi, S. iniae, or con-
current infections. We also observed Streptococcus iniae unique pre-
sented and high abundance of Vibrio (87.3%) was in diseased L. calcarifer
albeit with reduced diversity of gut microbiome based on 16S rRNA
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Fig. 2. Summary of the alpha and beta diversities of asymptomatic and diseased L. calcarifer gut microbiomes from 16S rRNA metasequencing. A) alpha diversity
index of Chaol. B) alpha diversity index of Shannon index. Statistically significant pairwise differences among the groups is highlighted with asterisk (*, p < 0.05; **,
p < 0.01). C) Principal coordinates analysis (PCoA) of bacterial community in fish and water. D) Beta diversity analysis of UPGMA cluster tree of fish and water.

sequencing. Vibrio and S. iniae are common environmental bacteria and
likely opportunistic infections in fish with significant gut damage in
advanced chronic bacterial enteritis. Farmed fish, especially newly
stocked fish can be more susceptible to disease due to many forms of
stress such as transportation (Barton, 2000; Manuel et al., 2014),
handling (Wedemeyer, 1972; Falahatkar et al., 2009; Aguirre-Guzman
et al., 2016), stocking process and environmental changes in their new
habitat. Prolonged starvation or acute stress in newly stocked fish can
weaken the fish’s immune system and alter the composition of gut mi-
crobial community, making it more vulnerable to opportunistic patho-
gens and decreasing its ability to maintain a healthy intestinal microbial

community (Olsen et al., 2005; Xia et al., 2014; Desai et al., 2016; Huang
et al., 2020; Brocca et al., 2022). Our study suggests that the stress
factors may compromise the immunity and physiology of L. calcarifer,
trigger significant dysbiosis in gut microbiota by predisposing to
opportunistic pathogens such as Vibrio and S. iniae, and lead to enteritis
in newly stocked fish. Our results demonstrated the sensitivity of the
newly stocked juvenile L. calcarifer microbiome to stressors, with po-
tential associated health impacts on the host.

The most dominant bacterial phylum in the gut microbiota of
diseased L. calcarifer was Proteobacteria (98.3%) in the present study,
whereas its relative abundance significantly decreased in asymptomatic
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fish, particularly by the end of the disease outbreak on Day 22 post-
stocking (38.1%). Similarly, diseased Asian seabass experimentally
and naturally infected with tenacibaculosis exhibited gut microbiota
dominated by Proteobacteria (83.1-87.0%) (Miyake et al., 2020). In
addition, domination by Proteobacteria has also been observed in
diseased fish in other species, such as grass carp (Tran et al., 2018) and
groupers (Ma et al., 2019). Increased prevalence of Proteobacteria has
been proposed as a potential diagnostic signature of dysbiosis, enteritis
and risk of disease in mammals (Shin et al., 2015; Litvak et al., 2017).

LEfSe analysis identified Firmicutes, Actinobacteriota and Bacteroidota
as dominant phyla in the intestinal microbiota of asymptomatic fish (this
study). These phyla of bacteria are potentially beneficial microbes that
promote gut health. The Firmicutes with the highest LDA score were
present in significantly lower abundance in diseased L. calcarifer (0.4%)
than in asymptomatic fish (47.8%), especially at the recovery phase on
Day 22 post stocking. Firmicutes has been recorded previously as pri-
marily beneficial phylum comprising beneficial genera Bacillus, Lacto-
bacillus, Lactococcus, Enterococcus and Clostridium in healthy fish of
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several other species (Yang et al., 2022). For example, Bacillus spp. are
naturally occurring in the gut of cultured fish like grass carp (Wu et al.,
2012b) and tilapia (Sookchaiyaporn et al., 2020), and thought to fight
gut infections (Silva et al., 2020). In addition to Firmicutes, phylum
Actinobacteria can biosynthesize secondary metabolites such as antibi-
otics used against invasive pathogens (Penn et al., 2009); Bacteroidota is
a known core taxa of the adult human microbiome, with roles in pro-
ducing beneficial metabolites that enhance immunity (Falony et al.,
2016). Overall, the shift in gut microbiota in asymptomatic fish of this
study to elevated abundance of Firmicutes, Bacteroidota and Actino-
bacteriota suggests an important role of these bacteria in maintaining a
healthy microbiota community in the intestine of L. calcarifer. Further-
more, it appears that the increase in Proteobacteria in intestines of
diseased fish was at the expense of these three beneficial phyla, espe-
cially Firmicutes, which may contribute to the gut dysbiosis in L.
calcarifer.

Vibrio was detected as the most dominant gut microbial genus in
diseased fish on Day 7 (77.3%) and Day 9 (97.2%) compared to
asymptomatic fish (average 1.1%) in this study. Vibrio spp. are oppor-
tunistic bacteria within the phylum Proteobacteria (de Souza Valente and
Wan, 2021), which can exist naturally as part of the microbiota of ma-
rine fish without causing disease (Wu et al., 2012a; Li et al., 2017; Chin
et al., 2020b). However, they may turn pathogenic when fish immunity
and physiology is compromised due to husbandry stress (Thune et al.,
1993; Creeper and Buller, 2006; Krupesha Sharma et al., 2012). Espe-
cially when in high numbers, Vibrio spp. can cause substantial damage to
the intestinal lining of the fish gut by produce exotoxins causing
gastroenteritis and ultimately mortality (Lee et al., 2002; Liu et al.,
2004; Macpherson et al., 2012; Zhang et al., 2014). Vibrio spp. such as
V. harveyi (Ransangan et al., 2012; Dong et al., 2017), “Big belly” bac-
teria (a novel Vibrio species) (Gibson-Kueh et al., 2021), V. alginolyticus
(Krupesha Sharma et al., 2012) and V. anguillarum (Rajesh Kumar et al.,
2007; Kumaran et al., 2010) have been linked to multiple disease out-
breaks in L. calcarifer farms, resulting in severe economic losses. In
addition, Miyake et al. (2020) reported that experimentally infected and
naturally diseased L. calcarifer with tenacibaculosis had increased Vibrio
levels (57.3 + 22.7% and 31.4 + 28.7% respectively). In the present

study, the microbiota composition in diseased fish showed Vibrio were
the most prevalent genus (average 87.3%) which was in alignment with
the PCR-based diagnosis where diseased fish tested PCR positive for two
Vibrio spp. of V. harveyi and “big belly” novel Vibrio spp. Hence, we
speculate that these two Vibrio spp. were potentially pathogenic species
responsible for the disease-state of juvenile L. calcarifer in this study.

S. iniae in the present study was observed as the predominant species
within the genus Streptococcus with an average relative abundance in the
microbiome of 0.38% in diseased fish. The species was absent in
asymptotic fish. This finding agreed with the PCR-based diagnosis where
S. iniae was not detected in any asymptomatic fish. Streptococcosis,
caused by S. iniae, is one of the most important bacterial disease in L.
calcarifer and causes enormous economic losses (Kayansamruaj et al.,
2017). S. iniae can persist in the intestine for extended periods in L.
calcarifer subjected to an oral challenge, and hence serve as an important
reservoir of infection (Bromage and Owens, 2002).

It is noteworthy that the genus Weissella was unique in the intestine
of asymptomatic L. calcarifer in significantly high abundance on Day 22
post-stocking (47.59%) in our study. In addition, Lactobacillus was only
detected in asymptomatic fish (0.26%). Weissella and Lactobacillus are
lactic acid bacteria within the phylum Firmicutes, and reported as
beneficial gut bacteria that colonize the intestinal regions of fish to
stimulate host immune response against disease, or inhibit pathogenic
bacterial species (He et al., 2017; Ringp et al., 2018). Several Weissella
spp., such as W. cibaria, W. confusa, W. paramesenteroides and
W. hellenica, have been suggested to act as probiotics due to their anti-
microbial activity against fish pathogens (Cai et al., 1998; Abriouel
et al., 2015; Kahyani et al., 2021). In the present study, the unique
presence of Weissella and Lactobacillus in asymptomatic fish suggests its
potential as a biomarker for monitoring health in L. calcarifer, and is
worthy of future study.

Similar water microbiome profiles in our study were observed across
all three sampling time points, with Pseudoalteromonas, Nautella, Lish-
izhenia, Vibrio, NS10_marine group and Cetobacterium etc. being core
genera present in all water samples. The most abundant genus was
Pseudoalteromonas (34.8% to 45.5%), which have been known to pro-
duce various antibacterial and antiviral compounds (Neu et al., 2014).
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The composition and relative abundance of bacteria in water was
observed significantly different from the intestine in L. calcarifer (at
genus level). In addition, the beta diversity analysis as plotted on PCoA
showed that the three water samples clustered together, distinctively
separated from both fish groups, especially the diseased fish. These
findings may suggest a weak correlation between intestinal microbiota
composition in L. calcarifer and the surrounding water microbiome.
However, there was a decline in the relative abundance of Vibrio spp.
(8.51% to 3.66%) in water towards the end of the disease outbreak,
which correlated with its changing trend in the fish intestine. Future
research should further explore the interaction among various stressors
(water column, handling, transportation etc.), intestinal microbiome
and L. calcarifer under disease infection by increasing the number of
samples for both fish and water to eliminate individual differences,
adding accuracy and reliability to the study.

5. Conclusion

This is the first field study that investigated the changes in the gut
microbiome in diseased and asymptomatic newly stocked juvenile L.
calcarifer with chronic enteritis and mixed bacterial infections. This
work showed that the fish gut microbiome changes according to their
health status (diseased and asymptomatic). Proteobacteria at phylum
level, Vibrio and S. iniae at genus and species level, respectively, were
observed increasing in abundance in diseased L. calcarifer. Under-
standing this relationship between the host, gut microbiome and pa-
thology would allow farmers of L. calcarifer to better manage disease
soon after stocking. Moreover, the unique presence of beneficial bacteria
such as Weissella and Lactobacillus within phylum Firmicutes in asymp-
tomatic fish, make them potential candidate biomarkers for monitoring
health status of L. calcarifer. In addition, the abundance and composition
of the microbiome in the water column were significantly different from
the intestinal microbiome of L. calcarifer, and the relationship is worthy
of future study. These findings provide a baseline study for under-
standing changes in intestinal microbiome in newly stocked stressed fish
with mixed bacterial infection, biomarker assisted health monitoring,
and future host-derived probiotics screening in L. calcarifer.
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