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Abstract

Tilapia lake virus (TiLV) poses a significant threat
to global tilapia aquaculture, yet its impact on the
gut microbiota across developmental stages remains
poorly understood. This study aimed to compare
the gut microbial composition and functional
potential of TiLV-infected adult and fingerling
tilapia (Oreochromis niloticus) from aquaculture
systems, using 16S rRNA gene sequencing and
PICRUSt2-based prediction. Phylum-level analysis
revealed that Proteobacteria dominated in adults,
whereas fingerlings exhibited higher levels of
Verrucomicrobiota, followed by Proteobacteria and
Actinobacteriota. Genus-level differences were
prominent: Acinetobacter, Novosphingobium, and
Methylobacterium dominated in adult samples, while
fingerlings showed an increased abundance of
Akkermansia. Alpha diversity was slightly higher in
adults, though not statistically significant. Beta
diversity analysis revealed greater inter-individual
variation among adults, while fingerlings exhibited
tighter clustering, indicating a more conserved
microbiota. Functional prediction showed enrich-
ment of the membrane transport pathway in
fingerlings. In contrast, adults showed higher
activity in pathways related to replication and
repair, nucleotide metabolism, metabolism of cofac-
tors and vitamins, energy metabolism, and folding,
sorting, and degradation. These findings demon-
strate apparent life-stage-dependent differences in
gut microbiota structure and function in TiLV-
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Introduction

The vertebrate gut microbiome is a complex,
dynamic community of microorganisms inhabiting
the gastrointestinal tract. It contributes to host
physiology by modulating nutrient metabolism,
immune system development, and defense against
pathogens (Sender, Fuchs, & Milo, 2016). In recent
years, the gut microbiota of aquatic species has
received increasing interest, not only for its effects
on host metabolism and growth, but also for its
involvement in disease processes and immune
modulation (Llewellyn, Boutin, Hoseinifar, &
Derome, 2014; Wang, Ran, Ringø, & Zhou, 2018;
Luan et al., 2023; Kanika et al., 2025). In aquaculture,
microbial dysbiosis has been associated with higher
vulnerability to pathogenic infections, reduced
growth rates, and increased mortality (Gómez &
Balcázar, 2008). The fish gut microbiome is known
to undergo significant developmental changes,
influenced by diet, immune system maturation, and
environmental stressors (Ghanbari, Kneifel, & Domig,
2015). In aquaculture settings, cultured fish are
continuously exposed to fluctuating microbial loads,
antibiotic residues, and pathogen reservoirs—all of
which can influence microbial homeostasis. Life
stage is a key determinant of microbial community
structure: fingerlings possess an immature immune
system and a gut microbiome still undergoing
colonization, while adults typically harbour more



stable and resilient microbial communities (Esteban,
2012; Stephens et al., 2016).

In aquaculture, particularly in economically impor-
tant species like tilapia (Oreochromis niloticus), a
healthy and diverse gut microbiome is crucial for
optimal growth, disease resistance, and overall
productivity (Wu et al., 2020). Therefore, under-
standing the factors that can disrupt this delicate
microbial ecosystem is paramount for sustainable
aquaculture practices. Tilapia aquaculture, however,
is increasingly threatened by infectious diseases, one
of the most notable being Tilapia Lake Virus (TiLV),
an emerging RNA virus causing significant mortali-
ties in both cultured and wild populations (Eyngor
et al., 2014; Ferguson et al., 2014; Behera et al., 2018;
Rao et al., 2021; Rajendran et al., 2023).  It has been
found in more than 16 countries and can result in
the mortality of up to 90% of infected tilapia stocks
(Surachetpong et al., 2017). The virus primarily
affects the liver, kidney, brain, spleen, gills, eyes, and
connective tissue of muscle, leading to clinical signs
such as lethargy, anorexia, exophthalmia, and scale
erosion, often resulting in high mortality rates,
particularly in younger fish (Dong et al., 2017).
While the primary focus of TiLV research has been
on its pathology, epidemiology, and diagnostics, the
potential impact of viral infections on the host gut
microbiome is increasingly being recognized as a
critical aspect of disease progression and overall
host health (Thaiss, Zmora, Levy, & Elinav, 2016).
Despite extensive work on TiLV pathology and
diagnosis, there is still limited understanding of
how the virus impacts host-associated microbial
communities, particularly at different developmen-
tal stages. Viral infections can induce significant
alterations in the gut microbial community structure
and function, leading to dysbiosis, which may
further compromise the host’s immune response and
increase susceptibility to secondary infections
(Belkaid & Hand, 2014). These virus-induced
changes in the gut microbiome can vary depending
on the host species, the type of virus, and the stage
of infection (Mizutani, Ishizaka, Koga, Tsutsumi, &
Yotsuyanagi, 2022). In the context of farmed tilapia,
limited research has explored the interplay between
TiLV infection and the gut microbiome, other than
the study by Paimeeka et al. (2024). Considering the
varying susceptibility and physiological status of
tilapia at different life stages commonly encoun-
tered in aquaculture, particularly between juvenile
fingerlings and those approaching market size, it is
plausible that the TiLV infection may differentially

impact the gut microbiome. Fingerlings, often
experiencing higher stress in intensive culture
systems and possessing developing immune sys-
tems and gut microbiota, might exhibit a different
response than mature adult fish with a more
established microbial community within the con-
trolled environment of culture ponds (Zhou et al.,
2018).

Given the increasing incidence of TiLV and growing
evidence that gut microbial communities influence
disease outcomes, this study investigates and
compares the gut microbiome of farmed Nile tilapia
(O. niloticus) infected with Tilapia Lake Virus at
fingerling and adult stages, aiming to identify stage-
specific shifts in microbial diversity, composition,
and function, and to explore microbial signatures
linked to susceptibility or resilience in aquaculture
systems. This research will enhance our understand-
ing of host–microbiome–virus interactions in fish
and provide valuable insights for developing
microbiome-informed disease management strate-
gies in aquaculture.

Materials and Methods

Moribund Nile tilapia (O. niloticus) exhibiting
clinical signs of TiLV were collected from two
different culture ponds located at 9°54’40.4" N
76°18’57.1" E and 9°59’20.7" N 76°15’23.5" E in
Ernakulam district, Kerala, India, during October
2022, where mortality events had been reported.
Fish were captured using cast nets and immediately
transferred to aerated containers for transport.
Individuals were categorized into two developmen-
tal stages based on weight and morphology:
fingerlings (< 5 g) and adults (> 100 g). A total of
30 fish per group were sampled. Upon arrival at the
laboratory, fish were euthanized using Tricaine
Methane Sulfonate (MS-222, 100 mg L-1), in compli-
ance with institutional ethical guidelines. Affected
fish displayed external clinical signs including
lethargy, loss of equilibrium, exophthalmia, body
darkening, abdominal distension, and frayed fins.
Internally, pale or swollen liver, splenomegaly, and
ascites were frequently noted during necropsy. All
dissections and sample processing were conducted
aseptically for further viral and microbiome analy-
sis.

Tissues (brain, liver, and spleen) were excised and
preserved in RNA later at --80 °C until RNA
extraction. Total RNA was isolated using the Trizol
reagent following the protocol described by Vineetha,
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Asha, and Devika (2021). RNA concentration and
purity were assessed using a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific) and
1% agarose gel electrophoresis.

The diagnosis of TiLV infection was performed
primarily by RT-PCR using the sequence of the third
segment of TiLV (Behera et al., 2018). RT-PCR was
conducted using the detection kit (DSS Takara Bio
India) following the manufacturer’s instructions.
The primers used for the first step RT-PCR were
nested ext-1 5’ -TATGCAGTACTTTCCCTGCC-3’
and ME1 5’ -GTTTGGGCACAAGGCATCCTA-3’
with an amplicon size of 415 bp (Eyngor et al.,
2014; Tsofack et al., 2017). For semi-nested
PCR, primers 7450/150R/ME2 5’ -
TATCACGTGCGTACTCGTTCAGT-3’  and ME1 5’ -
GTTGGGCACAAGGCATCCTA-3’  with an amplicon
size of 250 bp (Eyngor et al., 2014; Tsofack et al.,
2017) were used. PCR products were electrophore-
sed on a 2% agarose gel and visualized in a gel
documentation system (Bio-Rad, USA). TiLV-posi-
tive individuals were selected for gut microbiome
analysis.

Gut microbiome analysis included 48 TiLV-positive
Nile tilapia across six groups (three fingerling and
three adult groups; n = 8 per group), with samples
pooled within each group for analysis. The gas-
trointestinal tract of each TiLV-positive fish was
dissected aseptically. Midgut to hindgut contents
were carefully collected into sterile microcentrifuge
tubes and stored at --80 °C until further use. DNA
was extracted using the CTAB method as described
by McMurtrie et al. (2022), with slight modifica-
tions. Specifically, the samples were incubated in the
dark at room temperature for 2 h after the addition
of 0.7 volumes of isopropanol, followed by centrifu-
gation at 10,000 rpm for 30 min at room tempera-
ture. DNA concentration and purity were assessed
using a NanoDrop 2000 spectrophotometer and 1%
agarose gel electrophoresis.

Sequencing was performed on a total of 48 TiLV-
positive Nile tilapia, comprising three fingerling
groups (n = 8 per group) and three adult groups (n
= 8 per group), by BioXplore Labs in Tamil Nadu,
following the sequencing company’s guidelines.
The V3–V4 region of the 16S rRNA gene was
amplified using the primers: 16sF: 5’ -
AGAGTTTGATGMTGGCTCAG-3’  and 16sR: 5’ -
TTACCGAGGAMGCSGGCAC-3’. PCR reactions
were conducted in triplicate per sample using high-

fidelity DNA polymerase (TAQ Master mix).
Amplicons were pooled, purified using AMPure XP
beads (Beckman Coulter), and quantified with
Qubit. Libraries were further purified with AMPure
beads and quantified using the Qubit dsDNA High
Sensitivity assay kit. Sequencing was carried out on
Illumina MiSeq with a 2×300PE V3 sequencing kit.

Raw sequencing reads were demultiplexed and
quality-checked using FastQC. Sequence processing,
denoising, chimera removal, and Amplicon Se-
quence Variant (ASV) inference were performed
using DADA2 within the QIIME2 environment
(v2023.2). Taxonomic classification was assigned
using a pre-trained Naïve Bayes classifier trained on
the SILVA 138 database. Alpha diversity indices
(Shannon, Simpson, Chao1) and beta diversity
measures (Bray-Curtis) were calculated. Statistical
significance was evaluated using PERMANOVA in
QIIME2 and R (v4.2.2) using the phyloseq packages.

PICRUSt2 (Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States 2) was
employed to infer the metabolic potential of the gut
microbiota, which estimates functional gene content
from 16S rRNA gene sequences (Langille et al.,
2013). The predicted gene family abundances were
mapped to the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) Orthology (KO) database to
identify potential functional pathways associated
with the microbiota.

Results and Discussion

The relative abundance of the top bacterial phyla
differed markedly between TiLV-infected adult (T)
and fingerling (TF) tilapia from culture ponds (Fig.
1). At the phylum level, Proteobacteria was the most
dominant group in adult Nile tilapia, accounting for
approximately 70–75% of the gut microbiota, fol-
lowed by Actinobacteriota (5–10%) and Bacteroidota
(8–10%). In contrast, Verrucomicrobiota emerged as
the predominant phylum in the fingerling stage,
comprising 60–65%, while Proteobacteria and
Actinobacteriota represented 30–35% and 20–25%,
respectively. These stage-specific shifts in dominant
phyla indicate substantial variation in gut microbial
composition associated with host developmental
stage and viral infection.

The gut microbiota at the genus level revealed
distinct compositional differences between TiLV-
infected adult and fingerling tilapia from culture
ponds (Fig. 2). In the adult group, the microbiota
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was predominantly composed of the genera
Acinetobacter, Novosphingobium, and Methylobacterium,
belonging to the phylum Proteobacteria, accounting
for most of the observed relative abundance.
Moderate levels of Sphingobacterium, of phylum
Bacteroidota, were also detected, consistent with a
typical aquatic gut microbiome profile in mature
fish. In contrast, the microbiota of fingerlings was
markedly different, with a substantial enrichment of
Akkermansia, a genus associated with
Verrucomicrobiota. Additionally, genera belonging
to Actinobacteriota and Proteobacteria were also
prevalent.

Alpha diversity indices were used to evaluate
within-sample microbial diversity in the gut
microbiota of TiLV-infected fingerling and adult
tilapia (Fig. 3). Although the Chao1 richness index
appeared higher in adults, suggesting greater
microbial richness, statistical analysis using the
Mann–Whitney U test revealed that this difference
was not statistically significant (U = 8.0, p = 0.184).
Similarly, Shannon and Inverse Simpson diversity
indices, which account for richness and evenness,

did not differ significantly between the groups (p =
0.400 and p = 0.700, respectively). These findings
suggest that, although adult tilapia tend to harbour
richer microbial diversity, the observed differences
in alpha diversity between fingerlings and adults
were not statistically significant.

Beta diversity analysis was performed using Bray-
Curtis dissimilarity metrics to assess gut microbial
community composition differences between TiLV-
infected fingerling and adult O. niloticus.
PERMANOVA (Permutational Multivariate Analy-
sis of Variance) revealed a statistically significant
difference between the two groups (F = 4.27, p =
0.012), indicating that host developmental stage
significantly influences microbial community struc-
ture in the presence of TiLV infection. A beta
diversity heatmap based on pairwise Bray–Curtis
dissimilarities further supported this finding. Fin-
gerling samples (TF01, TF02, TF03) exhibited high
similarity, as shown by lower dissimilarity values
and lighter shading in the heatmap. In contrast,
adult samples (T01, T02, T03) displayed greater

Fig. 1. The abundance of dominant phyla in the adult (T)
and fingerling (TF) Nile tilapia infected by TiLV. Fig. 2. The abundance of dominant genera in the adult (T)

and fingerling (TF) Nile tilapia infected by TiLV.
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inter-individual variability, reflected by a broader
range of pairwise distances (Fig. 4). These results
suggest that while fingerlings harbour a more
conserved gut microbiota, adult fish possess a more
individualized and diverse microbial composition.

The functional potential of gut microbiota in TiLV-
infected tilapia fingerlings and adults was predicted
using PICRUSt2 based on 16S rRNA gene sequences.
The KEGG Level 2 pathway analysis revealed
distinct functional profiles between the two groups
(Fig. 5). In tilapia fingerlings infected with TiLV,
metabolic pathways related to membrane transport
exhibited higher relative abundances and were
significantly more enriched than those in adults. On
the other hand, the gut microbiota of adult tilapia
with TiLV infection showed increased abundance in
pathways associated with replication and repair,
nucleotide metabolism, cofactor and vitamin me-
tabolism, energy metabolism, and protein folding,
sorting, and degradation. Several pathways, such as
amino acid metabolism, carbohydrate metabolism,
lipid metabolism, and glycan biosynthesis and
metabolism, displayed comparable levels between
the two groups, indicating conserved metabolic
functions.

This study investigated the compositional and
functional shifts in gut microbiota between TiLV-
infected adult and fingerling tilapia (O. niloticus)
from aquaculture systems, revealing clear life stage-
dependent patterns in microbial colonization and
functional profiles. At the phylum level, distinct
differences were evident between fingerling and

adult, with Proteobacteria dominating the adult gut
microbiota, while Verrucomicrobiota was predomi-
nant in fingerlings. Proteobacteria are widely
reported as a dominant phylum in freshwater fish
gut environments due to their metabolic versatility
and ability to respond to environmental shifts
(Llewellyn et al., 2014; Ghanbari et al., 2015). Their
enrichment in adults may reflect a more complex
gut environment and immune landscape in mature
hosts. Conversely, the prominence of
Verrucomicrobiota in fingerlings, particularly the
genus Akkermansia, suggests a developing microbiota
structure possibly shaped by early host-microbe
interactions and immune immaturity. Akkermansia
spp. are mucin-degrading bacteria often associated
with gut barrier function and mucosal health
(Cheng & Xie, 2021), and their enrichment in
fingerlings may indicate early-stage mucosal devel-
opment or compensatory responses to TiLV infec-
tion. At the genus level, the adult tilapia microbiota
was characterized by genera such as Acinetobacter,
Novosphingobium, and Methylobacterium, previously
linked with aquatic environments and opportunistic
pathogenicity (Austin, 2006). The predominance of
Acinetobacter is of particular interest, as this genus
has been implicated in disease states in aquaculture
systems (Dong et al., 2019), raising questions about
its potential opportunistic role in TiLV-infected
adults. In contrast, the microbiota of fingerlings was
more homogenized, dominated by Akkermansia, and
also included Actinobacteriota-related genera, com-
monly found in early fish gut colonizers and known

Fig. 3. Alpha diversity indices in the gut microbiota of
adult and fingerling Nile tilapia infected by TiLV.

Fig. 4. Principal Coordinates Analysis (PCoA) plot based
on Bray-Curtis dissimilarity representing the beta
diversity of gut microbiota in TiLV-infected adult
(T) and fingerling (TF) Nile tilapia.
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for their immunomodulatory properties (Ringø et
al., 2018).

Alpha diversity indices suggested slightly higher
richness in adults. However, the lack of statistical
significance aligns with prior studies showing that
diversity metrics alone may not fully capture
microbial compositional or functional disruptions
during infection (Egerton, Culloty, Whooley, Stanton,
& Ross, 2018). In contrast, beta diversity analysis
revealed statistically significant separation between
adult and fingerling microbial communities, sup-
porting the idea that developmental stage contrib-
utes to inter-individual variation in microbial
assemblages (Stephens et al., 2016). The tighter
clustering of fingerling samples in the Bray–Curtis
heatmap further supports the hypothesis of a less
individualized and more conserved microbiota in
early developmental stages, possibly due to limited
environmental exposure or immune filtering mecha-
nisms (Giatsis et al., 2015).

The functional prediction analysis offers novel
insights into the metabolic capacities of the microbiota
under TiLV infection. Fingerlings showed signifi-
cant enrichment in membrane transport pathways,
indicating a potential adaptation toward efficient
nutrient acquisition or stress response during early
development (Zhou et al., 2018). In contrast, adults
exhibited greater enrichment in diverse metabolic
functions, including replication and repair, and
nucleotide and vitamin metabolism. These functions
may reflect a more mature and metabolically
versatile microbiota, better equipped to support host
maintenance and respond to immunological chal-
lenges (Butt & Volkoff, 2019). Interestingly, path-

ways related to core metabolic functions such as
amino acid, carbohydrate, lipid, and glycan metabo-
lism were comparable between groups, suggesting
a degree of functional stability despite taxonomic
shifts, in line with the concept of functional laying-
off in microbial ecosystems (Moya & Ferrer, 2016).

These results, derived from PICRUSt2-based func-
tional prediction, offer insights into the potential
metabolic capacities of the microbiota under TiLV
infection. However, functional prediction methods,
such as PICRUSt2, rely on marker gene inference
and reference genome databases, and do not
provide direct evidence of gene presence or
expression. Limitations include the assumption that
closely related organisms share similar functional
repertoires, limited database coverage of aquacul-
ture-associated microbes, and the inability to cap-
ture strain-level variation or real-time gene expres-
sion (Douglas et al., 2020). Therefore, future
validation using metagenomic or meta-transcriptomic
approaches is recommended. However, the findings
from this study highlight the complex interplay
between host developmental stage and gut microbiota
under viral infection, offering implications for
disease management in aquaculture. The age-
specific microbiome responses suggest that finger-
lings may be particularly susceptible to microbial
dysbiosis during TiLV infection, potentially impact-
ing immune system development and nutrient
assimilation. Advanced bioinformatics approaches
will be essential to further unravel how these
metabolic shifts influence TiLV pathogenesis and
guide aquaculture management practices.  Under-
standing these shifts could inform the development
of life stage-specific targeted probiotic or prebiotic
interventions, ultimately improving resilience against
viral infections like TiLV.

This study highlights the significant influence of
host developmental stage on gut microbiota compo-
sition and function in Nile tilapia infected with TiLV.
Fingerlings exhibited a more conserved microbial
community dominated by Akkermansia and enriched
membrane transport functions, reflecting a microbiota
in early developmental adaptation. In contrast,
adults harboured a more individualized and meta-
bolically diverse microbiota, including genera with
potential pathogenic roles. Despite similarities in
core metabolic pathways, the observed taxonomic
and functional divergences underscore the dynamic
host–microbe interactions, shaped by both age and
infection status. These findings emphasize the need

Fig. 5. Predicted functions of gut microbiota of adult and
fingerling Nile tilapia infected by TiLV represent-
ing the differences in KEGG pathways in level 2.
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for stage-specific microbiome management strate-
gies in aquaculture to enhance disease resilience and
maintain host health.

Acknowledgment

The authors gratefully acknowledge the support of the
University administration, KUFOS for providing the
necessary resources and facilities that enabled the
successful completion of this study.

References

Austin, B. (2006). The bacterial microflora of fish. The
Scientific World Journal, 6(1), 931-945. https://doi.org/
10.1100/tsw.2006.181.

Behera, B. K., Pradhan, P. K., Swaminathan, T. R., Sood,
N., Paria, P., Das, A., Verma, D. K., Kumar, R., Yadav,
M. K., Dev, A. K., Parida, P. K., Das, B. K., Lal, K. K.,
& Jena, J. K. (2018). Emergence of tilapia lake virus
associated with mortalities of farmed Nile tilapia
Oreochromis niloticus (Linnaeus 1758) in
India. Aquaculture, 484, 168-174. https://doi.org/10.1016/
j.aquaculture.2017.11.025.

Belkaid, Y., & Hand, T. W. (2014). Role of the microbiota
in immunity and inflammation. Cell, 157(1), 121-141.
https://doi.org/10.1016/j.cell.2014.03.011.

Butt, R. L., & Volkoff, H. (2019). Gut microbiota and
energy homeostasis in fish. Frontiers in Endocrinol-
ogy, 10, Article 9. https://doi.org/10.3389/
fendo.2019.00009.

Cheng, D., & Xie, M. Z. (2021). A review of a potential
and promising probiotic candidate—Akkermansia
muciniphila. Journal of Applied Microbiology, 130(6), 1813-
1822. https://doi.org/10.1111/jam.14911.

Dong, H. T., Siriroob, S., Meemetta, W., Santimanawong,
W., Gangnonngiw, W., Pirarat, N., Khunrae, P.,
Rattanarojpong, T., Vanichviriyakit, R., & Senapin, S.
(2017). Emergence of tilapia lake virus in Thailand
and an alternative semi-nested RT-PCR for
detection. Aquaculture, 476, 111-118. https://doi.org/
10.1016/j.aquaculture.2017.04.019.

Dong, S., Ding, L. G., Cao, J. F., Liu, X., Xu, H. Y., Meng,
K. F., Yu, Y. Y., Wang, Q., & Xu, Z. (2019). Viral-
infected change of the digestive tract microbiota
associated with mucosal immunity in teleost
fish. Frontiers in Immunology, 10, Article 2878. https://
doi.org/10.3389/fimmu.2019.02878.

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S.
N., Brown, J. R., Taylor, C. M., Huttenhower, C., &
Langille, M. G. I. (2020). PICRUSt2 for prediction of
metagenome functions. Nature Biotechnology, 38(6), 685-
688. https://doi.org/10.1038/s41587-020-0548-6.

Egerton, S., Culloty, S., Whooley, J., Stanton, C., & Ross,
R. P. (2018). The gut microbiota of marine fish. Frontiers

in Microbiology, 9, Article 873. https://doi.org/10.3389/
fmicb.2018.00873.

Esteban, M. A. (2012). An overview of the immunological
defenses in fish skin. International Scholarly Research
Notices, 2012(1), Article 853470. https://doi.org/10.5402/
2012/853470.

Eyngor, M., Zamostiano, R., Tsofack, J. E. K., Berkowitz,
A., Bercovier, H., Tinman, S., Lev, M., Hurvitz, A.,
Galeotti, M., Bacharach, E., & Eldar, A. (2014).
Identification of a novel RNA virus lethal to
tilapia. Journal of Clinical Microbiology, 52(12), 4137-
4146. https://doi.org/10.1128/jcm.00827-14.

Ferguson, H. W., Kabuusu, R., Beltran, S., Reyes, E., Lince,
J. A., & del Pozo, J. (2014). Syncytial hepatitis of
farmed tilapia, Oreochromis niloticus (L.): a case
report. Journal of Fish Diseases, 37(6), 583-589. https://
doi.org/10.1111/jfd.12142.

Ghanbari, M., Kneifel, W., & Domig, K. J. (2015). A new
view of the fish gut microbiome: Advances from next-
generation sequencing. Aquaculture, 448, 464-475. https:/
/doi.org/10.1016/j.aquaculture.2015.06.033.

Giatsis, C., Sipkema, D., Smidt, H., Heilig, H., Benvenuti,
G., Verreth, J., & Verdegem, M. (2015). The impact of
rearing environment on the development of gut
microbiota in tilapia larvae. Scientific Reports, 5(1),
Article 18206. https://doi.org/10.1038/srep18206.

Gómez, G. D., & Balcázar, J. L. (2008). A review on the
interactions between gut microbiota and innate
immunity of fish. FEMS Immunology & Medical Micro-
biology, 52(2), 145-154. https://doi.org/10.1111/j.1574-
695X.2007.00343.x.

Kanika, N. H., Liaqat, N., Chen, H., Ke, J., Lu, G., Wang,
J., & Wang, C. (2025). Fish gut microbiome and its
application in aquaculture and biological
conservation. Frontiers in Microbiology, 15, Article
1521048. https://doi.org/10.3389/fmicb.2024.1521048.

Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald,
D., Knights, D., Reyes, J. A., Clemente, J. C., Burkepile,
D. E., Thurber, R. L. V., Knight, R., Beiko, R. G., &
Huttenhower, C. (2013). Predictive functional profil-
ing of microbial communities using 16S rRNA marker
gene sequences. Nature Biotechnology, 31(9), 814-821.
https://doi.org/10.1038/nbt.2676.

Llewellyn, M. S., Boutin, S., Hoseinifar, S. H., & Derome,
N. (2014). Teleost microbiomes: the state of the art in
their characterization, manipulation and importance
in aquaculture and fisheries. Frontiers in Microbiol-
ogy , 5, Article 207. https://doi.org/10.3389/
fmicb.2014.00207.

Luan, Y., Li, M., Zhou, W., Yao, Y., Yang, Y., Zhang, Z.,
Ringø, E., Olsen, R. E., Clarke, J. L., Xie, S., Mai, K.,
Ran, C., & Zhou, Z. (2023). The fish microbiota:
Research progress and potential

Asha and Riji 496



applications. Engineering, 29, 137-146. https://doi.org/
10.1016/j.eng.2022.12.011.

McMurtrie, J., Alathari, S., Chaput, D. L., Bass, D.,
Ghambi, C., Nagoli, J., Delamare-Deboutteville, J.,
Mohan, C. V., Cable, J., Temperton, B., & Tyler, C. R.
(2022). Relationships between pond water and tilapia
skin microbiomes in aquaculture ponds in
Malawi. Aquaculture, 558, Article 738367. https://
doi.org/10.1016/j.aquaculture.2022.738367.

Mizutani, T., Ishizaka, A., Koga, M., Tsutsumi, T., &
Yotsuyanagi, H. (2022). Role of microbiota in viral
infections and pathological progression. Viruses, 14(5),
Article 950. https://doi.org/10.3390/v14050950.

Moya, A., & Ferrer, M. (2016). Functional redundancy-
induced stability of gut microbiota subjected to
disturbance. Trends in Microbiology, 24(5), 402-413.
https://doi.org/10.1016/j.tim.2016.02.002.

Paimeeka, S., Tangsongcharoen, C., Lertwanakarn, T.,
Setthawong, P., Bunkhean, A., Tangwattanachuleeporn,
M., & Surachetpong, W. (2024). Tilapia Lake virus
infection disrupts the gut microbiota of red hybrid
tilapia (Oreochromis spp.). Aquaculture, 586, Article
740752. https://doi.org/10.1016/
j.aquaculture.2024.740752.

Rajendran, K. V., Sood, N., Rao, B. M., Valsalam, A.,
Bedekar, M. K., Jeena, K., Pradhan, P. K., Paria, A.,
Swaminathan, T. R., Verma, D. K., & Sood, N. K.
(2023). Widespread occurrence of tilapia parvovirus in
farmed Nile tilapia Oreochromis niloticus from
India. Journal of Fish Diseases, 48(9), Article e13871.
https://doi.org/10.1111/jfd.13871.

Rao, M. B., Kumar, S. H., Kumar, S., Bedekar, M. K.,
Tripathi, G., & Valappil, R. K. (2021). Microbiological
investigation of tilapia Lake virus–associated mortali-
ties in cage-farmed Oreochromis niloticus in
India. Aquaculture International, 29(3), 511-526. https://
doi.org/10.1111/jfd.13871.

Ringø, E., Hoseinifar, S. H., Ghosh, K., Doan, H. V., Beck,
B. R., & Song, S. K. (2018). Lactic acid bacteria in
finfish—An update. Frontiers in Microbiology, 9, Article
1818. https://doi.org/10.3389/fmicb.2018.01818.

Sender, R., Fuchs, S., & Milo, R. (2016). Revised estimates
for the number of human and bacteria cells in the
body. PLoS Biology, 14(8), Article e1002533. https://
doi.org/10.1371/journal.pbio.1002533.

Stephens, W. Z., Burns, A. R., Stagaman, K., Wong, S.,
Rawls, J. F., Guillemin, K., & Bohannan, B. J. M. (2016).
The composition of the zebrafish intestinal microbial
community varies across development. The ISME
Journal, 10(3), 644-654. https://doi.org/10.1038/
ismej.2015.140.

Surachetpong, W., Janetanakit, T., Nonthabenjawan, N.,
Tattiyapong, P., Sirikanchana, K., & Amonsin, A.
(2017). Outbreaks of tilapia lake virus infection,
Thailand, 2015–2016. Emerging Infectious Diseases, 23(6),
Article 1031. https://doi.org/10.3201/eid2306.161278.

Thaiss, C. A., Zmora, N., Levy, M., & Elinav, E. (2016).
The microbiome and innate immunity. Nature,
535(7610), 65-74. https://doi.org/10.1038/nature18847.

Tsofack, J. E. K., Zamostiano, R., Watted, S., Berkowitz,
A., Rosenbluth, E., Mishra, N., Briese, T., Lipkin, W.
L., Kabuusu, R. M., Feruguson, H., del Pozo, J., Eldar,
A., & Bacharach, E. (2017). Detection of tilapia lake
virus in clinical samples by culturing and nested
reverse transcription-PCR. Journal of Clinical Microbiol-
ogy, 55(3), 759-767. https://doi.org/10.1128/jcm.01808-
16.

Vineetha, V. P., Asha, G., & Devika, P. (2021). Withania
somnifera attenuates Tilapia lake virus (TiLV) induced
mortality by inhibiting stress and strengthening the
innate antioxidant defence system. Aquaculture Re-
search, 52(11), 5493-5505. https://doi.org/10.1111/
are.15423.

Wang, A. R., Ran, C., Ringø, E., & Zhou, Z. G. (2018).
Progress in fish gastrointestinal microbiota
research. Reviews in Aquaculture, 10(3), 626-640. https:/
/doi.org/10.1111/raq.12191.

Wu, Z., Wang, S., Zhang, Q., Hao, J., Lin, Y., Zhang, J.,
& Li, A. (2020). Assessing the intestinal bacterial
community of farmed Nile tilapia (Oreochromis niloticus)
by high-throughput absolute abundance quantifica-
tion. Aquaculture, 529, Article 735688. https://doi.org/
10.1016/j.aquaculture.2020.735688.

Zhou, L., Limbu, S. M., Shen, M., Zhai, W., Qiao, F., He,
A., Du, Z. Y., & Zhang, M. (2018). Environmental
concentrations of antibiotics impair zebrafish gut
health. Environmental Pollution, 235, 245-254. https://
doi.org/10.1016/j.envpol.2017.12.073.

Gut Microbiota in TiLV-Infected Tilapia 497



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


