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This r e vie w inv estigates micr obiome r esponses to str essors in the aquatic envir onment and the natur e of micr obiome disruptions r equir ed to impact fish health 
negativ el y. Micr obiomes ar e r esilient, r equiring functionality assessments in futur e r esearc h to understand inter play between micr obiomes and fish health. 
Editor: [Hauke Smidt] 

Abstract 

The microbiomes of skin and gill mucosal surfaces are critical components in fish health and homeostasis by competiti v el y excluding 
pathogens, secreting beneficial compounds, and priming the immune system. Disruption of these microbiomes can compromise their 
capacity for disease resilience and maintaining host homeostasis. However, the extent and nature of microbiome disruption required 

to impact fish health negati v el y r emains poorl y understood. This r e vie w examines how v arious str essors influence the comm unity 
composition and functionality of fish skin and gill microbiomes, and the subsequent effects on fish health. Our findings highlight that 
the impact of stressors on skin and gill microbiomes may differ for different body sites and are highly context-dependent, influenced 

by a complex interplay of host-specific factors, stressor c har acteristics, and environmental conditions. By ev aluating curr ent knowl- 
edge on the genesis and homeostasis of these microbiomes, we highlight a strong influence of environmental factors especially on 

skin and gill microbiomes compared with fish gut microbiomes, which appear to be more closely regulated by the host’s homeostatic 
and immunological systems. This re vie w emphasizes the importance of understanding the ecology and plasticity of fish skin and gill 
microbiomes to identify critical thresholds for microbiome shifts that impact fish health and disease resilience. 

Ke yw ords: stressor; dysbiosis; aquaculture; environment; mucous; immune; animal health 
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Introduction 

Earl y biological inv estigations of disease pr ocesses focused on 

identifying pathogens as causative agents. Ho w ever, more recent 
studies have shown that nonpathogenic organisms can affect the 
disease process and form part of the diverse microbial communi- 
ties associated with maintaining host health (Belkaid and Hand 

2014 , Thomas et al. 2017 , Zheng et al. 2020 ). These communi- 
ties, known as the micr obiota, ar e comprised of bacteria, archaea,
micr oeukaryotes, fungi, and pr otists, with the micr obiome en- 
compassing all microbiota and their associated products, includ- 
ing metabolites, mobile genetic elements, and viruses (Berg et 
al. 2020 ). Microbiomes form symbiotic relationships with animal 
(and plant) hosts, whereby the host provides a favourable colo- 
nization environment, and commensal microbes synthesize k e y 
micr onutrients (suc h as vitamin B12) and initiate imm une system 

priming (Belkaid and Hand 2014 , K ell y and Salinas 2017 , Legr and 

et al. 2018 ). In the absence of a microbiome, the host has a greater 
disease susceptibility, as demonstrated in gnotobiotic fish (Pérez- 
Pascual et al. 2021 ). 

Most host-associated microbiome studies have focused on ter- 
restrial animals due to their significance in human health and 

liv estoc k pr oduction. In contr ast, r elativ el y little r esearc h has 
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een carried out on the microbiomes of fish, which comprise
early 50% of all vertebrate species and are crucial for global

ood security and aquatic ecosystem function (Food and Agricul- 
ur e Or ganization of the United Nations (FAO) 2020 , IUCN Red
ist 2022 ). Ther e ar e str ong similarities in gut microbiomes of ter-
 estrial v ertebr ates and fish, but micr obiomes of the lung and
kin m ucous membr anes of terr estrial animals differ mor e widel y
rom their tissue equivalents—gill and skin, of fish (Hsia et al.
013 , Sc hröder and Bosc h 2016 ). These differ ences likel y stem
r om the dir ect inter action of these surfaces with air in the case
f mammals and water in the case of fish. As such, these dif-
er ent envir onments will differ in their influence on the genesis,
etention, and function of host-associated microbiomes (Calle- 
aert et al. 2020 ). Aquatic envir onments host div erse and dy-
amic micr obial comm unities (whic h facilitate mor e effectiv e dis-
ase transmission) than air that has relatively sparse microbiota 
Gupta et al. 2017 ). 

Studies have shown microbiomes on external surfaces of fish 

skin, fins , gills , and nares) are comprised of diverse microbes de-
iv ed fr om the surr ounding envir onment, and influenced by host
hysiology and environmental factors, including water physic- 
chemistry (Horsley 1977 , Arias et al. 2013 , Lowrey et al. 2015 ,
 is an Open Access article distributed under the terms of the Cr eati v e 
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hiarello et al. 2018 ). These dynamic microbial communities re-
pond to internal and external factors, exhibiting variations even
mong conspecifics (Boutin et al. 2013 , Tarnecki et al. 2019 , Uren
ebster et al. 2020b ). Microbiome plasticity aids in buffering
 gainst c hanges in micr obial population structur e, ther eby r esist-
ng functional alterations in response to stressors and providing
 esilience a gainst disease onset. Defining a healthy comm unity,
o w e v er, is c hallenging as interindividual and intersurface v aria-
ions and temporal fluctuations in these communities are natu-
al. Ho w ever, exposure to stressors, which surpass a microbiome’s
uffering capacity can disrupt the host–microbe symbiotic rela-
ionship and reduce host fitness (Carlson et al. 2015 , Uren Web-
ter et al. 2021 ). When the pr otectiv e effects of a micr obiome ar e
iminished, the host organism is at greater disease susceptibility.

Disease is a major cause of fish mortality in aquaculture, cost-
ng the global industry an estimated USD 6 billion annually and
indering the industry’s expansion and sustainability (Akazawa
t al. 2014 , Stentiford et al. 2017 ). Infectious disease e v ents in
sh are often preceded by stressors that increase the likelihood
f infection and disease due to various interacting components
f fish mucosal health (Segner et al. 2012 , Masud 2020 ). Impaired
kin and gill imm une r esponses often occur when fish ar e stoc ked
t ina ppr opriate densities, tending to result in greater mortal-
ty rates when subjected to pathogen challenge (Ellison et al.
018 , 2020 ). Various stressors, such as hypoxia, can also alter the
ynthesis of adhesins and antimicrobial peptides, which are im-
ortant in pathogen virulence and defence (Pér ez-Sánc hez et al.
017 , Sanahuja et al. 2019 ). Studying mucosal health in response
o str essors, particularl y the r elationship between micr obiomes
nd the host, can ther efor e pr ovide k e y insights into host fitness,
ealth, disease susceptibility, and microbiome dysbiosis. 

Dysbiosis is a concept for understanding how microbiomes re-
pond to stressors, the subsequent impact on their functional ca-
acities, and host susceptibility to disease. Dysbiosis is c har acter-

zed by disruption in the microbiome causing it to transition to
 state that may facilitate disease and detrimental health out-
omes (DeGruttola et al. 2016 ). Host physiology is also impacted,
here dysbiosis may alter mucus production (Navabi et al. 2013 ),

nterfer e with membr ane tr affic king pr ocesses (Weber and Faris
018 ) and/or trigger inflammation (Borton et al. 2017 ), which in
urn disrupts a microbiome’s community structure and function.
t is important to recognize that due to considerable interindivid-
al variation in the micr obiome, ther e is no single healthy, dys-
iotic, or diseased state. Ho w e v er, ther e ar e hallmarks of dysbio-
is that include loss of commensals (natural residents that con-
ribute positiv el y to host and microbiome function), enrichment
f pathobionts (commensals capable of contributing to disease
athology under a ppr opriate conditions), and loss of microbial di-
ersity (Petersen and Round 2014 , DeGruttola et al. 2016 , Levy et
l. 2017 ). Understanding how fish microbiomes react and change
n response to external and internal factors is fundamental to es-
ablishing their role in animal health and defining commonalities
n dysbiotic prognosis. 

Various r e vie ws hav e described fish micr obiomes and their in-
eractions with the immune system (Kelly and Salinas 2017 , Yu et
l. 2021 ). Recentl y, two r e vie ws on fish skin micr obiomes hav e pr o-
ided descriptions of skin microbial composition and recommen-
ations for the standardization of micr obiome anal ysis (Gomez
nd Primm 2021 , Wang et al. 2023 ). Recent r esearc h studies hav e
lso investigated fish microbiome shifts in response to specific
tressors (Debnath et al. 2023 , Gómez de la Torre Canny et al.
023 , Hamilton et al. 2023 , Rosado et al. 2023 , Sánchez-Cueto et
l. 2023 ). Ho w e v er, little is known about what constitutes a shift in
sh microbiomes to a nonhealthy or dysbiotic state and how this
ffects fish fitness and disease pr ogr ession. Her e, we addr ess the
iological and microbial processes governing fish skin and gill mi-
robiome composition, how these microbiomes respond to stres-
ors, the impact these perturbations may have on fish health, and
r esent r ecommendations for a ppr oac hes to better assess fish mi-
robiomes and their functional states. 

r ocesses go verning the composition and 

a tur al assembly of fish skin and gill 
icrobiomes 

ealthy microbiome(s) 
ealthy microbiomes comprise a diverse community of commen-

als that prime the immune system (Levy et al. 2016 , Murdoch
nd Rawls 2019 ) and defend against pathogenic colonization by
ompeting for resources and secreting antimicrobial compounds
de Kamada et al. 2013 , Bruijn et al. 2018 ). Microbiota colonization
ffects host physiology in mucosal and nonmucosal tissues (Mas-
aquoi et al. 2023 ) as demonstrated in gnotobiotic models of early
ife-stage fish. For instance, gnotobiotic Atlantic salmon ( Salmo
alar ) fry have a reduced skin mucous layer thickness, which is
 e v ersed upon r ecolonization of naiv e skin m ucosa by micr obiota,
ncluding Pseudomonas and Comamonadaceae species (Gómez de
a Torre et al. 2023 ). Similarly, colonization of gnotobiotic fish
y commensals has also been shown to pr otect a gainst infec-
ion with Flavobacterium columnare in rainbow trout ( Oncorhynchus
 ykiss ) (Pér ez-P ascual et al. 2021 ) and Vibrio harvei in seabass ( Di-

entr archus labr ax ) (Sc haec k et al. 2016 ). 
While the role of commensal microbiota in priming the host

mmune system is well-characterized in mammalian systems
Zheng et al. 2020 ), their role in fish immune systems remains
oorly understood. In fish, immune signalling can be host-derived,
uch as microbiota-induced serum amyloid A mediating neu-
r ophil migr atory behaviours (Kanther et al. 2014 ) or microbiota-
eriv ed, suc h as the secretion of the antiinflammatory factor
imA by Aeromonas commensals (Rolig et al. 2018 ). As fish con-
tantly encounter a wide variety of planktonic microbiota, their
mmune system must effectively differentiate between commen-
al and pathogenic microbiota to avoid excessive inflammatory
esponses. Commensal colonization primes the fish’s innate im-
une system by recognizing microbial-associated molecular pat-

erns through toll-like receptors (TLRs) (Fig. 1 A). Recognition trig-
ers the proinflammatory MyD88 signalling cascade, activating
ranscription factors such as NF- κB (Galindo-Villegas et al. 2012 ),
hich is crucial for regulating numerous innate immune genes

Kanther et al. 2011 ). Additionally, the TLR2-MyD88 pathway pro-
ides negativ e feedbac k to commensal colonization in gnotobi-
tic zebr afish, by pr e v enting dispr oportionate inflammation un-
er normal conditions (Koch et al. 2018 ). This balance between
ro- and antiinflammatory signals is important for successful
ost–microbiota symbiosis. 

Beyond immune modulation, fish skin and gill microbiota have
mportant host-specific functions that contribute to k e y physio-
ogical processes. For instance, toxic waste products excreted at
he gill are removed by the gill microbiota through ammonia ox-
dation and denitrification (van Kessel et al. 2016 ). Furthermore,
ommensals excrete host-beneficial compounds, including an-
imicrobial metabolites ( Pesudoaltermonas spp.; Offret et al. 2016 ),
ioactive metabolites ( Vibrionaceae spp .; Mansson et al. 2011 ), and
itamin B12, exclusiv el y synthesized by pr okaryotes and essential
or animal life ( Cetobacterium somerae ; Tsuchiya et al. 2008 ). 
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Figure 1. Host-immune factors influencing the microbiota in the skin mucosal microbiome. (A) TLRs recognize microbe-associated molecular patterns, 
activ ating pr oinflammatory signalling cascades (MyD88) and tr anscription factors (NF- κB) to prime the imm une system whilst also pr e v enting 
excessive inflammation through negative feedback mechanisms. (B) Mucosal microbiomes may harbour transient taxa from the aquatic environment, 
potentially colonizing if mucosal conditions change. (C) Microbes adapted to mucosal niche conditions successfully colonize the host microbiome 
under niche appropriation theory, regardless of rarity in the surrounding environment. (D) Secretory IgT binds commensals and pathogens in skin 
m ucous, pr e v enting migr ation into subepithelial structur es. (E) Secr etory m ucins bind and confine micr obes to the m ucosal lay er, influenced b y 
v ariable gl ycosylation patterns. (F) Somatic m utations of B- and T-cell r eceptors during de v elopment lead to the cr eation of unique sets of imm une 
receptors for each individual, shaping microbiota selection. Other innate immune components that can contribute to shaping mucosal microbiome 
compositions include antimicrobial peptides , macrophages , and lysozymes . Created with BioRender. 
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Composition of fish skin and gill microbiomes 

Fish skin and gill microbiome compositions are host-specific 
(Chiarello et al. 2018 , Pratte et al. 2018 ) and influenced by envi- 
r onmental factors, suc h as water salinity, pH, and divalent cations 
(Lokesh and Kiron 2016 ). These microbial communities have been 

described else wher e (Lle well yn et al. 2014 , Legr and et al. 2020b ),
and specifically for fish gill (Chen et al. 2023a ) and skin micro- 
biomes (Gomez and Primm 2021 , Debnath et al. 2023 , Wang et al.
2023 ). Common findings across studies are the dominance of the 
bacterial phylum Pseudomonadota (formerl y Pr oteobacteria), par- 
ticularl y fr om the class Gamma pr oteobacteria. Ho w e v er, cor e mi- 
crobiota compositions can vary between different fish taxa when 

assessed at the genus le v el (Larsen et al. 2013 , Boutin et al. 2014 ,
2015 , Schmidt et al. 2015 , Carda-Diéguez et al. 2017 , Chiarello et 
al. 2018 , Pratte et al. 2018 , Sylvain et al. 2019 ). Initial investigations 
into microbiota functionality have used shotgun metagenomic se- 
quencing; the skin microbiome of eel ( Anguilla anguilla ) r e v eals en- 
richment in genes related to biofilm formation, quorum sensing,
competition, adherence, and immune system evasion, functional 
ca pacities that ar e likel y r equir ed for successful bacterial colo- 
nization of the fish skin (Carda-Diéguez et al. 2017 ). 

Swab sampling of fish external mucosal surfaces r ecov ers both 

autoc hthonous micr obiota (r esident taxa permanentl y coloniz- 
ing the mucosal surface) and allochthonous microbiota (taxa that 
tr ansientl y inhabit the mucosal surface and are generally free- 
living, not permanently colonizing it). While transient taxa may 
not permanently establish themselves, they may still contribute 
significantly to the community by interacting with resident mi- 
robes and the host immune system, altering nutrient availabil- 
ty and increasing microbial competition. Ho w ever, the functional
mpact of transient taxa on host health and the broader micro-
iome remains unclear. Under conducive conditions, transient 
axa may transition to become permanent residents . T his shift

ay lead to new microbiome ‘states’, where the balance between 

esident and new colonizing taxa alters microbiome functionality 
ith unknown implications for host health and disease resilience.

ish skin and gill microbiome assembly theories 

wo theories of microbial community assembly include niche ap- 
ropriation and neutral theory. Niche appropriation suggests that 
ompetitiv e inter actions between species dictate assembl y, as
ach species occupies distinct ecological niches based on unique 
r aits (Hutc hinson 1959 ). Rar e but well-ada pted micr obes can out-
ompete more abundant but less specialized individuals. Alter- 
ativ el y, neutr al theory suggests that assembly reflects the sur-
 ounding envir onmental comm unity, as all species ar e equall y
ompetitive and stochastic (random) processes drive microbiome 
tructure (Hubbell 1979 , Chisholm et al. 2004 ). Importantly, host
icr obiomes hav e specific conditions that limit colonization to a

ubset of bacteria, pr e v enting unsuitable environmental microbes
r om establishing, r egardless of assembl y theory (Fig. 1 B). 

Nic he a ppr opriation theory a ppears particularl y r ele v ant for
sh microbiomes, as the microbiome on the same mucosal sur-
ace is more similar between conspecifics than between different 

ucosal sites within the same individual (Sylvain et al. 2016 , Rein-
art et al. 2019 , Minich et al. 2020 ). Niche appropriation theory is



4 | FEMS Microbiology Reviews , 2025, Vol. 49 

p  

3  

c  

t  

t  

s  

t  

e  

c  

m  

m  

m  

m  

2
 

a  

t  

m  

b  

t  

a  

t  

m  

c  

b  

i  

e  

u  

fi

E
m
T  

g  

s  

(  

fi  

r  

v  

d  

2
 

m  

F  

t  

m  

o  

W  

b  

s  

c  

2
 

t  

b  

a  

t  

t  

s  

b
 

s  

l  

v  

i  

S  

e  

s  

fi  

c
 

e  

s  

a  

b  

a  

h  

u  

a  

o  

t  

t

H
m
T  

c  

c  

b  

fi  

2  

g  

M  

n  

o  

2  

b  

m  

w  

H  

l  

s
 

a  

t  

w  

t  

p  

o  

i  

s  

p  

m  

c  

b  

w  

p
 

m  

h  

c  

(  

r  

a  
articularly supported in a study by Chiarello et al. ( 2018 ) as only
% of the variation in skin microbial composition of cor al r eef fish
ould be explained by the environmental reef habitat, compared
o explaining 20% variation in planktonic community composi-
ion. T hus , specific taxa that are best adapted to conditions of the
kin mucosal surface are retained from the water column. Fur-
her evidence of this can be seen by r ar e aquatic taxa becoming
nriched in fish microbiomes, as seen in the case of Vibrio , which
omprises around 1.7% of water microbiota but 26% of fish skin
icr obiota (Sc hmidt et al. 2015 ). This suggests that specific im-
une or physiological factors on fish mucosal surfaces, along with
icr obial ada ptations, contribute to the selection and retention of
icrobes in the fish microbiome (Chiarello et al. 2018 , Dash et al.

018 ). 
Neutral theory also holds merit in explaining fish microbiome

ssembl y. For example, stoc hastic models best explain the ini-
ial colonization of the skin microbiome in tambaqui ( Colossoma
acropomum ), where skin microbiome differences were observed
etween fish in different tanks, but not between those in the same
ank. Ho w e v er, these differ ences diminished ov er time (Sylv ain et
l. 2016 ). The host mucosal surface likely acts as a habitat filter for
he stochastic colonization of taxa from the surrounding environ-

ent, leading to the formation of an initial unstable microbiome
omm unity composition. Ov er time, nic he a ppr opriation enables
etter-ada pted r ar e taxa to pr olifer ate in these nic hes, determin-

ng a new and stable microbial community composition (Schmidt
t al. 2015 ) (Fig. 1 C). Collectiv el y, these pr ocesses contribute to the
nique and variable microbiome compositions seen in individual
sh. 

nvironmental influences on fish skin and gill 
icrobiomes assembly 

 he en vironment pla ys a crucial r ole in sha ping fish skin and
ill microbiomes. For example, in outdoor aquacultur e, tila pia
kin microbiomes have been shown to cluster by culture pond
McMurtrie et al. 2022 ). Similarl y, wild Amazonian fr eshwater
sh species (flag cichlid Mesonauta festivus and blac k pir anha Ser-
asalmus rhombeus ) show habitat-driven differences in skin (Syl-
ain et al. 2019 ) and gill (Sylvain et al. 2023 ) micr obiomes, likel y
riven by different physicochemical conditions (Sylvain et al.
019 ). 

Translocation studies offer compelling evidence of environ-
ental influence on the external fish microbiome (skin and gill).

or instance, Atlantic salmon fry translocated from the wild to ar-
ificial hatchery conditions undergo a near-complete skin and gill

icr obial turnov er, whic h becomes indistinguishable fr om their
riginal habitats while alpha diversity remains unchanged (Uren
ebster et al. 2020b ). Despite de v eloping healthy micr obiomes

ased on their environment, certain taxa such as Rickettsiaceae
pp. were sustained after translocation indicating that early-life
olonization influences the cor e micr obiome (Ur en Webster et al.
020b ). 

Aquaculture systems can also affect microbiome composi-
ion. In Atlantic salmon, differences in skin and gill microbiome
eta div ersity wer e found betw een flo w-thr ough and r ecirculating
quacultur e systems (Minic h, Poor e et al. 2020 ). Similarl y, y ello w-
ail kingfish ( Seriola lalandi ) r ear ed in differ ent aquacultur e sys-
ems (flowthrough, BioGil RAS, or moving bed bioreactor RAS)
ho w ed differences in alpha and beta diversity of the gill micro-
iome but not the skin microbiome (Minich et al. 2021 ). 

Social environments similarly can impact fish microbiomes, as
een in Caribbean broadstripe cleaning gobies ( Elacatinus prochi-
os ) that were found to hav e differ ences in the alpha and beta di-
ersities of their skin microbiome when residing in ecotypes as
ndividuals versus when in social groupings (Xavier et al. 2019 ).
imilarly, clownfish ( Amphiprion clarkii ) housed with sea anemones
xperienced tr ansient c hanges in their skin micr obiome compo-
ition, including enrichment of Rubritalea sp. as they underwent
sh–anemone mutualism (Pratte et al. 2018 ), even without physi-
al contact (Émie et al. 2021 ). 

These observations highlight the substantial influence of the
nvironment on skin and gill microbiomes, with differing re-
ponses occurring at these different tissue surfaces (Minich et
l. 2021 , Lor gen-Ritc hie et al. 2022 , 2022 ). Div er gent fish micr o-
iome compositions potentially reflect plasticity—a hallmark of
 healthy and functionally stable community, as demonstrated in
uman systems (Huttenho w er et al. 2012 ). Ho w e v er, it r emains
nclear if the observ ed differ ences acr oss differ ent envir onments
re associated with microbiome fitness and resilience. Pathogen
r other physicochemical stressor challenge studies are needed
o determine the robustness of the different microbiomes in pro-
ecting against adverse health outcomes. 

ost and immune processes contributing to 

icrobiome assembly 

he contribution of environmental and host factors to fish mi-
r obiome assembl y v aries for the differ ent m ucosal surfaces. In
or al r eef fish, gill micr obiomes ar e mor e similar to the gill micro-
iome of other fish, compared to the gut microbiomes of the same
sh, indicating body site-driv en micr obiome sha ping (Pr atte et al.
018 ). In particular, genotype is crucial in shaping fish skin and
ill micr obiomes (Chiar ello et al. 2015 , 2018 , Rosado et al. 2019a ,
inich et al. 2022 ). For instance, in br ook c harr ( Salvelinus fonti-

alis ), host genotype has been shown to dictate the abundance
f dominant commensals such as Methylobacterium (Boutin et al.
014 ). While host-specific influences on fish skin microbiomes can
e identified, phylosymbiosis patterns are not always obvious, as
icrobiome composition does not appear to align consistently
ith host taxonomic distance (Doane et al. 2020 , Bell et al. 2024 ).
o w e v er, a r ecent study suggests significant (although weak) phy-

osymbiosis in skin and gill micr obiomes acr oss 101 marine fish
pecies (Minich et al. 2022 ). 

The immune system also plays a vital role in regulating skin
nd gill microbial communities. Mucosal-associated lymphoid
issues (MALT), composed of myeloid and lymphoid cells, work
ith innate and ada ptiv e imm une pr ocesses to differ entiate be-

ween commensals and pathogens to mediate microbiome com-
ositions (Salinas 2015 , Yu et al. 2021 ). The multifaceted nature
f the immune system adds complexity in understanding host
mm une r esponse r oles in micr obiota colonization and dysbio-
is . Illustrating this , infection of r ainbow tr out by the ciliated
ar asite Ic hthyophthirius multifiliis r esulted in upr egulation of im-
 une complement-r elated genes, pr oinflammatory cytokines, T

ell-related cytokines, and antimicrobial peptides accompanied
y a decrease in skin Proteobacteria (specifically Acinetobacter , She-
anella , and Pseudomonas ) and an increase in the pr e v alence of
athobionts (specifically Flavobacterium ) (Zhang et al. 2018 ). 

Secr etory imm unoglobulins, particularl y secr etory im-
 unoglobulin T (sIgT), ar e vital for maintaining m ucosal surface

omeostasis and defending against pathogens (Fig. 1 D). sIgT
oats the majority of bacterial microbiota on fish skin and gills
Xu et al. 2013 , 2016 ) (Fig. 1 D). Transient depletion of sIgT in adult
 ainbow tr out leads to invasion of bacteria into gill epithelium
nd extensive dysbiosis of the gill microbiome . T his dysbiosis is
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c har acterized by the loss of k e y commensals and pr olifer ation of 
pathobionts, whic h is r e v ersed upon sIgT r ecov ery to basal le v els,
indicating its role in microbiota stability (Xu et al. 2020 ). 

Mucins, similar to slgT, help limit microbe penetration to mu- 
cosal layers (Fig. 1 E). Their glycosylation patterns influence micro- 
biome selection and pathogen control by binding bacterial lectins 
(Arike and Hansson 2016 , Sheng and Hasnain 2022 ), tr a pping mi- 
cr obes in micr obe–m ucin conjugates (Linden et al. 2008 , Benk- 
tander et al. 2019 ) (Fig. 1 E). In rainbow trout, skin mucins en- 
ric hed with short-c hain gl ycans pr e v ent micr obial adher ence to 
epithelial cells while gill-secreted mucins bind to pathogens aid- 
ing in their clearance (Thomsson et al. 2022 ). As suc h, v ariations 
in mucin glycosylation across host species may drive differences 
in microbiome composition. 

Gut imm une pr ocesses shar e par allels with the skin and gill 
imm unity, including MALT structur e and imm une components 
(Xu et al. 2013 , Yu et al. 2021 ). Insights from the gut may there- 
fore inform of immune influences over the skin and gill micro- 
biomes . For example , macr opha ges ar e crucial in micr obiota se- 
lection, as macr opha ge deficient zebrafish lose core gut commen- 
sals such as Cetobacterium spp. (Earley et al. 2018 ). Similarl y, knoc k- 
out of proinflammatory cytokine IL-17A/F1 in medaka ( Oryzias 
latipes ) alters innate humoral components expression, leading to 
decr eased gut micr obiome ric hness, alter ed comm unity struc- 
tur e, and incr eased Plesiomonas genera abundance (Okamura et 
al. 2020 , 2021 ). IL-17A/F is highl y expr essed in v arious m ucosal 
tissues, including the skin and gills, further highlighting poten- 
tial immune-mediated microbiome regulation of the skin and gills 
(Zhou et al. 2021 ). 

The ada ptiv e imm une system also acts as an ecological filter 
to shape microbial communities. During development, somatic 
mutation of B- and T-cell receptors creates a personalized pool 
of receptors to influence microbiota selection (Weinstein et al.
2009 ) (Fig. 1 F). This is demonstrated by wildtype zebrafish exhibit- 
ing greater gut beta diversity dissimilarity compared to rag1 - ze- 
br afish m utants, whic h lac k ada ptiv e imm une components (B- 
and T-cell r eceptors). Ther efor e, a functional ada ptiv e imm une 
system filters microbiota and structures host–microbiota assem- 
bl y (Sta gaman et al. 2017 ). Together, the complex interplay of in- 
nate and ada ptiv e imm une pr ocesses suggests how fish, e v en in 

earl y de v elopment sta ges, sha pe a unique micr obiome at their 
mucosal surfaces (Fig. 1 ). 

Fish skin and gill microbiome responses to 

environmental stressors 

Fish skin and gill microbiomes can undergo major compositional 
shifts in response to environmental stressors, ranging from natu- 
r al e v ents, suc h as c hanges in water salinity that occur as salmon 

migr ate between riv ers and the sea (Glaser and Kiecolt-Glaser 
2005 ) and to adverse events like disease, which result in dys- 
biosis (Mohammed and Arias 2015 , Carlson et al. 2017 , Legrand 

et al. 2018 , 2020 ). Str essors can also impact planktonic micr o- 
bial communities that interact with fish skin and gill micro- 
biomes (Schmidt et al. 2015 ) and/or induce physiological and im- 
m unological c hanges in host m ucosal surfaces , fa vouring colo- 
nization of micr oor ganisms ada pted to ne w m ucosal conditions 
(Meng et al. 2021 ). Disruption of microbial community interac- 
tions may lead to a loss of microbiological function (Cheaib et 
al. 2021 ), which can manifest within several hours . Here , we 
critically assess the effects of physical (Table 1 ), biological (Ta- 
ble 2 ) and chemical (Table 3 ) stressors on fish skin and gill mi- 
crobiomes . T hese assessments , ho w ever, are limited to studies 
erforming 16S rRN A metabar coding with comparisons available 
 gainst a contr ol gr oup, or a timeseries wher e natur al disease out-
r eaks hav e been tr ac ked. Furthermor e, r eported alter ations in
axa abundance need to be substantiated statisticall y a gainst r el-
 v ant contr ols, and not simpl y based on descriptiv e observ ations
f a ppar ent incr eases or decr eases. Our anal ysis r e v eals little con-
istency in gill and skin microbial composition, richness, or diver-
ity in response to different stressors. 

hysical stressors 

ater physicochemistry plays a major role in shaping aquatic 
icr obial comm unities (Bolaños et al. 2022 ) and fish skin and

ill micr obiomes. Water temper atur e c hanges can affect skin mi-
r obiome beta div ersity, although effects on alpha div ersity v ary
mong species (Minich et al. 2020 , Uren Webster et al. 2021 , Ghosh
t al. 2022 , Sánchez-Cueto et al. 2023 ). In greater amberjack ( Seriola
umerili ), shifts in the gill microbiome occurred without changes
n water microbiomes indicating a host-driven response to wa- 
er temper atur e c hange (Sánc hez-Cueto et al. 2023 ). Salinity tr an-
itions, particularl y in diadr omous fish, can r esult in substantial
hanges in skin and gill microbiomes (Schmidt et al. 2015 , Lokesh
nd Kiron 2016 , Hamilton et al. 2019 , Lai et al. 2022 , 2023 ). How-
 v er, small salinity c hanges a ppear to hav e minimal impact on
icr obiome div ersity as shown in P acific c hub mac ker el ( Scomber

aponicus ) (Minich et al. 2020 ), and various coral reef fish species
Chiarello et al. 2018 ). In black molly ( Poecilia sphenops ), salinity
hifts > 5 ppt were required to drive any substantial change in the
kin microbiome beta diversity (Schmidt et al. 2015 ). While water
emper atur e and salinity are well-studied, less is known about the
ffects of pH and dissolved oxygen (Table 1 ). In the case of acidic
onditions, (pH 4 versus pH 7) an enrichment of Undibacterium 

nd depletion of Flavobacterium occured in the skin microbiome of
ambaqui (Sylvain et al. 2016 ). It should be recognized that many
f the described changes in the skin and gill microbiomes rep-
esent their plasticity as a homeostatic response to support mi-
r obiome functionality, r ather than an y dysbiotic state that may
 ender them mor e susceptible to disease or a lo w ered health sta-
us. 

Mec hanical dama ge to the skin and gill surfaces fr om net-
ing, high stocking densities, or contact with environmental sub- 
trates may affect the surface mucosal microbiomes (Table 1 ). Re-
eated netting of Atlantic salmon has been shown to increase the
kin surface microbiome alpha diversity and alter the abundance 
f prominent genera (Minniti et al. 2017 ). Similarly, mechanical
tr ess (thr ough r epeated vortexing) of mosquito fish ( Gambusia
ffinis ) led to altered skin bacterial function (enzymatic activities),
hough this was r ecov er ed after 7 days, albeit through a differ-
nt taxonomic composition (Brumlow et al. 2019 ). Confinement- 
 elated str ess in br ook c harr ( S. fontinalis ) (Boutin et al. 2013 ) and
tlantic salmon (Uren Webster et al. 2020a ) reduced k e y skin
icrobiome commensals including Methylobacterium and Sphin- 

omonas spp. 

iological stressors 

isease-causing agents 
pportunistic pathogens, e v en at low abundances, can exploit
isruptions in host mucosal physiology, worsening dysbiosis and 

otentially initiating disease states (Bass et al. 2019 ). In Atlantic
almon, amoebic gill disease (AGD), caused by Neoparamoeba peru- 
ans , disrupts the gill microbiome through lesions leading to ep-
thelial cell pr olifer ation (Munday et al. 2001 ) and excessiv e m u-
us secretion (Marcos-López et al. 2018 ). AGD infection also alters
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m ucin gl ycosylation, impacting bacterial adhesion (Marcos-López 
et al. 2017 , Benktander et al. 2020 ), reducing immune enzymatic 
activities (Marcos-López et al. 2017 ) and immune gene expres- 
sion (Botwright et al. 2021 ). AGD-related changes in gill physiol- 
ogy correspond with shifts in the gill micr obiome, c har acterized 

by an increased abundance of Tenacibaculum (Slinger et al. 2020 ,
2021b , Birlanga 2022 ). Ho w e v er, e vidence shows contr asting di- 
rection and significance of changes to gill alpha diversity during 
AGD (Slinger et al. 2020 , Birlanga 2022 ). Similar shifts in skin and 

gill micr obiomes hav e been observ ed with other ectopar asites, in- 
cluding sea lice ( Lepeophtheirus salmonis ) (Lle well yn et al. 2017 ), cil- 
iates ( I. multifiliis ) (Zhang et al. 2018 ), Chilodonella hexasticha (Bas- 
tos Gomes et al. 2019 ), and monogeneans ( Sparicotyle chrysophrii) 
(Toxqui-Rodríguez et al. 2024 ) (Table 2 ). 

Viral infections can also disrupt fish skin and gill microbiomes 
by triggering widespread immune responses. In rainbow trout in- 
fected with infectious hematopoietic necrosis virus, antibacterial 
responses in the skin and gill altered both alpha and beta diver- 
sity and enriched putative pathobionts (Zhan et al. 2022 , Tongsri 
et al. 2023 ). Carp infected with spring vir emia of car p virus sho w ed 

incr eased expr ession of innate imm une genes IL-1 β, NOD1, TNF,
and hepcidin, reductions in gill alpha diversity and depletion of 
v arious commensals, suc h as Sphingomonas in the skin and Acine- 
tobacter in the gill (Meng et al. 2021 ). Viral-induced microbiome 
disruption in fish mucosal surfaces (Table 2 ) may be partially me- 
diated by nonspecific immune responses, with tissue damage fa- 
cilitating opportunistic taxa pr olifer ation. 

Host systemic infections can lead to microbiome disruption at 
distant mucosal body sites. In y ello wtail kingfish with suspected 

gut enteritis, beta diversity changes were observed in both skin 

and gill microbiomes, with skin alpha diversity also decreasing.
Specific taxa in the skin and gill such as Loktanella , Marivita , and 

Simplicispira increased while Ascidiaceihabitans , Roseovarius , and 

Glaceicola decr eased (Legr and et al. 2018 ), likel y mediated in the 
skin microbiome by changes in immune expression (Legrand et 
al. 2020a ). 

Bacterial infections often lead to an increase in pathogenic 
taxa, such as Tenacibaculum and Photobacterium , which can cause 
disease dir ectl y or exacerbate existing disease conditions, as ob- 
served in skin ulcers of Atlantic salmon (Karlsen et al. 2017 ).
Br oader micr obiome disruption, including the loss of k e y skin 

commensals like Rubritalea , was observed during an outbreak 
of Vibrio harveyi in European seabass (Cámara-Ruiz et al. 2021 ).
The infection dose can also influence micr obiome c hange as 
seen in striped catfish ( Pangasianodon hypophthalmus ) exposed to 
Aeromonas hydrophilia , where differences in skin beta diversity oc- 
curr ed onl y when the infection dose was > 10 5 CFU/ml (Chen et 
al. 2022 ). It is also the case that responses to infection may vary 
between the skin and gill tissues . T his is reported for infections 
of Photobacterium damselae in European seabass, where there was 
reduced skin alpha diversity but increased gill alpha diversity 
(Rosado et al. 2019a , 2022 , Cámara-Ruiz et al. 2021 ). These findings 
underscor e the v ariability in the micr obiome r esponse to disease.

Health treatments 
Bacteriopha ges, pr obiotics, and dietary components are widely 
utilized in aquaculture to promote health and mitigate disease 
(Table 2 ), though their effects on the skin and gill microbiomes 
have been little studied. Bacteriophages are gaining attention 

for disease treatment due to their narrow bacterial host range.
In longfin y ello wtail ( Seriola rivoliana ), bacteriophages have been 

used to effectiv el y r educe P. damselae subsp. damselae abundance 
and provide disease protection (Veyrand-Quirós et al. 2020 , 2021 ).
o w e v er, pha ge tr eatment may also induce br oader micr obial dis-
uptions, as seen in studies on larval fish microbiomes (Veyrand-
uirós et al. 2021 ) and the gut microbiome of Atlantic salmon (Do-
ati et al. 2022 ). This could occur through the lysis of phage hosts,
llowing alternative taxa to fill vacated niches within the micro-
iome. 

Pr obiotics, living or ganisms used to enhance host health may
lso influence the host’s microbiome. For example, in black molly
nd br ook c harr, pr obiotic str ains of Phaeobacter inhibens S4Sm and
acillus pumilus RI06-95Sm colonize the skin mucosa and protect 
gainst Vibrio anguillarum colonization without significant alter- 
tions of the skin microbial composition (Boutin et al. 2013 ). Sim-

larl y, in Nile tila pia ( Oreoc hromis niloticus ), Bacillus cereus , and Al-
aligenes faecalis have been shown to confer a protective health ef-
ect without disruption to the skin and gill microbiomes (Wang
t al. 2020a ). Ho w e v er, pr edatory pr obiotics like Bdellovibrio sp.,
sed to combat Aeromonas hydrophila in crucian carp ( Carassius
ibelio ) were found to alter the gill microbiome, enriching it with
axa belonging to the Proteobacteria phylum (Zhang et al. 2023 ).
uc h pr obiotics may influence micr obial netw orks to fav our cer-
ain taxa but, probiotics offering transient synergism generally 
o not cause broader disruptions in fish skin or gill microbiomes

Table 2 ). 
Although many studies ha ve in vestigated alternative fish feeds

o pr omote gr owth or enhance disease r esilience, their effects on
he skin microbiomes remain largely uncharacterized. Most re- 
earch, including studies on pufferfish ( Takifugu obscurus ) (Yang et
l. 2007 ), y ello w grouper ( Epinephelus awoora ) (Feng et al. 2010 ), At-
antic salmon (Landeira-Dabarca et al. 2013 , Schmidt et al. 2016 ),
nd r ainbow tr out ( O. m ykiss ) (Ter ov a et al. 2021 ), r eport no major
ffects on skin bacterial diversity. Ho w ever, Atlantic salmon fed
 mixture of in vertebrates , in addition to a standard commercial
eed, exhibited increased skin alpha diversity, with enrichment of 
eromonas and Flavobacterium (Uren Webster et al. 2020b ). Simi-

arl y, pr ebioticall y fed Atlantic salmon sho w ed an enrichment of
acillus and depletion of Chryseobacterium , an emerging salmonid 

athogen (Baumgärtner et al. 2022 ). Whilst commercial diets gen-
r all y ar e r eported to hav e minimal effects on fish skin and gill
icr obial div ersity, plant-based diets ar e r eported to alter m ucin

nd antimicrobial peptide expression patterns in the skin and gill
f Atlantic salmon (Sørensen et al. 2021 ). Thus some feed addi-
ives may induce alterations to mucosal physiology and result in
ffects on skin and gill microbiomes (Table 2 ). 

ntibiotics and other chemicals 

ntibiotics ar e widel y used in aquacultur e for disease treatment
nd pr e v ention (Rosado et al. 2022 , Thornber et al. 2022 ), but
an disrupt microbiomes . T hey are furthermore common pollu-
ants in w aterw ays (Wilkinson et al. 2022 ). During disease out-
r eaks, antibiotics gener all y hav e negligible impacts on skin and
ill alpha di versity, but the y cause temporary changes in beta di-
 ersity. These c hanges in the micr obiome gener all y r eturn to a
tate similar to the initial healthy, or predisease, state within 1–
 weeks postexposure (Rosado et al. 2019a , 2023 , Legrand et al.
020 , Slinger et al. 2021a ). As a consequence of antibiotic exposure
 fish skin microbiome can become enriched with pathobionts.
or instance, in y ello wtail kingfish antibiotic tr eatment enric hed
he skin with Tenacibaculum and other taxa responsible for ulcer-
tiv e disease (Legr and et al. 2020 ). Ho w e v er, skin and gill tissues
an r espond differ entl y to antibiotics . As an example , in gilthead
eabream ( Sparus aurata ) treated with oxytetracycline, alpha di-
 ersity decr eased and beta div ersity shifted in the gill micr obiome
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ut not the skin microbiome (Rosado et al. 2023 ). Antibiotics also
nduce significant shifts in healthy fish skin microbiomes . T his is
videnced by studies on mosquitofish ( G. affinis ) treated with ri-
ampicin, wher e ther e was a tr ansient loss of cultur able bacteria
n the skin and enrichment of specific taxa such as Myroides , Vib-
io , Pseudomonas , and Mitsuaria , accompanied by biochemical func-
ional changes (Carlson et al. 2017 ). The route of antibiotic appli-
ation is also likely to influence the micr obiome r esponse. Illus-
rating this for the gut micr obiome, administr ation of enr ofloxacin
o tilapia via injection, oral dosing, or via the water, resulted in sig-
ificantly differing gut microbiome responses (Chen et al. 2023b ).
o w e v er, suc h studies have not been conducted to assess for ef-

ects on skin or gill micr obiomes, wher e the impact of exposure
 outes ar e likel y to differ fr om those seen in the gut. 

Other chemical pollutants in surface waters have been shown
o impact fish skin and gill microbiomes (Table 3 ). Examples,
f this include exposure to heavy metals. Illustrating this, cad-
ium chloride exposure (9 ppb) increased skin alpha diversity

nd caused a mor e segr egated and modular community network
tructure in the skin microbiome in y ello w per ch ( Perca flavescens )
Cheaib et al. 2020 , 2021 ). Similarl y, envir onmentall y r ele v ant ex-
osures of glyphosate herbicide reduced gill microbiome connec-
ivity between functional modules in rainbow trout (Bellec et al.
022 ). Sur prisingl y, crude oil exposur e has been shown to have
inimal effects on fish skin and gill microbiomes (Table 3 ). Af-

er the 2010 Deepwater Horizon oil spill, Gulf killifish ( Fundulus
randis ) (Larsen et al. 2015 ) and red snapper ( Lutjanus campechanus )
xposed to crude oil mimicking the Deepwater Horizon incident,
ho w ed no significant differences in skin microbiome composi-
ion, although some taxa exhibited differential abundance (Tar-
ecki et al. 2022 ). 

Microplastic pollution also affects fish skin and gill micro-
iomes, with reports of remodelling in outer-facing mucosal mi-
robiomes (Table 3 ). Discus fish ( Symphysodon aequifasciatus ) ex-
osed to pol ystyr ene micr oplastics at envir onmentall y r ele v ant
oncentrations sho w ed substantial differ ences in beta div ersity
ompositions skin and gill microbiomes (Huang et al. 2022 ). How-
 v er, in marine medaka ( Oryzais melastigma ) gill microbiomes, a
imilar exposure had no significant effect (Liao et al. 2023 ). How-
 v er, when the marine medaka were exposed to a combination
f the pol ystyr ene micr oplastics and the antibiotic tetr acycline,
here was an enhanced antibiotic effect on the skin microbiome.
 hus , underscoring the need to assess the combined effects of
 ultiple str essors on fish microbiomes as will occur in natural

ystems. 

hanges in skin and gill microbiomes 

elevant for health 

s we illustrate abo ve , alterations in fish skin and gill micro-
iomes can occur due to a variety of factors, but what matters

s whether these alter ations functionall y impact the fish’s health.
Fig. 2 ). To date, no single microbiome compositional or diversity
hift has been consistently linked to a specific stressor, with vari-
bility in the response to a stressor also occurring between con-
pecifics (Minich et al. 2020 , 2022 , Bell et al. 2024 ). As such, the
 ele v ance of micr obiome alter ations to animal health is highly
ontext-dependent, and influenced by many factors (Fig. 2 ). 

The r elativ e contributions of str essors to shift a micr obiome
s mediated by stressor characteristics, the individuality of a
ost, and environmental conditions, but individually or collec-
iv el y these factors have to be of a sufficient magnitude to dis-
upt microbiome functionality. Understanding these functional
onsequences is crucial to determining the impact of stressor-
nduced microbiome shifts on fish health. Micr obiomes ar e ca-
able of buffering against stressor action, for example through
unctional redundancy (Doane et al. 2023 ), and the capability of
ndividuals to do so helps explain variation in the impact of stres-
or responses on health between individuals within a given fish
opulation. 

icrobiome alter a tions impacting disease 

esilience 

xposure to stressors can induce temporary or permanent dys-
iosis in skin and gill microbiomes. In the conceptual ‘energetics
andscape’ of a microbiome (Fig. 3 ), significant perturbations are
 equir ed to shift a microbiome into a new state and the stabil-
ty of the microbiome plays a k e y role in dictating its resilience
gainst perturbation into a dysbiotic state . Dysbiosis , marked by
axonomic shifts favouring pathobionts over commensals, often
 educes disease r esilience, although the exact r elationship with
sh health remains unclear. Microbiome plasticity enables com-
unities to maintain functionality despite composition changes

Lor gen-Ritc hie et al. 2023 ) albeit stressors that exceed the natu-
al buffering capacity of microbiomes can disrupt their function
Fig. 3 .1) (Lloyd-Price et al. 2016 , Levy et al. 2017 ) leading to per-

anent shifts (Fig. 3 .2). Microbiome health is best assessed by
 v aluating functional capacity rather than taxonomy (Fig. 3 ) (Hut-
enho w er et al. 2012 , Lloyd-Price et al. 2016 , Brumlow et al. 2019 ),
o w e v er, without immediate functional c hanges, alter ed micr o-
iomes may have increased vulnerability to future stressors if
athobionts expand or commensals are lost (Fig. 3 .3). 

Ther e ar e v ery fe w studies that hav e explor ed the effects of
tressors on host health and disease resilience after the induction
f a skin or gill microbiome dysbiotic state. In one example, chan-
el catfish ( Ictalurus punctatus ) skin and gill microbiomes were
isrupted by the disinfectant potassium permanganate, causing
reater susceptibility to F. columnare challenge with increased mor-
ality compared to controls, indicating impaired host resilience
gainst this disease (Mohammed and Arias 2015 ). Another exam-
le is mosquitofish ( G. affinis ) with skin microbiome disruption by
ifampicin. Subsequentl y, mosquitofish wer e exposed to osmotic
tress or the pathogen Edwardsiella ictalurid , showing increased
ortality compared to controls (Carlson et al. 2017 ). Ho w ever,

n Atlantic salmon with AGD, no increased disease severity was
bserved in fish treated with oxytetracycline, despite gill micro-
iome compositional perturbations (Slinger et al. 2021b ). This sup-
orts the fact that a taxonomically perturbed microbiome may
till maintain functionality. Ho w e v er, v arying states of perturba-
ion can be induced by micr obiome str essors that r ender the host

ore susceptible to disease. It is worth noting that stressors can
lso exert direct impacts on immune function of fish mucosal tis-
ues (Ellison et al. 2018 , 2020 ) and in turn be a potential effector for
isruption of microbiome composition. Ho w ever, the highly inter-
onnected nature of immune and microbiome responses makes
t extr emel y difficult to separate these different effect pathways
hen considering fish mucosal surface responses to stressors, ne-

essitating a holistic a ppr oac h. 

athobionts in disrupted microbiomes 

 athobionts, typicall y harmless members of healthy microbiomes,
an become opportunistic pathogens in disrupted microbiomes.
or example, in rainbow trout, Staphylococcus warneri is nor-
ally nonpathogenic, but stress can facilitate its expansion and
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Figure 2. Microbiome shifts impacting animal health. Left-hand side (LHS): stressor-induced microbiome shifts depend on three factors: (1) stressor 
c har acteristics—dur ation and intensity must be sufficient to cause change. (2) Host individuality—each host’s unique microbiome affects its 
susceptibility and resilience to shifts, influenced by factors such as age , species , and immune status. (3) Environmental conditions—factors such as 
temper atur e, pH, and diurnal/seasonal patterns can impose selective pressures on mucosal physiology. The aquatic environment also acts as a 
reservoir for potential pathogens that exploit microbiome shifts. Right-hand side (RHS): the impact of stressors, the host, and/or environmental 
conditions may vary depending on the relative strength of the stressor/environmental condition and susceptibility of the host (indicated as low, 
medium, or high). Ev en a low str ength str essor can alter micr obiome functionality if the host is highl y susceptible , or the en vironment amplifies the 
effect. Health outcomes decline only if microbiome functionality is disrupted. 
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enhance the biofilm formation of the fish pathogen Vibrio anguillar- 
ium (Musharrafieh et al. 2014 ). While an increase in pathobionts 
does not necessarily lead to disease, it can signal a microbiome 
that is more susceptible to opportunistic infection. Illustrating 
this, brown and rainbow trout skin injuries were found to harbour 
∼9000 times more gene copies of the disease-causing oomycete 
Saprolegnia parasitica compared to healthy fish, despite showing no 
gross pathological signs of disease (Pavi ́c et al. 2022 ). Such patho- 
bionts enrichment can compromise future health, particularly if 
further str essors r educe the micr obiome’s functional ca pacity to 
resist disease. 

Dysbiotic microbiomes and disease states 

While diseases are typically attributed to specific pathogen(s), 
dysbiosis itself can be considered a ‘disease state’, contributing 
to multifaceted diseases lacking clear etiological agents. For ex- 
ample, white faeces syndrome (WFS) in shrimp ( Penaeus monodon 
and P. vannamei ) has been linked to gut microbiome dysbiosis 
(Alfiansah et al. 2020 , Wang et al. 2020b ). WFS-afflicted shrimp 

exhibit enrichment of Vibrio , Candidatus Bacilloplasma , Rhodobac- 
ter , Chitinbacter , and Lactobacillus , r educed alpha div ersity and ab- 
normal microbiome functionality and metabolic activities. It is 
unclear whether dysbiosis causes or r esults fr om WFS, but ex- 
periments following Koch’s postulates have helped elucidate the 
causativ e r elationship. Tr ansplanting dysbiotic micr obiota fr om 

WFS-affected shrimp into healthy ones induced WFS pathology 
and repeating this transplantation from newly diseased shrimp 

into healthy ones also induced WFS de v elopment. Conv ersel y,
tr ansplanting healthy micr obiota r e v ersed WFS pathology, sug- 
gesting dysbiosis as the cause of WFS manifestation (Huang et 
l. 2020 ). Adopting this a ppr oac h could both clarify the role of
tr essor-induced micr obiome disruption in disease and help dif-
er entiate between micr obiome dysbiosis as the cause versus
ymptom of increased disease susceptibility. 

utur e r esearch on fish skin and gill 
icrobiomes 

xpanding our understanding of health impacts 

lthough there is an increasing body of data on changes that oc-
ur in the m ucosal micr obiomes of fish in response to various
tr essors, man y of these are correlative analyses only. These de-
criptiv e c hanges furthermor e allow for infer ences onl y for im-
acts on fish health. Microbiomes can also differ consider abl y be-
ween individuals and for different en vironmental contexts , and
s such it is challenging to define a healthy microbiome taxonomi-
ally. Assessing the functionality of fish skin and gill microbiomes
s far better suited for understanding how different microbiome 
tates affect fish health. While studies on fish and human gut mi-
r obiomes hav e made significant pr ogr ess in understanding mi-
r obiome functionality, this le v el of insight is still lac king for fish
kin and gill microbiomes. 

Futur e r esearc h needs to include studies into how micr obes on
he skin and gill prime the host’s immune response, influence
nflammation, and incr ease r esilience to pathogens. Describing 
his ‘cross-talk’ between the microbiome and the immune system,
articularly how these interactions develop and maintain healthy 
kin and gill microbiomes, is essential for identifying mechanisms 
hat reinforce or weaken this pr otectiv e barrier. 
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Figure 3. Stress-induced perturbations of fish skin and gill microbiomes. (1) Stressors can shift a microbiome from one stable state to another. (2) In 
this new state, microbial composition changes, often with an increase in pathobionts and a decrease in commensals, but ov er all functionality for 
maintaining health is pr eserv ed. This stable state resists reversion due to the high ‘conceptual’ energy required for the shift. (3) Despite functional 
r esilience, alter ed micr obiomes may become mor e vulner able to disease, as the ‘conceptual’ ener gy needed to push the system into dysbiosis is 
r educed. Subsequent str essors may trigger this tr ansition, leading to disease onset. 
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The role of host genetics in shaping microbiome interactions
nd disease susceptibility is another m uc h-needed r esearc h ar ea.
lthough genetic factors influencing pathogen resistance have
een identified in species like Nile tilapia (Barría et al. 2021 , Vela-
vitúa et al. 2023 ), less attention has been paid to how host ge-
etics affects commensals. Identifying host genetics that promote
he integration of beneficial microbes into skin and gill micro-
iomes could inform selective breeding or genetic modification
fforts in aquacultur e. Suc h a ppr oac hes would str engthen the mi-
r obiome’s pr otectiv e r ole to impr ov e disease r esilience. 

Another promising avenue of research in fish health treatments
s the application of microbiome restoration techniques. Faecal

icr obiota tr ansplants (FMT) hav e shown success in r estoring
sh gut microbiomes and protecting against pathogens in other
ystems (Legrand et al. 2020 , Huang et al. 2020 ). Ho w e v er, to
ur knowledge, similar a ppr oac hes hav e not been applied to ad-
r ess major pr oblems of fish skin and gill diseases, suc h as AGD.
MT has successfully treated infections of antimicrobial-resistant
lostridium difficile in humans (Liubakka and Vaughn 2016 ), how-
 v er, it carries risks, including the introduction of pathogens and
ntimicr obial-r esistant bacteria (Ott et al. 2017 ). A more targeted
 ppr oac h might identify and cultivate groups of commensal taxa
hat help r estor e healthy micr obiome functionality on fish skin
nd gills. Unlike probiotic treatments, these strategies aim to
 eestablish entir e micr obial comm unities, offering mor e sustain-
ble and effective long-term protection. In addition to disease
 esistance, r estoring skin and gill microbiomes could promote
ound healing and tissue r egener ation, as some microbial taxa
ave been shown to aid these processes (Tomic-Canic et al. 2020 ).
nderstanding and manipulating beneficial microbes could un-

oc k ne w ther a peutic possibilities, expanding the scope of mi-
r obiome r esearc h beyond pathogen defence to include broader
ealth and r ecov ery benefits for fish. 

ools for ad v ancing functional understanding of 
sh skin and gill microbiomes 

esearch on fish skin and gill microbiomes has predominantly
ocused on microbial diversity and composition using 16S rRNA

etabarcoding, but this a ppr oac h lac ks insight into microbiome
unctionality. Methods to bioinformatically predict function from
hort hypervariable fragments of the 16S rRNA gene are ques-
ionable (Heidrich and Beule 2022 ), particularly in environmental
ystems as functional assumptions ar e lar gel y dr awn fr om hu-
an studies (Sun et al. 2020 ). To bridge this ga p, meta genomics

nd metatr anscriptomics pr ovide mor e r eliable functional pr e-
ictions for c har acterizing the metabolic pathways within (fish
kin and gill) micr obiomes. Meta genomics allows for the identifi-
ation of genes involved in, for example, nutrient cycling, biofilm
ormation, or antimicrobial resistance (Carda-Diéguez et al. 2017 ,
ell et al. 2023 ). Metatr anscriptomics pr ovides dynamic insights

nto the active metabolic pathways of the microbiome and can
ho w ho w micr obial comm unities activ el y r espond to str essors
ike pollutants , infections , or en vir onmental c hanges . T hese meth-
ds can provide a compr ehensiv e understanding of microbial ca-
abilities, but high host DNA content in fish skin and gill samples
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hampers microbial sequence recovery. Using host DNA depletion 

tec hniques during extr action or sequencing (Her avi et al. 2020 ,
Loose et al. 2016 ) can enrich the output of microbial sequenc- 
ing data to increase the fraction of microbial genes r ecov er ed 

in skin and gill samples. Additionally, to avoid host DNA, spe- 
cific genes and pathways of interest can be targeted by quantita- 
tiv e Pol ymer ase Chain Reaction (qPCR)/ digital dr oplet Pol ymer ase 
Chain Reaction (ddPCR). This refines functional profiling by allow- 
ing direct comparisons of functional markers of the microbiome 
(Crane et al. 2018 ). T hus , offering complementary insights into 
micr obiome str essor r esponses when combined with tr aditional 
metabarcoding a ppr oac hes. 

Metabolomics complements these genomic tools identifying 
the actual metabolic products of microbiomes, offering direct ev- 
idence of microbiome activity. For example, in gills of parasitized 

butterflyfish ( Chateodon lunulatus ), shifts in metabolomics profiles 
have been linked to specific changes in microbial taxa (Reverter 
et al. 2020 ), suggesting that microbial communities may influ- 
ence host metabolic pathways that are critical for maintaining 
tissue health or combatting infections. Tr ac king these shifts offers 
a real-time assessment of how micr obiomes functionall y r espond 

to changes in the environment or host health. 
Single-cell genomics combined with flow cytometry offers the 

ability to isolate and sequence individual microbial cells, even for 
those present at low abundance (Madhu et al. 2023 ). This method 

allows for the detailed study of r ar e but potentially critical mi- 
cr obial taxa, suc h as those involved in skin healing or immune 
modulation. By excluding host cells during isolation, single-cell 
genomics can provide high-resolution functional profiles of mi- 
crobiomes, helping to identify microbial genes responsible for an- 
tiinflammatory functions, wound repair, or resistance to external 
pathogens (Lloréns-Rico et al. 2022 ). Ho w e v er, to date, this tech- 
nology has not been applied to gain a functional understanding 
of fish microbiomes. 

Finally, in vitro model systems such as synthetic fish skin with 

engineer ed micr obial comm unities pr esent a tr actable tool for 
studying microbiome colonization, biofilm formation, and inter- 
actions with environmental stressors in a controlled environment. 
These synthetic models have been developed to simulate human 

skin (Lekbua et al. 2024 ) and Atlantic salmon gut microbiomes 
to assess the microbiome impacts of prebiotic treatments (Ka- 
zlauskaite et al. 2021 , 2022 ). If de v eloped to sim ulate fish skin 

or gill mucosal microbiomes, researchers could manipulate stres- 
sors to observe functional microbial responses, while removing 
the variability and ethical issues of live fish experimental systems.

Mo ving be yond the single-stressor par adigm 

Most studies r e vie wed hav e experimentall y a pplied a single stres- 
sor, often overlooking other contributing factors. Ho w e v er, str es- 
sors r ar el y occur in isolation and ar e gener all y inter activ e, poten- 
tially ad diti ve, or even synergistic in their effects on system re- 
silience. Illustrating this in barramundi ( Lates calcarifer ), together 
cold water str ess, mec hanical skin wounding, and pathogenic 
challenge b y V. harve yi caused incr eased mortality r ates when a p- 
plied cum ulativ el y (Samsing et al. 2023 ). Assessing the interac- 
tive effects of multiple environmentally relevant stressors on mi- 
crobiomes that underpin health will become increasingly impor- 
tant in the face of climate change, as fish will incr easingl y experi- 
ence environmental conditions outside their normal physiological 
ranges, both in the wild and in aquaculture. 
se of microbiomes and microbial biomarkers in 

ealth management 
ome studies have identified microbiome biomarkers, such as the 
r olifer ation of pathobionts or elimination of commensals, to sig-
ify changing health outcomes or disease onset in fish (Mougin
nd Joyce 2023 ). For example, the bacterial species Mycoplasma 
hows pr ov en host-commensal coe volution patterns in Atlantic
almon gut microbiomes (Rasmussen et al. 2023 ). Mycoplasma 
bundance increases with diet supplementation with prebiotics 
Baumgärtner et al. 2022 ) but decreases with parasitic gut ces-
ode (Brealey et al. 2022 ) and bacterial skin infection (Bozzi et al.
021 ). Alternativ el y, pathobionts act as negative biomarkers for
ealth. Ho w e v er, pathobionts ar e often ina ppr opriatel y catego-
ized according to taxonomic similarity to known pathogens, typ- 
cally at the genus level which can include commensal microor- 
anisms (Jochum and Stecher 2020 ). For example, many species
nd strains within a genus such as Pseudomonas ha ve pro ven pro-
iotic and mutualistic properties but also include pathogenic taxa 
Ringø et al. 2022 ). 

Biomarker identification (of both commensals and patho- 
ionts) is context-dependent, with interindividual variation oc- 
urring for both fish microbiomes and stressor responses. Future 
 esearc h needs to coordinate efforts to identify biomarkers, po-
entiall y thr ough meta-anal yses (Bell et al. 2024 ) that identify
onserv ed micr obiome r esponses to str essors that contribute to-
 ar ds adverse health outcomes. Biomarker responses can then
e assessed through longitudinal studies during disease e v ents or
tr essor exposur e. Knoc k-out experiments might be emplo y ed to
lucidate the functional health contributions play ed b y specific
ommensals. Once functional importance is confirmed within a 
efined micr obiome, suc h as Mycoplasma in the gut of Atlantic
almon, using specific biomarker taxa in monitoring should pro- 
ide a valuable tool to assess fish health and disease pr ogr ession,
n both wild fish and aquaculture settings. 

oncluding remarks 

hysical, c hemical, and biological str essors cause div erse and
ultifaceted disruptions to fish skin and gill microbiomes, gen- 

r all y r esulting in shifts of micr obial div ersity, the pr olifer a-
ion of pathobionts, and the depletion of commensals. Ho w e v er,
unctional redundancy ensures microbiome resilience, allowing 
 system to resist dysbiosis and maintain host health e v en with
hanges in microbial composition. In turn, this emphasizes the 
rucial need to understand alterations that lead to disruptions of
icrobiome function. A better understanding of the functional re- 

undancy of these microbiomes is an important element in these
unction-directed studies and in determining their resilience to 
isruption. Skin and gill microbiomes are dynamic entities, ex- 
ibiting a very wide range of different states, and no single profile
efines a discrete state of health or disease. Emer ging e vidence in-
icates that cum ulativ e str essors, r ather than single e v ents, dis-
upt these functional states, leading to disease. Ho w e v er, most
tudies use correlational data, making causation unclear. Future 
 esearc h should isolate specific mechanisms linking stressors to
icrobiome disruption and disease. Understanding the interplay 

etw een functional redundanc y and micr obiome r esilience is es-
ential for mitigating disease in aquaculture while supporting re- 
ilient fish populations and ecosystem stability. 
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