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Abstract

For more than a century, bacterial infections caused by Vibrio spp. have affected various
species of mussels around the world, with limited insights into the responses implemented
by mussels against these infections. A combination of chemical analyses and carefully
selected biological endpoints from haemolymph and tissues can be used to identify the
welfare status of mussels and potentially protect aquatic ecosystems from catastrophic
health threats. Recent developments in biomarker identification tools, such as omics and
bioinformatics, have been successfully applied to evaluate the effect of environmental pol-
lutants and other chemicals on mussels. However, the application of biomarkers to assess
mussel health is limited. This review describes the available scientific literature on bio-
marker research for Vibrio-mussel interactions, and those aspects related to mussel health
and disease assessment, grouped as biomarkers of exposure, effects, and susceptibility.
From the review, it is clear that when integrated biomarkers are used, they can provide a
deeper understanding of the relative health and potential susceptibility of mussels for bet-
ter management practices. Furthermore, health biomarker data can be used to build resil-
ience in mussels against climate change conditions, strengthen biosecurity management
programs, improve farming and processing efficiency, and add value in terms of market-
desirable traits. These data hold promise for advancing sustainability efforts within the
aquaculture industry.
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Introduction

Biological contamination of aquatic environments, by means of bacteria, viruses, parasites,
and harmful algal blooms, can have a significant impact on marine organisms, the environ-
ment, and human health. These biological contaminants can disrupt living organisms at
various scales (from cell to ecosystem) (Zaghloul et al. 2020). To mitigate the potential
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adverse effects of biological contamination, it is essential to develop tools for monitoring
impacts as diagnostic and early-warning systems.

Biological monitoring, often referred to as biomonitoring, involves the ongoing and sys-
tematic observation of living organisms or their natural responses within the environment
to assess environmental quality (Prabhakaran et al. 2017). This approach typically centres
around the examination of specific biomarkers in selected sentinel species, known as “bio-
monitors”, which serve as indicators of interest (Dallarés et al. 2018).

Organisms must possess specific attributes to be considered a potential biomonitor spe-
cies for assessing aquatic diseases (Holt and Miller 2010). These characteristics encompass
being: (1) abundant in the aquatic environment, (2) easy to handle, assemble, and identify;
(3) relatively long-lived; (4) of an appropriate size for tissue sampling; (5) adaptable to
laboratory conditions; (6) suitable for assessing aquatic ecosystem health; (7) capable of
accumulating disease markers at levels present in their surroundings without experiencing
detrimental effects; and (8) able to demonstrate a swift response to early exposure to vari-
ous aquatic pathogens. Bivalve molluscs, especially mussel species, adequately fulfil these
criteria (Fig. 1). Therefore, they are recognised as reliable models for monitoring diseases
in aquatic ecosystems (Newton and Cope 2006; Lucy et al. 2008; Geba et al. 2020; Bigot-
Clivot et al. 2022; Chahouri et al. 2022).

Research in the field of environmental science extensively documents the use of bio-
markers to assess marine water contamination, which has been widely used and vali-
dated in both laboratory and field studies (Langston et al. 2007; Amiard et al. 2000;
Lomartire et al. 2021). Biomarkers can be used during pollution monitoring to help
detect problems caused by hazardous substances at the sub-cellular level, before they
become evident at higher biological levels (Langston et al. 2007). Consequently, there
has been a growing need to develop reliable biomarkers to identify and monitor the
effects of contaminants in mussels, especially at low concentrations (Leprétre et al.
2022). Research in the field of marine environmental monitoring aims to establish spe-
cific limits for the application of biomarkers. These limits are determined by the regular
and systematic use of natural responses of living organisms as indicators. The Inter-
national Council for Exploration of the Sea (ICES) and the Oslo—Paris Commission

Being abundant in the aquatic
environment

Immediate response to early exposure to
various aquatic pathogens

Easy to handle, assemble,

Capable of accumulating and identify

disease indicators

Suitable for assessing
aquatic diseases
Adaptable to laboratory

conditions

Fig. 1 Mussels as an ideal biomonitoring species for assessing aquatic diseases
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(OSPAR) have jointly established a framework for a comprehensive evaluation of the
impact of contaminants in coastal and offshore regions (Hagger et al. 2006). Baseline
assessment criteria represent the normal biological state in healthy organisms, while
ecotoxicological assessment criteria signify the point at which significant immediate
and long-term detrimental biological consequences are likely to manifest (Leprétre et al.
2022). Most of our knowledge about applying threshold values in biomonitoring studies
comes from detecting non-biological contaminants, for example, xenobiotics and radi-
ation. These studies have mainly focused on incorporating environmental factors that
amplify their effects in natural settings (Pain et al. 2007; Kamel et al. 2014), but they
have not concentrated on examining the connection between biomarker responses and
microbiological contamination. Since microbiological contamination often goes hand
in hand with chemical pollution and climate change (e.g. marine heatwaves, ocean acid-
ification), it makes sense to investigate how organisms respond to different levels of
microbiological contamination (Goh et al. 2017).

Biomarkers can be grouped as exposure, effect, and susceptibility biomarkers, as well as
general stress and specific biomarkers, which will be explained later in this review. Various
diagnostic biomarker techniques have been developed to monitor the health of aquatic eco-
systems and are known for their accuracy and cost-effectiveness in early-warning microbial
contamination. Biomarkers utilised when dealing with microbiological contamination can
identify molecular, biochemical, physiological, genetic, and cellular changes in organisms
exposed to biological contaminants (Qureshi and Niazi 2020). These changes occur due
to the interaction of three factors: the host, the microbes, and the environment (Lane et al.
2022), known as the epidemiological triangle. The scientific literature on microbiologi-
cal contamination has enhanced our understanding of how organisms react to microbes by
triggering identifiable biomarker responses. In this review, we will demonstrate this con-
cept by focusing on mussels affected by marine bacteria in the genus Vibrio, and their asso-
ciated biomarker responses. This bacterial group makes an ideal model / biological entity
for testing ecological theories, because the bacteria species within are ubiquitous in the
aquatic environment, use different hosts across trophic levels, and are relatively easy to
manipulate in the laboratory (Chimalapati et al. 2020; Destoumieux-Garzén et al. 2020).
Additionally, Vibrio spp. have been implicated in mussel mortality events (Li et al. 2020;
Nguyen and Alfaro 2020), manifesting in diseases and infections which can impact wild
mussel populations and the commercial mussel farming sector (Azizan et al. 2023d). It is
important, to note that variations in biomarker responses within aquatic environments are
also often influenced by a range of environmental factors, such as temperature, salinity,
diet, and seasonal changes (Hagger et al. 2006). Besides the impact of abiotic factors, it is
essential to consider the potential influence of inherent differences in morphology and bio-
chemical/physiological conditions among exposed organisms when measuring biomarker
responses. Biological variability may encompass variations in biomarker reactions between
genders, age groups, sizes, genotypes, and/or at different stages of reproduction or growth
(Hook et al. 2014).

In this review, we present mussel biomarkers previously identified and their relevance to
mussel health monitoring programs, particularly in the context of exposure to Vibrio spp.
pathogens. This work includes 91 peer-reviewed articles which fulfil five required criteria.
The papers had to (1) report on a Vibrio spp. that had been found to infect and/or inhabit a
mussel species, (2) report Vibrio spp. infection concentrations (CFU/mL) which the mus-
sel was exposed to, (3) include a robust experimental design with replication of control
and bacterial treatments, (4) utilise analytical methods to measure the mussel’s response
to infection, and (5) report biomarker responses following infection. These biomarker
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responses to various environmental pollutants are discussed as well as their potential as
monitoring tools in biomonitoring programs.

Pathogenesis of vibrios

In the late nineteenth and early twentieth centuries, knowledge of shellfish-transmitted bac-
terial diseases emerged, with Vibrio spp. identified to cause about 20% of the outbreaks
(Potasman et al. 2002). These Vibrio species in the Family Vibrionaceae, are versatile
gamma-proteobacteria found in various aquatic environments (Thompson et al. 2004;
Takemura et al. 2014). These bacteria encompass eight genera, including Aliivibrio, Echin-
imonas, Enterovibrio, Grimontia, Photobacterium, Salinivibrio, Vibrio, and the newly
described Thaumasiovibrio, with more species yet to be found (Sawabe et al. 2013; Amin
et al. 2017). Their metabolic flexibility and genetic variability contribute to their high col-
onisation potential, with Vibrios prevalent in diverse organisms, including plants, algae,
zooplankton, and molluscs (Kesarcodi-Watson et al. 2009a; McFall-Ngai et al. 2013; Take-
mura et al. 2014; Le Roux et al. 2016; Le Roux and Blokesch 2018; Destoumieux-Garzén
et al. 2020). Vibrio spp. are often described as pathogens of mussels, as they damage the
host upon infection and can threaten shellfish farming (Travers et al. 2015; Destoumieux-
Garzoén et al. 2020). Investigating factors that contribute to Vibrio abundance is important
to support public health programs and for economic trading.

Vibriosis in mussels is less recognised compared to in other bivalves (such as oysters
and clams), since mussels are often seen as resilient to Vibrio infections with few mass
mortality events linked to Vibrio spp. (Stabili et al. 2005). Mussel mass mortalities have
been attributed to environmental factors, chemical contaminants, intraspecific competition,
and predation (Domeneghetti et al. 2014; Charles et al. 2020a; Romero et al. 2014). Vibrio
pathogens are frequently detected in impacted mussel populations. For example, V. splen-
didus has been reported in diseased adult Mytilus edulis (Ben Cheikh et al. 2016, 2017),
haemolytic Vibrio parahaemolyticus has been found in farmed green mussel samples (Ong
et al. 2023), and V. splendidus and V. coralliilyticus/neptunius—like strains have been shown
to be associated with high mortality rates in larval Perna canaliculus (Kesarcodi-Watson
et al. 2009b). Despite the various mussel mortality and Vibrio spp. associated studies, it is
still uncertain whether Vibrio pathogens cause mussel mortality under normal conditions
and/or in the presence of additional stressors (Eggermont et al. 2017; Destoumieux-Garzén
et al. 2020; Lupo et al. 2021; Richard et al. 2021; Harrison et al. 2022).

Infections of Vibrio spp. in mussels also rely on various factors that enable these
bacteria to colonise the host, evade immune responses, invade host tissues, and per-
sist within the host (Fig. 2). Vibrios utilise a range of molecular strategies to infect
mussels, although our insights largely stem from a limited number of model strains,
including V. splendidus (Zhang and Li 2021), V. parahaemolyticus (Ashrafudoulla et al.
2019), V. alginolyticus (Najwaa et al. 2015), V. tasmaniensis LGP32, V. aestuarianus
01/032 (Destoumieux-Garzén et al. 2020), and V. crassostreae (Islam et al. 2022).
However, previous studies have identified several virulence factors contributing to the
virulence of this bacterial group. Outer membrane proteins (OMP), thermolabile hae-
molysin (TLH) encoded by #/h genes, collagenases, gene toxR, toxRS, and cholera tox-
ins (Najwaa et al. 2015), as well as biofilm associated genes (thermostable direct hae-
molysin encoded by tdh gene; VP950 encoding a lipoprotein-related protein), adhesion
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Fig.2 Key mechanisms associated with both bacterial invasion (i.e. virulence factors) and the interaction
with mussel cells. To achieve successful colonisation within mussel hosts, Vibrio pathogens undergo uptake
through the gills and employ mechanisms to evade the host’s immune system

factors (Ashrafudoulla et al. 2019), and the quorum sensing system as regulatory factor
(Islam et al. 2022), have been described as contributing factors in mussel pathogenesis.
Despite advances in our understanding of how pathogenic Vibrio spp. interact with
mussels, further research is crucial for effectively using biomarkers to monitor mussel
health (Newton and Cope 2006; Charles et al. 2020b; Destoumieux-Garzoén et al. 2020).
Future studies targeting Vibrio spp. infections in mussels should (1) acknowledge that
Vibrio spp. infections are among crucial factors influencing mussel physiology across
all life stages; (2) recognise the ubiquitous nature of Vibrio spp. in the marine environ-
ment, including within sediments, biofilms, and aquaculture farms with various marine
life coexisting; (3) consider how environmental conditions, such as temperature, pH,
salinity, nutrient levels, and seasonal variations impact Vibrio spp. presence and their
concentrations (Vezzulli et al. 2013; de Souza Valente and Wan 2021); (4) understand
that Vibrio spp. transmission occurs primarily through waterborne routes and direct
contact; (5) be conscious that pathogen responses in nature are more complex than
in the laboratory; (6) establish comprehensive baseline biomarker data gathering to
differentiate between normal variability and Vibrio pathogen—induced stress; (7) com-
prehend that if the assessment method oversimplifies pathogenicity, it can lead to misi-
dentification of Vibrio spp. at low concentrations; and (8) target disease progression
studies from early to pathological stages, to provide a direct measurement of the Vibrio
spp. exposure over time. Ultimately, comprehensive knowledge of the pathophysiology
and pathogen identification are essential for the initial identification of candidate bio-
markers, which is, gaining insight into both the effects of the Vibrio pathogen on the
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mussel (host) and the subsequent responses of the mussel. For biomarkers to serve as
reliable and useful tools for detecting and monitoring aquatic environmental risks, it is
advised to stablish these criteria for each candidate biomarker.

Biomarker characteristics and potential roles

Biomarkers can be characterised in numerous ways. To ensure consistency, the follow-
ing definitions for sets of biomarkers are used in this review, as derived by Kroon et al.
(2017). Firstly, biomarkers of exposure are markers that indicate a response following
exposure, generally an early response signal to stressors and contaminants. For exam-
ple, these are markers which tell us what happens as soon as mussels are exposed to
Vibrio spp. Secondly, biomarkers of effect are markers representative of changes due
to exposure, typically associated with a specific condition. For example, these mark-
ers showcase the physiological response of mussels due to infection with Vibrio spp.
Thirdly, biomarkers of susceptibility are markers indicative of an organism’s likeli-
ness to develop a disease, based on the organism’s inherent ability to respond to a chal-
lenge. For example, these markers may be used to determine if mussels from selective
breeding programs will be able to survive Vibrio spp. infections (Fig. 3). Considering
that biomarkers lie on a continuum, it is important to keep in mind that it may be dif-
ficult to distinguish between biomarkers of exposure and effect (Hook et al. 2014).

For a biomarker to be used in risk assessments linked to ecosystem and organismal
health, they need to meet certain criteria (Oliver and Fisher 1999; Newton and Cope
2006; Moore et al. 2007; Ryan et al. 2007; Hook et al. 2014; Kroon et al. 2017; Brosset
et al. 2021). Even though the criteria are fluid, with large variations for discovery to
validated biomarkers, the following qualities are desired when looking for biomark-
ers (Fig. 3). An ideal biomarker would: (1) be easy and safe to collect, transport, and
store; (2) be easy to measure and analyse; (3) possess a long half-life, with clarity on
the time-relationship from exposure to response and persisting effects; (4) be relatively
cheap to monitor; (5) be robust and rapid to analyse; (6) be representative of a large
sample size; (7) show sensitivity to the variations in populations (e.g. from different
geographical regions, seasonal trends, gender differences); (8) be distributed over wide
spatial and temporal ranges of health outcomes; (9) allow quantifiable results; and (10)
result in reproducible results.

In mussel health assessment, biomarkers can be detected in haemolymph, extrapal-
lial fluid, and soft tissues, such as gills, digestive glands, gonads, and adductor muscle.
The samples may then be used to form a biosignature profile describing the biochemi-
cal and physiological state of the host as a whole (Newton and Cope 2006; Brooks
et al. 2009; Waller and Cope 2019). Linking biomarkers with mussel health can be of
great value for diagnosis of disease (e.g. vibriosis), as they can be useful in the fol-
lowing areas: (1) early suspicion of disease which could trigger further study of a site;
(2) confirmation and classification of disease severity; (3) identification of high risks
cohort; (4) rationalising treatments; (5) assessing responses to treatment; (6) predict-
ing outcomes; and (7) monitoring tool to follow the health of a site over time (World
Health Organization 1993, Paillard et al. 2004; Gestal et al. 2008; Brosset et al. 2021).
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Fig.3 Types and characteristics of biomarkers to be used in risk assessments linked to ecosystem and
organismal health

Biomarkers detected in mussels in response to Vibrio spp. infection

Mussels are constantly being challenged by changing environments, making them more
susceptible to diseases (Delorme et al. 2021). Consequently, numerous approaches have
been developed to evaluate mussel health, with a growing focus on the investigation of
physiological biomarker responses to stress. A critical review of the current literature on
biomarker research provides an opportunity to synthesise the accumulated knowledge and
assess their potential applications.
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Biomarkers of exposure

Biomarkers of exposure can indicate an early response to infection (exposure) and are gen-
erally indicative of the extent to which an organism is exposed to a given stressor. While
focusing on Vibrio spp. infections in mussels, biomarkers of exposure are classified as bio-
transformation intermediates, oxidative stress markers, metabolites and proteins, haemato-
logical parameters, and immunological parameters.

Biotransformation intermediates

The glutathione antioxidant system is vital for cellular defence against free radicals and
oxidants (Meister 1988). Glutathione (GSH) neutralises free radicals and reactive oxy-
gen species (ROS), enzymatically converting GSH to glutathione disulfide (GSSG),
which is then reduced back to GSH by nicotinamide adenine dinucleotide phosphate
(NADPH)—dependent glutathione reductase. GSH also forms glutathione-S-transferase
(GST) during detoxification processes. Furthermore, GSH is essential for activating
immune cells during immune challenges (Wu et al. 2004). GSH levels are widely used as a
biomarker of metal, organic hydrophilic contaminants, and some types of pesticides expo-
sure (Laitano and Ferndndez-Gimenez 2016). Laboratory-based studies infecting mussels
with Vibrio splendidus, V. anguillarum, and V. harveyi have shown increased GST enzyme
activity (Canesi et al. 2010; Liu et al. 2015). Metabolites linked to GSH:GSSH and total
GSH have also been found to be increased in mussels (P. canaliculus) infected with Vibrio
spp. DO1 (V. coralliilyticus/neptunius—like isolate) (Nguyen et al. 2019a). In addition, GST
has been detected in M. galloprovincialis, and Elliptio complanata following V. anguil-
larum infection (Canesi et al. 2010; Wu et al. 2013; Ji et al. 2013; Frangois et al. 2015), and
are closely tied to antioxidant defence systems, resulting in ROS production (Table S1).
However, caution should be exercised when measuring biotransformation intermediates, as
these compounds are typically unstable or can be converted into other forms. This compli-
cates the pre-analytical handling of samples before measuring the response (Langston et al.
2007; Ho et al. 2013).

Oxidative stress markers

Biomarkers related to oxidative stress are frequently used in mussel assessment after
exposure to pathogenic bacteria, as summarised in Table S2. Oxidative stress results from
an imbalance in the production of oxidising species (e.g. ROS and oxygen free radicals)
(Kroon et al. 2017; Delorme et al. 2021). Prolonged oxidative stress can cause enzyme
inactivation, lipid peroxidation (LPOx), deoxyribonucleic acid (DNA) damage, and lead
to apoptosis or cell necrosis. It has been well established that mussels have an effective
antioxidant system, enabling a balance of basal level free radical production (Kroon et al.
2017). Oxidative stress markers, such as enzymatic superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidases (GPOx), LPOx, ROS, defensin, lysozyme, and metallothio-
nein, have been explored as indicators of oxidative stress in mussels exposed to Vibrio spp.
In all assays that rely on individual antioxidant enzymes, it is essential to establish well-
defined baseline levels and precisely measure the natural variations.
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Superoxide dismutase (SOD) This enzyme converts superoxide anions to hydrogen per-
oxide, of which catalase (CAT) detoxifies, maintaining a balance in hydrogen peroxide
(H,0O,) levels (Kroon et al. 2017), and prevents the generation of highly toxic hydroxide
ions (OH™) (Fridovich 1973). Serving as a first line of defence against reactive oxygen spe-
cies (ROS), superoxide dismutase (SOD) is classified into three main types: copper/zinc
(Cu/Zn)-SOD found in eukaryotic cytosols, manganese (Mn)-SOD located in mitochon-
dria, and iron (Fe)-SOD present in bacteria (Geret et al. 2004). SOD activity significantly
increased in Mytilus edulis exposed to various Vibrio strains (V. tubiashii, V. splendidus, V.
parahaemolyticus, V. tubiashii, V. splendidus, and V. alginolyticus), suggesting a protec-
tive mussel response against free radical damage caused by bacterial infection (Parry and
Pipe 2004; Tanguy et al. 2013a; Hernroth et al. 2016). This protective response, of elevated
SOD activity, is similarly observed in M. galloprovincialis and Pinna nobilis when chal-
lenged with V. harveyi and other Vibrio spp. (Kiinili et al. 2021). Both Cu/Zn-SOD and
Mn-SOD play pivotal roles in mitigating oxidative damage and may be a sensitive marker
for bacterial infection. Cu/Zn-SOD, in particular, is essential for mussel metabolism, acting
as an efficient scavenger of free radicals, while Mn-SOD, originating as a mitochondrial
precursor protein, becomes crucial in the cytoplasm after the cleaving of signal peptides
(Wang et al. 2010; Wu et al. 2017; Sendra et al. 2020). To date, the extensive research into
the application and validation of SOD measures has resulted in a simple low-cost spectro-
photometric assay and also molecular techniques are being routinely employed to measure
SOD in invertebrate species (Wang et al. 2010; Wu et al. 2017; Sendra et al. 2020).

Catalase (CAT) This is an enzyme which catalyses the decomposition of H,0, into water
and oxygen, thereby maintaining optimum H,O,, crucial for cell signalling processes
(Nandi et al. 2019). The defensive role of CAT against H,O, from pathogen infections is
evident in various mussel tissues, including haemolymph (Table S2). In a study on M. gal-
loprovincialis, catalase activity was stimulated in the digestive gland following infection
with V. splendidus and V. anguillarum, respectively (Canesi et al. 2010). The use of CAT
as a biomarker against V. splendidus LGP32, has been highlighted by Sendra et al. (2020),
who reported up-regulation of catalase messenger RNA (mRNA) expression following
infection in M. galloprovincialis. In a study by Bao et al. (2018), explicit expression of a
McCAT gene was found in the hepatopancreas of M. coruscus following infection with V.
parahemolyticus and A. hydrophila. In tissues of P. nobilis, co-infections between V. har-
veyi and other Vibrio spp. showed increased CAT activity revealing that the organism was
facing oxidative stress due to the bacterial co-infection (Kiinili et al. 2021). These reports
show that pathogenic bacteria could induce high expression of CAT in mussel tissues and
CAT is a typical inducible protein, which plays an important immune defence role on the
invasion of bacteria (Bao et al. 2018), and highlights CAT as a biomarker when concerned
with prevention of oxidative stress damage.

Glutathione peroxidases (GPOx) In the mitochondria (and sometimes in the cytosol),
GPOx reduces H,0, to water, and lipid peroxides to their corresponding alcohols. Specifi-
cally, this enzyme inhibits the lipid peroxidation process and thus protects cells from the
harmful effects of oxidation (Vidal-Lifidn et al. 2015). Currently, there are only two studies
which report GPOy activity in mussels (P. nobilis and Bathymodiolus azoricus), mainly
focused on detection of their presence or variation in response to Vibrio spp. infection.
In the first study, GPox activity increased significantly in the gills and digestive glands
of Pinna nobilis, measured by low-cost spectrometric assay following co-infection of
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Haplosporidium pinnae and multiple Vibrio infections (Kiinili et al. 2021). In the second
study, glutathione peroxidase I (GPOx1) was up-regulated in digestive gland and gill tis-
sues after mussels were challenged with V. alginolyticus, V. anguillarum, and V. splendidus
suspensions (Martins et al. 2014). These studies reveal increased GPOy levels, which may
be associated with a decrease in the harm caused by H,O, generated after invasion by the
pathogen (Ren et al. 2009). To date, discerning the causes of variability in GPOy levels has
been challenging due to susceptibility to numerous biotic factors, such as seasonal vari-
ation (Martins et al. 2014). Future studies must consider measuring superoxide radicals,
hydrogen peroxide concentration, and GPOy activity in mussels to comprehend the impact
of Vibrio spp. infections.

Lipid peroxidation (LPOX) LPOy occurs as a result of oxidation of polyunsaturated fatty
acids due to oxidative stress, and can be quantified by measuring the LPOx degradation
products, such as lysosomal lipofuscin, aldehydes, acetone, and malondialdehyde (MDA)
(Kroon et al. 2017). Only a few studies have identified LPOy activity in mussels as indica-
tor of oxidative stress caused by Vibrio spp. pathogens. In one example, it was found that
both V. splendidus and V. anguillarum induced the accumulation of lysosomal lipofuscin,
an end-product of lipid peroxidation, in the digestive gland of M. galloprovincialis (Canesi
et al. 2010). Another study showed that freshwater mussels (Elliptio complanata) which
were co-exposed to municipal effluents and V. anguillarum infection had increased level of
MDA-TBA, adducts [thiobarturic acid reactants (TBARS)] in the digestive glands (Fran-
cois et al. 2015). MDA levels were also observed to be higher in the gills of P. canaliculus
under 24 and 120 h pathogenic bacterial (P. swingsii) challenge at different temperatures
(16 °C and 24 °C) (Azizan et al. 2023b). These findings suggest dysfunction of the anti-
oxidant system in mussels, as a measure of lipid peroxide performance as a consequence
of bacterial infection. Lipids can be influenced by various abiotic- and biotic-driven differ-
ences in biomarker response. Therefore, elevated LPOx levels may not exclusively indicate
Vibrio-related stress.

Reactive oxygen species (ROS) ROS production is necessary for the elimination of micro-
organisms, such as viruses, bacteria, fungi, and protozoa within the host, via the activation
of respiratory burst (Deretic et al. 2013). ROS over-production tends to induce oxidative
damage to various cellular components, such as lipids, proteins, and nucleic acids. In sev-
eral studies, where mussels were infected with Vibrio spp., increased ROS was reported
(Table S2). The bacterium V. splendidus enhanced significantly the up-regulation of ROS
in haemolymph samples of M. edulis (Tanguy et al. 2013a). Increased ROS in M. gallo-
provincialis were reported following infected with V. anguillarum, V. alginolyticus, and
V. splendidus LGP32 (Garcia-Garcia et al. 2008; Costa et al. 2009; Wang et al. 2013b;
Sendra et al. 2020). P. canaliculus also showed increased ROS production in response to
Vibrio spp. DOI (V. coralliilyticus/neptunius—like isolate) infections (Nguyen et al. 2018b;
Ericson et al. 2022). From these papers, it can be concluded that Vibrio spp. infections trig-
ger oxidative burst, leading to the rapid production of ROS to combat and destroy invading
bacteria. Along with higher ROS comes impaired cellular functions following oxidative
damage, highlighting the need to measure oxidative stress markers in tandem to character-
ise the cellular redox status of mussels following Vibrio spp. infections.

Defensin and lysozyme These are important defence molecules which play a vital role
in anti-oxidative stress and immune defence systems (Zhao et al. 2010a, 2010b). Both
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are antibacterial components that have been characterised in marine molluscs (Oliver and
Fisher 1999). After challenging M. galloprovincialis with V. harveyi, mRNA expression
levels of these two stress-responsive genes were significantly up-regulated in the hepato-
pancreases of both male and female mussels (Liu et al. 2014b). Varying responses of
defensin were further detected in different V. harveyi infected tissues, with the digestive
gland defensin mRNA more up-regulated than gill samples (Liu et al. 2014b). Lysozyme-
like activities were also reported in M. galloprovincialis following injection with V. algi-
nolyticus, V. aestuarianus 01/032 (V.a.), V. splendidus 1LGP32, V. anguillarum, and in a
second study injection with Micrococcus lysodeikticus, and exposure to temperature stress
(Li et al. 2009; Balbi et al. 2013; Laith et al. 2021). Up-regulated defensin and low levels of
lysozyme were also found in 2-day-old D-larvae of M. edulis following a 48-h Vibrio chal-
lenge, supporting involvement of these compounds in immune functions in the early devel-
opment phase of mussels (Van Hung et al. 2019). Both defensin and lysozyme are antibac-
terial components that have been characterised in marine molluscs (Liu et al. 2013) and
can serve as indicators of immune stress induced by Vibrio spp. infections. Additionally,
these biomarkers have shown consistent changes due to a number of Vibrio species infec-
tions (Van Hung et al. 2019), making it a potential biomarker for assessing mussel health.

Metallothioneins (MTs) MTs are highly conserved, low-molecular-weight, cysteine-
rich non-inducible enzymatic proteins that participate in metabolism of essential metals,
their detoxification, and scavenging of oxyradicals (Sigel et al. 2015). Aquatic patho-
gens or oxidative stress—producing chemicals trigger the expression of MT as a defence
response. Canesi et al. (2010) reported that mussels (M. galloprovincialis) infected with
both V. splendidus and V. anguillarum resulted in oxidative and immune stress with sig-
nificant over-expression of MTs involved in antioxidant and immune functions, measured
by molecular techniques. In a study by Ge et al. (2020), after infection by V. parahemolyti-
cus, the expression of Mytilus coruscus metallothionein (McMT) in hepatopancreas tissue
increased until 24 h later, and then showed a slow decline. Bacterial endotoxins, as pro-
duced by Vibrio spp., are known to generate oxygen-derived products and inflammation
within mussels, with induced expression of MT to follow (Table S2). MT are increased for
cellular protection, scavenging free radicals and acting as anti-inflammatory mediators (Ge
et al. 2020).

Metabolites, genes, and stress proteins

Various metabolomic studies have identified metabolic changes associated with both
endogenous (effect biomarkers) and exogenous (exposure biomarkers) metabolites during
disease progression and Vibrio spp. infection (Table S3). Vibrio spp. exposure typically
leads to significant disruptions in the host’s energy metabolism, osmotic regulation, oxi-
dative stress responses, signalling pathways, and respiratory mechanisms. Recent metabo-
lomic investigations of mussel immune responses to Vibrio spp. infections have revealed
that specific metabolite biomarkers vary depending on factors such as the Vibrio strain (Ji
et al. 2013; Liu et al. 2014b, c; Nguyen et al. 2018a), the different tissues (Nguyen et al.
2019b; Liu et al. 2014a), the sex of the host (Ellis et al. 2014; Liu et al. 2014c; Nguyen
et al. 2018a), and environmental conditions (e.g. thermal stress, pollution) (Francois et al.
2015; Frizzo et al. 2021). Some of the affected metabolites in mussels following Vibrio
spp. infections include glucose, glycine, betaine, homarine, threonine, alanine, aspartate,
taurine, succinic acid, itaconic acid, and branched-chain amino acids (BCAAs). Amino
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acids, in particular, are crucial nutrients for pathogens and host defence mechanisms (Ren
et al. 2018).

Vibrio spp. infections in mussels have been associated with significant alterations in
amino acid and fatty acid metabolism, as well as protein synthesis related to immune func-
tions. For instance, in Perna canaliculus infected with Vibrio sp. DOI1 (V. coralliilyticus/
neptunius—like isolate) (Nguyen et al. 2018a, 2018b, 2019b), itaconic acid was proposed
as a potential biomarker, acting as an antimicrobial metabolite and supporting mussel
immune functions (Nguyen and Alfaro 2019). The osmolyte function of amino acids in
molluscs has been demonstrated where increases of hypotaurine, homarine, and glycine,
and decreases dimethylglycine, taurine, and betaine were linked to osmotic stress induced
by V. harveyi in M. galloprovincialis (Liu et al. 2014b). Also, alterations in metabolites
such as glutamine, succinate, aspartate, glucose, ATP, homarine, and tyrosine indicated
that V. anguillarum could induce disturbances in osmotic regulation and energy metab-
olism, along with cellular injury in M. galloprovincialis (Wu et al. 2013). Azizan et al.
(2023c) found the haemolymph metabolome of mussels (Perna canaliculus) exposed to
single bacterial species (Vibrio mediterranei, Photobacterium swingsii) and co-infection (a
mixture of V. mediterranei and P. swingsii) showed response changes largely within energy
metabolism. Mussels infected with V. mediterranei exhibited increased metabolites linked
to the glutathione pathway, branched-chain amino acids, and others over time, supporting
structural functions. When interpreting metabolite data related to Vibrio spp. infections, it
is crucial to consider that detected metabolites may originate from the mussel response and
bacterial metabolites. Moreover, metabolite profiles can be influenced by factors such as
age, sex, and environmental conditions (Barber et al. 2019).

Fatty acids (lipids) are important for energy storage, development, growth, and sur-
vival, and have been classified as potential physiological indicators for evaluating pathogen
(Vibrio spp.)-induced mortalities (Su et al. 2004), as seen in Perna canaliculus (Nguyen
and Alfaro 2020; Ericson et al. 2022). Decreased concentrations of fatty acids, tridecanoic
acid, myristic acid, palmitic acid, and linoleic acid were found in the haemolymph of P.
canaliculus infected with Vibrio sp. DO1 potentially due to utilisation of energy sources
required to stimulate an immune response against the infection (Nguyen et al. 2018a,
2018b, 2019b). In contrast, analyses of P. canaliculus hepatopancreases showed increases
in the free fatty acids, as increased fatty acid synthesis was required to meet energy
demands following infection (Nguyen et al. 2019b). The results listed in Table S3 are good
starting points for summarising fatty acid biomarkers in mussels in response to Vibrio spp.
infection, yet it should be considered that fatty acids are not exclusive to an organism (De
Carvalho and Caramujo 2018), and are highly affected by diet (Zhukova 2019) and season
(Silva et al. 2021), making the responses seen by mussels highly affected by various fac-
tors, not only the bacterial infection.

Transcriptome studies are crucial for understanding organism responses to diseases,
stressors, and interventions at the molecular level, aiding in disease mechanisms, bio-
marker discovery, and therapeutic targets. RNA sequencing (RNA-seq) is commonly used,
providing comprehensive insights into gene expression, alternative splicing, and novel
transcripts, essential for understanding gene regulation and functional roles. In the Dong
et al. (2017) study, haemocyte transcriptomes of Mytilus coruscus before and after V. alg-
innolyficus infection were analysed, revealing up- and down-regulated genes associated
with immune pathways such as Toll-like receptor signalling and apoptosis.

Tanguy et al. (2018) investigated early immune responses in Mytilus edulis haemocytes
challenged with V. splendidus LGP32, identifying various immune-related sequences and
up-regulated transcripts associated with immune pathways. Li et al. (2024) focused on
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transcriptomic responses in M. unguiculatus infected with V. alginolyticus, revealing up-
regulation of defence mechanisms and adaptive responses to pathogen invasion, includ-
ing altered taste transduction pathways and increased expression of antimicrobial peptides.
These findings shed light on Mytilus spp. innate immunity, potentially guiding strategies
for disease management and sustainable culture practices.

Stress proteins protect and regenerate cells in response to stress and harmful condi-
tions (Kroon et al. 2017). Generally, this group of proteins consists of heat shock proteins
(HSPs), which responds to heat and other physical and chemical stressors, the glucose-reg-
ulated proteins (GRPs), which respond to oxygen or glucose deficiency, and the stressor-
specific stress proteins, which include heme oxygenase proteins (Fabbri et al. 2008).
HSPs, like HSP60, HSP70, and HSP90, are often used as general markers of stress and
can respond to a wide range of environmental stresses. In studies of Vibrio infections in
mussels, HSP70 family proteins are commonly examined, and their expression increases
as the infection progresses. Two studies using real-time polymerase chain reaction (PCR)
assays of samples from Mediterranean mussels exposed to V. anguillarum, observed that
as infection progresses, this bacterium can produce more pronounced expression of HSP70
in mussel tissues (Cellura et al. 2006, 2007). In another study, the immune gene expres-
sions in two mussel species (B. azoricus and M. galloprovincialis) were investigated after
infection with Vibrio alginolyticus, V. anguillarum, and V. splendidus and a mixture of
these Vibrio suspensions (Martins et al. 2014). The authors observed that the expression
of HSP70 can vary between mussel species due to differences in DNA sequences and tran-
scription timescales (Martins et al. 2014). Additionally, the conserved molecular chaper-
one, heat shock protein 90 (HSP90) involved in cell cycle control, organism development,
and the regulation of cytosolic proteins, has been noted as a biomarker for infections of
V. parahemolyticus in Mytilus coruscus (Liu et al. 2016). In M. galloprovincialis infected
with V. harveyi, increased HSP90 was seen in gill and digestive gland samples, suggest-
ing oxidative and immune stress responses due to the infection (Liu et al. 2014b). The
same researchers also studied gender-specific metabolic changes in mussels challenged
with V. harveyi (Liu et al. 2014c), with no differences detected in HSP90 between male
and female mussels. Most recently, Castillo et al. (2017) investigated how ocean acidifi-
cation (OA) and bacterial infection impact hsp70 and hsp90 gene expression in M. chil-
ensis. The results revealed that the expression of the hsp90 gene is the only one that dif-
fers after exposure to elevated pCO,, with a significant down-regulation observed. Results
of Hernroth et al. (2016) observed a response of M. edulis mussels under controlled CO,
conditions and exposure to V. parahaemolyticus, V. tubiashii, V. splendidus, and V. algi-
nolyticus infections. They found that HSP70, along with several other peptides/proteins
involved in marine bivalve immunity, was detected in the extracts, suggesting modulation
of stress-related proteins due to hypercapnic acidosis following OA. HSPs may be a valu-
able biomarker as HSP genes and proteins are present in all organisms, yet caution should
be applied when ascribing results to bacterial outcomes, as the expression of HSPs differs
based on species. Within the same species, different tissues show different expression lev-
els, sex and age plays a role in expression and the method of detection can also influence
the results (De Jong et al. 2008).

Haematological and immunological parameters

Haematological parameters provide insight into the health and physiology of an organism
(Kroon et al. 2017). These parameters can be measured through techniques such as cell
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counting, viability assessments, morphology examination, phagocytic activity assays, reac-
tive oxygen species production, enzyme assays, flow cytometry, gene expression analysis,
proteomics, metabolomics, and electron microscopy. In particular, haemocytes play a vital
role in the innate immune system, by acting as defensive cells through tissue infiltration,
aggregation, encapsulation, cytotoxic reactions, and phagocytosis of foreign particles (Rol-
ton and Ragg 2020). Haemocytes of mussels can kill Vibrio spp. through phagocytosis,
production of highly reactive molecules, as well as a number of antimicrobial peptides
(AMPs), hydrolytic enzymes (Destoumieux-Garzoén et al. 2020), and other immunological
parameters (Azizan et al. 2023d), which will be discussed below and presented in Table S4.

Total haemocyte count (THC) THC is likely the most popular measure of haemocyte
immune responses when investigating the effect of pathogens on mussels (Dalzochio
et al. 2016). Several studies have shown that THC is affected by Vibrio spp. infections,
showing patterns of increased and decreased THC responses. However, it should be kept
in mind that THC results are variable depending on the nature of injected bacteria, the
bivalve species, and the handling of the sample. For example, quantitative differences were
reported when injecting M. galloprovincialis with either living or heat-killed V. splendidus
LGP32 and V. anguillarum (Ciacci et al. 2009; Costa et al. 2009; Parisi et al. 2019). In P.
canaliculus, increased THC was seen following 6 h of a Vibrio spp. infection (Nguyen
et al. 2019b) and 3 days after exposure to Photobacterium swingsii infection (Azizan et al.
2023a), but decreased with combined P. swingsii infection and temperature stress (Azizan
et al. 2023b). In a study by Laith et al. (2021) on P. viridis, the THC at the beginning of
the experiment was higher than at other time points, suggesting that the challenged group
did not regain natural immunity after 120 h of infection with V. alginolyticus. A decrease
in THC was seen in M. edulis exposed to manganese (Mn) and when inoculated with the
bacterium V. parahaemolyticus, likely contributing to the impaired haematopoiesis ability
to combat the bacteria while further reinforcing the haemocytopenia (Oweson and Hern-
roth 2009). The monitoring of THC in infected mussels requires large sample numbers
and rapid procedures when establishing biomarker values. As a result, the measurement of
levels of haemolymph cells (haemocytes) can serve as a good biomarker as it is relatively
easy to perform from the posterior adductor muscle (Eggermont et al. 2020), and more
importantly, haemolymph sampling is non-destructive and can be performed on the same
individual to increase experimental and statistical flexibility (Ford 1986).

Haemocyte characteristics Haemocyte populations (granular, semi-granular, or agranular
cells), often assessed through flow cytometry and visual observations also play an impor-
tant role in bivalve susceptibility to pathogens (Destoumieux-Garzén et al. 2020). This was
seen in M. galloprovincialis, where granular and semi-granular cells, harboured phagocytic
activity, produced ROS and nitric oxide (NO) after being challenged with V. splendidus
LGP32 and V. anguillarum (Ciacci et al. 2009). Furthermore, that study provided evidence
that haemocyte populations decrease after Vibrio spp. infection, but restore after a recovery
period (Ciacci et al. 2009). Other studies provide evidence that V. splendidus LGP32 and V.
anguillarum infections cause the loss of haemocyte cell adhesion in mussels (Ciacci et al.
2010; Tanguy et al. 2013a), and also influence haemocyte motility (Sendra et al. 2020).
Caution should be applied when aiming to use haemocytes as biomarkers, as haemocytes
are involved in a wide range of physiological functions that may not be related to defence
(e.g. metabolite transport, digestion, shell growth and repair, and repair of damaged tissue),
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therefore making them less specific as immunomarkers for Vibrio spp. responses (Dolar
et al. 2020).

Pathogen-associated molecular patterns (PAMPs) Haemocytes can also recognise pat-
tern recognition receptors (PRRs), which are proteins capable of recognising molecules
frequently found in pathogens [pathogen-associated molecular patterns (PAMPs)] to
activate intracellular signalling pathways to finally trigger the synthesis of antimicrobial
effectors. Bacterial challenges carried out with different Vibrio strains (V. alginolyticus,
V. anguillarum, and V. splendidus) revealed distinct patterns of gene expression for most
of the immune genes tested in Bathymodiolus azoricus and M. galloprovincialis (Martins
et al. 2014). From that study, differences were found in two immune recognition genes
[galectins and peptidoglycan recognition proteins (PGRPs)], supporting different recogni-
tion mechanisms and capacity to counteract bacterial challenges in the mussels (Martins
et al. 2014). In addition, Toll-like receptors (TLRs) can also recognise PAMPs and initiate
corresponding signalling transduction pathways via intermediators to activate a wide range
of downstream immune factors, which eliminate invading pathogens (Saco et al. 2020).
Several TLR genes that recognise V. anguillarum and V. parahaemolyticus were identified
and up-regulated in Hyriopsis cumingii (Ren et al. 2013; Zhang et al. 2017) and M. corus-
cus (Xu et al. 2018). Although PAMPs may have limitations in terms of specificity, sensi-
tivity, and the need for standardization, they still hold potential for being regularly used in
disease monitoring and the development of vaccines. Areas of interest in PAMPs research
include exploring novel PAMPs, investigating their role in non-infectious diseases, and
understanding how the microbiome influences PAMPs and disease.

Antimicrobial peptides Mussels are also rich in antimicrobial peptides (AMPs), such as
defensin, mytilin, mytichitin-CB, myticusin-1, myticin, and mytimycin, which play a key
role in immune defence processes (Rosani et al. 2011; Liao et al. 2013; Qin et al. 2014;
Tanguy et al. 2018; Bouallegui 2019; Van Hung et al. 2019; Sendra et al. 2020). A major-
ity of the AMPs identified from Mytilus spp. are cysteine-rich subgroups, except for the
recently identified linear/a-helical family (Leoni et al. 2017; Bouallegui 2019). Although
AMPs have been discovered mainly in Mytilus spp., the information on AMPs in Perna
spp. remains largely unknown. As AMPs exhibit antibacterial activity against Vibrio spp.,
including V. splendidus, these peptides appear to have an important role in the immune
defence of mussels against bacterial infection. However, further research is needed to fully
validate the role of AMPs in the immune defence against Vibrio spp. and other bacterial
pathogens in Perna spp. This is essential for advancing scientific knowledge, developing
effective interventions, managing disease outbreaks, and conserving ecosystem health.

Phenoloxidase Besides the AMP gene expression, another critical component of the
immune system of bivalves, namely phenoloxidase activity (PO), has been examined in
Vibrio sp. challenges (Luna-Acosta et al. 2017). An increase in PO detected in haemo-
lymph, following V. anguillarum, V. harveyi, and V. coralliilyticus infections, has been
seen in Mytilus edulis, Perna viridis, and Hyriopsis cumingii (Ren et al. 2013; Puspita and
Hutabarat 2015; Van Hung et al. 2019). Typically, PO is a by-product of a complex cascade
of reactions that includes melanization, wound healing, phagocytosis, and pathogen killing
(Gerdol et al. 2018), making PO a good indicator of pathogen defence mechanisms in mus-
sels (Muznebin et al. 2022) and potentially a useful biomarker for Vibrio spp. infections.
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Lysosomal membrane stabilisation (LMS) Lysosomal responses are promising, bio-
markers of exposure, particularly to environmental perturbations and pathogen infections
(Moore et al. 2006). Based on transmission electron microscopy (TEM) analyses of M.
edulis, haemocytes infected with V. tapetis showed rapid ultracellular damage and lysoso-
mal fusion, with morphological changes at the plasma membrane and cytoplasmic levels.
However, no Vibrio spp. internalisation was observed in that study, indicating no intracel-
lular degradation of bacteria (Balbi et al. 2019). Haemocyte lysosomal membrane stability
(LMS) was evaluated as a marker of cellular stress in mussels induced by bacterial chal-
lenges (Balbi et al. 2019). Measured in both small and large granulocytes of M. gallopro-
vincialis, cellular stress was confirmed following V. cholerae infection (Canesi et al. 2005).
Furthermore, the measurement of LMS has been shown to be effective for comparing the
cellular stress induced in vivo by heat-killed Gram (+) and Gram (—) bacteria, including
V. anguillarum and V. splendidus (Ciacci et al. 2009). In a study by Canesi et al. (2010),
it was demonstrated that both V. splendidus and V. anguillarum caused a decrease in the
level of LMS in the digestive gland of M. galloprovincialis at all time points post-infection
measured using neutral red retention (NRR) assay, which is also consistent with previous
findings for V. cholerae (Canesi et al. 2005). Activation of different immune signalling
pathways, including p38 MAPK, PKC, and PI-3 kinase, has been linked to decreases in
LMS. The comparable impact on haemocyte LMS by both Vibrios could be explained by
the fact that the NRR assay depends on adherent granular haemocytes, lacking differen-
tiation among granulocyte sub-populations (Ciacci et al. 2010). Therefore, improving the
assay to differentiate among granulocyte sub-populations would enhance its accuracy and
effectiveness.

Apoptotic markers The physiological and irreversible process of programmed cell death
characterised by the fragmentation of DNA (Kroon et al. 2017) is implicated in many pro-
cesses, such as tissue and organ development, homeostasis, and immune defence (Sokolova
2009; Gerdol et al. 2018). From the literature investigated, all studies reported, in Table S4,
showed an increase in apoptosis in five different mussel species exposed to V. splendidus
LGP32, V. anguillarum, V. aestuarianus 01/032, and other Vibrio species in field and labo-
ratory studies (Tanguy et al. 2018; Parisi et al. 2019; Auguste et al. 2020; Lattos et al.
2021a). As such, apoptosis may be an appropriate biomarker, but further species-specific
work is required to determine its suitability to assess mussel health. The proliferating cell
nuclear antigen (PCNA), caspases (e.g. CASP8, CASP3, CASP7, and CASP6), and other
components, such as the Fas-associated death domain (FADD), are commonly used bio-
markers of apoptosis, as they are involved in DNA replication and in the activation and
implementation of the apoptotic programme. These apoptotic markers were reported to be
significantly up-regulated in M. edulis, M. galloprovincialis, B. azoricus, and Pinna nobilis
following infection with V. splendidus LGP32, V. anguillarum, and other Vibrio species
(Tanguy et al. 2013b; Parisi et al. 2019; Lattos et al. 2021a). In contrast, a study on haemo-
cyte apoptosis (caspase 3/7) in P. canaliculus revealed infection with Vibrio sp. DO1 did
not result in a change in the proportion of haemocytes producing ROS with temperature or
injection treatments, nor induced apoptosis in mussels (Ericson et al. 2022). The research
implies that apoptosis may be a sensitive biomarker tool to assess cellular stress in mussels,
as well as consideration of potential confounding factors that may influence apoptotic pro-
cesses in mussel cells.
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Autophagic markers Molecular autophagic markers have also been used in mollus-
can cells to identify cell injury and to remove unnecessary or dysfunctional components
caused by a variety of environmental stressors and Vibrio sp. infections (Balbi et al. 2018).
The autophagic process is a key regulator of innate immunity as it helps clear pathogens
and regulates inflammation (Balbi et al. 2018). V. tapetis infection in M. galloprovincia-
lis haemocytes led to rapid formation of large autophagosomes, and subsequent analysis
showed increased LC3-II (microtubule-associated protein 1A/1B-light chain 3-II) expres-
sion and decreased levels of phosphorylated mammalian targets of rapamycin (mTor)
and SQSTM1/p62 (sequestosome 1) (Balbi et al. 2018). Similarly, V. splendidus LGP32
induced PI3K (Phosphoinositide 3-kinase), Akt (Protein kinase B), and mTOR (Mamma-
lian target of rapamycin) pathways in M. galloprovincialis haemocytes are part of a com-
plex network associated with the JAK-STAT (Janus kinase-signal transducer and activator
of transcription) signalling pathway that participates in immune response and the regula-
tion of cell proliferation, autophagy, and apoptosis (Rey-Campos et al. 2019a). In Pinna
nobilis co-infected with Vibrio bacteria and Haplosporidian parasites, autophagic markers,
ubiquitin was increased, LC3 was unaffected, and SQSTM1/p62 was more affected by the
Haplosporidian parasite (Lattos et al. 2021b). The use of autophagic markers in molluscan
cells has provided insights into cell injury, environmental stress responses, and pathogen
infections, although constraints in marker specificity and interpretation remain, promising
for targeted therapeutic interventions.

Omics Immunological biomarkers related to illness can be effectively measured using
omics tools, such as transcriptomics, proteomics, and metabolomics (Haddad et al., 2018).
Transcriptional biomarkers linked to mussel health have identified a significant impact of
a wide range of Vibrio spp. (e.g. V. splendidus, V. parahemolyticus, V. alginolyticus, V.
alginnolyficus, V anguillarum) in response to stress, redox balance, metabolism, apop-
totic processes, and immunity (Venier et al. 2011; Martins et al. 2014; Moreira et al. 2015;
Dong et al. 2015, 2017; Tanguy et al. 2018; Rey-Campos et al. 2019a, b; Lori et al. 2020;
Saco et al. 2020; Chen et al. 2021; Yang et al. 2021; Romero et al. 2022). Likewise, mus-
sel proteomic biomarkers have allowed the detection of a network of protein changes due
to oxidative stress and disturbances in energy metabolism when challenging mussels with
Micrococcus luteus and V. anguillarum (Ji et al. 2013; Wu et al. 2013). Interestingly, pro-
tein biomarkers have been used to distinguish exposure and effect of Vibrio spp. infections
between mussel species from very distinct natural habitats (Martins et al. 2014). As shown
by Martins et al. (2014), Vibrio spp. (V. alginolyticus, V. anguillarum, or V. splendidus)
infections in B. azoricus led to changes in protein sequences associated with metabolic
pathways, energy production, and nutritional requirements, while infections in M. gallo-
provincialis affected putative protein functions linked to structural integrity, cellular main-
tenance, and signalling mechanisms. Recent proteomic analysis of Perna perna hepatopan-
creas challenged by Escherichia coli, Salmonella enterica, and Vibrio parahaemolyticus
showed 597 significantly different proteins, with 343 down-regulated in VP-injected mus-
sels, indicating immune suppression (Silva dos Santos et al. 2023). The identified pro-
teins are key players in immune response pathways, providing insights into the interac-
tion between the mussel immune system and bacteria, essential for coastal marine resource
management. Overall, the application of proteomic studies to detect changes in protein bio-
markers in mussel species exposed to Vibrio spp. could help to identify proteins involved
in host—pathogen interactions. This approach enhances sensitivity in detecting stress
responses to the studied Vibrio strains. However, the application of this protein biomarker
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needs substantial development to provide clear connections between other environmental
stressors, exposure, changes in peptide abundances, and species specificity.

Biomarkers of effect

Biomarkers of effect relate to measurable alterations within tissues or body fluids of an
organism, often linked to possible health impairment or disease (Dalzochio et al. 2016).
For mussels infected with Vibrio spp., this most often links to histological assessments
of mussel tissues by light, fluorescence, and/or electron microscopy as markers to assess
the physical state (e.g. growth and health indices; the occurrence of vibriosis/cell necro-
sis, parasite, reproduction, and metabolic status) (Table S5) (Stentiford et al. 2005; Bignell
et al. 2008). While histopathological methods of monitoring body health are extremely effi-
cient, they only provide a morphological picture of alterations, which is discernible only at
the final stages of pathology and cannot always define physiological disruption (Kumeiko
et al. 2018). Additionally, they remain limited biomarkers based on only a few species of
mollusc and lack sufficient detail for effective quantitative analyses. Often, semi-quantita-
tive approaches are the preferred option, although they require well-trained researchers and
extensive background knowledge (Costa et al. 2013). Histopathology of a range of mussel
tissues following V. splendidus, Vibrio harveyi, V. coralliilyticus, V. tubiashii, V. mediter-
ranei, and V. hispanicus, V. alginolyticus, V. splendidus ME9, and V. anguillarum NB10
exposure has been shown to result in an increase in histological alterations, including tis-
sue necrosis, haemocyte infiltrations, and bacterial/parasitic colonisation when mussels are
exposed to Vibrio spp., both in the laboratory and in the field. These effects were seen in
M. edulis (Ben Cheikh et al. 2017; Wang et al. 2021), M. galloprovincialis (Parisi et al.
2019; Battistini et al. 2020), P. viridis (Laith et al. 2021), P. canaliculus (Kesarcodi-Watson
et al. 2009a; Azizan et al. 2023a), and Pinna nobilis (Kiinili et al. 2021). Interestingly, all
species at adult stage showed abnormalities to haemocytes and tissues (e.g. digestive gland,
mantle, and gills) in response to Vibrio spp. infection (Ruiz et al. 2013; Ben Cheikh et al.
2017; Parisi et al. 2019; Battistini et al. 2020; Kiinili et al. 2021; Laith et al. 2021; Wang
et al. 2021; Azizan et al. 2023a), while detachment of cilia cells and velum were uniquely
described in mussel larvae (Kesarcodi-Watson et al. 2009a). Exposures with Vibrio spp.
concentrations of 10~® CFU/mL resulted in the vacuolisation, necrosis, and tissue separa-
tions in hepatopancreas and digestive glands, sloughing of tubule epithelial cells, karyo-
megaly, and hyperplasia (Laith et al. 2021). To complement histopathological findings,
immunohistochemistry (IHC) can be used as an additional biomarker tool to examine the
expression and localisation of immune-related proteins within the tissues of infected mus-
sels that are known to be involved in mussel immune responses to Vibrio spp. infections.
For example, researchers may use antibodies specific to proteins, such as the water channel
proteins aquaporins and the Na*/K* ATPase biomarker of osmoregulatory processes and
the proliferating cell nuclear antigen, PCNA, and caspase-3 as biomarkers of apoptosis to
detect their expression within the tissues (Parisi et al. 2019). Using IHC, Ben Cheikh et al.
(2017) monitored the haemocytes exposed to V. splendidus—related strains by immunolabe-
ling bacterial-like cells with full-length green fluorescent proteins (GFPs). The prominent
changes in tissue structure seen in most studies investigated suggest that histopathological
and IHC markers are suitable biomarkers for providing insight into the effect of Vibrio
spp. on mussel tissues and cell health. Taken together, descriptive data obtained from his-
tology and IHC assessment provide additional information to support other biomarkers in
integrated data monitoring programs. These markers may be used as a tool for providing
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supporting information for measures (often combined with other biomarkers) that aim to
assess historical exposure to, or effects of, pathogens (Bignell et al. 2008).

Biomarkers of susceptibility

Susceptibility biomarkers describe an organism’s capacity, based on genetic factors and
alterations in receptors, to respond to exposure following contact with Vibrio spp. These
types of biomarkers have been mostly investigated as bivalve immunomarkers and research
is still evolving with regard to application to mussels. It has been shown that mussel sus-
ceptibility to specific Vibrio spp. (e.g. Splendidus clade, oyster pathogen) can be deter-
mined by host physiology (Charles et al. 2020b). Also, possible links between mussel and
oyster susceptibility to Vibrio spp. infection and their microbiome profiles were made
based on 16S rRNA gene-based analysis (Vezzulli et al. 2018). Moreover, studies have
found the genus Vibrio (potential pathogenic species such as V. aestuarianus) constitutes
a greater proportion of the microbiota in Crassostrea gigas compared to M. galloprovin-
cialis, suggesting that oysters may offer better host environments (i.e. host-species intrin-
sic factors) than mussels for these bacteria to thrive. In addition, studies have suggested
that shellfish innate immune memory or “immune priming” may help molluscs respond
to pathogen infections (Rey-Campos et al. 2019a). Therefore, exposure to non-lethal doses
of pathogens could provide molluscs with the ability to launch stronger immune responses
during later phases of infection, potentially protecting mussels against Vibrio spp. infec-
tions. Exposure to V. splendidus in M. galloprovincialis mussels primed immune responses
and induced changes in the expression of various genes, thereby enhancing the mussels’
ability to cope with infections (Rey-Campos et al. 2019a). Interestingly, successes in devel-
oping resistance to ostreid herpesvirus-1 (OsHV-1) are now being applied for resistance
to Vibrio bacteria in oyster C. gigas, which have been implicated in summer mortality (de
Lorgeril et al. 2018; Zhai et al. 2021). This work has demonstrated that Vibrio spp. resist-
ance can be enhanced by genetic improvement and now can potentially be translated to
mussels.

Constraints and potential of biomarker-based approaches

Despite the advancements in measurable responses to assess the relative condition of mus-
sels following Vibrio spp. infections, connections between biomarker responses and base-
line conditions (indicative of good health) are still needed. According to Waller and Cope
(2019), establishing these connections involves three key steps. The first step involves select-
ing biomarkers or measures that yield the most useful information for mussel health assess-
ment. Next, it is essential to determine what constitutes “healthy” or “normal” conditions
in mussels, requiring characterisation of baseline health across different species, life stages,
and geographic regions. The final step focuses on assessing changes in health characteris-
tics from baselines due to disease, microbial outbreaks, or environmental stressors (Waller
and Cope 2019). These steps aim to build a comprehensive biomarker database. Ideally,
a biomarker would be transformed into a point-of-use test that mussel farmers, scientists,
and decision-makers could effectively use in the field to monitor Vibrio spp. Ultimately, the
high-throughput platforms and laborious sample preparation methods should be integrated
into an affordable, hand-held tool that is easy to use and interpret by anyone (Pinu et al.
2019). Such devices are applied in other areas and can include lateral flow devices, dipstick
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approaches, or electrochemical detection (Trivedi et al. 2017). Yet, establishing reference
intervals for test parameters under various conditions is crucial for developing reliable tools
and interpreting results accurately (Geftré et al. 2009). Once a suspected biomarker with
associated conditions has been identified, validation is required before it can truly be used as
a biomarker (Hey et al. 2019). There have been many factors that have hindered biomarker
validation, such as failure to disclose methodologies or replicate results, not having a clear
plan for the biomarkers intended use, not understanding its form and function, not selecting
adequate controls, mismatches with age, gender, tissue infection, etc. (Holland 2016).
Several variables (i.e. age, season, sex) can also influence biomarker reference inter-
vals, necessitating a detailed description of the organism under investigation (Gutierrez
et al. 2020). As summarised above, many of the biomarkers exhibited variable responses
due to the mussel species, the type of tissue being analysed, sampling location and time,
diet, exposure to chemical contaminants, temperature stress, life history, gender, and more
(Fig. 4) (Moore et al. 2007). The natural ecosystem variations over time make it a sub-
stantial challenge to determine disturbances at an ecological level. The presence of other
biological contaminants, atmospheric deposition of chemical contaminants, and global
climate change likely mean there are no truly undisturbed ecosystems (Oliver and Fisher
1999; Hook et al. 2014). It is reasonable, however, for the investigated biomarker to be
linked to adverse effects at the organism level (particularly effects biomarkers). Apart from
biological variability, analytical variables can also influence the outcome of a biomarker.
To ensure accurate and reproducible data among laboratories, it is necessary to create a
standard protocol for sample collection, processing, and storage, as well as to verify the
sensitivity and specificity of the biomarkers used (Moore et al. 2007). These variables are
best confounded when collecting large populations of mussels representative of healthy and

Sources of variability

Biological Analytical

Types of specimens (e.g., healthy

Species of animal

Strains of vibrio or diseased mussels)

+ Gender Types of sample (e.g., biological

fluids, tissues, shells)

Life-stage(larvae, juvenile, adult)

Nutrition Storage temperature

Assay or measurement type

Animal handling
Environmental effects (e.g Sensitivity of assay

Specificity of assay

chemical exposure, pH,

temperature and salinity)

Fig.4 Potential sources of variation identified in mussel-Vibrio studies for biomarker validation. Adapted
from Moore et al. (2007)
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diseased populations (Moore et al. 2007; Hook et al. 2014; Brosset et al. 2021; Zare Jeddi
et al. 2021). Therefore, better establishment of baseline concentrations of the population
under investigation is essential (Oliver and Fisher 1999; Brosset et al. 2021), while also
considering repeated evaluations from the same populations and locations, as well as the
investigation of the environmental factors that affect the mussel traits (Oliver and Fisher
1999). In addition, more data relating to the mussel and environment should be reported
with the measured outcomes to search for similarities and changes among studies.

A daunting challenge in the development of specific biomarkers for mussels-vibriosis
comes to play when aiming to separate differences due to single and multiple microbial
infections (Oliver and Fisher 1999; Newton and Cope 2006). For instance, Dolar et al.
(2020) reported that bacterial and viral infections had different immune responses in
the crustacean, Porcellio scaber. The authors showed that animals with a viral infection
had significantly higher total haemocyte counts and higher proportions of three types of
haemocytes compared to animals with bacterial infection. Research in microcosm experi-
ments or exposure studies with host organisms is essential for evaluating their responses
to a particular Vibrio pathogen or mixture of a polymicrobial infection. This research is
crucial for developing biomarkers tailored to specific infectious agents (Waller and Cope
2019). Rapid and straightforward methods for detecting Vibrio spp. (or other infectious
agents) include molecular techniques such as portable PCR devices or Loop-Mediated Iso-
thermal Amplification (LAMP) tests (Augustine et al. 2020). These methods swiftly detect
and measure Vibrio DNA or RNA in the field, enabling prompt responses to outbreaks
or environmental contamination, minimising risks, and improving management strategies.
Additionally, enzyme-linked immunosorbent assays (ELISAs), immunochromatographic
tests, and lateral flow assays are commonly used for detecting Vibrio antigens, antibod-
ies, or other biomarkers response, offering simplicity and speed in identifying exposure to
these pathogens and understanding the host response to them (Stewart et al. 2017).

Compared to individual platforms alone, integrating data from various platforms could
identify a biomarker panel with better sensitivity and specificity (Hook et al. 2014). There
are a variety of multi-biomarkers that can be used together as a model for a biomonitoring
programme, including oxidative stress, immunological markers, pathological alteration,
metabolites, genes, and proteins (as suggested in Table 1 based on evidence presented in
Tables S1 - S5). Several studies have shown a practical application of the use of multi-bio-
markers in management plans to indicate the presence of pathogenic Vibrio spp. and their
detrimental effects on mussels. Matozzo et al. (2018) utilised advanced statistical analysis
(MANOVA analysis) on an array of effect biomarker responses in haemocyte and in gills
and digestive gland, alongside pathological alterations, and microbiological analyses, to
correlate both exposure and effects of stressors. When integrated, these datasets have been
successfully used to forecast stressful conditions, routinely measured, bimonthly, from four
rearing sites in the Gulf of La Spezia. It has been suggested that the health status of farmed
mussels (M. galloprovincialis) deteriorates with time, resulting in them becoming suscep-
tible to pathogenic bacteria, viruses, and protozoa (Matozzo et al. 2018). Shellfish man-
agement could be made more proactive by following this type of study, which can inform
managers on population dynamics, provide early-warning signals, and provide information
about what is driving the changes.

Diagnosis is another important area in mussel health management, that could poten-
tially benefit from omics and bioinformatics technologies. A rapid and accurate diagnosis
of pathogens is crucial for the management of diseases and the study of infections and
immune responses in hosts. Most recently, it was observed that dual RNA-seq, in which
transcriptional biomarkers in both the pathogen and the host were analysed simultaneously
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can provide direct insight into the host—pathogen interaction as opposed to traditional
approaches (e.g. microarrays or reverse transcription PCR). While this biomarker tech-
nique is still in its infancy and has yet to be investigated in Vibrio-mussel interactions,
it has the potential to define and refine host-related factors related to pathogen virulence
determinants, thereby identifying biomarkers relevant to pathogen-specific illness and dis-
ease outcomes (Westermann et al. 2012; Nuss et al. 2017).

Conclusions

Mussel biomarkers have become increasingly important in assessing the impact of bacte-
riological contamination on aquatic environments. In this review, we provide an overview
of oxidative stress, haematological and immunological, metabolite and protein, histologi-
cal and immunohistochemical biomarkers to compile and discuss the available literature
regarding the use of mussel species to indicate the effect of different strains of Vibrio spp.
The data presented in this work show that Vibrio spp. can be detrimental to mussels and
can provide scientific evidence about the biological effects of bacteriological contamina-
tion on these animals. The existing knowledge on mussel biomarkers, as applied in the
environmental assessments, highlights both strengths and limitations. Mussel biomarkers
present notable advantages, including their capability to quantify the availability of bacte-
riological contaminants, integrate the multifaceted effects of polymicrobial mixtures, facil-
itate a mechanistic understanding of impact, and act as a surrogate indicator of physiologi-
cal “health” or “harm”. Additionally, they offer utility in assessing the process of recovery
from environmental stressors.

However, there are limitations to consider. Some biomarkers are non-specific and may
be affected by environmental or biotic factors, while others are chemically influenced.
Additionally, some biomarkers provide transient responses and could be destructive to
organisms. Moreover, they may not be sufficiently sensitive at low exposure levels, and
long-term data sets are often required, necessitating a significant investment.

Prioritising research efforts to validate mussel biomarkers under field conditions,
biobanking baseline information, and improving the selection and deployment of relevant
bioassays are essential steps in strengthening ecological risk assessment and management
strategies. A single biomarker may not be sufficient to monitor the effect of mussels. How-
ever, a multiple-biomarker approach is highly recommended for optimal use in biological
monitoring programs to evaluate the risk of diverse strains of Vibrio spp. The combination
of biomarkers can provide a comprehensive picture and better overview for studying the
effects of Vibrio spp. and to eliminate the interference of other biotic and abiotic interfer-
ence in the biomarker responses. Therefore, the appropriate combination of biomarkers as
listed in Table 1 is recommended to assess the effect of Vibrio spp. on mussels. Additional
research should investigate how these biomarkers respond over the long term to various
bacterial contaminants. This research is essential for their integration into diagnostic tools
assessing the condition of the marine environment and predicting ecotoxicological risks.
Incorporating field experience would also greatly enhance this effort. Moreover, it is clear
that most research on mussel biomarkers has been developed under laboratory conditions
and efforts are being made to validate the effectiveness of these biomarkers under field con-
ditions to facilitate the comparison and interpretation of biomarker responses as valuable
tools for ecological risk assessment. Biobanking of baseline information on the response
of mussels to Vibrio spp. infections will also be required to develop effective animal health
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strategies and policies and increase confidence in the basis for risk management interven-
tions. Building on this concept of mussel biomarkers to Vibrio spp. through well-reported
research and validation steps will be key to strengthening efforts towards Vibrio spp. man-
agement and monitoring in mussels.
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