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Abstract

The microbial communities of fish are considered an integral part of maintaining the

overall health and fitness of their host. Research has shown that resident microbes

reside on various mucosal surfaces, such as the gills, skin, and gastrointestinal tract,

and play a key role in various host functions, including digestion, immunity, and dis-

ease resistance. A second, more transient group of microbes reside in the digesta, or

feces, and are primarily influenced by environmental factors such as the host diet.

The vast majority of fish microbiome research currently uses lethal sampling to ana-

lyse any one of these mucosal and/or digesta microbial communities. The present

paper discusses the various opportunities that non-lethal microbiome sampling

offers, as well as some inherent challenges, with the ultimate goal of creating a sound

argument for future researchers to transition to non-lethal sampling of wild fish in

microbiome research. Doing so will reduce animal welfare and population impacts on

fish while creating novel opportunities to link host microbial communities to an indi-

vidual's behavior and survival across space and time (e.g., life-stages, seasons). Cur-

rent lethal sampling efforts constrain our ability to understand the mechanistic

ecological consequences of variation in microbiome communities in the wild. Transi-

tioning to non-lethal sampling will open new frontiers in ecological and microbial

research.
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1 | INTRODUCTION

The bacterial microbiota of fish are a complex and dynamic commu-

nity that inhabits the mucosal surfaces of fish, such as the skin, gills,

and gastrointestinal tract (Legrand et al., 2020). These communities

interact with the host to provide various beneficial services, including

metabolic processes, immune functions, and disease resistance, that

are important to fish health and fitness (Llewellyn et al., 2014). The

composition and diversity of this collective microbiota are heavily

influenced by both exogenous (i.e., environment, diet) and endoge-

nous factors (i.e., host genetics and physiology; Spor et al., 2011). As

such, the microbial community is highly dynamic and varies among

individuals and within an individual across time and contexts

(e.g., life-cycle stages; Boutin et al., 2014; Llewellyn et al., 2016).

Currently, the majority of microbiome studies conducted on fish

involve lethal sampling and removal of whole digestive tracts, with a

potential secondary sampling of the gill or skin microbiota (Gajardo

et al., 2016; Uren Webster et al., 2018). Sampling will either use the

whole digestive tract (Gajardo et al., 2016) or particular sections of

the tract, such as the hindgut (Lyons et al., 2017) or digesta (Eichmiller

et al., 2016). Comparative studies between the different gut compart-

ments (i.e., proximal, mid, and distal intestine), as well as the digesta,

have revealed that the microbial composition and diversity varied sig-

nificantly, both between compartments within the intestinal tract and
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between the intestinal mucosal layer and digesta (Gajardo et al., 2016;

Nyholm et al., 2022). Resident (autochthonous) bacteria are found

more commonly on the mucosal layer, in close association with the

host epithelial cells, and are typically less diverse communities than

the transient (allochthonous) community comprising the digesta,

which are more heavily influenced by environmental factors (Gajardo

et al., 2016; Legrand et al., 2020). Therefore, the research questions

being asked (i.e., host-associated factors vs. effects of diet, for exam-

ple) will necessitate which part of the gastrointestinal tract is required

for sampling and whether lethal sampling is required.

Lethal sampling is much more commonly used in fish microbiome

studies compared to other animal taxa, such as primates and birds,

where fecal or cloacal sampling is more often used (Björk et al., 2022;

Risely et al., 2017; Waite et al., 2012). Several studies on humans

assessed rectal swabs' effectiveness in characterizing the hindgut

microbiome, compared to colon biopsy and/or fecal samples (Araújo-

Pérez et al., 2012; Bassis et al., 2017; Budding et al., 2014). This has

occurred for other vertebrate taxa as well, including bird fecal versus

cloacal sampling (Videvall et al., 2018), bat fecal versus intestinal sam-

pling (Ingala et al., 2018), and most recently, fish fecal versus intestinal

sampling (Nyholm et al., 2022). The general conclusion is that differ-

ent sampling methodology captures different parts of the microbiome

and should be carefully considered when formulating research ques-

tions. However, despite these differences, non-lethal sampling is still

highly prevalent among higher vertebrate classes and suggests that

lethal sampling in fish microbiome research may be overused and

associated opportunities that come from non-lethal sampling missed.

Fish welfare should be prioritized when planning microbiome

studies, and lethal sampling should be conducted only when abso-

lutely necessary (i.e., development of robust non-lethal measures

would represent a major animal welfare refinement). However,

beyond animal welfare arguments, there are research opportunities

that arise when we are able to resample individual fish over time and

to link individual-level microbial communities with ecological activities

such as behavior, reproductive success, or survival. The purpose of

this perspective article is to highlight some of the opportunities non-

lethal microbiome sampling of fish offers, including the ability to work

on rare/threatened species, the ability to combine microbiome sampling

with other methods (e.g., biotelemetry, biologging) and end points

(e.g., behavior, reproductive success, survival), as well as the ability to

do serial sampling on the same individuals across space and time. Non-

lethal microbiome sampling also has its challenges and limitations,

which will also be discussed. Our hope is that this paper will stimulate

additional validation studies that will determine the contexts in which

non-lethal sampling is effective.

2 | NON-LETHAL SAMPLING METHODS

Four main sampling methods are used for non-lethal sampling of fish

microbiomes (Figure 1). Fecal sampling is the most common of these

and involves simply collecting the feces of an animal. This can be done

on scuba/snorkeling underwater by following a fish until it defecates

(Smriga et al., 2010), or fish can be temporarily removed and feces

manually expressed by applying gentle pressure along the ventral

abdominal wall toward the anus (Eichmiller et al., 2016). Fecal sam-

pling is advantageous as it collects a generous amount of sample,

often much more than the minimum requirement for DNA extraction

kits, which allows for some redundancy. A disadvantage of fecal sam-

pling is that it collects only fecal matter, which contains bacteria pri-

marily associated with the digesta (allochthonous microbiota; Ringø &

Birkbeck, 1999). The bacteria associated with the intestinal mucosa

(autochthonous bacteria) are largely missed by sampling using this

method (Romero et al., 2014).

Hindgut swabbing, where a swab is inserted through the anus

and rotated along the intestinal walls of the hindgut (Figure 2), is more

invasive than collecting fecal matter but offers the advantage of col-

lecting autochthonous bacteria associated with the intestinal mucosa,

as well as bacteria associated with the digesta. In theory, it offers a

more complete picture of the hindgut microbiota. Hindgut swabbing

has not been used substantively in fish studies. However, it is fairly

common practice among bird and reptile studies, where cloacal swab-

bing is used as a proxy for the colon or fecal microbiota (Dewar

et al., 2013, 2014; Martin et al., 2010; Stanley et al., 2015; Videvall

et al., 2018). However, in practice, method papers have found mixed

results regarding the validity of this proxy. Videvall et al. (2018) compared

F IGURE 1 The four main non-lethal
fish microbiome sample types.
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the microbiota composition between fecal and cloacal sampling in juvenile

ostriches (Struthio camelus) and found that fecal samples better repre-

sented the bacterial community of the colon than did cloacal swabs. Fur-

ther, a previous study by Videvall et al. (2017) found that cloacal swabs

had lower repeatability compared to fecal samples, and this was likely due

to the low-biomass nature of swab sampling. Low initial DNA concentra-

tion introduces stochasticity, depending on what bacterial taxa are initially

amplified (Videvall et al., 2017).

Gill biopsy and gill swabbing are microbiome samples taken from

the gill mucus layer and/or tissue. The gills are open to the external

environment, which makes them an important site for pathogen entry,

and are immunologically active organs (Secombes & Wang, 2012).

This makes them a good option if the interest is in examining gill

microbial communities and the presence of disease, as they have been

found to reflect disease states, such as chronic gastroenteritis

(Legrand et al., 2018). However, there are limited studies examining

gill microbiomes, especially using non-lethal methods such as gill

swabbing (Dunn et al., 2020; Legrand et al., 2018). One study to date

has compared gill biopsy and swabbing in Atlantic salmon (Salmo salar)

and found a divergence in microbial communities obtained using the

two sampling strategies (Clinton et al., 2021). Overall, gill swabs were

preferable as they isolated a more diverse microbial community and

did not have as many issues with host DNA. However, biopsies

recovered more cryptic community membership and may be more

suitable for subsurface or intracellular microbes (Clinton et al.,

2021). Small, non-lethal gill biopsies are routinely used for other

molecular techniques, such as transcriptomics (Drenner et al., 2018;

Jeffries et al., 2014).

The final non-lethal sampling method is skin swabbing. The skin

of fish is mucosal and exposed to the external environment (Gomez &

Primm, 2021); this makes it one of the easiest non-lethal methods. As

such, there is a wide variety of studies that examined the skin micro-

biota of several fish species, including both wild and aquaculture spe-

cies (Boutin et al., 2014; Pratte et al., 2018). Sampling typically

involves using a swab to sample the skin and mucosa on the lateral

side from the back of the operculum to the caudal peduncle, along the

lateral line (Uren Webster et al., 2018). There is a risk of disrupting

this protective layer, which could lead to disease. Catfish skin micro-

biomes disrupted by potassium permanganate were found to have

increased mortality from the pathogenic bacteria Flavobacterium

columnare, which causes columnaris disease (Mohammed & Arias,

2015). Despite the relative ease of using this sampling method non-

lethally, many studies still lethally sample for skin microbiome

research (Chiarello et al., 2018; Lowrey et al., 2015). This may be due,

in part, to the capture method (e.g., by speargun; Chiarello et al.,

2018) or because more invasive samples are being taken in concert

(Uren Webster et al., 2018).

3 | OPPORTUNITIES WITH NON-LETHAL
MICROBIOME SAMPLING

Non-lethal sampling provides an opportunity to sample rare or threat-

ened populations and species that would otherwise be unattainable

due to legal protections or conservation concerns. Having a better

understanding of host–microbiome associations and the functional

role microbes play in host health and fitness can aid in the conserva-

tion of imperiled species (Zhu et al., 2021). Many threatened species

must also contend with anthropogenic disturbances such as habitat

degradation and pollution (Arthington et al., 2016), along with climate

change factors such as elevated temperatures or changes in salinity

(Portner & Peck, 2010), which would also negatively impact their

microbiome, potentially leading to reduced host fitness and survival

that could further depress population numbers or prevent recovery

(Zhu et al., 2021). Conservation reintroduction programmes could also

benefit from understanding optimal host–microbe associations to

maximize fitness after releasing captive individuals back into the wild

(Zhu et al., 2021), as is commonly done for terrestrial organisms

(Bahrndorff et al., 2016; West et al., 2019). This is relevant to fish

hatcheries that use captive breeding as a means to conserve, reintro-

duce, or supplement populations in the wild (Rytwinski et al., 2021).

Prerelease conditioning of the gut microbial community through diet

training was attempted in captive-bred endangered Yangtze sturgeon

(Acipenser dabryanus) prior to release to increase postrelease survival

and fitness (Yang et al., 2020). This is a promising area of research

(see Jin Song et al., 2019) that would benefit significantly from more

research effort.

Another opportunity provided by non-lethal sampling is that it

can be integrated with movement research, such as telemetry and

mark-recapture, to provide insight into a fish's behavior and associ-

ated microbiome. For a full review of non-lethal sampling and fish

movement research in freshwater fishes, see Thorstensen et al.

(2022). In the context of fish movement ecology, non-lethal sampling

is necessary as you need to see what the fish are doing after you sam-

ple their microbiota to answer your proposed research questions. This

has relevance to both migration behavior and reproductive behavior

studies. Most salmonid migration microbiome studies to date lethally

F IGURE 2 Example of hindgut swabbing on a common white
sucker (Catostomus commersonii).
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sample fish and provide characterizations of the gut microbiome at

different stages of their migration or life cycle using cross-sectional

population-based analyses (Element et al., 2020a; Element et al.,

2020b; Le et al., 2020; Liu et al., 2022; Llewellyn et al., 2016; Tosin

et al., 2020), rather than individual-based analysis. However, if host–

microbiota research maintains that the commensal microbiome increases

host survival and fitness, then there should be relevant studies examining

fish under these circumstances. Fish migration and spawning offer an

excellent opportunity to intrinsically test these hypotheses. Spawning

migration runs are arduous and physiologically challenging endeavors,

especially among semelparous anadromous species, such as sockeye

salmon (Oncorhynchus nerka), that rely on endogenous energy reserves

to fuel their journey (Brett, 1995). Many fish die before reaching the

spawning grounds, due to the depletion of energy reserves and disease,

among other reasons (Hinch et al., 2006). Differential survival among a

migratory population would be a prime example to study correlations

between successful migrants and the gut, skin, or gill microbiomes. Tak-

ing it a step further, spawning success as a proxy for fitness among

female Pacific salmon can easily be established based on the presence or

absence of eggs in the abdominal cavity after death on the spawning

grounds and could be correlated to microbiome composition and diver-

sity. Currently, no research studies to our knowledge utilize non-lethal

sampling for wild fish behaviors, such as migration. It is, however, a com-

monly used method in avian migration studies, where fecal samples are

taken at bird stopover points along their migration route (Lewis

et al., 2016; Risely et al., 2017; Skeen et al., 2021).

A final opportunity provided by non-lethal sampling is the ability

to collect time series data, which provide invaluable insight into how

microbiome dynamics change over time. It is particularly well studied

in humans, where in-depth research has shown how dynamic micro-

bial communities are during the first years of life (Koenig et al., 2011)

and even on shorter time scales, such as after infections (Hoffmann

et al., 2009) or antibiotic treatments (Peterfreund et al., 2012). Time

series data have also been studied in wild animal populations, particu-

larly in primates (Björk et al., 2022; Murillo et al., 2022), but also in

birds (Skeen et al., 2021). For example, Björk et al. (2022) provided an

extensive gut microbial time series from wild baboons and found that

despite synchronizing forces in baboon populations (e.g., shared envi-

ronments and diets), hosts still retained highly idiosyncratic gut micro-

biomes. Both the studies of primates and birds have important

implications in terms of linking microbial dynamics to health outcomes

and are, therefore, a topic of interest. Within fish species, microbiome

time series data are important in the aquaculture industry, where health

outcomes are also closely monitored in association with microbial

dynamics, as well as the effect of different feeding regimes and other

pertinent metrics. Although repeat fecal microbiome sampling of aqua-

culture fish does occur (Neuman et al., 2016; Zarkasi et al., 2014), lethal

sampling is still largely used where fish are lethally sampled at different

time points to examine how microbiomes change over time in response

to different treatment regimes (Payne et al., 2022; Ringø et al., 2006).

Microbiome time series data were also examined using captive clown-

fish and anemones in a tank experiment, using non-lethal skin mucus

swabs to sample the skin microbiome of fish to see how it changes

before, during, and after association with an anemone (Pratte et al.,

2018); however, time series microbiome studies are rare in wild fish

species. We identified two studies that assessed temporal variability

(among other drivers) of the gut or mucosal microbiota in wild rabbit

fish (Siganus guttatus; Le et al., 2020) and Pacific chub mackerel (Scom-

ber japonicus; Minich et al., 2020). However, these were cross-sectional

studies, and fish were killed to collect microbiome samples. That being

said, we could not find any studies that non-lethally sampled wild fish

microbiomes at more than one time point for temporal analysis of the

microbiome. One could argue that it is difficult to recapture the same

individual fish in aqueous environments. There are circumstances that

would make this task easier. For instance, iteroparous fish that spawn

annually could be externally tagged and non-lethally sampled for micro-

biome analysis over multiple years. On a shorter time frame, some fish

species, such as smallmouth bass (Micropterus dolomieu), undertake

paternal care during the spawning period and exhibit nest and brood-

guarding behaviors for up to 4 weeks, until offspring are self-sufficient

(Cooke et al., 2002). This would also provide an excellent means to

examine fish microbiomes in relation to fitness end points and should

be further investigated.

4 | CHALLENGES WITH NON-LETHAL
MICROBIOME SAMPLING

The greatest challenge concerning non-lethal microbiome sampling is

the low biomass often obtained when taking swabs of different fish

body compartments. Low-biomass samples typically have lower repeat-

ability (same results from replicates of the same sample) than higher

biomass samples (such as feces; Videvall et al., 2017). This is because

low-biomass samples have low initial template DNA concentrations,

which increases the likelihood of stochastic noise generated during

PCR amplification prior to sequencing (Erb-Downward et al., 2020;

Videvall et al., 2017). Further, any small amount of contamination dur-

ing the sampling stage and/or the DNA extraction stage can result in

over-amplification during PCR, which can critically impact downstream

analyses and result in erroneous interpretations (Eisenhofer

et al., 2019; Salter et al., 2014). To mitigate this issue, using both posi-

tive and negative controls can help recognize contamination signals, so

that they can then be excluded from the final dataset (Kennedy

et al., 2023). Contamination can also be removed during the analysis

phase using software packages, such as decontam, which removes more

abundant contaminants (Davis et al., 2018).

Another challenge in tandem with low-biomass samples is the

presence of PCR inhibitors. Inhibitors comprise a variety of organic

and inorganic substances and can come from a biological origin (such

as the biological materials being sampled) or be introduced during

sample processing or DNA extraction (Schrader et al., 2012). Inhibitors

function by interfering with cell lysis during DNA extraction, degrad-

ing nucleic acid, or inhibiting the amplification of nucleic acids during

the PCR process (Wilson, 1997). This has downstream effects on the

final sequencing libraries produced and overall microbial diversity

characterized. Until recently, the majority of gut microbiome optimization
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method papers have been centered on mammals (Blekhman et al., 2016;

Choo et al., 2015; Jin Song et al., 2016) and have targeted protocols to

remove PCR inhibitors. Despite an influx of fish gut microbiota research,

fish microbiome optimization has received comparatively less attention

(Talwar et al., 2018). Further, fish gut samples have very different chemi-

cal and enzymatic profiles, which may result in differing degrees of PCR

inhibition (Hildonen et al., 2019). Fish gill samples also prove to be rich in

PCR inhibitors; however, gill biopsies are likely more problematic than gill

swabs due to being a blood-rich tissue (Clokie et al., 2022). Inhibitors can

also be introduced during sample preservation and storage. A compari-

son study on different storage methods (immediate freezing, 96% etha-

nol, RNAlater, and DNA/RNA shield) for gut microbiome samples from

rainbow trout (Oncorhynchus mykiss) showed that different methods

were associated with different degrees of PCR inhibition and highlighted

the importance of these types of optimization studies when exploring

new species systems (Hildonen et al., 2019). The authors found that

RNAlater-stored mucosal samples had the lowest levels of inhibition.

However, 96% ethanol was the preferred storage method for rainbow

trout gut microbiome samples as it yielded higher amounts of DNA, and

DNA sequencing libraries were of sufficient quality (Hildonen et al.

2019). However, when working with wild species at remote field sites,

especially if air travel is required, some sample storage methods, such as

ethanol, are not viable if you plan to fly commercially.

As mentioned previously, a great opportunity provided by non-

lethal sampling is the ability to take multiple samples in time series

experiments. However, more research needs to be conducted to

determine the impact, if any, and the magnitude of the impact, that

repeat sampling has on the microbiome. This would be particularly rel-

evant to skin and gill swabs, where a thick mucus layer is present, and

the disruption of this protective barrier could potentially allow an

alternate microbiome to become established, leading to dysbiosis and

disease in the host. To our knowledge, only one study has attempted

non-lethal repeat sampling of individual fish. Pratte et al. (2018) exam-

ined captive clownfish skin mucosal microbial communities before,

during, and after association with sea anemones. However, they did

not report on the potentially disruptive effects of repeat sampling

(Pratte et al., 2018). More methodological studies are needed to

examine if repeat sampling of the mucosal microbiome creates a con-

founding factor in temporal studies.

5 | CONCLUSIONS

Research has shown the microbiome to be highly dynamic, with large

inter- and intra-individual variation. Lethal sampling for microbiome

analysis offers only a snapshot of what is present at that specific

moment in time. Transitioning to non-lethal sampling can help provide

a more in-depth assessment of host–microbe associations as they

relate to fitness end points and behaviors, both across spatial and

temporal scales. Several decades ago, the same discussions occurred

in the context of animal physiology where there was a desire to move

away from lethal sampling in an effort to understand the physiological

basis for individual variation in animal fitness and behavior (Bennett, 1987;

Spicer & Gaston, 1999). Today, non-lethal sampling enables physiologists

to assess the mechanistic physiological basis for variation in fish perfor-

mance (e.g., Chapman et al., 2021; Cooke et al., 2006), and we submit that

the same opportunities exist for non-lethal microbiome studies. Being able

to do the same with microbiomes would not only reduce animal welfare

and population impacts on fish but also create novel opportunities to link

microbiome communities of fish hosts to the behavior and survival of indi-

viduals across space and time (e.g., life-stages, seasons). Currently, tempo-

ral trends are often assessed in fish via lethally sampled cross-sectional

population studies to examine how the microbiota change over develop-

ment stages or time. Indeed, lethal sampling efforts constrain our ability to

understand the mechanistic ecological consequences of variation in micro-

biome communities in the wild such that transitioning to non-lethal sam-

pling will open new frontiers in ecological and microbial research. Moving

forward, more fish-specific comparison studies of lethal versus non-lethal

microbiome sampling methods would add value to the literature base and

provide evidence that non-lethal sampling has merit. Further refinement

of non-lethal methods and validation studies of these methods would also

be beneficial. There has been some movement in the past few years

toward fish-specific microbiome method evaluations (see Clinton

et al., 2021; Clokie et al., 2022; Hildonen et al., 2019; Nyholm et al.,

2022). Ideally, the research community will converge on a set of best prac-

tices that provide repeatable and reproducible results for different fish

body compartments for microbiome analysis. In addition, there is a need

to create a robust methodological pipeline for non-lethal microbiome

research, from sample collection to data analysis, so that comparisons can

be made across studies and meta-analyses and systematic reviews can be

conducted to provide more concrete evidence for host–microbe associa-

tions and their benefits to host health and fitness in fish research.
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