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Abstract 11 

Until now, little attention has been paid to the effects of fish microbiotas on the 12 

reproducibility and comparability of fish studies. Extrinsic and intrinsic factors, such as 13 

water quality, environmental microbial populations, diet, host genetic profile, gender, 14 

age and stress status, affect fish microbiotas and create significant inter- and intra-15 

species variations. Fish microbiotas play critical roles in many key aspects of host 16 

physiology, such as protection against pathogens, digestion and development of the 17 

digestive tract and the local immune system. Thus, greater effort should be invested in 18 

standardizing the microbiological profiles of research fish. In this context, issues 19 

requiring consideration include the establishment of isogenic and isobiotic fish lines, the 20 

standardization of rearing conditions and the development of appropriate tests to 21 

adequately describe microbial populations. There are many challenges involved in each 22 

of these issues, and the research community must decide which aspects should be 23 

standardized for each species and each type of research. For all studies in which the 24 

microbiota is expected to exert an influence, thorough reporting is of paramount 25 

importance. Every step towards standardization increases study quality and 26 

simultaneously contributes to reducing the number of fish used in research, which is a 27 

legal and ethical obligation.  28 
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 32 

In 2010, Kilkenny et al.1 proposed the ARRIVE (Animals in Research: Reporting In 33 

Vivo Experiments) guidelines, which include 20 checklist points describing the 34 

minimum, yet essential, information that all publications utilizing animals must include. 35 

One of these points requires a detailed description of the characteristics of the research 36 

animals prior to the study, including their microbiological status. Monitoring and 37 

recording the microbiological status of all research animals is also an obligation 38 

according to Directive 2010/63/EU because microbiological surveillance programs must 39 

be implemented for all research animals. However, until now, the vast majority of 40 

studies involving fish have not included any descriptions of microbiological status, and 41 

testing for the absence of certain important fish pathogens has rarely been reported. 42 

The aim of the present review is first to highlight why the normal microbiota of 43 

healthy fish is an important experimental variable that affects experimental validity and 44 

reproducibility, and second, to discuss the issues and challenges related to 45 

standardization of the normal microbiota of research fish.  46 

  47 

The fish microbiota 48 

 49 

Early studies employed culture-based methods to identify and even quantify the 50 

groups of microorganisms comprising fish microbiotas. However, due to the low 51 

culturability (often <2%) of many bacteria living in the water, on the skin and in the fish 52 
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intestine, various complementary molecular techniques have also been used to provide a 53 

more comprehensive picture of the fish microbiota.2,3,4 Based on the use of such 54 

techniques, many obligatory anaerobes that are difficult to culture represent a 55 

substantial portion of the fish gut microbiota in some fish species.5 56 

Immediately after fish larvae hatch, bacteria present on the egg chorion and in the 57 

water begin to colonize different areas of the body, and this colonization continues as 58 

the fish start to feed and grow.6-8  59 

Microbes are normally found on the skin, gills and in the fish intestine, but their 60 

presence has also been reported in other organs such as the liver and ovaries.9,10 61 

However, because these other organs are considered sterile, the presence of any 62 

microbes generally indicates a breach in immune defense mechanisms and the presence 63 

of subclinical infections.  64 

 65 

Microbiotas of the fish skin and gills  66 

 67 

According to many studies, there are quantitative and qualitative differences between 68 

the microbiotas of the fish skin and gills and that of the water in the host environment.6 69 

There are also differences between the adherent bacterial and fungal communities of the 70 

gills and skin.11  71 

Due to the nutrient-rich environment of the skin and gill mucus, microorganism 72 

density on the fish skin and gills is significantly higher than that in the surrounding 73 
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water, as determined by several studies employing culture-based methods to analyze 74 

fish reared either in tanks or in ponds.12,13 Based on previous studies, Austin9 reported 75 

bacterial populations on fish skin ranging from 102 to 104 bacteria/cm and 106 bacteria/g 76 

on the gills. Higher loads were associated with heavily contaminated aquatic 77 

environments. However, due to the methods used (primarily culture-based methods and 78 

scanning electron microscopy), these studies may have underestimated the investigated 79 

bacterial populations.  80 

The vast majority of identified bacteria are gram-negative, aerobic and members of 81 

the phyla Proteobacteria, Firmicutes, Cyanobacteria, Actinobacteria, and 82 

Bacteriodetes.8,9 The most common genera are the following: Aeromonas spp., Vibrio 83 

spp., Cytophaga spp., Flexibacter spp., Escherichia coli, Enterobacter spp., 84 

Pseudomonas spp., and Photobacterium spp. Many of these bacteria are opportunistic 85 

pathogens that are ubiquitous in the aquatic environment. They hold the potential to 86 

cause health problems under certain conditions, e.g., when the host immune system is 87 

compromised or when the water temperature is favorable.  88 

 89 

Factors affecting the fish skin and gill microbiotas 90 

 91 

Various external and host-related factors affect the density and composition of the fish 92 

skin and gill microbiotas (Figure 1). 93 
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Although there is a clear host species specificity, various factors, such as the 94 

environment, the season and various mucus components, affect the fish skin and gill 95 

microbiotas.14-16 Furthermore, host genotype and gender appear to exert strong 96 

influences, resulting in significant intra-species variations, although the presence of an 97 

autochthonous core population has been demonstrated in certain species such as the 98 

brook charr (Salvelinus fontinalis) and pangasius (Pangasius hypophthalmus).16,17  99 

Different diets (e.g., pellets or natural diets) or starvation influence the fish skin and 100 

gill microbiotas through alterations in the composition of the skin and gill mucus.12 101 

Similarly, various stressful conditions, such as a high density population, hypoxia, or a 102 

5-h transportation period, also influence the fish skin and gill microbiotas through 103 

alterations in mucus composition.18,19 Different fish species are able to differentially 104 

tolerate stress, and thus, the effects of various stressors on their skin and gill 105 

microbiotas may differ. 106 

In mammals, the stimulation of one mucosal surface may result in an immune 107 

response at other mucosal surfaces. In fish, little is known about these common mucosal 108 

immune responses, and further research is required to elucidate such interactions and, in 109 

particular, to determine how they influence the microbiota. 110 

 111 

Effects of fish skin and gill microbiotas on the host 112 

 113 
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In terrestrial mammals, the normal skin microbiota plays an important defensive role by 114 

antagonizing many potential pathogens. A similar role has been demonstrated in fish 115 

(Figure 1).20,21 Beneficial bacteria act through competitive exclusion for nutrients and/or 116 

synthesizing antimicrobial compounds. The presence of such beneficial bacteria plays 117 

an important role in the initial stages of an infection and even assists in the recovery of 118 

affected fish.20,22  119 

According to Hansen and Olafsen,6 some bacteria in the skin microbiota of fish may 120 

also assist in fish locomotion by secreting drag-reducing slime, thus enhancing the 121 

effects of skin mucus. This role has yet to be confirmed.  122 

 123 

The fish gut microbiota 124 

 125 

In fish, the gut microbial population has been extensively studied compared to the skin 126 

and gill microbiotas, and its effects on digestion, metabolism and various diseases have 127 

been confirmed.8,23,24 128 

Microbes colonizing the fish gastrointestinal tract are either autochthonous or 129 

transient (or allochthonous), depending on their ability to survive the low pH of the 130 

stomach (depending on the fish species) and competition with other microbes.4,8,23 131 

There are differences in the composition of the microbiota between different parts of the 132 

gastrointestinal tract, and these differences are associated with the feeding habits of the 133 
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host species.23,25 The number of microbes tends to increase from the stomach toward the 134 

distal portion of the intestine.9,26  135 

The groups of microbes colonizing the intestinal mucosa (primarily the 136 

autochthonous microbiota) are different from those found in the intestinal contents 137 

(primarily allochthonous microbiota) and in the water.27,28 These differences are likely 138 

attributable to specific properties of the microenvironment of the intestinal mucus, 139 

which provides certain resources for microbes to live and propagate.29,30  140 

The major microbial groups are aerobic and facultative anaerobic bacteria, although 141 

many obligate anaerobes (e.g., Cetobacterium somerae) as well as various yeasts are 142 

also present.7,9,23,28,29,31,32 The predominant bacterial phyla are Proteobacteria, 143 

Bacteroidetes and Firmicutes. Viruses, including many bacteriophages, also live in the 144 

fish gut.31  145 

The cultivable bacterial populations in the intestinal content and mucus range 146 

between 106 to 109 colony forming units (CFU)/g, with the mucus population generally 147 

exhibiting lower diversity,9,23,34,35 although the opposite has also been reported.27 There 148 

are variations in the numbers of microbes colonizing the enterocytes; some enterocytes 149 

are colonized by virtually no bacteria at all.36 150 

Similar to the skin microbiota, the fish gut microbiota also comprises many 151 

pathogenic, primarily opportunistic, species such as Edwardsiella tarda, E. ictaluri, 152 

Aeromonas hydrophila and Vibrio alginolyticus.32,37  153 

 154 
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Factors affecting the fish gut microbiota 155 

 156 

Generally, the same factors that affect the fish skin and gill microbiotas also affect the 157 

fish gut microbiota (Figure 1). In many cases, the exact underlying mechanism is not 158 

fully understood. 159 

The fish species strongly determines the composition of the gut microbiota.38 There 160 

are also differences in the predominant bacterial groups present in freshwater and 161 

marine fish species. For example, Aeromonas spp. and Pseudomonas spp. are the most 162 

common genera in many freshwater fish species, whereas Vibrio spp. appears to be the 163 

most common genus in many marine fish species.7,23  164 

The effects of the host genetic background on the composition of the microbiota are 165 

not well-studied in fish. In humans and mice, certain host genes are able to alter gut 166 

immunological profiles and consequently influence the composition of the gut 167 

microbiota, including the predominant phyla Bacteroidetes and Firmicutes.39 Smith et 168 

al.40 observed that populations of threespine stickleback (Gasterosteus aculeatus) with 169 

greater genetic heterozygosity tended to exhibit lower inter-individual microbial 170 

variation. This tendency may be associated with increased immunogenetic diversity 171 

among individuals in these populations, which reduces microbial diversity. This 172 

conclusion, if confirmed, may have serious implications for the selection of fish genetic 173 

profiles for use in experiments. 174 
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Depending on the utilized approach, there have been different reports of the effects 175 

of gender on the fish gut microbiota. Employing primarily culture-based methods, 176 

Cantas et al.41 did not observe significant differences in the gut microbiota between 177 

male and female zebrafish (Danio rerio). However, Bolnick et al.42 observed significant 178 

differences in the gut microbiota between males and females in natural populations of 179 

stickleback (Gasterosteus aculeatus) and Eurasian perch (Perca fluviatilis) using 16S 180 

rRNA gene amplification. Additionally, different diets provoked sex-dependent changes 181 

in the gut microbiota.  182 

As fish progress through different developmental stages, their gut microbiota also 183 

changes, often due to changes in the diet.37,43,44 Moreover, the gut microbiota changes 184 

between juveniles and sexually mature fish, potentially due to increasing levels of 185 

hormones.41 186 

According to many studies, environmental factors, such as water quality, available 187 

nutrients, and potentially pollution, significantly influence the fish gut microbiota, both 188 

in wild and farmed fish.25,45,46 Roeselers et al.32 observed a constant, core gut microbiota 189 

in zebrafish maintained under diverse conditions in different laboratory facilities; these 190 

results are similar to those obtained for fish recently collected from their natural 191 

habitats. 192 

Even the farming system affects the fish gut microbiota. Using molecular biology 193 

methods, Giatsis et al.47 examined the effects of recirculation and active suspension 194 

tanks on the development of the gut microbiota in Nile tilapia (Oreochromis niloticus) 195 
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larvae after the first feeding. Although there were no differences in larval growth, feed 196 

conversion and survival between the two systems, significant differences in the gut 197 

microbial populations were observed 7 days after the first feeding. Differences in the 198 

water microbial populations were also observed, but it was not clear whether these 199 

differences were associated with the differences in the gut microbiota of the fish. 200 

Diet appears to be the most significant factor directly affecting the gut microbiota. 201 

Different dietary ingredients, different types of feeds (e.g., live feeds or pelleted) and 202 

different feed additives (e.g., vitamins or probiotics) exert dramatic effects on the 203 

microbial community of the fish gastrointestinal tract.4 These factors favor the growth 204 

of certain groups of microbes, which in turn may affect colonization by potential 205 

pathogens.  206 

Significant changes in the gut microbiota occur within a few days or weeks 207 

following a change in diet, depending on the diet and potentially the age of the 208 

fish.27,48,49 Starvation also induces changes in fish gut microbial populations within 209 

days.50 In the latter situation, bacterial groups that utilize more diverse energy sources, 210 

such as Bacteroidetes, tend to increase. In different fish species, different diets appear to 211 

differentially influence the autochthonous and allochthonous microbiotas,51-53 a 212 

phenomenon that should be examined in every fish species. 213 

Stress may influence the fish gut microbiota, primarily due to resulting alterations in 214 

the intestinal mucus. In particular, after an acute stress such as netting, there is increased 215 

sloughing off of the mucus, resulting in excessive removal of the autochthonous 216 
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bacteria, many of which play a significant protective role against potential pathogens.54 217 

These changes, combined with structural changes (e.g., increased transepithelial 218 

permeability) that occur in the intestine during stress, increase the risks of colonization 219 

and invasion by potential pathogens. 54  220 

In mice, circadian rhythms, particularly when combined with a high-fat and high-221 

sugar diet, affect the gut microbiota.54 This phenomenon has not yet been studied in 222 

fish, but such effects cannot be excluded and may have important implications because 223 

varying photoperiods are used in different facilities and in different experiments. 224 

 225 

Effects of the fish gut microbiota on the host 226 

 227 

In fish, the significance of the gut microbiota for host digestion depends on the host 228 

trophic level. Herbivorous fish rely on the microbial digestion of certain plant materials, 229 

particularly cellulose, whereas carnivorous fish appear to be less dependent on gut 230 

microbial metabolism.56,57 231 

The gut microbiota plays a protective role against many potential pathogens, 232 

primarily by inhibiting pathogen colonization and/or by producing antimicrobial 233 

substances.31,58 Many lactic acid bacteria, such as Carnobacterium divergens and 234 

Lactobacillus delbrueckii ssp. lactis, which are members of the indigenous gut 235 

microbiota of many fish, are known to have roles against pathogens such as Aeromonas 236 
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salmonicida and Vibrio anguillarum.59 Their populations, and thus their actions, may be 237 

affected by factors such as nutrition, stress and salinity.58 238 

Many fish intestinal bacteria synthesize important substances that are used by the 239 

host. For instance, Cetobacterium somerae, a member of the autochthonous gut 240 

microbiota of many fish species including carp and tilapia, produces vitamin B12.60 241 

These fish species consequently have either low or no requirements for dietary 242 

supplementation of this vitamin.61 243 

Studies employing germ-free zebrafish have demonstrated the positive effects of the 244 

gut microbiota on the renewal and differentiation of the intestinal epithelium as well as 245 

the expression of fish genes involved in the immune and oxidative stress responses, thus 246 

increasing stress tolerance.62,63 In addition, studies investigating various probiotics have 247 

revealed the influence of the gut microbiota on the number of goblet cells, the height of 248 

the intestinal villi, the densities of T-cells and acidophilic granulocytes in the intestinal 249 

mucosa, serum lysozyme and complement levels, and bactericidal activity.64-67 250 

In mice, the gut microbiota also influences intestinal motility, which likely occurs 251 

through stimulation of the enteric nervous system.68,69 Furthermore, communication 252 

between the gut microbiota and the host brain has also been demonstrated in 253 

mammals.69 The microbiota affects host behavior through vagal afferents, whereas the 254 

host affects the content and function of the microbiota through neurotransmitters that 255 

bind to specific receptors on microbes. In fish, this research is still in its infancy, but 256 
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recent studies have already suggested the influence of the gut microbiota on behavior 257 

and stress responses.70 258 

According to Mouchet et al.,71 functional diversity in the gut microbiota (assessed in 259 

terms of the carbon sources used) among individuals of the same population is not 260 

related to the genetic diversity of the gut microbiota but is instead affected by the fish 261 

species and diet. Thus, although various factors may affect the composition of the gut 262 

microbiota in individual fish, an entire fish population living in a specific aquatic 263 

environment sustains a certain degradation capacity, which stabilizes, to some extent, 264 

this specific environment. 265 

 266 

Standardization of fish microbiotas: issues and challenges  267 

 268 

Four key issues are important when considering the standardization of research fish 269 

microbiotas (Figure 2): a) the establishment of fish lines with a uniform genetic profile, 270 

b) the establishment of isobiotic fish lines, c) the establishment of standardized rearing 271 

conditions according to the preferences of each species, and d) appropriate monitoring 272 

and adequate reporting of the microbiological status of research fish. 273 

 274 

Establishment of a uniform genetic profile 275 

 276 
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In humans, monozygotic twins exhibit significant similarities in terms of their microbial 277 

populations.72 Host genetics affect the microbiota through inherited factors such as 278 

different immune system components and mucus composition.39 These types of 279 

interactions are also present in fish. For example, a study by Boutin et al.17 revealed 280 

three quantitative trait loci (QTL) in brook charr associated with 281 

Lysobacter, Rheinheimera and Methylobacterium counts on the skin. These bacteria 282 

may influence the numbers of certain opportunistic pathogens found on fish skin. 283 

The extensive use of isogenic and isobiotic rodent strains for research has resulted in 284 

a rapid increase in our knowledge of many areas of human and animal physiology. The 285 

use of such strains provides increased power, facilitates the characterization of more 286 

accurate dose-response relationships and results in fewer false-negative results 287 

compared to the use of outbred animals.73 Regarding the gut microbiota, variations 288 

between inbred mice are significantly lower than those between outbred mice.74  289 

In fish, current experience indicates different isogenic lines exhibit significantly 290 

different characteristics and behaviors.75 Thus, the selection of an appropriate line for 291 

study is of great importance and should be taken into account in any experimental 292 

design. According to Bongers et al.,76 if inbred fish are used in studies, the best 293 

approach is to utilize a number of inbred fish strains to extrapolate the experimental 294 

results to a larger outbred population. Further research is required to examine the 295 

interactions between defined microbiotas and host physiology in different fish lines, as 296 

well as the stability of the microbiota over time. 297 
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The production of isogenic lines involves many technical issues, and for some fish 298 

species of low commercial value, this may not be practical. However, their use will 299 

ultimately promote reproducibility and contribute to a reduction in the number of fish 300 

used in experiments, as emphasized by Grimholt et al.74 301 

 302 

Establishment of isobiotic fish lines 303 

 304 

Ideally, fish used in any type of study should have a fully characterized or defined 305 

microbiota. Such animals are designated ‘gnotobiotic’, and the term also includes germ-306 

free (or axenic) animals. These animals are generally derived from germ-free animals, 307 

which are later colonized with a pre-defined microbiota. Animals that are colonized 308 

with microbiotas collected from conventionally raised donors are also referred to as 309 

conventionalized animals.77 Once produced, the isobiotic animals transfer their 310 

microbiotas to their offspring, as demonstrated by Becker et al. in rats.78 The biggest 311 

advantage of using gnotobiotic animals is the increased control over many variables that 312 

affect the development of the microbiota and, in particular, autochthonous bacteria. 313 

However, the process has some disadvantages that are primarily related to the 314 

complexity of various procedures and the maintenance of gnotobiotic status.79 315 

Gnotobiotic fish, such as zebrafish, have already been produced and utilized in 316 

several studies investigating the gut microbiota.77,79 The timing required for 317 

colonization is important and should be established for each fish species. Artificial 318 
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colonization should occur when natural colonization would occur so that the 319 

development of the gastrointestinal tract is not disturbed. For example, Pham et al.77 320 

determined that the optimal time for zebrafish colonization is 3 days post-fertilization 321 

because this is the time when conventionally reared fish hatch from their chorions and 322 

are colonized by their microbiota. However, thus far, no protocols to standardize or 323 

manipulate the fish skin microbiota have been developed; theoretically, the same 324 

approach is applicable. 325 

The maintenance of defined microbiotas is an important issue and is strongly related 326 

to rearing conditions and fish diets. In addition, the microbiota may change over time 327 

due to mutations and/or the exchange of genetic information between microbes. Thus, 328 

recolonization through feed or water may be required, likely in combination with 329 

antibiotic treatment.80,81 All of these issues must be examined in different fish species. 330 

Treatment with various antimicrobial agents, such as formalin, is frequently 331 

proposed as a standard to reduce the risk of introducing pathogens or even to control the 332 

fish microbiota upon the arrival of new animals in a research facility. However, such 333 

approaches cause alterations in many fish tissues, induce stress and even increase 334 

mortality post-treatment, as demonstrated in challenge studies.82 Thus, these methods 335 

should only be used when necessary and when their influence on both the welfare of the 336 

fish and the validity of the results has been assessed.  337 

 338 

Standardized rearing conditions 339 
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 340 

Research facilities that maintain fish possess controlled environments involving either 341 

flow-through or re-circulating systems for the water supply. The majority of these 342 

facilities rear their own fish stocks, but they also often must use fish obtained from 343 

external sources, such as commercial farms or commercial breeders. In the latter case, 344 

the fish remain in quarantine for a certain period of time, during which they may be 345 

treated for common pathogens. Ultimately, due to the different practices of different 346 

facilities, varying water quality parameters (although these are generally maintained 347 

within a preferable range for each species) and different diets, the microbiological status 348 

of research fish varies or is unknown. 349 

The issue of environmental standardization between different research animal 350 

facilities is still controversial. Van der Staay et al.83 discussed the use of standardized 351 

versus heterogeneous environmental conditions in animal experimentation and 352 

concluded that the latter fails to detect subtle differences, and thus, the former is 353 

preferred, particularly for principle studies. However, the generalizability of results 354 

must be confirmed in subsequent ‘extended replication’ studies, in which various 355 

known factors are examined. Using behavior measurements in a multi-laboratory study, 356 

Richter et al.84 observed an increased rate of ‘false-positive’ results when employing 357 

standardized replication. Thus, environmental standardization should be replaced by 358 

systematic and controlled environmental heterogenization. However, the conclusions of 359 

Van der Staay et al. and Richter et al. differ because they emphasize the significance of 360 
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a careful experimental design and the consideration and examination of all contributing 361 

factors before any solid conclusions are drawn. Nonetheless, certain rearing variables, 362 

such as a common diet for each fish species and the use of re-circulated and treated 363 

water, may significantly minimize intra-species variations in the normal microbiota of 364 

fish.  365 

  366 

Monitoring and reporting fish microbiota 367 

 368 

The use of specific-pathogen-free (SPF) animals and the maintenance of an SPF 369 

environment are the most important aspects of any fish health monitoring program 370 

implemented in a research facility. Additional factors, such as the selection of 371 

appropriate groups of target microbes, the test methods employed, the number of 372 

representative animals selected for testing and the cost, are also critical for the success 373 

of such a program.85 Johansen et al.86 provided an overview of the general principles of 374 

a health monitoring program for fish research facilities. However, there are additional 375 

considerations when monitoring and reporting the normal microbiota in fish to enhance 376 

the reproducibility of experiments, and necessary adjustments should also be made 377 

based on the fish species. 378 

The importance of standardizing, monitoring and reporting the microbiota of 379 

research animals has been previously addressed by Eberl.87 This author collected 380 

opinions from many specialists in this area to answer relevant questions. All specialists 381 
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recognizing the role of the microbiota in the host physiology agreed on the importance 382 

of reporting the microbiota in all studies, particularly when there is strong evidence of 383 

its influence. Two of the initial questions addressed by Eberl were a) which microbes 384 

should be monitored, particularly in terms of the level of phylogenetic detail, and b) 385 

how often should monitoring occur. In fish, the answers to both questions depend on the 386 

fish species (e.g., the trophic level), how isolated and constant the environment of the 387 

facility is and the type of study. For instance, if the facility uses re-circulation and water 388 

treatment (e.g., UV radiation or ozonation) and a standardized feed containing known 389 

microbial content, one assumes that the skin, gill and gut microbiotas will remain 390 

relatively constant if the genetic profile of the fish and overall management are also 391 

standardized. In particular, nutritional studies should always include a description of the 392 

gut microbiota for all treatments (including both aerobic and anaerobic bacteria as well 393 

as fungi) at the beginning and at the end of the experimental period, at minimum. 394 

Although a detailed description of the fish microbiota may not be practical in terms of 395 

cost, the list of target microbes should at least include all of the major groups of 396 

microbes that play important roles in digestion, depending on the fish species and the 397 

nature of the experiment. Similarly, experimental infections should include groups of 398 

microbes with known protective and/or immunostimulatory properties.  399 

When long-term experiments are conducted, the effects of different developmental 400 

stages and fish ages on the microbiota should also be examined, and thus appropriate 401 

sampling points should be included. According to Giatsis et al.,47 there are no 402 
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significant differences in the gut microbiotas of individual fish living in the same tank 403 

(particularly if the fish are of the same genetic background), nor are there differences 404 

between fish living in replicate tanks and fish maintained under the same conditions. 405 

Although these observations should be confirmed under different conditions and a 406 

standardized sampling protocol should be developed, only a relatively small sample size 407 

appears to be required to determine the microbial status of a homogenous group of fish.  408 

Another important issue is the methods employed to examine and standardize the 409 

microbiota of research animals. Every test has limitations, and thus, a combination of 410 

tests should be used to give a more accurate picture of the microbial populations 411 

present.4,86,87 Recent advances in the use of culturomics to study the human gut 412 

microbiota indicate better results are obtained with a combination of culture-based and 413 

culture-independent methods, particularly in the case of low-abundance microorganisms 414 

that certain molecular methods fail to detect.88,89  415 

The cost of adequately monitoring the microbiota of research fish may still be high 416 

for some facilities, particularly if regular sampling is required. However, this cost is 417 

affected by the level of standardization of the microbiota and may be balanced by the 418 

reduced numbers of animals required for experiments and the increased reproducibility.  419 

 420 

Conclusions  421 

 422 
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Recently, there has been increased focus on the validity and reproducibility of published 423 

studies, particularly those involving animals. Apart from scientific and legal reasons, 424 

there is an ethical obligation to ensure that a minimum number of animals are used in 425 

various experiments to obtain reliable results.  426 

One of the most fundamental factors affecting reproducibility, and consequently the 427 

validity of any experiment, is the standardization of experimental conditions. In fish 428 

experiments, the fish microbiota is rarely included when describing the status of the 429 

animals used, although the ability of the fish microbiota to significantly affect the host, 430 

resulting in significant inter- and, more importantly, intra-species variations, is well 431 

known. As knowledge of the roles of the skin, gill and gut microbiotas increases, the 432 

significance of standardization becomes more apparent.  433 

This review highlights the most important issues and challenges associated with the 434 

standardization of normal fish microbiotas and their importance in fish experimentation. 435 

Fish constitute a highly diverse group of animals, and each species exhibits different 436 

tolerances and responses to various factors. The studies used as examples in this review 437 

included only certain species, and thus, further investigation is required before the 438 

research community decides which factors affecting the microbiota of each species are 439 

important for standardization. Nevertheless, the fish microbiota is an important 440 

experimental variable and should be monitored and reported in all studies in which it is 441 

likely to have an influence.  442 

 443 



23 
 

Declaration of conflicting interests  444 

 445 

The author declares that there are no competing interests.  446 



24 
 

References 447 

 448 

1. Kilkenny C, Browne WJ, Cuthill IC, Emerson M and Altman DG. Improving 449 

bioscience research reporting: the ARRIVE guidelines for reporting animal 450 

research. PLoS Biol 2010; 8(6): e1000412.  451 

2. Huber I, Spanggaard B, Appel KF, Rossen L, Nielsen T and Gram L. 452 

Phylogenetic analysis and in situ identification of the intestinal microbial 453 

community of rainbow trout (Oncorhynchus mykiss, Walbaum). J Appl 454 

Microbiol 2004; 96: 117-132. 455 

3. Benhamed S, Guardiola FA, Mars M and Esteban MA. Pathogen bacteria 456 

adhesion to skin mucus of fishes. Vet Microbiol 2014; 171: 1-12. 457 

4. Ringø E, Zhou Z, Vecino JLG, Wadsworth S, Romero J, Krogdahl Å, Olsen RE, 458 

Dimitroglou A, Foey A, Davies S, Owen M, Lauzon HL, Martinsen LL, De 459 

Schryver P, Bossier P, Sperstad S and Merrifield DL. Effect of dietary 460 

components on the gut microbiota of aquatic animals. A never-ending story? 461 

Aquacult Nutr 2016; 22(2): 219-282. 462 

5. Pond MJ, Stone DM and Alderman DJ. Comparison of conventional and 463 

molecular techniques to investigate the intestinal microflora of rainbow trout 464 

(Oncorhynchus mykiss). Aquaculture 2006; 261: 194-203. 465 

6. Hansen GH and Olafsen JA. Bacterial interactions in the early life stages of 466 

marine coldwater fish. Microb Ecol 1999; 38: 1-26. 467 



25 
 

7. Sullam KE, Essinger SD, Lozupone CA, O’connor MP, Rosen GL, Knight R, 468 

Kilham SS and Russell JA. Environmental and ecological factors that shape the 469 

gut bacterial communities of fish: a meta-analysis. Mol Ecol 2012; 21: 3363–470 

3378. 471 

8. Llewellyn MS, Boutin S, Hoseinifar SH and Derome N. Teleost microbiomes: 472 

the state of the art in their characterization, manipulation and importance in 473 

aquaculture and fisheries. Front Microbiol 2014; 5: 207.  474 

9. Austin B. The bacterial microflora of fish, revised. ScientificWorldJournal 2006; 475 

6: 931-945. 476 

10. Yang G, Bao B, Peatman E, Li H, Huang L and Ren D. Analysis of the 477 

composition of the bacterial community in puffer fish Takifugu obscurus. 478 

Aquaculture 2007; 262: 183-191. 479 

11. Wang WW, Zhou ZG, He SX, Liu YC, Cao YN, Shi PJ, Yao B and Ringo E. 480 

Identification of the adherent microbiota on the gills and skin of poly-cultured 481 

gibel carp (Carassius auratus gibelio) and bluntnose black bream 482 

(Megalobrama amblycephala Yih). Aquac Res 2010; 41: 72-83. 483 

12. Landeira-Dabarca A, Sieiro C and Alvarez M. Change in food ingestion induces 484 

rapid shifts in the diversity of microbiota associated with cutaneous mucus of 485 

Atlantic salmon Salmo salar. J Fish Biol 2013; 82: 893-906.  486 



26 
 

13. Pakingking Jr R, Palma P, Usero R. Quantitative and qualitative analyses of the 487 

bacterial microbiota of tilapia (Oreochromis niloticus) cultured in earthen ponds 488 

in the Philippines. World J Microb Biot 2015; 31(2): 265-275. 489 

14. Larsen A, Tao Z, Bullard SA and Arias CR. Diversity of the skin microbiota of 490 

fishes: evidence for host species specificity. FEMS Microbiol Ecol 2013; 85: 491 

483-494. 492 

15. Lokesh J and Kiron V. Transition from freshwater to seawater reshapes the skin-493 

associated microbiota of Atlantic salmon. Sci Rep 2016; 6: 19707. 494 

doi:10.1038/srep19707 495 

16. Le Nguyen DD, Ngoc HH, Dijoux D, Loiseau G and Montet D. 496 

Determination of fish origin by using 16S rDNA fingerprinting of bacterial 497 

communities by PCR-DGGE: An application on Pangasius fish from Viet 498 

Nam. Food Control 2008; 19: 454-460. 499 

17. Boutin S, Sauvage C, Bernatchez L, Audet C and Derôme N. Inter individual 500 

variations of the fish skin microbiota: host genetics basis of mutualism? PLoS 501 

ONE 2014; 9(7): e102649.  502 

18. Boutin S, Bernatchez L, Audet C and Derôme N. Network analysis highlights 503 

complex interactions between pathogen, host and commensal microbiota. PLoS 504 

ONE 2013; 8(12): e84772.  505 

19. Tacchi L, Lowrey L, Musharrafieh R, Crossey K, Larragoite ET and Salinas I. 506 

Effects of transportation stress and addition of salt to transport water on the skin 507 



27 
 

mucosal homeostasis of rainbow trout (Oncorhynchus mykiss). Aquaculture 508 

2015; 435: 120–127. 509 

20. Carbajal-González MT, Fregeneda-Grandes JM, Suárez-Ramos S, Cadenas FR 510 

and Aller-Gancedo JM. Bacterial skin flora variation and in vitro inhibitory 511 

activity against Saprolegnia parasitica in brown and rainbow trout. Dis Aquat 512 

Organ 2011; 96: 125-135. 513 

21. Boutin S, Bernatchez L, Audet C and Derȏme N. Antagonistic effect of 514 

indigenous skin bacteria of brook charr (Salvelinus fontinalis) against 515 

Flavobacterium columnare and F. psychrophilum. Vet Microbiol 2012; 155: 516 

355-361. 517 

22. Hussein MA and Hatai K. In vitro inhibition of Saprolegnia by bacteria isolated 518 

from lesions of salmonids with saprolegniasis. Fish Pathol 2001; 36: 73-78. 519 

23. Nayak SK. Role of gastrointestinal microbiota in fish. Aquac Res 2010; 41: 520 

1553-1573 521 

24. Ganguly S and Prasad A. Microflora in fish digestive tract plays significant role 522 

in digestion and metabolism. Rev Fish Biol Fisheries 2012; 22: 11-16. 523 

25. Ye L, Amberg J, Chapman D, Gaikowski M and Liu WT. Fish gut microbiota 524 

analysis differentiates physiology and behavior of invasive Asian carp and 525 

indigenous American fish. ISME J 2014; 8: 541-551.  526 



28 
 

26. Hovda MB, Lunestad BT, Fontanillas R and Rosnes JT. Molecular 527 

characterisation of the intestinal microbiota of farmed Atlantic salmon (Salmo 528 

salar L.). Aquaculture 2007; 272: 581-588. 529 

27. Carda-Diéguez M, Mira A and Fouz B. Pyrosequencing survey of intestinal 530 

microbiota diversity in cultured sea bass (Dicentrarchus labrax) fed functional 531 

diets. FEMS Microbiol Ecol 2014; 87: 451-459. 532 

28. Li H, Limenitakis JP, Fuhrer T, Geuking MB, Lawson MA, Wyss M, Brugiroux 533 

S, Kelle I, Macpherson JA, Rupp S, Stolp B, Stein JV, Stecher B, Sauer U, 534 

McCoy KD and Macpherson AJ. The outer mucus layer hosts a distinct 535 

intestinal microbial niche. Nat Commun 2015a; 6: 8292.  536 

29. Li T, Long M, Gatesoupe FJ, Zhang Q, Li A and Gong X. Comparative 537 

analysis of the intestinal bacterial communities in different species of carp 538 

by pyrosequencing. Microb Ecol 2015b; 69(1): 25-36.  539 

30. De Weirdt R and Van de Wiele T. Micromanagement in the gut: 540 

microenvironmental factors govern colon mucosal biofilm structure and 541 

functionality. npj Biofilms Microbiomes 2015; 1: 15026.  542 

31. Gatesoupe FJ. Live yeasts in the gut: Natural occurrence, dietary introduction, 543 

and their effects on fish health and development. Aquaculture 2007; 267(1-4): 544 

20-30. 545 



29 
 

32. Roeselers G, Mittge EK, Stephens WZ, Parichy DM, Cavanaugh CM, Guillemin 546 

K and Rawls JF. Evidence for a core gut microbiota in the zebrafish. ISME J 547 

2011; 5: 1595-1608. 548 

33. He Y and Yang H. The gastrointestinal phage communities of the cultivated 549 

freshwater fishes. FEMS Microbiol Lett 2015; 362(5):  550 

34. Kim DH, Brunt J and Austin B. Microbial diversity of intestinal contents and 551 

mucus in rainbow trout (Oncorhynchus mykiss). J Appl Microbiol 2007; 102: 552 

1654-1664. 553 

35. Wu S, Gao T, Zheng Y, Wang W, Cheng Y and Wang G. Microbial diversity of 554 

intestinal contents and mucus in yellow catfish (Pelteobagrus fulvidraco). 555 

Aquaculture 2010; 303: 1-7. 556 

36. Ringø E, Olsen RE, Mayhew TM and Myklebust R. Electron microscopy of the 557 

intestinal microflora of fish. Aquaculture 2003; 227: 395-415. 558 

37. Ayaz A and Karataş S. Dominant aerobic bacterial community of sea bass 559 

(Dicentrarchus labrax L.1758) larvae during weaning from Artemia to dry feed 560 

in culture conditions. Turk J Vet Anim Sci 2010; 34(6): 501-506. 561 

38. Li X, Yu Y, Feng W, Yan Q and Gong Y. Host species as a strong determinant 562 

of the intestinal microbiota of fish larvae. J Microbiol 2012; 50(1): 29-37. 563 

39. McKnite AM, Perez-Munoz ME, Lu L, Williams EG, Brewer S, Andreux PA, 564 

Bastiaansen JWM, Wang X, Kachman SD, Auwerx J, Williams RW, Benson 565 

AK, Peterson DA and Ciobanu DC. Murine gut microbiota is defined by host 566 



30 
 

genetics and modulates variation of metabolic traits. PLoS ONE 2012; 7(6): 567 

e39191.  568 

40. Smith CCR, Snowberg LK, Caporaso JG, Knight R and Bolnick DI. Dietary 569 

input of microbes and host genetic variation shape among-population differences 570 

in stickleback gut microbiota. ISME J 2015; 9: 2515-2526. 571 

41. Cantas L, Sørby JRT, Aleström P and Sørum H. Culturable gut microbiota 572 

diversity in zebrafish. Zebrafish 2012; 9(1): 26-37. 573 

42. Bolnick DI, Snowberg LK, Hirsch PE, Lauber CL, Org E, Parks B, Lusis AJ, 574 

Knight R, Caporaso JG and Svanbäck R. Individual diet has sex-dependent effects 575 

on vertebrate gut microbiota. Nat Commun 2014; 5: 4500.  576 

43. Romero J and Navarrete P. 16S rDNA-Based Analysis of dominant bacterial 577 

populations associated with early life stages of coho salmon (Oncorhynchus 578 

kisutch). Microb Ecol 2006; 51: 422-430. 579 

44. Ingerslev HC, von Gersdorff Jørgensen L, Strube ML, Larsen N, Dalsgaard I, 580 

Boye M and Madsen L. The development of the gut microbiota in rainbow trout 581 

(Oncorhynchus mykiss) is affected by first feeding and diet type. Aquaculture 582 

2014; 424-425: 24-34. 583 

45. Noornissabegum M and Revathi K. Analysis of gut bacterial flora from edible 584 

marine fishes of South east coast of India. Int J Curr Microbiol Appl Sci 2014; 585 

3(1): 523-528. 586 



31 
 

46. Guerreiro I, Enes P,  Rodiles A,  Merrifield D and Oliva-Teles A. Effects of 587 

rearing temperature and dietary short-chain fructooligosaccharides 588 

supplementation on allochthonous gut microbiota, digestive enzymes activities 589 

and intestine health of turbot (Scophthalmus maximus L.) juveniles. Aquacult 590 

Nutr 2014; 22(3); 631-642. 591 

47. Giatsis C, Sipkema D, Smidt H, Verreth J and Verdegem M. The colonization 592 

dynamics of the gut microbiota in tilapia larvae. PLoS ONE 2014; 9(7): 593 

e103641.  594 

48. Asakura T, Sakata K, Yoshida S, Date Y and Kikuchi J. Noninvasive analysis of 595 

metabolic changes following nutrient input into diverse fish species, as 596 

investigated by metabolic and microbial profiling approaches. PeerJ 2014; 2: 597 

e550.   598 

49. Geurden I, Mennigen J, Plagnes-Juan E, Veron V, Cerezo T, Mazurais D, 599 

Zambonino-Infante J, Gatesoupe J, Skiba-Cassy S and Panserat S. High or low 600 

dietary carbohydrate:protein ratios during first feeding affect glucose 601 

metabolism and intestinal microbiota in juvenile rainbow trout. J Exp Biol 2014; 602 

217: 3396-3406. 603 

50. Xia JH, Lin G, Fu GH, Wan ZY, Lee M, Wang L, Liu XJ and Yue GH. The 604 

intestinal microbiome of fish under starvation. BMC Genomics 2014; 15: 266.  605 

51. Ringø E, Sperstad S, Myklebust R, Refstie S and Krogdahl Å. Characterisation 606 

of the microbiota associated with intestine of Atlantic cod (Gadus morhua L.): 607 



32 
 

The effect of fish meal, standard soybean meal and a bioprocessed soybean 608 

meal, Aquaculture 2006; 261(3): 829-841. 609 

52. Merrifield DL, Dimitroglou A, Bradley G, Baker RT and Davies SJ. Soybean 610 

meal alters autochthonous microbial populations, microvilli morphology and 611 

compromises intestinal enterocyte integrity of rainbow trout, Oncorhynchus 612 

mykiss (Walbaum). J Fish Dis 2009; 32(9): 755-766. 613 

53. Feng J, Hu C, Luo P, Zhang L and Chen C. Microbiota of yellow grouper 614 

(Epinephelus awoora Temminck & Schlegel, 1842) fed two different diets. 615 

Aquac Res 2010; 41: 1778-1790. 616 

54. Olsen RE, Sundell K, Hansen T, Hemre GI, Myklebust R, Mayhew TM and 617 

Ringø E. Acute stress alters the intestinal lining of Atlantic salmon, Salmo salar 618 

L.: An electron microscopical study. Fish Physiol Biochem 2002; 26: 211-221. 619 

55. Voigt RM, Forsyth CB, Green SJ, Mutlu E, Engen P, Vitaterna MH, Turek FW 620 

and Keshavarzian A. Circadian Disorganization Alters Intestinal Microbiota. 621 

PLoS ONE 2014; 9(5): e97500.  622 

56. Zhou Y, Yuan X, Liang XF, Fang L, Li J, Guo X, Bai X and He S. Enhancement 623 

of growth and intestinal flora in grass carp: The effect of exogenous cellulase. 624 

Aquaculture 2013; 416-417: 1-7. 625 

57. Clements KD, Angert ER, Montgomery WL and Choat JH. Intestinal microbiota 626 

in fishes: what's known and what's not. Mol Ecol 2014; 23(8): 1891-1898. 627 



33 
 

58. Ringø E and Gatesoupe FJ. Lactic acid bacteria in fish: a review. Aquaculture 628 

1998; 160(3-4): 177-203. 629 

59. Ringø E, Løvmo L, Kristiansen M, Bakken Y, Salinas I, Myklebust R, Olsen RE 630 

and Mayhew TM. Lactic acid bacteria vs. pathogens in the gastrointestinal tract 631 

of fish: a review. Aquac Res 2010; 41(4): 451-467. 632 

60. Tsuchiya C, Sakata T and Sugita H. Novel ecological niche of Cetobacterium 633 

somerae, an anaerobic bacterium in the intestinal tracts of freshwater fish. Lett 634 

Appl Microbiol 2008; 46(1): 43-8. 635 

61. Sugita H, Miyajima C and Deguchi Y. The vitamin B12-producing ability of the 636 

intestinal microflora of freshwater fish. Aquaculture 1991; 92: 267-276. 637 

62. Rawls JF, Samuel BS and Gordon JI. Gnotobiotic zebrafish reveal evolutionarily 638 

conserved responses to the gut microbiota. Proc Natl Acad Sci USA 2002; 639 

101(13): 4596-4601. 640 

63. Bates JM, Mittge E, Kuhlman J, Baden KN, Cheesman SE and Guillemin K. 641 

Distinct signals from the microbiota promote different aspects of zebrafish gut 642 

differentiation. Devel Biol 2006; 297(2): 374-386. 643 

64. Gisbert E, Castillo M, Skalli A, Andree KB and Badiola I. Bacillus cereus var. 644 

toyoi promotes growth, affects the histological organization and microbiota of 645 

the intestinal mucosa in rainbow trout fingerlings. J Anim Sci 2013; 91(6): 2766-646 

2774.  647 



34 
 

65. Martínez-Cruz P, Ibáñez AL, Monroy-Hermosillo OA and Ramírez-Saad HC. 648 

Use of probiotics in aquaculture. SRN Microbiol 2012; doi: 649 

10.5402/2012/916845. 650 

66. Picchietti S, Fausto AM, Randelli E, Carnevali O, Taddei AR, Buonocore F, 651 

Scapigliati G and Abelli L. Early treatment with Lactobacillus delbrueckii strain 652 

induces an increase in intestinal T-cells and granulocytes and modulates 653 

immune-related genes of larval Dicentrarchus labrax (L.). Fish Shellfish 654 

Immunol 2009; 26(3): 368–376. 655 

67. Gómez GD and Balcázar JL. A review on the interactions between gut 656 

microbiota and innate immunity of fish. FEMS Immunol Med Microbiol 2008; 657 

52(2): 145-154. 658 

68. McFarland LV. Normal flora: diversity and functions. Microb Ecol Health Dis 659 

2000; 12(4): 193-207. 660 

69. Carabotti M, Scirocco A, Maselli MA and Severi C. The gut-brain axis: 661 

interactions between enteric microbiota, central and enteric nervous systems. 662 

Ann Gastroentero 2015; 28: 203-209. 663 

70. Davis DJ, Brydaa EC, Gillespiea CH and Ericssona AC. Microbial modulation 664 

of behavior and stress responses in zebrafish larvae. Behav Brain Res 2016; 311: 665 

219-227. 666 

71. Mouchet MA, Bouvier C, Bouvier T, Troussellier M, Escalas A and Mouillot D. 667 

Genetic difference but functional similarity among fish gut bacterial 668 



35 
 

communities through molecular and biochemical fingerprints. FEMS Microbiol 669 

Ecol 2012; 79: 568–580. 670 

72. Tims S, Zoetendal EG, de Vos WM and Kleerebezem M. Host genotype and 671 

the effect on microbial communities. In: Nelson KE (ed) Metagenomics of the 672 

human body. Springer, Berlin, 2011, pp. 15-41. 673 

73. Festing MW. Inbred strains should replace outbred stocks in toxicology, safety 674 

testing, and drug development. Toxicol Pathol 2010; 38: 681-690. 675 

74. Hufeldt MR, Nielsen DS, Vogensen FK, Midtvedt T and Hansen AK. Variation 676 

in the gut microbiota of laboratory mice is related to both genetic and 677 

environmental factors. Comp Med 2010; 60(5): 336–342. 678 

75. Millot S, Péan  S, Labbé  L, Kerneis  T, Quillet E, Dupont-Nivet M and Bégout 679 

ML. Assessment of genetic variability of fish personality traits using rainbow 680 

trout isogenic lines. Behav Genet 2014; 44:383-393. 681 

76. Bongers AB, Sukkel M, Gort G, Komen J and Richter CJ. Development and use 682 

of genetically uniform strains of common carp in experimental animal research. 683 

Lab Anim 1998; 32(4): 349-63. 684 

77. Pham LN, Kanther M, Semova I and Rawls JF. Methods for generating and 685 

colonizing gnotobiotic zebrafish. Nat Protoc 2008; 3(12): 1862-1875.   686 

78. Becker N, Kunath J, Loh G and Blaut M. Human intestinal microbiota: 687 

characterization of a simplified and stable gnotobiotic rat model. Gut 688 

Microbes 2011; 2(1): 25-33. 689 



36 
 

79. Marques A, Ollevier F, Verstraete W, Sorgeloos P and Bossier P. 690 

Gnotobiotically grown aquatic animals: opportunities to investigate host-691 

microbe interactions. J Appl Microbiol 2006; 100(5): 903-918. 692 

80. Nicklas W, Keubler L and Bleich A. Maintaining and monitoring the defined 693 

microbiota status of gnotobiotic rodents. ILAR J 2015; 56 (2): 241-249. 694 

81. Ericsson AC and Franklin CL. Manipulating the gut microbiota: methods and 695 

challenges. ILAR J 2015; 56(2): 205-217.  696 

82. Henriksen MMM, Madsen L and Dalsgaard I. Effect of Hydrogen Peroxide on 697 

Immersion Challenge of Rainbow Trout Fry with Flavobacterium 698 

psychrophilum. PLoS ONE 2013; 8(4): e62590.  699 

83. Van der Staay FJ, Arndt SS and Nordquist RE. The standardization–700 

generalization dilemma: a way out.  Genes, Brain Behav 2010; 9: 849-855. 701 

84. Richter SH, Garner JP and Würbel H. Environmental standardization: cure or 702 

cause of poor reproducibility in animal experiments? Nat Methods 2009; 6(4): 703 

257-261.  704 

85. Nicklas W. International harmonization of health monitoring. ILAR J 2008; 705 

49(3): 338-46. 706 

86. Johansen R, Needham JR, Colquhoun DJ, Poppe TT and Smith AJ. Guidelines 707 

for health and welfare monitoring of fish used in research. Lab Anim 2006; 40: 708 

323-340. 709 



37 
 

87. Eberl G. Addressing the experimental variability associated with the microbiota. 710 

Mucosal Immunol 2015; 8(3): 487-490. 711 

88. Hiergeist A, Gläsner J, Reischl U and Gessner A. Analyses of intestinal 712 

microbiota: culture versus sequencing. ILAR J 2015; 56(2): 228-240. 713 

89. Lagier JC, Hugon P,  Khelaifia S, Fournier PE, La Scola B and Raoult D. The 714 

rebirth of culture in microbiology through the example of culturomics to study 715 

human gut microbiota. Clin Microbiol Rev 2015; 28(1): 237-264. 716 

  717 



38 
 

 718 

 719 

Figure 1. Fish skin and gut microbiotas: influencing factors and effects. The blue boxes 720 

correspond to both the skin and gut microbiotas, red boxes correspond only to the gut 721 

microbiota, and the green box corresponds to the skin microbiota. 722 
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Figure 2. Standardization of the fish microbiota: issues and challenges. 728 
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