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Abstract

Few studies have applied NGS methods to investigate the microbiome of ver-

tebrates in their natural environment and in freshwater fishes in particularly.

Here, we used pyrosequencing of the 16S gene rRNA to (i) test for differences

in kidney bacterial communities (i.e. microbiota) of dwarf and normal white-

fish found as sympatric pairs, (ii) test the hypothesis of higher bacterial diver-

sity in normal compared with dwarf whitefish and (iii) test for the

occurrence of parallelism with the presence and composition of bacterial

communities across species pairs inhabiting different lakes. The kidney micro-

biota of 253 dwarf and normal whitefish from five lakes was analysed com-

bining a double-nested PCR approach with 454 pyrosequencing. Bacteria

were detected in 52.6% of the analysed whitefish. There was no overall sig-

nificant difference among lakes and forms, although the lake 9 form interac-

tion was found significant. We identified 579 bacterial genera, which is

substantially more than previous descriptions using less sensitive techniques

of fish bacterial diversity in kidney, pathogenic or not. Ten of these genera

contained eighteen pathogenic species. Differences in bacteria composition

between whitefish forms were not parallel among lakes. In accordance with

the higher diversity of prey types, normal whitefish kidney tissue consistently

had a more diverse bacterial community and this pattern was parallel among

lakes. These results add to building evidence from previous studies on this

system that the adaptive divergence of dwarf, and normal whitefish has been

driven by both parallel and nonparallel ecological conditions across lakes.

Introduction

Wild vertebrate species host a considerable bacterial

diversity, which may influence their development,

physiology, immune system and nutrition (Hooper

et al., 2002; B€ackhed et al., 2005; Turnbaugh et al.,

2007). Four main types of relationships between bacte-

ria and their hosts have been documented. The first

two types are commensal bacteria (Cahill, 1990), which

may either have beneficial or neutral effects on the

host (Prescott et al. 1995). The second type has a symbi-

otic obligatory relationship with the host, thus allowing

a mutual benefit between symbiotic bacteria and host

(Perru, 2006). The third type is opportunistic bacteria,

which are facultative pathogenic bacteria that may

become actively pathogenic when the host immune

system is impaired and unable to fight off infection

(Berg et al., 2005). The fourth type of relationship per-

tains to pathogenic bacteria which are responsible for

infectious diseases (Falkow, 1997). Species and popula-

tions may differ in their susceptibility to infection due

to differences in their immune systems (White et al.,

2009), which may have evolved in response to selec-

tion from exposure to changing microbial communities

(Nakajima et al., 2011).

Methods of measuring bacterial communities are

rapidly improving. The earliest and most traditional
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technique is the culture-dependent method. Because of

functional interdependency for most of the bacterial

community members (Laplante et al., 2013), many bac-

terial species cannot be cultured, and others vary

greatly in their culture requirements. As a result, cul-

ture-based approaches may suffer from inconsistencies,

low sensitivity and a biased global overview of the bac-

terial diversity. In recent decades, microbiologists have

developed new culture-independent techniques to

obtain a better representation of bacterial communities

present in host organisms, for example denaturing gra-

dient gel electrophoresis (DGGE) and temperature gra-

dient gel electrophoresis (TGGE) (Muyzer & Smalla,

1998). Despite their usefulness, these methods are also

limited by the resolution of band detection with com-

plex bacterial communities and microbes of low abun-

dance may easily be missed (Danilo, 2004).

Advanced culture-independent techniques, such as

16S rRNA massively parallel pyrosequencing, allow a

more complete description of complex bacterial com-

munities. The 16S rRNA gene is composed of conserved

and ‘hypervariable’ regions (Amann & Ludwig, 2000;

Huse et al., 2008). Thus, it is possible to design nearly

universal primers in the conserved regions that capture

enough sequence diversity to delineate bacterial genera

or even species. This technique has demonstrated its

effectiveness in studies of environmental bacterial com-

munities (Huber et al., 2007; Roesch et al., 2007; Ghigli-

one & Murray, 2011; Kuffner et al., 2012; Roesch et al.,

2012; Collin et al., 2013), and in investigating the mi-

crobiome of plant, human and mouse (White et al.,

2009; Arumugam et al., 2011; Buffie et al., 2011; Lo-

pez-Velasco et al., 2011; Siqueira et al., 2011; Grice &

Segre, 2012; Lebeis et al., 2012). In contrast, there have

been very few studies using this approach documenting

the microbiome of vertebrate species in their natural

environment (Yildirim et al., 2010; Lavery et al., 2012;

McKenzie et al., 2012; Larsen et al., 2013; Linnenbrink

et al., 2013), and, to our knowledge, no study has yet

documented the microbiome of any freshwater wild

fish species using 16S rRNA pyrosequencing.

Lake whitefish (Coregonus clupeaformis) comprises

sympatric species pairs referred to as dwarf and normal

whitefish that are found in several lakes of the St. John

River drainage in the Province of Qu�ebec, Canada, and
Maine, United States. A recent period of adaptive radia-

tion [post-glacial, 12 000 years before present (YBP)]

has led to the parallel phenotypic and ecological evolu-

tion in different lakes of the dwarf whitefish derived

from the ancestral normal whitefish (Bernatchez,

2004). Dwarf and normal whitefish are partially repro-

ductively isolated in each lake (Gagnaire et al., 2013),

differ in genetically based morphological, physiological,

behavioural, ecological and life history traits (Fender-

son, 1964; Bernatchez et al., 2010) and occupy the lim-

netic and benthic habitat, respectively. Dwarf and

normal whitefish also differ at the immune system level

whereby evidence of parallelism of genes relative to

immunity was highlighted among whitefish sympatric

species forms (St-Cyr et al., 2008; Jeukens et al., 2010).

A recent study also revealed variable patterns of

divergence at the MHCIIb genes between different pairs

of dwarf and normal whitefish, although there was no

evidence for parallelism in patterns observed among

lakes (Pavey et al., 2013). This study also found no par-

allel patterns in a small subset of genera where patho-

genic bacteria have been identified in the literature. To

further investigate the possible role of bacteria in the

parallel ecological speciation of whitefish, this study

considers the entire microbiota found in the kidney tis-

sue of dwarf and normal whitefish from different lakes.

The kidney of teleost fish, which include whitefish, is

known to play several functions, including urinary and

a major immune function (Danguy et al., 2011). Fur-

thermore, the presence of bacteria in kidney has been

considered evidence of a pathogen infection (Cahill,

1990). Two previous studies performed on the kidney

microbial community in salmonids found 10 genera

and 27 genera with DGGE technique and culture-

dependent technique, respectively (Dionne et al., 2009;

Evans & Neff, 2009). Based on previous studies in other

groups of organisms, it is expected to detect a greater

diversity of genera in using the more sensitive tech-

nique of 16S rRNA pyrosequencing on the infected

whitefish individuals. In fact, this technique may even

be sensitive enough to detect bacterial DNA that is the

result of successful immune responses (Pavey et al.,

2013). However, throughout the manuscript, we will

refer to individuals with bacteria amplified from their

kidney tissue as ‘infected’. In this context, our first

objective is to test for differences in kidney bacterial

communities between dwarf and normal whitefish

found in sympatry in the same lake. The dwarf white-

fish form feed almost exclusively on small zooplankton,

whereas normal whitefish feed on a wider diversity of

prey types, including zooplankton, but predominantly

zoobenthos, molluscs and small fish (Bernatchez et al.,

1999, 2010). Because the digestive tract is one of the

major infection routes in fish (Ringø & Olsen, 1999),

bacteria have the opportunity to colonize kidneys after

passing through the intestinal epithelium (Hart et al.,

1988; Jutfelt et al., 2006; Knudsen et al., 2008). Thus,

these parallel ecological differences in habitat use and

diet suggest that dwarf and normal whitefish from a

given lake could be exposed to different bacterial com-

munities, whereas whitefish from the same form but

from different lakes could be exposed to similar ones.

Some of these could be pathogenic and thus potentially

imposing differential selection between dwarf and nor-

mal whitefish which could have contributed to the par-

allel divergence of these species pairs. Therefore, our

next objectives were to, second, test the hypothesis of

higher bacterial taxonomic diversity in normal vs.

dwarf, given their broader range of prey types and,
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third, test for the occurrence of parallelism at the

presence and composition of bacterial communities

across species pairs inhabiting different lakes.

Materials and methods

Biological material

Sympatric dwarf and normal whitefish samples were

collected in five different lakes (Cliff, East, T�emiscouata,

Webster and Indian) from the St John River drainage,

Qu�ebec, Canada, and Maine, United States (Fig. 1). The

lakes are geographically and hydrographically isolated

from one another (Lu & Bernatchez, 1999). A total of

253 apparently healthy whitefish (from external

appearance) were sampled with gill nets between 14

June and 15 July 2010 (Table 1). Fish were dissected

on the field in sterile conditions; ventral belly surface

of fish was rinsed with ethanol, nondisposable tools

were rinsed with ethanol and heated over a blow torch

between samples, and kidneys were individually stored

in a sterile Eppendorf© tube and flash-frozen in liquid

nitrogen. The samples were then transported to the lab-

oratory and kept at �80 °C until further processing.

Bacterial detection using double-nested PCR

To diagnose the presence of bacteria in whitefish kid-

ney, a double-nested PCR was performed. Due to the

high concentration of host genomic DNA in kidney tis-

sue relative to potential bacterial DNA, none of our

extractions amplify bacterial DNA with repeatability

using the standard techniques of DNA amplification

(Boutin et al., 2012). Detailed protocols of the DNA

Fig. 1 Map of the study area. The

samples come from lakes T�emiscouata,

East, Cliff, Indian, Webster.
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extraction, double-nested PCR, library construction and

454 pyrosequencing are provided in Boutin et al.

(2012). In brief, DNA from kidney tissue was extracted

with a modified QIAamp DNA minikit protocol for tis-

sues in sterile way, and the double-nested PCR was

based on the same principle of the nested PCR

described by Yourno (1992), except that three succes-

sive amplifications steps were carried out with three

different primer pairs (Table 2). The full 16S rDNA

(1380 bp) was amplified using primers 1389R and 9F.

For the second step, primers 907R and 23F allowed a

specific reamplification of the hypervariable region V1-

V2-V3-V4-V5 (884 bp). Finally, primers 519R and 63F

were used to specifically reamplify the rDNA hypervari-

able region V1-V2-V3 (456 bp). For each step of ampli-

fication, two negative controls [extraction was replaced

with 2 lL of sterile nuclease-free water (DEPC-treated

Water Ambion�, Ambion, Austin, TX, USA)] and one

positive control (extraction was replaced with 2 lL of

bacterial cultures in liquid medium) were done. All

positive controls were positive, and of 28 negative con-

trols, three only showed fainted bands of contamina-

tion. A double-nested PCR was performed on each

sample twice independently. In the case of conflicting

results (one positive DNA amplification result and one

negative DNA amplification result), a final double-

nested PCR was performed, serving as a ‘tiebreaker’.

This double-nested PCR enabled us to significantly

increase a very low amount of bacterial DNA while

avoiding eukaryotic DNA contamination (Boutin et al.,

2012). The library was done during third-step primers

of the double-nested PCR summing the A and B adapt-

ers required for 454 pyrosequencing and 45 different

bar-coded MID-tags (Multiplex identifiers) to the prim-

ers 519R and 63F. All the PCR results were purified by

AMPure bead calibration method and were sequenced

using the GS-20 (Genome Sequencer 20) (Roche, Basel,

Switzerland) at the Plateforme d’Analyses G�enomiques

(Universit�e Laval, Qu�ebec, Canada).

Amplicon analysis

First, CLC GENOMICS WORKBENCH 3.1 (CLC Bio, Aarhus,

Denmark CLC work bench BIO�) was used to trim

Table 2 PCR primers used for the double-nested PCR.

Primer Sequence Reference

1389R 50- ACGGGCGGTGTGTACAAG-30 Marchesi et al. (1998)

907R 50-CCGTCAATTCCTTTRAGTTT-30 Lane et al. (1985)

519R 50-GWATTACCGCGGCKGCTG-30 Turner et al. (1999)

9F 50-GAGTTTGATCCTGGCTCAG-30 Yoon et al. (1998)

23F 50-TGCAGAYCTGGTYGATYCTGCC-30 Burggraf et al. (1991)

63F 50-CAGGCCTAACACATGCAAGTC-30 Marchesi et al. (1998)

The double-nested PCR consists in three successive amplification

steps conducted with three different primer pairs: 1389R-9F,

907R-23F and 519R-63F, respectively.

Lakes Species

Number

of

infected

fish

Number

of

healthy

fish Total

%

Infected

fish

%

noninfected

fish Sampling date

Cliff D 14 20 34 41 59 June 14–16 2010

N 13 11 24 54 46

T 27 31 58 47 53

East D 17 7 24 71 29 July 13-14-15 2010

N 10 16 26 38 62

T 27 23 50 54 46

Indian D 14 17 31 45 55 June 15–16 2010

N 23 2 25 92 8

T 37 19 56 66 34

T�emiscouata D 15 11 26 58 42 July 6-7-8 2010

N 3 10 13 23 77

T 18 21 39 46 54

Webster D 11 14 25 44 56 June 17 2010

N 13 12 25 52 48

T 24 26 50 48 52

Total D 71 69 140 51 49

N 62 51 113 55 45

T 133 120 253 53 47

D, dwarf whitefish; N, normal whitefish; and T, total of whitefish per lake.

Table 1 Number of infected and

noninfected whitefish for each form in each

lake according to the results of double-

nested PCR.
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sequences for quality and remove primer sequences

and tags (minimum average quality score: 35 for a win-

dow of 50, number of differences to the primer

sequence = 0, maximum number of differences to the

barcode sequence = 0, number of ambiguous base

calls = 0, maximum homopolymer length = 8). Second,

preprocessing and analysis were carried out with

the microbial ecology community software MOTHUR

(version 1.22.2) (Schloss et al., 2009) following the pro-

tocol of Costello stool analysis (http://www.mothur.

org/wiki/Costello_stool_analysis). This allowed identify-

ing and deleting chimeras, and removing smaller

sequences that were either smaller than 300 base pairs

or that contained pyrosequencing errors. Among the

three analytical options available in MOTHUR, the

OTU-based analysis protocol was used. We generated

alpha diversity results, defined by the diversity in an

individual fish kidney sample, and the richness estima-

tors (Mc Cure et al., 2002). The richness or number of

species in an individual sample was measured using

two indexes: the Chao index was used as the richness

estimator and the Simpson index was used as the diver-

sity index (Magurran, 2003). The Chao index is the

simplest richness index based on the number of rare

species (Magurran, 2003). The Simpson index mea-

sures the probability that two randomly selected indi-

viduals belong to the same taxa. Consequently, a

higher Simpson index value is correlated with a lower

diversity (Peet, 1974; Sepkoski, 1988). The OTU-based

analysis using MOTHUR was also used for taxonomic

identification (using 98% bootstrap score). Taxonomic

identification was also performed using the RIBOSOMAL

DATABASE PROJECT (using the maximal criterion of 95%

bootstrap score available in this method) (Maidak

et al., 2001). Unweighted UniFrac tests were performed

with the phylotype-based analysis using MOTHUR.

Finally, putative fish pathogen bacterial genera were

identified according to Austin and Austin (2007). Fur-

thermore, the species of selected putative pathogen

genera were investigated using the BLAST algorithm

(Altschul et al., 1997). For each putatively pathogenic

genus that we described in the MS, we pooled

sequencing from all populations and individuals in the

study. We considered the top blast hit to be the bacte-

rial species for that sequence. Then, for the globally

most abundant species, we performed a literature

search to determine whether there are indications of

pathogenicity in fishes. We restricted subsequent path-

ogen analyses to these genera.

Statistical analyses

We constructed a matrix containing the number of bac-

terial sequences for each bacterial genus in each fish

sample from the MOTHUR taxonomy file (stool.final

.an.0.02.cons.taxonomy). This matrix was used to per-

form a principal component analysis per rank (PCA per

rank) (Baxter, 1995) using PC-ORD (Mc Cure et al.,

2002). Samples were ranked as a function of the num-

ber of sequences found for each OTU. Nonmetric Multi-

dimensional Scaling (NMS) analysis was not used in

this case because the final stress was above recom-

mended interpretable range (final stress = 25). There-

fore, ranked-based PCA was preferred to NMS. As

absolute abundance may be influenced by sequence-

specific fidelity in the double-nested PCR method, we

also performed a nonparametric ranking method of

abundance using the METASTATS software (White et al.,

2009) to detect differentially abundant OTUs between

dwarf and normal whitefish. The OTU by sample abun-

dance matrix was also used for this analysis with stan-

dard parameters (p value ≤ 0.05 and number of

permutations = 1000).

To determine whether there were statistically signifi-

cant differences in the proportion of infected fish

among lakes and between forms, we used a generalized

linear model (GLM) with a binomial family followed by

an ANOVA with lakes and forms as factors and also

including their interaction. We then used the same

GLM procedure to test for differences in the proportions

of putative pathogenic bacteria between forms within

and among lakes. Then, a GLM with Gaussian family

was used to test for differences in both the Simpson

and Chao indices and again between forms and among

lakes. The Levene test was applied to test for differences

in interindividual variance of the Simpson and Chao

indices between forms, among lakes and their interac-

tion (Snedecor & Cochran, 1980).

Results

The presence of bacteria was detected in kidneys of

52.6% (133 infected samples) of the analysed whitefish

(Table 1). The vast majority of samples produced

consistent results between the two independent dou-

ble-nested PCRs and did not require a tiebreaker

(83.6%). There were no overall significant differences

in infection levels among lakes (GLM, PLakes = 0.16) or

between forms (GLM, PForms = 0.33), but there was a

significant interaction of the lake and form terms

(GLM, PLakes*Forms = 5.5e-5) (Table 3). The level of

infection in the lakes was 46.6%, 54.0%, 66.1%,

46.2% and 48.0% for Cliff, East, Indian, T�emiscouata

and Webster lakes, respectively. In East and T�emiscou-

ata lakes, the dwarf whitefish infection rate was signifi-

cantly higher than that of normal whitefish (GLM,

PEast = 0.02 and PT�emiscouata = 0.04), whereas, in Indian

Pond, the normal whitefish infection rate was higher

than that of dwarf whitefish (GLM, PIndian = 0.001). In

Cliff and Webster, the infection rates were similar

between forms (GLM, PCliff = 0.330 and

PWebster = 0.571). Therefore, the infection rate in these

samples was not globally influenced by a lake effect or

form effect separately.
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A total of 79 146 reads were obtained, after trim-

ming, for the entire data set of 133 infected samples.

Four samples only containing chimeras or very few

sequences were eliminated by CLC Genomics Work-

bench 3.1 and the MOTHUR preprocessing. Six other

samples were not sequenced because their bar-coded

MID-tags (Multiplex identifiers), MID 20 and MID 21,

did not work, leaving 123 samples. Detailed results for

the quality of this 454 pyrosequencing experiment are

given in Boutin et al. (2012). In brief, the Good’s cover-

age estimator for the set of the lakes was 95.4%, a low

occurrence (3%) of chimeric amplicons was observed,

77% of the data set was composed of sequences longer

than 300 bases, Chao’s curves indicated a deeply and a

representative sequencing, and a weighted UniFrac test

was carried out on a fragment of our data highlighting

a large variation of bacterial communities diversity,

which indicates that bias caused by preferential amplifi-

cation or primer selection during the double-nested

PCR, which could obscure initial abundance, does not

affect our interpretation.

According to the Simpson index, the bacterial diver-

sity in dwarf whitefish was significantly lower than that

observed in normal whitefish diversity in all lakes

(GLM, Pforms = 0.01) (Fig. 2). In contrast, there was no

significant difference in bacterial diversity among lakes

(GLM, PLakes = 0.16). Similar results were found using

the Chao index (GLM, Pforms = 0.04 and Plakes = 0.11)

(Fig. S1). Thus, the levels of bacterial diversity between

dwarf and normal whitefish were parallel across all

lakes. Also, the interindividual variance in diversity

measured by the Simpson index was significantly

higher in all dwarf whitefish populations compared

with normal whitefish samples (Levene Test,

Pforms = 0.04). However, there was no difference in in-

terindividual variance in diversity between forms based

on the Chao index (Levene Test, Pforms = 0.80).

Three phyla were predominantly represented across all

samples: Proteobacteria, Actinobacteria and Firmicutes

(Fig. 3). Different bacterial communities at the genus

level between dwarf and normal whitefish were observed

Fig. 2 Plot of bacterial diversity estimated with the Simpson index

for all ten populations. D: dwarf whitefish, and N: normal

whitefish. The Simpson index is inversely correlated with bacterial

diversity. Lower Simpson indices thus mean higher diversity.

Table 3 Statistic values on the number of infected and

noninfected whitefish for lake according the results of double-

nested PCR.

Effect

Statistic Tests

v² Z value P value

GLM + ANOVA

Lakes 6.6018 – 0.1585

Forms 0.9552 – 0.3284

Lakes*forms 25.7886 – 5.49E-05

GLM

Cliff – 0.974 0.3303

Est – �2.249 0.0245

Indian – 3.212 0.0013

T�emiscouata – �1.97 0.0489

Webster – 0.566 0.5717

Three effects were tested thanks to a GLM followed by an ANOVA

to determine whether there were statistically significant differences

in fish infection rate among lakes, between forms and their inter-

action term. A statistically significant difference between forms

within lake was also tested with a GLM.

Fig. 3 Relative abundance of phyla members found in kidney

whitefish bacterial community for dwarf and normal whitefish in

each lake. This taxonomy was constructed with the RIBOSOMAL

DATABASE PROJECT (RDP) with a confidence threshold at 95%. D:

dwarf whitefish, N: normal whitefish.

ª 20 1 4 THE AUTHORS . J . E VOL . B I OL . 2 7 ( 2 0 14 ) 1 02 9 – 1 04 6

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1034 M. SEVELLEC ET AL.



within lakes (unweighted UniFrac, Pforms Cliff < 0.001,

Pforms East < 0.001, Pforms Indian < 0.001, Pforms T�emiscouata

< 0.001, Pforms Webster < 0.001) and among lakes

(unweighted UniFrac, Pforms all the lakes < 0.001). These

differences were also highlighted for both forms among

lakes (unweighted UniFrac, PLakes < 0.001), and the

interaction term between lakes and forms was also signif-

icant (unweighted UniFrac, PLakes*forms < 0.001). A total

of 579 genera were detected (Table S1), the most

frequent ones being (by number of whitefish individu-

als infected by the same genus): Propionibacterium,

Sphingomonas, Acinetobacter, Clostridium, Methylobacteri-

um, Pseudomonas, Microcella, Kocuria, Staphylococcus and

Polynucleobacter (Fig. S2 and Table S2). The most abun-

dant genera (quantity of reads of the genus present in all

whitefish individuals) were Propionibacterium, Sphingomon-

as, Clostridium, Acinetobacter, Microcella, Altererythrobacter,

Nitrosococcus, Croceicoccus, Sarcina and Polynucleobacter

(Fig. S3 and Table S3).

Two different PCAs per rank were performed (Fig. 4).

The first two principal components explained 20.0% of

the variance for the analysis comparing all five dwarf

whitefish populations for all bacterial genera and

23.5% of the variance for all five normal whitefish

Fig. 4 Principal components analysis

per rank (PCA per rank) of Operational

Taxonomic Units (OTU) present in

whitefish kidney differentiated by lake.

Each lake analysed is represented by

symbols: Cliff Lake (red triangle), East

Lake (green dot), Indian Lake (blue

square), T�emiscouata Lake (pink

inverted triangle) and Webster Lake

(blue diamond). The size of the symbol

is proportional to OTU abundance. Two

different PCAs per rank analyses were

performed. The first PCA per rank was

performed only with genera present in

the dwarf form, named dwarf total

genera. The second PCA per rank was

performed only with genera present in

the normal form, named normal total

genera. This last PCA per rank was used

to generate the four supplementary

PCA per rank displaying only the

Altererythrobacter, Croceicoccus,

Flavobacteria and Kocuria genera. The

PCAs per rank were produced by

PC-ORD. Each PCA per rank had ten axes

that were interpretable, but only axes

one and two were used and explained a

combined variance of 20% for dwarf

total genera PCA per rank and 23.47%

for normal total genera PCA per rank.
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populations for all bacterial genera. The PCA per rank

on all the bacterial genera found in the normal individ-

uals was also used in PC-ORD to generate four figures

showing only the Altererythrobacter, Croceicoccus, Flavobac-

teria and Kocuria genera using the same axes calculated

for all the genera. Comparing dwarf whitefish popula-

tions for these genera revealed no difference between

lakes (results not shown), which corroborates the

absence of differentiation when considering all bacterial

genera. In contrast, results for normal whitefish

revealed a more pronounced differentiation between

lakes although with some overlap. In particular, Indian

Pond and East Lake bacterial communities were the

most distinct and clustered in the form of elliptical

clouds whereby individual bacterial communities in

Indian Pond were more spread along axis 2, whereas

those from East Lake were more spread along axis 1.

Cliff and Webster bacterial communities overlapped

with those observed in Indian Pond and East Lakes,

whereas T�emiscouata Lake displayed a pattern inter-

mediate between Indian and East Lakes. These differ-

ences between the lakes were mainly explained by the

genera Altererythrobacter and Croceicoccus that predomi-

nated in normal whitefish from East, Cliff and Web-

ster Lakes. In contrast, Flavobacteria and Kocuria were

the most abundant in some normal whitefish indivi-

duals from Indian pond but also of Cliff and Webster

lakes.

Among the bacterial genera detected, 10 putative

pathogenic bacterial genera were identified and further

considered in our analysis because they were both

identified as pathogenic genera in Austin and Austin

(2007), and the most abundant species in our BLAST

analysis were known fish pathogens: Acinetobacter, Aero-

monas, Chryseobacterium, Corynebacterium, Flavobacterium,

Janthinobacterium, Micrococcus, Pseudomonas, Shewanella

and Staphylococcus. Seven other putative pathogen gen-

era (Citrobacter, Clostridium, Mycobacterium, Renibacterium,

Enterococcus, Oxalobacter and Streptococcus) were also

detected, but not considered as pathogen in our analy-

sis because their frequency and their abundance were

too low or fish pathogen species were not highlighted.

Among these 10 putative pathogenic bacterial genera,

18 known fish pathogenic species were found (Table 4).

Also in these 10 genera, we found 14 other pathogenic

bacteria which are known to infect other species

(human, drosophila and plants), but not fish and finally

11 species which had no documented pathogenicity

(Table S4).

A total of 73% of the 133 whitefish samples for

which bacteria were detected in kidney were infected

by at least one putative pathogen (Table 5). There was

no significant difference in the occurrence of the patho-

genic bacteria between dwarf and normal whitefish

within each lake (GLM, PCliff = 0.92, PEast = 0.29, GLM,

PIndian = 0.15, PT�emiscouata = 0.34, PWebster = 0.86), nei-

ther was there significant forms effect or lake effect

(GLM, Pforms = 0.92, GLM, PLakes = 0.80).

Within the putative pathogen communities, some

taxa were found only in one of the two forms in a

Species Reference(s) Evidence

Acinetobacter junii Navarrete et al. (2009) Caused outbreak in salmonid

fish aquacultureAeromonas hydrophila Dopazo et al. (1988)

Aeromonas salmonicida Langefors et al. (2001)

Corynebacterium xerosis Austin et al. (1983)

Flavobacterium psychrophilum Nematollahi et al. (2003)

Micrococcus luteus Austin & Stobie (1992)

Pseudomonas fluorescens Bruno et al. (2013)

Pseudomonas putida Altinok et al. (2006)

Pseudomonas chlororaphis Hatai et al. (1975) Caused outbreak in salmonids

Staphylococcus epidermidis Gil et al. (2000) Caused outbreak in aquaculture

Shewanella algae Hau & Gralnick (2007)

Acinetobacter lwoffii Li et al. (2006) Experimental fish infections

Aeromonas salmonicida Langefors et al. (2001)

Chryseobacterium shigense Zamora et al. (2012) Isolated from diseased salmonid

Flavobacterium hydatis Bernadet et al. (1996);

Ekman (2003)

Flavobacterium succinicans Bernadet et al. (1996);

Ekman (2003)

Janthinobacterium lividum Austin et al. (1992b)

Staphylococcus warneri Gil et al. (2000)

Aeromonas sobria Olivier et al. (1981) Classified as enterotoxigenic

Table 4 Eighteen pathogenic species of 10

identified putative pathogen genera which

were identified using the BLAST algorithm.

ª 20 1 4 THE AUTHORS . J . E VOL . B I OL . 2 7 ( 2 0 14 ) 1 02 9 – 1 04 6

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1036 M. SEVELLEC ET AL.



given lake, but this varied between lakes (Fig. 5).

Pathogens of the genera Aeromonas, Flavobacterium,

Micrococcus, Pseudomonas, Shewanella and Staphylococcus

significantly infected normal whitefish. In particular,

normal whitefish from Indian Pond were infected by

pathogens belonging to five genera: Aeromonas, Flavo-

bacterium, Pseudomonas, Shewanella and Staphylococcus.

Bacterial communities of the normal whitefish of East

and Webster were characterized by Micrococcus and Aero-

monas, respectively. For Cliff, dwarf whitefish were

infected by Flavobacterium and normal whitefish were

infected by Micrococcus. Finally, only T�emiscouata dwarf

whitefish were infected by Corynebacterium and Pseudo-

monas.

Discussion

The general goal of this study was to investigate the

kidney microbiome of sympatric dwarf and normal

whitefish pairs to reach three objectives: (i) to test for

differences in kidney bacterial communities between

dwarf and normal whitefish from the same lake, (ii) to

test the hypothesis of higher bacterial taxonomic diver-

sity in normal than dwarf whitefish and (iii) to test for

the occurrence of parallelism in those patterns.

To this end, we analysed 253 whitefish samples from

five lakes and identified an unprecedented number of

bacterial genera in kidneys, including 579 different gen-

era among which 10 were pathogenic bacterial genera

Table 5 Number of putative pathogens

and opportunistic bacteria in whitefish

according to 454 sequencing results.

Lakes Species

Number

of fish

infected by

pathogen

bacteria

Number

of fish

infected

by only

opportunistic

bacteria Total

% Pathogen

infected

% Opportunistic

infected

Cliff D 11 3 14 79 21

N 10 3 13 77 23

T 21 6 27 78 22

East D 10 4 14 71 29

N 9 1 10 90 10

T 19 5 24 79 21

Indian D 7 5 12 58 42

N 18 4 22 82 18

T 25 9 34 74 26

T�emiscouata D 9 5 14 64 36

N 1 2 3 33 67

T 10 7 17 59 41

Webster D 6 4 10 60 40

N 7 4 11 64 36

T 13 8 21 62 38

Total D 43 21 64 67 33

N 45 14 59 76 24

T 95 35 130 73 27

D, dwarf whitefish; N, normal whitefish; and T, total number of whitefish.

The putative pathogen bacteria were determined according to Austin & Austin (2007).

Fig. 5 Differences between dwarf and

normal whitefish kidney in selected

pathogenic genera. White squares

represent putative pathogenic genera

only found in normal whitefish and

black those only found in dwarf

whitefish in each lake. Grey refers to

pathogenic genera found in both forms,

and hashing refers the genera not

found in either form in that lake.
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that comprised 18 known pathogenic species. This con-

trasts with previous studies that considered kidneys to be

a sterile organ in healthy fish (Goldschmidt-Clermont

et al., 2008; Dionne et al., 2009; Salgado-Miranda et al.,

2010). Of course, one must consider that contamination

could partly explain the level of bacterial diversity

observed in whitefish kidneys. However, as mentioned

in Materials & Methods, meticulous care was taken to

avoid contamination by working in sterile conditions

and avoiding cross-contamination between individuals.

Also, the composition of kidney bacterial communities

varied importantly between whitefish individuals, which

is not compatible with contamination from the same

manipulations in the same working environment. In

addition, no PCR product was detected for 47% of the

analysed individuals, and on every plate there were both

positive and negative reactions. The total absence of

amplification for 47% of all individuals analysed thus

serves as additional negative controls. Thus, although it

cannot be entirely ruled out, contamination during the

manipulations is very unlikely to explain the main pat-

terns we documented. This rather suggests that bacteria

may pass to kidneys through by abrasions, by injuries

(Austin, 2006; Larsen et al., 2013) or by the digestive

tract which is one of the major infection routes in fish

(Ringø & Olsen, 1999). From there, bacterial transloca-

tion across the epithelia of the intestine could open a

possible route for kidney infection (Hart et al., 1988; Jut-

felt et al., 2006; Knudsen et al., 2008), thus offering a

possible explanation for the much higher occurrence of

bacteria in kidney than previously assumed.

Variation of bacterial communities in whitefish
kidney within lake

Regarding our first objective, we observed an overall sig-

nificant lake effect on the composition of the different

taxa. This general pattern can hypothetically be

explained by the geographical distance and limited

hydrological connectivity between the lakes, which

could create different environmental conditions sur-

rounding the lakes and lead to the presence of different

bacteria (Lindstr€om et al., 2005; Reche et al., 2005; Lap-

lante et al., 2013). There was also a significant difference

for form effect meaning that bacterial community com-

positions between dwarf and normal whitefish is distinct

within and among the lakes. In fact, distinct bacterial

communities may exist within a lake because the bacte-

rial diversity and bacterial concentration decrease as a

function of depth and due to differences in temperature,

oxygen concentration and luminance (Ovre�as et al.,

1997; Bosshard et al., 2000; Koizumi et al., 2004; Landry

et al., 2007). However, although whitefish forms occupy

different depths in the water column, there is no barrier

preventing contact between dwarf and normal whitefish

(Bernatchez et al., 1999). Even if both dwarf and normal

whitefish could come in contact with all of these bacte-

rial communities, the probabilities of infection by the dif-

ferent taxa are probably different for the forms. In the

absence of other similar studies on bacterial communities

in natural populations of freshwater fishes, we cannot

compare our observation of an overall relatively modest

difference in bacterial communities between sympatric

whitefish species pairs to other fish species. However,

previous studies on eukaryote parasite communities

revealed somewhat similar patterns with respect to ben-

thic diet types having more diverse parasites, for instance

between closely related sympatric cichlid species (Tro-

pheus sp. Blais et al., 2007), sympatric incipient species of

European whitefish (C. lavaretus; Knudsen et al., 2003)

and threespine sticklebacks [Gasterosteus aculeatus; (Mac-

Coll, 2009; Natsopoulou et al., 2012)].

Bacterial diversity and whitefish diet

We observed that normal whitefish were characterized

in all lakes by a greater average taxonomic diversity

compared with dwarf whitefish, thus translating into

parallelism in difference of taxonomic diversity. This

apparently runs counter to the expectation of abun-

dance of bacteria in the water column, which is

expected to decrease with depth (Ovre�as et al., 1997;

Bosshard et al., 2000; Koizumi et al., 2004; Landry et al.,

2007). However, assuming that bacterial transmission

through diet may influence the bacterial community

observed in kidney, this could perhaps be explained by

difference in prey availability among lakes. Indeed,

dwarf whitefish (and limnetic whitefish in general) feed

almost exclusively on zooplankton, most often on the

same taxa in different lakes (Bodaly, 1979; Bernatchez

et al., 1999). In contrast, normal whitefish are more

generalists and feed on more diverse prey items includ-

ing zoobenthos, molluscs and fish prey, of which the

composition varies between lakes and throughout the

year (Bernatchez et al., 1999; Bernatchez, 2004).

Another important observation is that we found no dif-

ferences in kidney bacterial communities between

dwarf whitefish from different lakes in our PCA (all

dwarf lakes in the same cloud; Fig. 4), which can be

interpreted as mirroring evidence for parallelism in the

composition of dwarf whitefish microbiota. In sharp

contrast, we observed pronounced nonparallel differ-

ences in the kidney microbiota of normal whitefish

from different lakes. Generally speaking, the zooplank-

ton communities are more similar compared with the

benthic and fish prey communities in the studied lakes

(Landry et al., 2007; Landry & Bernatchez, 2010).

Given that different diets may allow contact with differ-

ent microbial communities (Gatesoupe & L�esel, 1998),
it is thus plausible that parallelism in zooplankton com-

munity translates into parallelism in bacterial commu-

nity of dwarf whitefish, whereas nonparallelism in

benthic and fish prey community translates into non-

parallelism in bacterial community of normal whitefish.
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This again suggests that the diet composition may

impact the diversity of the bacterial community found

in a given host (Ringø et al., 2006; Zhou et al., 2012). It

thus appears that variation in patterns of zooplankton

and benthic prey communities across lakes at least

partly explain the differences in patterns of bacterial

diversity and community composition observed

between dwarf and normal whitefish.

Implication of patterns of parallelism and
nonparallelism in whitefish diversification

In regard to our third objective, the above results show

no strong parallelism in dwarf-normal bacterial com-

munity differences or infection rates. Yet, parallelism

was observed among dwarf whitefish from different

lakes, which had very similar microbiotas among lakes

compared with normal whitefish which had wildly dif-

ferent microbiotas among lakes. Indeed, we systemati-

cally observed lower bacterial community diversity

found in dwarf whitefish across all five lakes. This dif-

ference in bacterial diversity could potentially be

explained by differences in prey diversity available to

both forms. A nonexclusive hypothetical explanation

for the observed parallel differences in bacterial diver-

sity between dwarf and normal whitefish pertains to

the trade-off made by these forms between resources

devoted to growth and those devoted to the immune

response. Thus, previous studies in the wild and com-

mon rearing conditions showed that normal whitefish

have a genetically based faster growth rate than dwarf

whitefish (Bernatchez, 2004; Rogers & Bernatchez,

2007). Also, this parallel growth differential is accompa-

nied by parallelism in patterns of gene expression

whereby normal whitefish showed significant overex-

pression of genes involved with growth (protein syn-

thesis, cell growth) (St-Cyr et al., 2008). In contrast, the

limnetic life history of the dwarf whitefish requires

much energy be expended for constant swimming, for

feeding on zooplankton and avoiding predators.

Thereby, genes associated with metabolism, muscle

contraction and detoxification were overexpressed in

dwarf whitefish. According to Matarese and La Cava

(2004), many genes have dual functions in both immu-

nity and metabolism. Thus, dwarf whitefish could have

a more efficient immune system than the normal

whitefish. Besides, genes specific to the immune system

are overexpressed in dwarf whitefish (St-Cyr et al.,

2008; Jeukens et al., 2010). On the other hand, a recent

study revealed no evidence for parallelism at the adap-

tive immune system in MHCIIb gene diversity among

whitefish sympatric species pairs, suggesting a minor

role of pathogenic bacteria in the parallel evolution of

whitefish species pairs (Pavey et al., 2013). In that

study, specific lake effects associated with different

environments appeared more important in explaining

MHC variation in this system. However, a parallel evo-

lution of innate immune system, which eliminates bac-

teria in a nonspecific manner, is possible (Janeway,

2001). Indeed, some of the overexpressed genes docu-

mented by St-Cyr et al. (2008) and Jeukens et al.

(2010) were complement C4, complement factor H1

protein, C1q-like adipose-specific protein, implicated in

complement system belonging the innate immune sys-

tem and MHC class I antigen belonging the innate and

the specific immune system. This increased expression

of genes of the innate immune system could be an

adaptation of the dwarf whitefish exposure to pathogen

(Goetz et al., 2010; Jeukens et al., 2010), although this

remains to be investigated further. Finally, there is

another nonexclusive interpretation regarding to the

observed dwarf whitefish microbiota parallelism and

the trade-off made by these forms between resources

devoted to growth and those devoted to the immune

response. Certain host genotypes may have the capacity

to recruit specific bacterial strains (McKnite et al.,

2012). This capacity was recently demonstrated

in another salmonidae, the Brook Trout (S. Boutin,

C. Sauvage, L. Bernatchez, C. Audet & N. Derome,

unpublished), in which three QTLs were related to the

relative abundance of three bacterial strains associated

with skin and intestine tissue, all of them being docu-

mented to synthesize antimicrobial compounds. There-

fore, it remains possible that dwarf form may

preferentially recruit bacterial strains exerting strong

antimicrobial properties to enhance its overall immune

capacity against opportunistic pathogens. Although this

would likely actively occur in the intestine, that may

result in less bacteria infecting the kidney. As a trade-

off, the bacterial strains that enhance energetic conver-

sion efficiency may be disfavoured.

Nevertheless, testing for patterns of parallelism at

many different levels may help identifying the main

factors that are at play in driving the process of parallel

adaptive divergence and ultimately reproductive isola-

tion. In the case of whitefish, this strategy has clearly

been efficient in achieving this goal. For instance, com-

paring the limnological settings of each lake allowed

identifying the main biotic and abiotic factors (namely

the level of oxygen depletion, lake depth, prey size dis-

tribution and biomass) that have most likely played a

role in the level of adaptive divergence observed

between dwarf and normal whitefish from different

lakes (Landry et al., 2007; Landry & Bernatchez, 2010).

Parallelism in gene expression patterns has also led to

identifying the main physiological functions involved in

the life history trade-off between growth and survival

observed in normal and dwarf whitefish, respectively

(St-Cyr et al., 2008). In a recent investigation of respira-

tory, circulatory and neurological traits across lake

whitefish species pairs, Evans et al. (2013) found that in

each of the species pairs, normal whitefish exhibited

larger body size standardized gills compared to dwarf

whitefish, a pattern that is suggestive of a common
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ecological driver of gill size divergence. Evans et al.

(2013) also observed a trend towards larger hearts in

dwarfs, the more active species of the two species,

whereas brain size varied exclusively between the lakes

but independent of form. In another recent study,

Evans et al. (2012) tested for the parallel divergence of

traits involved in oxygen transport in dwarf and normal

lake whitefish. They found parallel differences in red

blood cell morphology between the forms. Taken

together, the results of these studies along with the

present study imply that the diversification of whitefish

has been driven both by parallel and nonparallel

ecological conditions across lakes.

Whitefish microbiota

As mentioned above, it has traditionally been assumed

that kidney tissue is free of bacteria in healthy fish

(Nieto et al., 1984; Cahill, 1990; Goldschmidt-Clermont

et al., 2008). However, an increasing number of studies

have reported bacteria in healthy fish kidney. According

to Dionne et al. (2009) and Evans and Neff (2009),

12.1% of juvenile salmon and between 9 and 29% of

Chinook Salmon (Oncorhynchus tshawytscha) were

infected by 10 and 27 genera, respectively. Three other

studies on liver and kidney of wild freshwater fish, tur-

bot and five different salmonids, respectively, identified

8, 6 and 19 bacteria genera (Trust & Sparrow, 1974;

Toranzo et al., 1993; Sousa & Silva-Souza, 2001). Fur-

thermore, Flavobacterium psychrophilum infected kidney

of 10.4% of Atlantic Salmon from the Baltic Sea (Ekman

et al., 1999). In this study, 579 different genera repre-

senting nine phyla were found in kidney from 133

apparently healthy fish. This is a substantial diversity for

an internal organ, particularly if one compares with the

10 genera and 27 genera, respectively, reported in two

previous studies performed on the kidney microbial

community in salmonids (Dionne et al., 2009; Evans &

Neff, 2009). However, data from these studies were

obtained by culture and DGGE, whereas a double-nested

PCR is much more sensitive to detect and specifically

amplify DNA than PCR, nested PCR and culture methods

(Boutin et al., 2012). Thus, the traditional assumption of

kidney sterility may have simply been a factor of the

limitations of the techniques available, as differing sensi-

tivity even among modern techniques could largely

explain the difference between the results of the present

and the previous studies on the kidney bacterial diver-

sity. Moreover, to our knowledge, a single study was car-

ried out on wild freshwater fish with a Sanger DNA

sequencing approach where they found 525 OTUs classi-

fied in 8 phyla on three zebrafish guts (Roeselers et al.,

2011). Other than these studies, some microbiome stud-

ies in fish have analysed the digestive system and the

skin with pyrosequencing of bar-coded 16S rRNA gene

amplicons. Twelve and nine phyla were present in faeces

of eight catfish individuals (Panaque sp.) and six marine

fish, respectively (Di Maiuta et al., 2013; Larsen et al.,

2013), and 6058 OTUs were obtained from the seven

grass carp (Ctenopharyngodon idellus) (Wu et al., 2012). In

contrast, the Brook Trout (Salvelinus fontinalis) skin of

121 individuals had 16 904 genera distributed among 21

phyla (Boutin et al., 2013). Thus, while high relative to

the a priori expectations, the kidney diversity appears

low compared with those recorded in both gut and skin

microbiota. As mentioned in the introduction, kidney of

teleost fish, which include whitefish, is known to play

several functions, including immune function (Danguy

et al., 2011). The anterior kidneys are composed almost

exclusively by hematopoietic, lymphoid tissues and

melanomacrophage centres where antibody-covered

particles arrived through blood, including bacteria, are

eliminated by phagocytosis (Press & Evensen, 1999;

Agius & Roberts, 2003). It is thus possible that the

double-nested PCR is sensitive enough to detect and

amplify the bacterial DNA from cells ongoing the process

of elimination phagocytosis (Frank, 2002; Pavey et al.,

2013).

Another factor that may explain the high level of kid-

ney bacterial diversity in this study is that our sampling

was carried out at the end of June and the beginning of

July, when water temperatures are relatively high (Mac-

kay & Kalff, 1969; Brunskill & Schindler, 1971). Gener-

ally speaking, bacteria abundances increase when water

temperatures reach a certain threshold (Larsen et al.,

2004; Dionne et al., 2009). For example, outbreaks of

Vibriosis, a bacteria of the aquatic environment, happen

when water temperatures exceed 15 °C (Larsen & Mel-

lergaard, 1981). Studies showed than the immune sys-

tem efficacy could decline in the presence of high

bacteria concentrations in water (Buras et al., 1985; Ca-

hill, 1990). In addition, there may be a reduction in the

efficiency of fish immune system as a result of stress fac-

tors such as nutritional deficiencies, poorer water qual-

ity, overcrowding, parasitism and temperature changes

(Cahill, 1990). As such, whitefish may have been more

susceptible to the colonization of internal organs from

the external environment during the period at which

they were sampled. Accordingly, the majority of genera

identified in this study were associated with environ-

mental water bacteria predominantly represented by

Proteobacteria, Actinobacteria and Firmicutes. Proteobacteria

and Actinobacteria were also predominantly present in all

freshwater sites on a study analysing the typical freshwa-

ter bacteria (Zwart et al., 2002). Bacteria associated with

the aqueous environment such as Sphingomonas, Methylo-

bacterium, Lactobacillus, Roseomonas, Arthrobacter or Burk-

holderia were also found in Dionne et al. (2009) and

Evans and Neff (2009).

Among 579 different genera found in our whitefish

kidney, 14 genera are also described in the study of

Evans and Neff (2009) on Chinook Salmon, and 6 genera

in that of Dionne et al. (2009) on Atlantic Salmon. Both

of these studies were conducted on young anadromous
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fish during their freshwater phase. Moreover, the genera

Acinetobacter, Aeromonas, Citrobacter, Pseudomonas and

Staphylococcus that were observed in this study constitute

the dominant microbiote of the adult freshwater fish

digestive tract (Austin, 2006). Also, Enterobacter, Escheri-

chia, Klebsiella, Serratia, Bacteroides, Bacillus and Propioni-

bacterium, which are not considered as pathogens, were

also found in whitefish kidney and previously reported

in freshwater fish digestive tracts in general (Austin,

2006). Most of the other bacteria that we found in our

study are ubiquitous and can be present in soil, water or

plants, for instance Methylobacterium, Paracoccus, Steno-

trophomonas, Bradyrhizobium, Altererythrobacter, Croceicoc-

cus, Kocuria or Burkholderia (Kaneko et al., 2000;

Lidstrom & Chistoserdova, 2002; Kelly et al., 2006; Kwon

et al., 2007; Ryan et al., 2009; Xu et al., 2009; Bontemps

et al., 2010; Savini et al., 2010).

Among all the 579 genera identified, there were 10

putative pathogen genera known to contain pathogenic

species according to the literature (Austin & Austin,

2007). Indeed, the most abundant species representing

these genera are known fish pathogens as revealed by

our literature search. These genera are Acinetobacter,

Aeromonas, Chryseobacterium, Corynebacterium, Flavobacte-

rium, Janthinobacterium, Micrococcus, Pseudomonas, Shewa-

nella and Staphylococcus. Bacteria of the genus

Acinetobacter sp., as Acinetobacter junii, and Acinetobacter

lwoffii, can cause the acinetobacter disease which killed

92% of wild Atlantic Salmon in Norway (Roald & Ha-

stein, 1980). Aeromonas hydrophila, Aeromonas salmonici-

da and Aeromonas sobria are known to cause

septicaemia or ulcer disease in many freshwater fishes

(Austin & Austin, 2007). Some species of Chryseobacteri-

um are considered as potentially emerging pathogens,

and C. shigense was isolated from kidney of diseased

rainbow trout (Zamora et al., 2012). Corynebacterium

xerosis is implicated in bacterial kidney disease (BKD) in

salmonid fish (Austin et al., 1983). Flavobacterium succin-

icans and Flavobacterium hydatis have been isolated from

diseased fresh-water fish (Bernadet et al., 1996). Also

Flavobacterium psychrophilum is an agent of bacterial

cold-water disease and caused septicaemic disease (Ne-

matollahi et al., 2003). Janthinobacterium lividum, Micro-

coccus luteus, Pseudomonas putida and Pseudomonas

fluorescens caused serious diseases in Rainbow Trout (Sa-

kai et al., 1989; Austin et al., 1992b; Austin & Stobie,

1992; Altinok et al., 2006). Shewanella algae were

responsible of mass mortality of shellfish and fish (Hau

& Gralnick, 2007). Also, many studies have reported

infection of salmonids and other freshwater fishes by

the genus Staphylococcus including S. warneri and S. Epi-

dermidis (Nieto et al., 1984; Austin et al., 1992a; Gil

et al., 2000). The majority of the above studies dealt

with infection outbreaks in salmonid aquaculture con-

ditions. Yet, this information provides a basis to identify

potential pathogenic bacteria that may potentially affect

whitefish in natural conditions (Pavey et al., 2013).

The vast majority of the genera that we identified

have not previously been described as comprising path-

ogenic bacteria (567/579). However, relatively little is

known about pathogens in natural aquatic systems

(Austin & Austin, 1999). It is also possible that some

pathogens were not identified as such because it can be

difficult to define the limit between pathogen and

opportunistic bacteria and that bacteria have a continu-

ous spectrum of pathogenicity (Casadevall & Pirofski,

1999). A box plot of the Simpson index of only the des-

ignated pathogenic bacteria did not reveal the same

parallel pattern of diversity between dwarf and normal

that we found for all bacteria (Fig. S4; Fig. 2). There-

fore, the main difference in infection between forms

does not directly imply putative pathogenic bacteria.

Thus, it is possible that the infection difference may be

due to unknown pathogens or more likely opportunis-

tic bacteria. In fact, the majority of genera could be

opportunistic bacteria. This kind of bacteria colonizes

tissues after a primary infection when the immune sys-

tem of the host is impaired (Falkow, 1997; Casadevall

& Pirofski, 1999). Some members of the most abundant

and the most frequent genera, Propionibacterium,

Sphingomonas, Polynucleobacter and Ralstonia, are known

to be opportunistic (Laskin & White, 1999; McDowell

et al., 2011; Youngblut et al., 2013). This hypothesis of

primary infection by at least one putative pathogen and

second infection by opportunistic could explain the pat-

tern of bacterial diversity we observed (Table 5). In

fact, of the 133 fish that were found to be infected,

73% were infected by at least one putative pathogenic

genus, whereas, always under the hypothesis of pri-

mary infection, 23% of whitefish would have been

infected by an unknown pathogen.

Conclusion

In summary, this study represents the very first attempt

to document fish microbiome in natural conditions by

means of NGS-based approach. Here, our primary goal

was to compare the bacterial communities present in

kidney of sympatric species pairs of dwarf and normal

whitefish to test whether parallel phenotypic and eco-

logical evolution was accompanied by parallelism in

their kidney microbiota, and in particular in the putative

bacterial pathogenic community. We found bacteria in

the kidney of more than half of the fish tested, and a

diversity of bacterial genera well beyond previous

descriptions of fish bacterial diversity in kidney, both

pathogenic and not. Although there were differences in

proportion of infected fish between dwarf and normal

whitefish, these were not parallel among lakes. Also,

there was similar bacterial diversity between dwarf

whitefish from different lakes, providing evidence for

parallelism in the bacterial diversity for this form,

whereas pronounced differences in the bacterial diver-

sity of normal whitefish from different lakes were found.
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However, in accordance with the higher diversity of

prey types, normal whitefish kidney tissue consistently

had more diverse microbiota, and this pattern was paral-

lel among lakes. This again corroborates the expecta-

tions based on lake to lake differences and similarities in

the benthic and limnetic prey communities, respec-

tively. It is also possible that the trade-off between the

immune system and growth functions implies globally

weaker immune defences for faster growing normal

whitefish relative to dwarf whitefish. Although MHCIIb
patterns are not parallel among lakes (Pavey et al.,

2013), this does not exclude parallel evolution in the

innate immune system and other components, which

will need to be investigated further in future studies.
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