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ABSTRACT Teleost gill mucus has a highly diverse microbiota, which plays an essen-
tial role in the host’s fitness and is greatly influenced by the environment. Arctic
char (Salvelinus alpinus), a salmonid well adapted to northern conditions, faces multi-
ple stressors in the Arctic, including water chemistry modifications, that could nega-
tively impact the gill microbiota dynamics related to the host’s health. In the context
of increasing environmental disturbances, we aimed to characterize the taxonomic
distribution of transcriptionally active taxa within the bacterial gill microbiota of Arctic
char in the Canadian Arctic in order to identify active bacterial composition that
correlates with environmental factors. For this purpose, a total of 140 adult anadromous
individuals were collected from rivers, lakes, and bays belonging to five Inuit commun-
ities located in four distinct hydrologic basins in the Canadian Arctic (Nunavut and
Nunavik) during spring (May) and autumn (August). Various environmental factors were
collected, including latitudes, water and air temperatures, oxygen concentration, pH,
dissolved organic carbon (DOC), salinity, and chlorophyll-a concentration. The taxonomic
distribution of transcriptionally active taxa within the gill microbiota was quantified by
16S rRNA gene transcripts sequencing. The results showed differential bacterial activity
between the different geographical locations, explained by latitude, salinity, and, to a
lesser extent, air temperature. Network analysis allowed the detection of a potential
dysbiosis signature (i.e., bacterial imbalance) in fish gill microbiota from Duquet Lake in
the Hudson Strait and the system Five Mile Inlet connected to the Hudson Bay, both
showing the lowest alpha diversity and connectivity between taxa.

IMPORTANCE This paper aims to decipher the complex relationship between Arctic
char (Salvelinus alpinus) and its symbiotic microbial consortium in gills. This salmonid
is widespread in the Canadian Arctic and is the main protein and polyunsaturated
fatty acids source for Inuit people. The influence of environmental parameters on gill
microbiota in wild populations remains poorly understood. However, assessing the Arctic
char’s active gill bacterial community is essential to look for potential pathogens or
dysbiosis that could threaten wild populations. Here, we concluded that Arctic char
gill microbiota was mainly influenced by latitude and air temperature, the latter being
correlated with water temperature. In addition, a dysbiosis signature detected in gill
microbiota was potentially associated with poor fish health status recorded in these
disturbed environments. With those results, we hypothesized that rapid climate change
and increasing anthropic activities in the Arctic might profoundly disturb Arctic char gill
microbiota, affecting their survival.

KEYWORDS 16S rRNA gene transcripts, gill microbiota, fish, Arctic char, bacterial
activity, microbial ecology, Canadian Arctic
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A rctic char, Salvelinus alpinus (Linnaeus 1758), a salmonid well adapted to cold and
oligotrophic water, has a circumpolar distribution with the widest latitudinal range
in freshwater fishes. It dominates most aquatic systems and is one of the top predators
in the Arctic lakes (1-5), giving it a central role in the stability of the ecosystem (6).
Moreover, different sympatric forms with different life history could co-exist in the
same habitat or be completely isolated. One of those ecophenotypes concerns the
fish’s migration with freshwater permanent residents, small residents, and anadromous
populations (4). In our data, individuals were assumed to be anadromous based on local
fishermen’s knowledge. They were caught during their summer migrations from the bays
to rivers and lakes in August (2018 and 2019), except for fish from Salluit, sampled in May
2019 before they migrated to the bay. Arctic char are rich in omega-3 polyunsaturated
fatty acids, making them an essential source for the Indigenous communities (7) and
economically important for commercial fisheries (8) and aquaculture (9). Unfortunately,
this species is undermined by anthropogenic activities that lead to general and rapid
lake degradation (10) with warming of surface water temperature (11). Arctic lakes are
particularly impacted because of Arctic amplification, which is the fact that the rising
Arctic surface temperature and the impacts due to climate change are greater in the
Arctic than anywhere else in the world (12, 13). Those environmental degradations
could lead to the eutrophication of oligotrophic Arctic lakes (14-19) with new inputs
of nutrients and ions, salinity modifications (10, 14, 20), and decreases of dissolved
oxygen in both surface and deep water (21, 22). This disturbs Arctic aquatic ecosystems,
including water microbiome structure (23-27) and Arctic char physiology (19, 28, 29).

Likewise, higher water temperatures induce thermal stress in the cold-adapted
Salvelinus alpinus (30). Warmer temperatures are correlated with increased opportunis-
tic infections by pathogens such as Aeromonas salmonicida, Ichthyophthirius multifiliis,
or Flavobacterium columnare (31-33). Moreover, rising temperatures may enhance the
invasive capacity of southern species toward the North (34-39). These invasions threaten
the local fish by introducing new parasites and pathogens for whom its immune
system is naive (40-42). Those biological, physical, and chemical changes alter salmo-
nid microbiota, including Arctic char (43-46). Microbiota is the consortium of microor-
ganisms encompassing bacteria, archaea, protists, fungi, and viruses living in and on
mucosal tissues. A balanced and symbiotic relationship between the microbiota and its
host keeps both healthy. However, during stressful conditions, mucus protein compo-
sition (mucins or anti-inflammatory cytokines) is altered (47-51), the immune system
activity is affected (42), and the bacterial composition, diversity, and interactions (43-46,
52) are modified. These changes favor opportunistic pathogens invasion or a shift from
commensal to pathogen bacteria (53) and threaten host survival. This phenomenon is
called dysbiosis (54).

In teleostean fishes, microbiota are found in skin, gut, and gill mucosal tissues. Gills
are important in fish physiology since they are a semi-permeable barrier between the
organism and the external environment that allows gas exchange (52). They also act
as a gateway for new invasive pathogens (55) and, as guts, are a hot spot for immune
molecules to respond to these attacks (55-59). Gill microbiota is therefore highly suitable
for assessing the impact of both extrinsic and intrinsic factors on the integrity of Artic
char physiology. However, wild Arctic char microbiota studies have focused on the skin
and gut tissues in a migratory context with a salinity gradient (43, 60). Here, we report
the first biogeographical study on Arctic char gill microbiota to unravel how abiotic
factors might influence its bacterial composition and activity.

The taxonomic distribution of active bacteria in the Arctic char gill microbiota was
characterized using a 16S rRNA gene metabarcoding approach from total RNA extracts.
Sequencing 16S rRNA transcripts gives us information on the active part of the gill
microbiota, while 16S rDNA sequences shed light on bacterial abundance (active or
dormant) and free 16S rDNA. We quantified transcriptionally active taxa within the
gill microbiota of 140 Arctic char sampled in five wild populations along a latitudinal
gradient to reach this goal.
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We compared five different geographical sites in Nunavut (Ekaluktutiak, Victoria
Island) and Nunavik (Salluit in Hudson Strait, Inukjuak and Akulivik in Hudson Bay,
and Kangiqsualujjuaq in Ungava Bay) (Fig. 1) to measure the relative contribution
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FIG 1 Maps of the fishing sites with the location of the main Inuit communities in Kativik, Nunavik: Hudson Strait (Salluit), Ungava Bay (Kangiqgsualujjuaq),

and Hudson Bay (Akulivik and Inukjuak) and in Kikmeot, Nunavut: Cambridge Bay (Ekaluktutiak) (A). Fishing sites in Ekaluktutiak were CBL5 (n = 7), the three

connected lakes Greiner (n = 25), first (n = 12), second (n = 12), and the bay (n = 7) (B). In Akulivik, the three rivers Chukotat (n = 3), Saparuajuiit (n = 3), and

Korak (n = 7) were sampled (C). In Salluit, Duquet Lake (n = 24) was the only fishing site (D), and in Inukjuak, the fishing site was Five Mile Inlet (n = 25) (E). Fish

coming from Koroc (n = 5) and George (n = 10) rivers in Kangigsualujjuaq were also used for this project (F). A total of 140 anadromous Arctic char were caught

in freshwater (FW) and saltwater (SW) sites across the Canadian Arctic. Maps were created using the “leaflet” package on RStudio and manually modified in

Inkscape.
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of environmental factors (air temperature, water temperature, oxygen concentration,
chlorophyll-a concentration, salinity, and pH) (Table S1) in influencing the taxonomic
composition of active gill microbiota taxa. In addition, we measured the extent to which
the dynamics of the interaction networks between those active taxa were modulated
by these different locations. Network analysis aims to represent the complexity of active
bacterial relationships according to co-occurrence patterns and positive or negative
interactions between taxa (44 and references cited). This study provides a biogeograph-
ical and latitudinal baseline to monitor the gill microbiota composition and its relation-
ship with the host’s health.

RESULTS

The raw data showed 9,306,614 16S rRNA gene cDNA sequences with an average
of 66,475 sequences per sample for 140 individuals collected from the five different
communities. After filtration of low-quality reads, 8,531 amplicon sequence variants
(ASVs) were available to compare gill bacterial microbiota composition between
geographical sites. The abundance of the transcripts (ASVs) from active taxa differed
between sites. Ekaluktutiak, Akulivik, Salluit, Inukjuak, and Kangiqgsualujjuaq had 7,335,
5,380, 3,031, 4,445, and 5,751 ASVs, respectively.

Differential relative bacterial activity between the five different sites

For the 50 most active ASVs at the family rank (Fig. 2), Arctic char gill microbiota in
Ekaluktutiak was dominated by Rickettsiaceae and Rhodobacteraceae. Rickettsiaceae
were significantly more active in Ekaluktutiak than in Salluit, Akulivik, Inukjuak, and
Kangigsualujjuaq (P = 2 e7'). Similarly, Rhodobacteraceae activity was significantly
higher in Ekaluktutiak than in Akulivik (P = 1.9 e %) and Kangigsualujjuaq (P = 0.008) but
significantly lower than in Salluit (P < 2 e7'°), where Rhodobacteraceae were domi-
nantly active. In Akulivik and Kangiqsualujjuag, Chromobacteriaceae and Vibrionaceae
transcripts were dominant but highly variable. Chromobacteriaceae were significantly
more active in Akulivik than both in Ekaluktutiak and Inukjuak (P < 0.05), while Vibrio-
naceae were significantly more active in Akulivik than in Ekaluktutiak (P = 7.7 €7%),
Salluit (P = 2 %), Inukjuak (P = 4.8 €®), and Kangigsualujjuag (P = 0.001). Finally,
Vibrionaceae activity was significantly lower in Ekaluktutiak than in Inukjuak (P = 8.1 €%
and Kangigsualujjuaq (P = 0.001) but higher than in Salluit (P = 1.8 e'?). Nitrosomonada-
ceae activity was also significantly lower in Ekaluktutiak than in Salluit (P = 1.6 e—12),
Inukjuak (P = 2.6 e—6), and Kangigsualujjuaq (P = 0.008) but higher than in Akulivik (P
= 0.005). Also, the ASV activity heatmap (Fig. 3) showed a sample-based clustering from
Nunavut, in Ekaluktutiak (in green) with an ASV group, which had an important activity
compared to Nunavik samples. Another ASV group at the bottom right was also shared
by Ekaluktutiak, Salluit, and Kangigsualujjuag samples.

Alpha diversity

Pielou index calculations for alpha diversity are presented in Fig. 4A. The non-parametric
Kruskal-Wallis test was performed, and significant differences between groups were
found (x* = 34.24, df = 4, P = 6.66e—07). The pairwise comparisons using a Wilcoxon rank
sum test with continuity correction showed that Pielou index in Ekaluktutiak was
significantly higher than in Salluit (P = 4.1e—07) and Inukjuak (P = 0.0004). With the
Chao1l estimator, a richness index that extrapolates rare taxa (Fig. 4B), we observed
significant differences between groups (Kruskal-Wallis test, x* = 23.23, df = 4, P = 0.0001).
More precisely, the Chao1 index was significantly lower in Salluit than in Ekaluktutiak (P =
0.04), Akulivik (P = 0.0001), Kangigsualujjuaq (P = 3e—05), and Inukjuak (P = 0.002) and
significantly lower in Inukjuak than in Akulivik (P = 0.002) and Kangiqsualujjuaq (P =
0.04). Faith’s phylogenetic diversity measures (Fig. 4C), which consider the overall
phylogenetic distance between taxa, also showed significant differences in alpha
diversity across communities (Kruskal-Wallis: x* = 20.83, df = 4, P = 0.0003). Salluit’s alpha
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FIG 2 Relative activity of the 50 most abundant transcripts (ASVs) at family rank found in the microbiota of the Arctic char’s
gills across the five different communities Ekaluktutiak (EK), Salluit (SA), Akulivik (AK), Inukjuak (IN), and Kangigsualujjuaq (KG).
The relative activity of ASVs in the microbiota was highly heterogeneous between sites, with different species predominating.

diversity was significantly lower than in Ekaluktutiak (P = 0.04), Akulivik (P = 0.001),
Inukjuak (P = 0.003), and Kangiqgsualujjuaq (P = 0.0001), and Inukjuak showed significant
lower index than in Akulivik (P = 0.013). Whether we use the Pielou index for evenness,
the Chao1 index for richness, or Faith’s diversity index, we noticed that bacterial diversity
within the Arctic char gill microbiota seemed to be the lowest in the Hudson Strait, in
Salluit followed by Inukjuak.

Geographical influence on Arctic char gills microbiota

Weighted UniFrac distances between all samples from the five communities were
visualized with a principal coordinates analysis (PCoA). Figure 5 shows that the geo-
graphical parameter explained 39.9% of the group variance. More precisely, Ekaluktutiak
and Salluit seemed more separated from the three other groups in the first axis (26.5%)
and the second axis (13.4%), respectively. Therefore, both Ekaluktutiak and Salluit gill
bacterial communities appeared to be the most differentiated from the other sites.
Permutation-based multivariate analysis of variance (PERMANOVA) based on weighted
UniFrac distances indicated that the clustering according to geographical groups was
significant (F = 9.02, R* = 0.22, and P = 1e—04). In addition, the pairwise PERMANOVA
detected highly significant compositional differentiation between groups except
between Akulivik and Kangigsualujjuag (Table 2). Multivariate homogeneity of group
dispersion (Fig. S1) showed that interindividual variation was significantly higher in
Ekaluktutiak than in Salluit (P = 0.02) and Inukjuak (P = 0.01) and significantly higher in
Kangiqsualujjuaq than in Salluit (P = 0.05) and Inukjuak (P = 0.01).

Environmental influence on Arctic char gills microbiota

All the variables (water temperature, pH, salinity, chlorophyll-a, and O, concentration)
were correlated to air temperature with an absolute correlation index >0.21 (P < 0.05).
The nonmetric multidimensional scaling (NMDS) with the factors “Air temperature” and
“Latitude” (Fig. 6) showed that Ekaluktutiak was a little bit separated from the other
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FIG 3 Heatmap of ASVs' relative activity in the gills’ microbiota of Arctic char in five different communities in the Arctic. The visualization was performed with

METAGENassist. In blue are transcripts with low abundance (active ASVs), and in red are transcripts with high abundance (active ASVs). The y-axis represents all

community samples, and the x-axis represents all the 307 ASVs obtained after filtration. Ekaluktutiak (EK) samples were represented in green, Salluit (SA) in pink,

Akulivik (AK) in red, Inukjuak (IN) in blue, and Kangigsualujjuaq (KG) in turquoise. A pattern of an active ASV
difference in bacterial activity in Arctic char gill microbiota between this site and the four other groups.

group in the first axis of the NMDS and that latitude was significantly related to the first
axis of the NMDS ordination (P < 0.001). In contrast, air temperature (with averages of
6.98°C, —2.35°C, 5.21°C, 7.21°C, and 15.23°C in Ekaluktutiak, Salluit, Akulivik, Inukjuak, and
Kangigsualujjuag, respectively) was significantly associated with the second axis (P =
0.04). Therefore, latitude appears to be the main factor in our data set explaining the
differentiation in terms of the taxonomic distribution of active bacterial strains associ-
ated with Arctic char gills between Ekaluktutiak in Nunavut and the four other geograph-
ical regions in Nunavik (Fig. S4). Given that anadromous Arctic char were sampled in
various habitats such as bays, rivers, and lakes in both Nunavut and Nunavik (Table 1), the
salinity effect on gill microbiota was tested both with PERMANOVA and betadisper
according to the type of water: “Freshwater” or “Saltwater” PCoA was displayed for
Nunavut (Ekaluktutiak) (Fig. S5A), Nunavik (Salluit, Kangigsualujjuaq, Inukjuak, and
Akulivik) (Fig. S5B), and both regions (Fig. S5C). The effect of the type of water was
significant for each separate region (Fig. S5A and B) (PERMANOVA: P < 0.001 and
betadisper: P > 0.05). Combining, Nunavik and Nunavut samples, the water type’s effect
was still significant (P < 0.001), suggesting that the type of water was another parameter
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with Faith's diversity index (C) across the five communities Ekaluktutiak (EK), Salluit (SA), Akulivik (AK),
Inukjuak (IN), and Kangigsualujjuaq(KG). One star indicates a significative P-value <0.05; two stars indicate

3000

2000

1000

Species richness

a P-value <0.01, and three stars indicate a P-value <0.001. Sites from Salluit and Inukjuak showed the
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explaining the different composition of the active Arctic char gill microbiota in the whole
data set. Interestingly, the betadisper test had a P-value of 0.007, underlying the
contrasting dispersion pattern between saltwater and freshwater gill microbiota (Fig.
S5Q).
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groups.

Different bacteria associated with the different sites

The phylum Actinobacteria is significantly associated with the community Ekaluktutiak
(IndVal = 0.70, P = 0.03). Fusobacteria (IndVal = 0.91, P = 0.001) and Firmicutes (IndVal
= 0.81, P = 0.006) were strongly and significantly associated with the sites from Akulivik.
Gemmatimonadetes was an indicator species for Inukjuak (IndVal = 0.75, P = 0.001).
Kangiqsualujjuaq had many indicator taxa including Rhodothermaeota (IndVal = 0.86,
P = 0.001), Deinococcus and Thermus genera (IndVal = 0.76, P = 0.001), Planctomycetes
(IndVal = 0.69, P = 0.001), Chloroflexi (IndVal = 0.67, P = 0.001), and Nitrospirae (IndVal =
0.60, P = 0.005) (Table 3).

Different dynamics in interaction networks

Ekaluktutiak microbial interactions network showed 423 genera (nodes) and 8,033
interactions (edges). Contrastingly, in Salluit, only 134 nodes interacted through 288
edges. While in Akulivik, Inukjuak, and Kangigsualujjuag, 276, 215, and 224 nodes
with 947, 826, and 995 edges were part of the network, respectively. To help in the
visualization, only the 50 most active taxa at the genus rank were represented (Fig. 7).
The most active taxa in Ekaluktutiak were Pseudomonas, with a relative transcriptional
activity of 4%, followed by Rickettsia, Aeromonas, Photobacterium (both Proteobacteria),
and Flavobacterium (Bacteroidetes) with relative transcriptional activities of 3%, 3%, 2%,
and 2%, respectively. In Salluit, we found Mycoplasma (Tenericutes), Photobacterium, and
Lactobacillus (Firmicutes) with 1% each of relative transcriptional activities. In Akulivik,
Gallionella (Proteobacteria) with 4%, Flavobacterium with 3%, and Moritella (Proteobacte-
ria) with 2% of relative transcriptional activities were the most active genera. In Inukjuak,
Aliivibrio (Proteobacteria), Pseudomonas, and Chlamydia (Chlamydiae) were the most
active taxa with 3%, 2%, and 2% of relative transcriptional activities, respectively. In
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significantly correlated to the bacterial relative activity in Arctic char gill microbiota.

Kangigsualujjuag, Photobacterium, Aliivibrio, and Flavobacterium were the most active
genera with relative transcriptional activities of 14%, 2%, and 2%, respectively.

We observed significant differences between groups in the degree metric (DG) (x* =
122.7,df = 4, P < 0.001) (Fig. S6A), the neighborhood closeness (NC) metric (x* = 64.60, df
=4, P <0.001) (Fig. S6C), and the connectivity centrality (CC) of the nodes in the networks
(x* = 64.60, df = 4, P < 0.001) (Fig. S6B). Ekaluktutiak had the most connected interaction
web with DG and NG, significantly higher than for Salluit (P < 0.001), Akulivik (P < 0.001),
Inukjuak (P < 0.001), and Kangiqgsualujjuaq (P < 0.001). CC was also significantly higher
than Kangiqgsualujjuaq (P < 0.001), Akulivik (P < 0.001), and Inukjuak (P < 0.001) but not
significantly different than Salluit (P = 0.18). Then, Kangigsualujjuag seemed the most
connected network after Ekaluktutiak’s with DG (P < 0.001), NC (P < 0.001), and CC (P <
0.001) significantly higher than Inukjuak. Kangigsualujjuaq also had significantly higher
NC (P = 0.05) and CC (P = 0.0002) than Akulivik, as well as significantly higher DG (P <
0.001) and NC (P < 0.001) than in Salluit. Akulivik had significantly higher DG and NC than
Inukjuak (P < 0.001) and Salluit (P < 0.001) and significantly higher CC than Inukjuak (P =
0.03). Finally, Inukjuak and Salluit did not differ significantly from each other in DG and
NC, but Salluit had significantly higher CC than Kangiqsualujjuaq (P = 0.05), Akulivik (P =
0.001), and Inukjuak (P = 0.001).

Regarding the correlations between all genera, we obtained 58, 0, 17, 2, and 43
negative correlations with 7,975, 288, 930, 824, and 952 positive correlations for Ekaluk-
tutiak, Salluit, Akulivik, Inukjuak, and Kangiqsualujjuaq, respectively (Table S3A). Less
than 4% of the correlations were negative for all the networks. In Ekaluktutiak,
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TABLE 1 General information about the geographical sites Ekaluktutiak, Salluit, Akulivik, Inukjuak, and Kangigsualujjuaq

Region Community Location Type of sites Type of water Latitude Longitude Date
Greiner Lake Lake Freshwater 69.18 -104.99 August 2018
69.19 -104.97 August 2019
69.19 —104.98 August 2020
First Lake Lake Freshwater 69.2 -104.76 August 2018
69.21 -104.75 August 2019
Nunavut Ekaluktutiak 69.20 -104.75 August 2020
Second Lake Lake Freshwater 69.18 —-104.68 August 2018
69.17 -104.6 August 2019
CBL5 Lake Freshwater 69.25 -104.71 August 2019
(Inuhuktok)
Cambridge Bay Bay Saltwater 69.09 —-105.04 August 2018
68.99 -105.09 August 2019
Salluit Duquet Lake Lake Freshwater 62.06 —74.53 May 2019
Chukotat River River mouth Saltwater 60.79 —-78.02 August 2018
Akulivik Saparuajuiit River River mouth Saltwater 60.76 -77.87 August 2018
Nunavik Korak River River mouth Saltwater 60.75 -77.63 August 2018
Inukjuak Five Mile Inlet River Freshwater 58.56 -78.21 August 2018
George River River mouth Saltwater 58.69 —65.95 August 2018

Kangiqsualujjua
g jjuaq Koroc River River mouth Saltwater 58.89 —65.79 August 2019

Psychromonas and Rickettsia were the most negatively correlated genera in the network,
with five edges each (Table S3B). Rickettsia activity was exceptionally high (88, 166), and
the topological metrics were relatively high for both genera. In Akulivik, Acinetobacter,
Hassalia, and Planktothrix had the most negative correlations, with three, four, and five
negative correlations, respectively. They were not the most active taxa and did not seem
to be essential nodes in the network dynamics regarding the topological parameters
(Table S3C). In Kangiqsualujjuaq, Pseudoalteromonas with nine negative correlations and
Mycoplasma with eight negative correlations had metrics showing an important role of
those taxa in this interaction network (Table S3D). Finally, Inukjuak only showed two
nodes that have one negative relationship each: Shewanella and Bradyrhizobium. The
nodes had low activity, and according to the metrics, they did not have a central role in
the web (Table S3E). In all interaction networks, Proteobacteria and Bacteroidetes were
predominant. Only a few taxa were shared between them, but they did not seem to have
the same impact on the different network’s topologies. Moreover, none of the genera
harboring negative correlations were simultaneously present in the different interaction
networks. If Ekaluktutiak, Kangigsualujjuag, and Akulivik had important connectivity
inside the interaction network, Salluit and Inukjuak were more fragmented (e.g., split into
subnetworks), and their nodes were less connected.

DISCUSSION

In the present study, we have characterized the bacterial composition of active gill
microbiota in Arctic char at five different locations in the Arctic: Ekaluktutiak (Cambridge
Bay, Nunavut), Salluit (Hudson Strait, Nunavik), Akulivik, Inukjuak (Hudson Bay, Nunavik),
and Kangigsualujjuaq (Ungava Bay, Nunavik). Arctic char gill microbiota composition was
generally heterogeneous. First, we observed that the northernmost site had the most
different bacterial composition from the four other sites and showed a bacterial com-
munity harboring a strong resilience pattern with high connectivity in its interaction
network. In contrast, gill bacterial activity at Salluit and Inukjuak sites, heavily impacted
by anthropogenic activities (61-66), showed a potential signature of dysbiosis, coincid-
ing with reports of disrupted reproduction, infections, or increased mortality in Arctic
char (67, 68). Finally, latitude and, to a lesser extent, air temperatures and water type
were the most important influences in the composition of the active part of the Arctic
char gill microbiota.
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FIG 7 Microbial interaction networks at the five different geographic sites: Ekaluktutiak (green), Akulivik (orange), Salluit (pink), Kangigsualujjuaq (turquoise),

and Inukjuak (blue). Spearman’s correlations between the different ASVs at a genus rank, with a score <—0.4 (red edges) and >0.4 (green edges) and with a

P-value adjusted with false discovery rate <0.05, were represented in the networks. The correlation score scales with the thickness of the edge. Each node is a

genus; its size varies with its activity, and its color changes with its phylum. Ekaluktutiak was the most connected network, showing a resilient pattern, while

Salluit and Inukjuak showed the lowest number of interactions.

Arctic char gill bacterial microbiota activity

Proteobacteria, Bacteroidetes, and Firmicutes were dominant in terms of activity. Those
phyla have already been found to be major players in Arctic char gut microbiota in

March 2024 Volume 12 Issue 3

10.1128/spectrum.02943-2311


https://doi.org/10.1128/spectrum.02943-23

Research Article

TABLE 2 Pairwise PERMANOVA P-values for the unweighted UniFrac distances with 9,999 permutations®

Unweighted UniFrac distances

Ekaluktutiak  Salluit Akulivik  Inukjuak Kangiqsualujjuaq
Ekaluktutiak
Salluit 0.0001
Akulivik 0.0001 0.0001
Inukjuak 0.0001 0.0001 0.0002
Kangiqsualujjuaq 0.0001 0.0001 0.34 0.0004

P-values were adjusted with the Benjamini-Hochberg correction.

wild populations from Norwegian lakes (69) and experimental conditions under different
diets in Sweden (70). Similarly, Arctic char core skin microbiota in the Kitikmeot region
encompassed Proteobacteria, Firmicutes, and Cyanobacteria (43). When compared to
other salmonids, Proteobacteria and Bacteroidetes were found in the gill microbiota
(71), while Proteobacteria, Firmicutes, and Actinobacteria were found in rainbow trout
gut microbiota (Oncorhynchus mykiss) (72-74). Proteobacteria were also found as a main
phylum in Brook char (Salvelinus fontinalis) skin mucus with the phylum Bacteroidetes
(44) and as core taxa in Atlantic salmon (Salmo salar) gut microbiota with the phylum
Tenericutes (75) and Firmicutes (76, 77). Overall, the gill composition in teleostean fish
consists of Proteobacteria, Firmicutes, Actinobacteria, Cyanobacteria, Ascomycota, and
Basidiomycota (78). Therefore, our study confirmed that Proteobacteria, Bacteroidetes,
and Firmicutes are part of the core microbiota of Arctic char gills. At family rank, gill
bacterial communities were dominated by Chromobacteriaceae and Vibrionaceae in
Akulivik and Kangiqsualujjuaqg, by Rhodobacteraceae in Salluit and Ekaluktutiak, and by
Rickettsiaceae in Ekaluktutiak only (Fig. 2). Vibrionaceae, a core taxon in skin and gut
microbiota in wild Arctic char from King William Island (Nunavut) (43, 60), is common
in marine environment (79), and Rhodobacteraceae was found in the gut microbiota
of rainbow trout (Oncorhynchus mykiss) (80). Interestingly, Chromobacteriaceae and
Rickettsiaceae are not commonly found in salmonid microbiota.

The principal genera found in the Arctic char gill microbiota were common mem-
bers of teleost microbiota or opportunistic pathogens. First, Photobacterium, a common
bacterium in marine environments (79), Atlantic salmon (75), and Arctic char skin and gut
microbiota (43, 60), was found as one of the most active genera in the five communities
(Fig. 7; Fig. S7A). Strains belonging to this genus could induce either benefits for the host
with antimicrobial, antifungal, or antiprotozoal molecules production (81) or negative
effects with pathogenic strains such as P. damselae, which could cause pasteurellosis,

TABLE 3 Association between geographical sites and bacteria at phylum rank?

Phylum IndVaIndex P-value Specificity (A) Sensitivity (B)
Ekaluktutiak Actinobacteria 0.70 0.03 0.51 0.95
. Fusobacteria 0.91 0.001 0.90 0.92
Akulivik L.
Firmicutes 0.81 0.006 0.66 1.00
Inukjuak Gemmatimonadetes 0.75 0.001 0.59 0.96
Rhodothermaeota 0.86 0.001 0.93 0.80
Deinococcus 0.76 0.001 0.67 0.87
Thermus
Ignavibacteriae 0.71 0.001 0.76 0.67
Kangigsualujjuaq Planctomycetes 0.69 0.001 0.50 0.930
Chloroflexi 0.67 0.001 0.62 0.73
Nitrospirae 0.60 0.005 0.68 0.53
Thaumarchaeota 0.53 0.003 0.84 0.33
Calditrichaeota 0.52 0.001 1.00 0.27

Number of permutations: 9999

“Results of the indicator value inde, its P-value, and its two components which show the specificity and sensitivity.
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a bacterial septicemia, in marine fish (82). In Akulivik, Inukjuak, and Kangigsualujjuag,
Paludibacterium, usually found in freshwater with low salt tolerance (83), was dominant
(Fig. S7A). However, gills were in contact with the saline environment during migration,
so the taxon found should be a salt-tolerant strain or a core taxon recruited before
the migration. In Akulivik and Inukjuak, Arctic char gills also carried Aliivibrio (Fig.
S7A). Aliivibrio predominates in adult Atlantic salmon gut microbiota during its marine
migratory phase (75) and comprises major fish pathogens associated with dysbiosis and
diseases (84). Staphylococcus and Flavobacterium, two genera documented to include
opportunistic pathogens, were dominant in Akulivik and Salluit, respectively (Fig. S7A).
For example, Staphylococcus aureus could trigger exophthalmia and septicemia (85), and
Staphylococcus warneri could induce an inflammatory response during dysbiosis (86).
Moreover, Flavobacterium columnare and Flavobacterium psychrophilum are well known
in aquaculture to cause bacterial diseases, gill lesions, ulcers (87), or cold-water disease
(88), including in Arctic char (53). However, commensal strains of Staphylococcus were
observed in rainbow trout (Oncorhynchus mykiss) skin microbiota, and Flavobacterium
is considered a common member of the salmonid microbiota, as observed in brook
char skin mucus (89), rainbow trout gills (71), and Arctic char gut and skin (43, 69).
Finally, Ekaluktutiak showed a different profile dominated by Aeromonas, Pseudomonas,
and Rickettsia (Fig. S7A). Aeromonas and Pseudomonas are two genera documented to
include opportunistic pathogens triggering infection in stressed teleost hosts (44, 53,
90-93). However, Pseudomonadaceae is part of Arctic char skin and gut core microbiota
(43), and Pseudomonas is active in many environments (94) and commonly found in the
Arctic (Svalbard) (95). Rickettsia genus includes pathogenic and toxic species that can be
transmitted to humans through ticks (96), but few reports of fish infections were found.
However, a “rickettsia-like organism,” Piscirickettsia salmonis, is responsible for a salmonid
disease: the piscirickettsiosis (septicemia), which was documented in rainbow trout (O.
mykiss), Chinook (O. tshawytscha), Coho (O. kisutch), Atlantic (Salmo salar), and pink (O.
gorbuscha) salmons (97).

Biogeographical influence on Arctic char gill microbiota

The ASV relative activity heatmap showed an interesting pattern among the five different
geographical sites, isolating the northern site in Nunavut (Fig. 3). This pattern is further
supported by PCoA (Fig. 5) and PERMANOVA, showing that bacterial compositions of
Ekaluktutiak and Salluit are significantly different from the three other groups (Table 2).
Environmental conditions may partly drive this clustering. Indeed, microbiota taxonomic
diversity and functionality are influenced by environmental parameters (43, 44, 52,
98-104), which vary between different geographical sites (98). In our study, samples
were collected in four different hydrologic basins: Ekaluktutiak, located in Cambridge
Bay, in the Nunavut region, whereas southeast samples were taken in Hudson Strait,
Hudson Bay, and Ungava Bay, which delimit the North, the West, and the East of
Nunavik, respectively. Moreover, anadromous Arctic char came from lakes (Ekaluktutiak,
Salluit), rivers (Inukjuak), or from the mouth of the bay (Kangiqsualujjuaq, Akulivik,
and Ekaluktutiak) at different latitudes explaining that parameters such as temperature,
salinity, and productivity were different between sites (105, 106). Therefore, the different
types of sites located at different latitudes with different environmental conditions could
explain the significant difference in Arctic char gill microbiota regarding the taxonomic
distribution of transcriptional activity. These results were consistent with previous Arctic
char skin and gut microbiota studies, where the geographical sites influenced the
bacterial composition and diversity (60, 98). Gill microbiota could also be influenced
by the population’s genetic structure (52), and a study on the genetic populations of
Arctic char in Hudson Strait, Hudson Bay, and Ungava Bay showed distinct genetic
populations (106). Investigating how population genetic structure influences the Arctic
char gill microbiota in our data will be interesting.
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Latitude and air temperature influences in Arctic char gill microbiota

The latitude had the strongest effect on the taxonomic distribution of active bacterial
strains in Arctic char gill microbiota (P < 0.001) to explain the differentiation between
Ekaluktutiak (Nunavut) and the four other groups from Nunavik. Previously, Arctic char
gut and skin microbiota analyses had shown the impact of habitat, season, geographical
sites, salinity, and age on bacterial composition (43, 60, 98). Here, the latitude was the
main explaining factor, to a lesser extent, air temperature (Fig. 6) and salinity (Fig. S5).
At first sight, water temperature was identified as one of the main factors explaining the
differences in gill microbiota’s richness (diversity) and evenness (structure) across the five
geographical sites (Fig. S2). However, given that we were not able to directly meas-
ure water temperature in each sampling site due to logistic constraints and different
sampling teams, half of the water temperature data were obtained from GIS (geographic
information system) estimation (all Nunavik samples), while the other half being directly
measured with RBR probe (Nunavut). Therefore, a methodological bias was induced,
potentially enhancing observed differences between Nunavut and Nunavik samples (Fig.
S3). Therefore, to avoid any statistic bias, and because GIS estimation was not available
for Nunavut sampling sites, we used air temperature collected by the official Canadian
Data of Environment and Climate Change Canada (https://climate.weather.gc.ca/) for
each Inuit community. Indeed, air temperature is generally used to calculate the water
temperature as it has a strong positive correlation with it (107). The results showed a
significant effect of air temperature on the taxonomic distribution of bacterial activity
in Arctic char gills (Fig. 6) (P = 0.04). This effect was unsurprising as the temperature
is one of the main factors influencing the microbial composition in waters and fish
microbiota, including Arctic char (60). As an ectotherm living in cold, oxygenated,
and oligotrophic waters (108, 109), Arctic char is one of the least resistant to high
temperatures, thus strongly limiting its latitudinal distribution (2, 4, 30, 110). Arctic
char generally live within a narrow range of water temperatures between 5.8°C and
11.4°C in freshwaters (111) and between 5°C and 8°C in saltwater (112). A temperature
optimum of 9.4°C for growth was recorded in Frobisher Bay, Nunavut (113), and a lethal
temperature of 18°C has been determined in controlled conditions (114). From the
microbial point of view, thermal acclimatization is explained in terms of metagenomic
plasticity (115). Psychrophilic bacteria adapted for low temperatures will be replaced or
dominated in warmer temperatures by mesophilic strains adapted to higher temper-
atures and providing similar functions. In farmed Atlantic salmon (Salmo salar) gut
microbiota, or in Chinook salmon (Oncorhynchus tshawtscha) gut microbiota, studied
in recirculating aquaculture systems, warmer temperatures lead to the increase of the
mesophilic genera Vibrio (116, 117) and Brevinema spp. (118), respectively. Moreover,
a decrease in the psychrophilic Clostridium spp. in Chinook salmon gut microbiota
was also noted (119). Additionally, mesophilic strains that replace psychrophilic species
could be pathogenic. For example, Aeromonas salmonicida spp., which are primarily
well known for being psychrophilic (32, 120, 121), also contain many mesophilic strains
(122), and its abundance was correlated with warmer temperatures and high incidence
of furunculosis in fish in James Bay (Nunavik) (31). Thus, warmer water temperatures
could lead to more fish diseases in the North. We found that Arctic char gill microbiota
from Ekaluktutiak, with warmer water temperatures, exhibited increased activity of the
mesophilic species Aeromonas lacus, Aeromonas sobria, and Pseudomonas brenneri (Fig.
S7B) (123-126). Aeromonas lacus was also found dominant in Duquet Lake (Salluit).
Contrastingly, in colder water from Kangigsualujjuag, Inukjuak, and Akulivik, bacterial
activity was dominated by the psychrophilic species Aliivibrio sifiae and the Photobacte-
rium carnosum (127-129). This suggests mesophilic species dominated warmer sites,
and psychrophilic species dominated colder sites. Arctic char gill microbiota in the five
communities studied here was generally dominated by active genera, such as Photobac-
terium, Aliivibrio, Staphylococcus, Aeromonas, Pseudomonas, or Flavobacterium, which are
known to include opportunistic pathogen species. Those genera could trigger infections
in the fish under stressed conditions such as warmer temperatures (44, 53, 82, 84-88,
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90-92). Therefore, the change in water temperatures and its impact on replacement
by mesophilic opportunistic pathogens must be closely examined. More investigations
with controlled environmental and ecotoxicological parameters are needed to test which
parameters in those different latitudes may most influence the Arctic char gill microbiota.

Different bacterial network dynamics and potential dysbiosis

Ekaluktutiak exhibited the most connected interacting network, involving 8,033
interactions between the 50 most active taxa. High network connectivity is a hallmark of
microbiota resilience (130-133), so such results might indicate a healthy fish population.
Interestingly, Arctic char stock and survival in Ekaluktutiak were relatively stable (112,
134, 135). Thus, Ekaluktutiak gills microbiota exhibited a resilient pattern that involved
mainly active strains belonging to Proteobacteria and Bacteroidetes (Table S3A; Fig. 7).
It is also associated with Actinobacteria, usually found in healthy salmonid microbiota
(Table 3) and containing species able to synthesize antibiotic products (136), inhibiting
fungal pathogen development (71), and/or producing potential probiotics for treating
furunculosis in rainbow trout (58, 137). In contrast, the Salluit network exhibited the
lowest number of interactions (n = 288) between 48 taxa (Fig. 7), involving mainly
Mycoplasma, a genus including several opportunistic and pathogenic species (138).
Mpycoplasma is particularly abundant in salmonid gut (71, 75, 139), playing a role in
lipid and sugar metabolism (140), and is a core genus in Arctic char gut microbiota in
freshwaters (43, 60). Overall, with both the lowest bacterial alpha diversity, in terms of
richness and evenness (Fig. 4), and the weakest network connectivity, Salluit microbiota
probably showed a pattern of a highly unstable bacterial community (i.e., with low
resilience) (133). Stressful conditions could induce low resilience of the gill microbiota,
favoring pathogenic infections of fish (131, 132, 141-146). Interestingly, metal contami-
nations by the Raglan mine, located approximately 100 km upstream of Deception Bay
in Salluit, have been reported (66-68, 147), and a study showed Arctic char muscular
infections by fungi in this region (67). However, we cannot exclude that the difference
between Ekaluktutiak and Salluit, particularly in the number of interactions between
the different genera, could also be influenced by the fact that we have more sampling
sites in Ekaluktutiak (five) than in Salluit (one). The low connectivity of the network
and pre-dominance of the genus Aliivibrio suggest that the Inukjuak microbiota was
susceptible to dysbiosis but to a lesser extent than Salluit. Moreover, Gemmatimona-
detes (Table 3) is associated with Arctic char gill microbiota in Inukjuak. It contains a lot
of phototrophic species found in wastewater treatment or the High-Arctic in Greenland
(148). Many environmental stresses in Inukjuak, such as chemical contamination (69, 70),
hydroelectric dams, or fish invasions bringing new parasites and pathogens (66), could
cause this potential dysbiosis and threaten Arctic char. Moreover, in 2018, in the Five
Mile Inlet system in Inukjuak, the Arctic char local population had a healthy Fulton index
(1.13 + —0.10) but showed disruption in reproduction and a worrying annual mortality
rate (68%-82%) (68). Further investigation should focus on the link between Arctic char
gill microbiota, the host’s health and immune system, and more accurate environmental
analysis in Salluit and Inukjuak. Akulivik and Kangiqsualujjuaq individuals exhibited
healthy gill microbiota patterns, but a complete report from Makivik Corporation (66)
showed important Arctic char mortality in rivers from Kangigsualujjuag. However, the
air temperature collected in August 2019 was exceptionally high (18.86°C) (ECCC) and
decoupled from the water temperature collected by GIS (2.08°C). This can be explained
by the glaciers around Kangiqgsualujjuaqg, which also play an essential role in the water
temperature due to their erosion (Canadian Encyclopedia).

Conclusion

The bacterial composition of active gill microbiota in Arctic char differed between groups
and was mainly influenced by latitude and, to a lesser extent, air temperature and water
type. Dysbiosis patterns were detected in Salluit and Inukjuak, characterized by poor
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network connectivity and the prevalence of opportunistic pathogens. We hypothesized
that such a gill bacterial microbiota dysbiosis was associated with local habitat degrada-
tion documented in both communities. Gill microbiota has shown to be a good indicator
for monitoring the effect of environmental stresses on fish health (52, 147, 149-151),
and more studies are needed to identify how environmental stress impacts Arctic char
gill microbiota in the North. A monitoring tool will contribute to the collaborative effort
assessing the extent to which current and future threats could impact the fitness of local
Arctic char populations.

MATERIALS AND METHODS
Fish sampling

Anadromous Arctic char have been sampled from five communities across the Canadian
Arctic in freshwaters and saltwaters (Fig. 1; Table 1). In Nunavut, during the ice-free
season, four lakes upstream of the Freshwater Creek (Greiner system) and the marine bay
facing the community of Ekaluktutiak (Cambridge Bay) on Victoria Island were sampled
during August 2018, 2019, and 2020. The four lakes sampled were Greiner Lake (69.18N,
—104.99W; 36.9 km?), First Lake (69.20N, —104.76W; 3.16 km?), Second Lake (69.18N,
—104.68W; 268 km?), and CBL5 (named Inuhuktok; 69.25N, —=104.71; 1.11 km?) (152). The
fishing sites were selected based on the traditional ecological knowledge shared by
the Inuit field guides from the Hunters and Trappers Organization, and adult fish were
harvested using gill nets. Fish were killed according to an animal use protocol elaborated
by the GLLFAS/WSTD animal care committee, and dissections were made at the Canadian
High Arctic Research Station Campus (CHARS). Dissections were carried out in the field
under the most sterile conditions possible. Once collected from the net with gloves, the
fish were separated and placed in a cool box before being dissected at CHARS with tools
cleaned with 70% alcohol and flames between each individual. One- or two-gill arches
were taken randomly, without targeting the right or left side of the individual, as the
sample size avoided potential bias, and the inter-individual variation between the two
sides would not be significant (153). In total, 25 gills from Greiner Lake, 12 from First Lake,
12 from Second Lake, 7 from CBL5, and 7 from Cambridge Bay were used for microbial
analysis. The Northern Aquatic Resources lab at the Institute of Systems and Integrative
Biology (IBIS, University Laval, Québec, QC, Canada) and the Ministry of Forests, Wildlife,
and Parks (Québec, QC, Canada) did sampling across Nunavik. As for Ekaluktutiak in
Nunavut, samples were harvested with the Inuit wildlife managers with gillnets or
counting weirs (106). In Hudson Bay, samples were collected near the Inukjuak commun-
ity with 25 individuals from Five Mile Inlet (58.56N, —78.21W). Then, fish were collected
near the Akulivik community with seven gills from Korak River (60.75N, —77.63W), three
from Chukotat River (60.79N, —78.02W), and three from Saparuajjuit River (60.77,-77.81).
In Hudson Strait, 24 individuals were collected in Duquet Lake (62.06N, —74.53W) in the
Salluit community. Finally, in Kangigsualujjuag (Ungava bay), 10 individuals from George
River (58.69N, —65.95W) and 5 from Koroc River (58.89N, —65.79W) were fished. Overall,
63, 25, 13, 24, and 15 Arctic char were caught in Ekaluktutiak, Inukjuak, Akulivik, Salluit,
and Kangiqsualujjuaq, respectively (Fig. 1). Thus, a total of 140 fish belonging to the five
regions could be dissected for the analysis of Arctic char gill microbiota. One- or two-gill
arches were collected for each individual and preserved in Nucleic Acid Preservation
buffer (154, 155).

Moreover, weight and fork length were measured for each fish except for some
coming from George River (Kangigsualujjuaq), Korak, and Chukotat River (Akulivik).
Fulton index, which indicates the physiological condition of the fishes, was also
calculated according to Froese (156): K = 100 x (W/L)?, with weight (W) in grams and
length (L) in centimeters. Normality was assessed with Shapiro’s test, and homoscedas-
ticity was assessed with Levene's test (157), to compare morphological traits between
communities. Those conditions were not respected. The Kruskal-Wallis test was therefore
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performed in R version 3.4.2 (158) followed by multiple pairwise comparisons between
groups, i.e., function “wilcoxtest()” with the argument “p.adjust.method = BH" to adjust
P-values for multiple comparisons using Benjamini and Hochberg’s false discovery rate
(FDR).

16S rRNA gene library construction

Gills preserved in NAP buffer were washed with PBS 1%, pH 7.4. Then, 100 mg of gill
tissues per individual was used to extract RNA using Trizol reagent (cat #15596026,
Thermo Fisher Scientific). Throughout the libraries’ construction, 12 controls were
processed with the same protocol as the samples. These controls were negative controls
that followed the same protocols (RNA extraction, reverse transcription, PCR, and DNA
purification) as the rest of the samples to ensure no contamination of the reagents
throughout the laboratory. Once RNA was extracted, reverse transcription PCR was done
using the gScript cDNA Synthesis Kit (cat #95048-100) from QuantaBio (Beverly, MA,
USA). Finally, the V4 fragment of the universal microbial marker rRNA 16S gene was
amplified with a first PCR using the primers 519-F (5-ACA CTC TTT CCC TAC ACG ACG
CTC TTC CGA TCT CAG CMG CCG CGG TAA -3), 745-R (5’- GTG ACT GGA GTT CAG ACG
TGT GCT CTT CCG ATC TGA CTA CHV GGG TAT CTA ATCC -3’) (Sigma-Aldrich, St. Louis, MO,
USA) and using the enzyme Q5 High Fidelity DNA Polymerase with the manufacturer’s
standard protocol (New England, Biolabs). Initial denaturation was at 98°C for 2 minutes,
denaturation was at 98°C for 10 seconds, then annealing was at 60°C for 30 seconds,
followed by elongation at 72°C for 30 seconds, and the final elongation at 72°C for 10
minutes. After 35 cycles, electrophoresis on 2% agarose gels was done to verify the
successful amplification of the V4 region. Samples were then purified with AMPure beads
[cat #A63880, Beckman Coulter, Pasadena (CA), USA] and quantified by Nanodrop. A
second PCR was performed to barcode samples with two indexes. For this PCR, the final
elongation was at 72°C for 10 minutes, and 12 cycles were programmed. As for the first
PCR, 2% agarose gels were used, followed by purification. Finally, barcoded samples were
pooled, and the smallest concentration of DNA was used to equilibrate the quantity
of DNA for each sample in the pool. The sequencing was made on Illumina MiSeq in
paired-end mode (2 x 300 bp) at the IBIS Genomics Platform (Université Laval, Québec,
QC, Canada).

Bioinformatics

After sequencing, quality filtering and trimming were done to remove reads with poor
quality with dada2 (159) using R v 3.4.2 (158). According to visualization of the Phred
scores, truncations were made at 275 for the forward reads and 270 for reverse reads
(truncLen). The NAs (not available) data were eliminated, and the threshold of expec-
ted error was 4 for the forward reads and 5 for the reverse reads (maxEE). Then, the
sequences were cut at the beginning of 5 pb to have better quality sequences (trimLen
= 5), and a prediction model was used to correct on the reads to avoid data loss of those
reads (160). Finally, ASVs were clustered with dada2 with an identity threshold of 97%.
Chimeras were removed, and ASVs were decontaminated with control reads. The NCBI
16S Microbial Database was used to assign taxonomy to ASVs with dada2 (161). ASV
raw counts, metadata, and taxonomy tables were imported into the R package phyloseq
(162). From this phyloseq object, ASVs with a mean relative activity <1e—5 and samples
with a total count <10,000 were filtrated. After normalization steps, 8,531 ASV remained,
and 4 samples were discarded because of their low total count: one from Cambridge Bay,
one from Five Mile Inlet, and two from Duquet Lake.

Environmental data

Water sampling and data measurement in Ekaluktutiak (Victoria Island, Nunavut)
were performed by the Laboratory of Aquatic Sciences of the Université du Quebec
a Chicoutimi (QC, Canada). Water temperature, conductivity, O, concentration, O;
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saturation, and salinity were measured with a Ruskin RBR Concerto probe (Ottawa,
ON, Canada). Environment and Climate Change Canada at the National Laboratory for
Environmental Testing (Burlington, ON, Canada) analyzed DOC content in the water
samples [see section “Materials and Methods” in references (152, 163)]. The environ-
mental data in Nunavik were estimated using ArcGIS software v10.4 (164), BIO-Ora-
cle v2.0 (165), Marspec (166), and WorldClim v2.0 (167) [see section “2. Methods”
in reference (168)]. Air temperatures were collected for Ekaluktutiak, Salluit, Akulivik,
Inukjuak, and Kangiqsualujjuaq using the Environment and Climate Change Canada
database (climate.weather.gc.ca) (Table S1). From these data, we calculated the average
air temperature in the month in which each group of fish was caught. As with the
morphometric data, grouping all the environmental information for all the sites was
challenging. In Ekaluktutiak, we do not have environmental data from 2020 (10 samples)
and from Cambridge Bay because the RBR probe was not available that day. Therefore,
another data set with a different number of samples was used for the rRNA 16s analysis
with environmental data (Fig. 6). Table S2 makes it easier for the reader to understand the
different data sets used for the different analyses.

Statistics
Relative activity

Barplots with mean and standard error, representing the relative activity of the most
active ASVs (Fig. 2; Fig. S7), were made using the package ggplot2 (169) on RStudio (170).
Non-parametric Kruskal-Wallis and Wilcoxon tests assessed the significant differences
with a P-value adjusted with Benjamini-Hochberg’'s FDR correction (P < 0.05). An ASV
activity heatmap (Fig. 3) was performed with METAGENassist (171). During filtration, 307
out of 16,801 variables with less than 50% zeros and passing the interquartile range filter
were conserved to construct the heatmap. Following a Pareto scaling normalization, the
heatmap was built with Pearson distances using Ward'’s clustering algorithm (171).

Alpha diversity

The alpha diversity index Pielou, an index of evenness (172), and Chao1, an estimator of
species richness unbiased by low activity taxa (173), were calculated and represented in
Fig. 4A and B. Phylogenetic trees were constructed with the neighbor-joining method
(174) to calculate Faith’s phylogenetic diversity metric, an alpha diversity index based
on phylogenetic distances. This was made using the package btools in R (175) (Fig. 4C).
When normality (Shapiro-Wilk test) and homoscedasticity (Levene test) were not met, the
non-parametric test Kruskal-Wallis was performed. To assess the significant differences
in alpha diversity between communities or specific sites, multiple pairwise comparisons
between groups (Wilco text) with Benjamini-Hochberg correction were used. Otherwise,
an ANOVA followed by a Tukey test was used.

Beta diversity

To compare the microbiota composition between sites, a principal coordinates analysis
with weighted UniFrac distances (Fig. 5; 175) was performed to visualize the dissimilar-
ities between the different geographical groups using the ggplot2 package (169). A
permutation-based multivariate analysis of variance [Table 2, (176)] was performed to
assess the differences in microbiota composition between geographical groups using
the adonis function in the vegan package in RStudio (176). A Benjamini-Hochberg
correction was made to account for the unbalanced experimental design and the
susceptibility of PERMANOVA to the heterogeneous dispersion of factor groups (177).
Finally, an analysis of multivariate homogeneity of group dispersion (variances) was done
with the betadisper function in the vegan package. Another PCoA was processed by
grouping “Freshwater” and “Saltwater” to assess the impact of water types on analyses,
instead of communities. A nonmetric multidimensional scaling (Fig. 6; 147) on weighted
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UniFrac distances was fitted using the dplyr package (178) in RStudio. For this analysis,
we removed the samples without any environmental data. A new metadata table and
a new phyloseq object were created with the 120 remaining samples. Then, the envfit
function from the vegan package was used to fit the environmental parameters on the
NMDS plot with 9,999 permutations. This function calculates multiple regressions of
the different environmental variables in the NMDS ordination. Because of the number
of tested variables, the Bonferroni correction was performed for the P-value with the
function p.adjust. A plot was made using ggplot2 to visualize the NMDS axis with the
weighted UniFrac distances of each sample and the environmental parameters fitted.
Spearman’s correlations between all environmental variables (salinity, water tempera-
ture, air temperature, chlorophyll-a, and O, concentration) were calculated to take
independent variables in our analysis.

Indicator species analysis

To associate the bacteria at a different taxonomic rank (phylum, genus, and species) with
various geographical sites, the function “multipatt” from the Indicspecies package was
performed. It allowed us to have indicator species for each community with the indicator
value index (179, 180). For each indicator value, a specificity index (the probability
that the sites where we found an indicator species fit with the target sites of this
indicator species) and a sensitivity index (the probability of finding the indicator species
in the target sites associated with this species) were associated. A permutational test is
performed in this function to assess the statistical significance for each association with
an IndVal index >0.5 and P < 0.05 (Table 3).

Co-activity networks

Spearman’s correlation coefficient was calculated between each pair of ASV at the genus
level in Rstudio (v 4.0.5) with the function “rcorr” from the Hmisc package (181) for each
geographical site. A threshold of —0.4 and 0.4 for the Spearman’s coefficient was set,
and P-values were adjusted with the false discovery rate method with p-FDR <0.05 (182).
Then, the resulting five tables combining activities and correlations for the top 50 most
active taxa at the genus rank were visualized using Cytoscape (v 3.5.1) (183), resulting in
five co-activity networks for the five different geographical sites (Fig. 7). Nodes represent
the different active taxa at a genus level, their colors represent the phylum, and their size
shows the 16S rRNA gene expression level as a proxy for overall transcriptomic activity.
The edges between nodes represent the correlation between taxa. The green edges
show positive correlations, while the red edges show negative correlations. Finally, three
metrics have been extracted from the networks with the function “Network Analyzer” in
Cytoscape: degree (DG), neighborhood connectivity (NC), and closeness centrality (CC).
Those network topological parameters allow a better understanding of the dynamics in
different networks. DG is the number of edges connected from one node to another
(184). The more a node has edges, the more it is locally connected, indicating its
relevance in the network (185). CC is a qualitative measure that indicates if a node is close
to the other nodes in the network (186). The shortest path length to spread information
from one node to another is represented, and it indicates if the node has an important
influence in the network and how it can interact with other nodes (184). Finally, NC is
a quantitative measure that calculates the average connectivity of a node to the other
nodes in the network. It indicates how the node impacts in the network dynamics (187).

ACKNOWLEDGMENTS

We thank Guillaume Grosbois, Paola Ayala Borda, Elise Imbeau, Mathieu Archambault,
and Béatrice Carrier for help in the field and lab in Cambridge Bay (Ekaluktutiak).

We also thank Marlene Evans, Michael Power, and Les Harris for their fishing advice,
and the Canadian High Arctic Research Station (CHARS), and the Ekaluktutiak Hunters
and Trappers Association for logistic help. Special thanks to the guides Jimmy Haniliak,

March 2024 Volume 12 Issue 3

Microbiology Spectrum

10.1128/spectrum.02943-2319


https://doi.org/10.1128/spectrum.02943-23

Research Article Microbiology Spectrum

Walter Haniliak, Garry, Angut, and Denis for their invaluable resource on the field and for
sharing their precious knowledge of their territory.

This research was conducted under the NRI scientific research license (# 04 011
18R-M) and the DFO fishing license (# S-19/20-1024-NU). We also thank Jean-Sébas-
tien Moore, Sara Bolduc, and Xavier Dallaire for their sampling effort in Akulivik and
Kangigsualujjuag, and we thank Julien Mainguy for the great collaboration in Inukjuak
and Salluit.

This project was supported by the Canada First Research Excellence Fund (CFREF)
Program Sentinel North and Polar Knowledge Canada project “Ecosystem Health of
Arctic Freshwaters” to Milla Rautio and Nicolas Derome. Finally, we would like to thank
the Genome Canada-funded GEN-FISH project for supporting the publication of this
work.

AUTHOR AFFILIATIONS

'Institute of Integrative and Systems Biology, Laval University, Quebec, Canada
’Département des sciences fondamentales, Université du Québec a Chicoutimi,
Chicoutimi, Quebec, Canada

AUTHOR ORCIDs

Flora Amill 2 http://orcid.org/0009-0000-9862-3377
Jeff Gauthier 1 http://orcid.org/0000-0002-2523-2698
Nicolas Derome (& http://orcid.org/0000-0002-2509-6104

FUNDING

Funder Grant(s) Author(s)

UL | Sentinelle Nord, Université Laval (Sentinel North) Flora Amill

Canada First Research Excellence Fund (CFREF) Nicolas Derome

Polar Knowledge Canada (PKC) Milla Rautio
Nicolas Derome

AUTHOR CONTRIBUTIONS

Flora Amill, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Investigation, Methodology, Project administration, Resources, Validation, Visualization,
Writing — original draft, Writing — review and editing | Jeff Gauthier, Validation, Writing -
review and editing | Milla Rautio, Validation, Funding acquisition, Project administration,
Resources | Nicolas Derome, Conceptualization, Funding acquisition, Project administra-
tion, Resources, Supervision, Validation, Writing — review and editing

DATA AVAILABILITY

Raw sequence reads from this study were deposited on the NCBI Sequence Read Archive
under the following BioProject number: PRINA944667.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (Spectrum02943-23-s0001.docx). Boxplot of the distances to the centroid.
Figure S2 (Spectrum02943-23-s0002.docx). NMDS with water temperature and pH.
fitted

Figure S3 (Spectrum02943-23-s0003.docx). Boxplot methodological bias.

Figure S4 (Spectrum02943-23-s0004.docx). PCoA latitude.

March 2024 Volume 12 Issue 3 10.1128/spectrum.02943-2320


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA944667
https://doi.org/10.1128/spectrum.02943-23
https://doi.org/10.1128/spectrum.02943-23

Research Article

Microbiology Spectrum

Figure S5 (Spectrum02943-23-s0005.docx). Beta diversity - PCoA and types of water.

Figure S6 (Spectrum02943-23-s0006.docx). Violin plot of three different topological
metrics: Degree (DG), Connectivity Centrality (CC), and Neighborhood Closeness (NC) to
describe the connectivity in each community.
Figure S7 (Spectrum02943-23-s0007.docx). Relative activity of the 180 most active ASVs

at genus rank (A) and of the 150 most active ASVs at species rank (B).

Table S1 (Spectrum02943-23-s0008.docx). Physico-chemical data from sampling sites.
Table S2 (Spectrum02943-23-s0009.docx). Number of samples for the different
sampling sites according to the different datasets for the various analyses and figures.
Table S3 (Spectrum02943-23-s0010.docx). Topological metrics.

REFERENCES

1.

March 2024 Volume 12

Johnson LJ. 1980. The Arctic charr, Salvelinus alpinus, p 15-98. In Balon
EK (ed), Charrs: salmonid fishes of the genus salvelinuse. Junk, The
Hague.

Klemetsen A, Amundsen P - A, Dempson JB, Jonsson B, Jonsson N,
O’Connell MF, Mortensen E. 2003. Atlantic salmon Salmo salar L., brown
trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.): a review of
aspects of their life histories. Ecol Freshw Fish 12:1-59. https://doi.org/
10.1034/j.1600-0633.2003.00010.x

Reist JD, Wrona FJ, Prowse TD, Power M, Dempson JB, Beamish RJ, King
JR, Carmichael TJ, Sawatzky CD. 2006. General effects of climate change
on Arctic fishes and fish populations. Ambio 35:370-380. https://doi.
org/10.1579/0044-7447(2006)35[370:geocco]2.0.co;2

Power M, Reist JD, Dempson JB. 2008. Fish in high-latitude Arctic lakes.,
p. 249-268. In Vincent, WF, Laybourn-Parry, J (eds.), Polar lakes and
rivers: limnology of Arctic and Antarctic Aquatic EcosystemsOxford
Academic.

Taylor EB. 2016. “The Arctic char (Salvelinus alpinus) “complex” in North
America revisited” Hydrobiologia 783:283-293. https://doi.org/10.
1007/s10750-015-2613-6

Michel CJ, Henderson MJ, Loomis CM, Smith JM, Demetras NJ, Iglesias
IS, Lehman BM, Huff DD. 2020. Fish predation on a landscape scale.
Ecosphere 11:€03168. https://doi.org/10.1002/ecs2.3168

Lemire M, Kwan M, Laouan-Sidi AE, Muckle G, Pirkle C, Ayotte P,
Dewailly E. 2015. Local country food sources of methylmercury,
selenium and omega-3 fatty acids in Nunavik, northern Quebec. Sci
Total Environ 509-510:248-259. https://doi.org/10.1016/j.scitotenv.
2014.07.102

Roux MJ, Tallman RF, Lewis CW. 2011. Small-scale Arctic charr Salvelinus
alpinus fisheries in Canada’s Nunavut: management challenges and
options. J Fish Biol 79:1625-1647. https://doi.org/10.1111/j.1095-8649.
2011.03092.x

Jobling M, Jergensen EH, Arnesen AM, Ringe E. 1993. Feeding, growth
and environmental requirements of Arctic charr: a review of aquacul-
ture potential. Aquacult Int 1:20-46. https://doi.org/10.1007/
BF00692662

Jenny J-P, Koirala S, Gregory-Eaves |, Francus P, Ahrens B, Brovkin V,
Ojala AEK, Zolitschka B, Bader J, Carvalhais N. 2020. Reply to Li et al.:
human societies began to play a significant role in global sediment
transfer 4,000 years ago. Proc Natl Acad Sci U S A 117:5571-5572. https:
//doi.org/10.1073/pnas.1922723117

O'Reilly CM, Sharma S, Gray DK, Hampton SE, Read JS, Rowley RJ,
Schneider P, Lenters JD, McIntyre PB, Kraemer BM, et al. 2015. Rapid
and highly variable warming of Lake surface waters around the globe.
Geophys Res Lett 42:10. https://doi.org/10.1002/2015GL066235

IPCC. 2014. Climate change 2014: synthesis report. contribution of
working groups |, Il and Il to the fifth assessment report of the
intergovernmental panel on climate change. IPCC, Geneva, Switzerland.
https://www.ipcc.ch/report/ar5/syr.

Serreze MC, Barry RG. 2011. Processes and impacts of Arctic amplifica-
tion: a research synthesis. Glob Planet Change 77:85-96. https://doi.
org/10.1016/j.gloplacha.2011.03.004

Saros JE, Arp CD, Bouchard F, Comte J, Couture R-M, Dean JF, Lafreniére
M, Macintyre S, McGowan S, Rautio M, et al. 2022. Sentinel responses of
Arctic freshwater systems to climate: linkages, evidence, and a roadmap

Issue 3

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

27.

for future research. Arct Sci 9:356-392. https://doi.org/10.1139/as-2022-
002

Yvon - durocher G, Montoya JM, Woodward G, Jones JI, Trimmer M.
2011. Warming increases the proportion of primary production emitted
as methane from freshwater mesocosms. Glob Change Biol 17:1225-
1234. https://doi.org/10.1111/j.1365-2486.2010.02289.x

Thottathil SD, Reis PCJ, Prairie YT. 2019. Methane oxidation kinetics in
northern freshwater lakes. Biogeochemistry 143:105-116. https://doi.
org/10.1007/510533-019-00552-x

Karlsson J, Bystrom P, Ask J, Ask P, Persson L, Jansson M. 2009. Light
limitation of nutrient-poor lake ecosystems. Nature 460:506-509. https:
//doi.org/10.1038/nature08179

Cory RM, Crump BC, Dobkowski JA, Kling GW. 2013. Surface exposure
to sunlight stimulates CO2 release from permafrost soil carbon in the
Arctic. Proc Natl Acad Sci U S A 110:3429-3434. https://doi.org/10.1073/
pnas.1214104110

Rolls RJ, Hayden B, Kahilainen KK. 2017. Conceptualising the interactive
effects of climate change and biological invasions on subarctic
freshwater fish. Ecol Evol 7:4109-4128. https://doi.org/10.1002/ece3.
2982

Beel CR, Heslop JK, Orwin JF, Pope MA, Schevers AJ, Hung JKY,
Lafreniére MJ, Lamoureux SF. 2021. Emerging dominance of summer
rainfall driving high Arctic terrestrial-aquatic connectivity. Nat Commun
12:1448. https://doi.org/10.1038/541467-021-21759-3

Vincent WF. n.d. Les Lacs. une bréve introduction - Warwick Vincent -
Google Livres. https://books.google.ca/books?hl=fr&lr=&id=
VtkoEAAAQBAJ&oi=fnd&pg=PA175&dq=warwick+vincent+lac+br%
C3%A8ve+introduction&ots=VrUOw_3Exd&sig=dWoBrjDnygcldPqQ-
mutPDNvGQMU&redir_esc=y#v=onepage&q=warwick%20vincent%
20lac%20br%C3%A8ve%20introduction&f=false.

Jane SF, Hansen GJA, Kraemer BM, Leavitt PR, Mincer JL, North RL, Pilla
RM, Stetler JT, Williamson CE, Woolway RI, et al. 2021. Widespread
deoxygenation of temperate lakes. Nature 594:66-70. https://doi.org/
10.1038/541586-021-03550-y

Fortunato CS, Crump BC, Lovejoy C. 2015. Microbial gene abundance
and expression patterns across a river to ocean salinity gradient. PLoS
One 10:0140578. https://doi.org/10.1371/journal.pone.0140578
Morency C, Jacquemot L, Potvin M, Lovejoy C. 2022. A microbial
perspective on the local influence of Arctic rivers and estuaries.
Elementa 10. https://doi.org/10.1525/elementa.2021.00009

Perrett M, Sivarajah B, Cheney CL, Korosi JB, Kimpe L, Blais JM, Smol JP.
2021. Impacts on aquatic biota from salinization and metalloid
contamination by gold mine tailings in sub-Arctic lakes. Environ Pollut
278:116815. https://doi.org/10.1016/j.envpol.2021.116815

Fournier IB, Lovejoy C, Vincent WF. 2021. Changes in the community
structure of under-ice and open-water microbiomes in urban lakes
exposed to road salts. Front Microbiol 12:660719. https://doi.org/10.
3389/fmicb.2021.660719

Blais M-A, Matveev A, Lovejoy C, Vincent WF. 2021. Size-fractionated
microbiome structure in subarctic rivers and a coastal plume across
DOC and salinity gradients. Front Microbiol 12:760282. https://doi.org/
10.3389/fmicb.2021.760282

Jones ID, Winfield IJ, Carse F. 2008. Assessment of long-term changes in
habitat availability for Arctic charr (Salvelinus alpinus) in a temperate

10.1128/spectrum.02943-2321


https://doi.org/10.1034/j.1600-0633.2003.00010.x
https://doi.org/10.1579/0044-7447(2006)35[370:geocco]2.0.co;2
https://doi.org/10.1007/s10750-015-2613-6
https://doi.org/10.1002/ecs2.3168
https://doi.org/10.1016/j.scitotenv.2014.07.102
https://doi.org/10.1111/j.1095-8649.2011.03092.x
https://doi.org/10.1007/BF00692662
https://doi.org/10.1073/pnas.1922723117
https://doi.org/10.1002/2015GL066235
https://www.ipcc.ch/report/ar5/syr
https://doi.org/10.1016/j.gloplacha.2011.03.004
https://doi.org/10.1139/as-2022-002
https://doi.org/10.1111/j.1365-2486.2010.02289.x
https://doi.org/10.1007/s10533-019-00552-x
https://doi.org/10.1038/nature08179
https://doi.org/10.1073/pnas.1214104110
https://doi.org/10.1002/ece3.2982
https://doi.org/10.1038/s41467-021-21759-3
https://books.google.ca/books?hl=fr&lr=&id=VtkoEAAAQBAJ&oi=fnd&pg=PA175&dq=warwick+vincent+lac+br%C3%A8ve+introduction&ots=VrU0w_3Exd&sig=dWoBrjDnygcIdPqQmutPDNvGQMU&redir_esc=y#v=onepage&q=warwick%20vincent%20lac%20br%C3%A8ve%20introduction&f=false
https://doi.org/10.1038/s41586-021-03550-y
https://doi.org/10.1371/journal.pone.0140578
https://doi.org/10.1525/elementa.2021.00009
https://doi.org/10.1016/j.envpol.2021.116815
https://doi.org/10.3389/fmicb.2021.660719
https://doi.org/10.3389/fmicb.2021.760282
https://doi.org/10.1128/spectrum.02943-23

Research Article

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

March 2024 Volume 12

lake using oxygen profiles and hydroacoustic surveys. Freshwater
Biology 53:393-402. https://doi.org/10.1111/j.1365-2427.2007.01902.x
Leppi JC, Arp CD, Whitman MS. 2016. Predicting late winter dissolved
oxygen levels in Arctic lakes using morphology and landscape metrics.
Environ Manage 57:463-473. https://doi.org/10.1007/s00267-015-
0622-x

Baroudy E, Elliott JM. 1994. The critical thermal limits for juvenile Arctic
charr Salvelinus alpinus. J Fish Biol 45:1041-1053. https://doi.org/10.
1111/j.1095-8649.1994.tb01071.x

Tam B, Gough WA, Tsuji L. 2011. The impact of warming on the
appearance of furunculosis in fish of the James Bay region. Reg Environ
Change 11:123-132. https://doi.org/10.1007/s10113-010-0122-8
Derome N, Gauthier J, Boutin S, Llewellyn M. 2016. Bacterial opportun-
istic pathogens of fish, p 81-108. In Hurst CJ (ed), The rasputin effect:
when commensals and symbionts become parasitic. Springer Cham.
Karvonen A, Rintaméki P, Jokela J, Valtonen ET. 2010. Increasing water
temperature and disease risks in aquatic systems: climate change
increases the risk of some, but not all, diseases. Int J Parasitol 40:1483-
1488. https://doi.org/10.1016/j.ijpara.2010.04.015

Wrona FJ, Reist JD, Lehtonen H, Kahilainen K, Forsstrom L, Wrona FJ,
Reist JD, Amundsen P-A, Chambers PA, Christoffersen K, et al. 2013.
Freshwater ecosystems, p 443-485. In Meltofte H (ed), Arctic biodiver-
sity assessment: status and trends in Arctic biodiversity. Narayana Press,
Akureyri.

Jeppesen E, Christoffersen KS, Rautio M, Lauridsen TL. 2021. Ecology of
Arctic lakes and ponds, p 159-180. In Thomas DN (ed), Arctic ecology.
John Wiley & Sons, Ltd.

Sharma S, Jackson DA, Minns CK, Shuter BJ. 2007. Will northern fish
populations be in hot water because of climate change? Glob Change
Biol 13:2052-2064. https://doi.org/10.1111/j.1365-2486.2007.01426.x
Power M, Power G, Grosbois G, Rautio M. 2022. Occurrence of slimy
sculpin (Cottus cognatus) on southern Victoria Island, Nunavut. Polar
Biol 45:507-512. https://doi.org/10.1007/s00300-021-02979-1

Falardeau M, Bennett EM, Else B, Fisk A, Mundy CJ, Choy ES, Ahmed
MMM, Harris LN, Moore J-S. 2022. Biophysical indicators and indige-
nous and local knowledge reveal climatic and ecological shifts with
implications for Arctic char fisheries. Glob Environ Change 74:1024609.
https://doi.org/10.1016/j.gloenvcha.2022.102469

Bystrom P, Karlsson J, Nilsson P, Van Kooten T, Ask J, Olofsson F. 2007.
Substitution of top predators: effects of pike invasion in a subarctic
lake. Freshwater Biology 52:1271-1280. https://doi.org/10.1111/j.1365-
2427.2007.01763.x

Bradley MJ, Kutz SJ, Jenkins E, O'Hara TM. 2005. The potential impact of
climate change on infectious diseases of Arctic fauna. Inter J Circum
Heal 64:468-477. https://doi.org/10.3402/ijch.v64i5.18028

Reist JD, Wrona FJ, Prowse TD, Power M, Dempson JB, King JR, Beamish
RJ. 2006. An overview of effects of climate change on selected Arctic
freshwater and anadromous fishes. AMBIO 35:381-387. https://doi.org/
10.1579/0044-7447(2006)35[381:a00e0c]2.0.co;2

Le Moullac G, Soyez C, Saulnier D, Ansquer D, Avarre JC, Levy P. 1998.
Effect of hypoxic stress on the immune response and the resistance to
vibriosis of the shrimpPenaeus stylirostris. Fish & Shellfish Immunol
8:621-629. https://doi.org/10.1006/fsim.1998.0166

Hamilton EF, Element G, van Coeverden de Groot P, Engel K, Neufeld
JD, Shah V, Walker VK. 2019. Anadromous Arctic char Microbiomes:
bioprospecting in the high Arctic. Front Bioeng Biotechnol 7:32. https://
doi.org/10.3389/fbioe.2019.00032

Boutin S, Bernatchez L, Audet C, Derdme N. 2013. Network analysis
highlights complex interactions between pathogen. PLoS One
8:e84772. https://doi.org/10.1371/journal.pone.0084772

Llewellyn MS, Leadbeater S, Garcia C, Sylvain F-E, Custodio M, Ang KP,
Powell F, Carvalho GR, Creer S, Elliot J, Derome N. 2017. Parasitism
perturbs the mucosal microbiome of Atlantic salmon. Sci Rep 7:43465.
https://doi.org/10.1038/srep43465

Reid KM, Patel S, Robinson AJ, Bu L, Jarungsriapisit J, Moore LJ, Salinas I.
2017. Salmonid alphavirus infection causes skin dysbiosis in Atlantic
salmon (Salmo salar L.) post-smolts. PLoS One 12:e0172856. https://doi.
org/10.1371/journal.pone.0172856

Easy RH, Ross NW. 2009. Changes in Atlantic salmon (Salmo salar)
epidermal mucus protein composition profiles following infection with
sea lice (Lepeophtheirus salmonis). Comp Biochem Physiol Part D

Issue 3

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Microbiology Spectrum

Genomics Proteomics 4:159-167. https://doi.org/10.1016/j.cbd.2009.
02.001

van der Marel M, Caspari N, Neuhaus H, Meyer W, Enss M-L, Steinhagen
D. 2010. Changes in skin mucus of common carp, Cyprinus carpio L.,
after exposure to water with a high bacterial load. J Fish Dis 33:431-
439. https://doi.org/10.1111/j.1365-2761.2010.01140.x

Estensoro |, Jung-Schroers V, Alvarez-Pellitero P, Steinhagen D, Sitja-
Bobadilla A. 2013. Effects of Enteromyxum leei (Myxozoa) infection on
gilthead sea bream (Sparus aurata) (Teleostei) intestinal mucus:
glycoprotein profile and bacterial adhesion. Parasitol Res 112:567-576.
https://doi.org/10.1007/500436-012-3168-3

Tacchi L, Lowrey L, Musharrafieh R, Crossey K, Larragoite ET, Salinas .
2015. Effects of transportation stress and addition of salt to transport
water on the skin mucosal homeostasis of rainbow trout (Oncorhynchus
mykiss).  Aquaculture  435:120-127. https://doi.org/10.1016/j.
aquaculture.2014.09.027

Kelly C, Salinas 1. 2017. Under pressure: Interactions between
commensal microbiota and the teleost immune system. Front Immunol
8:559. https://doi.org/10.3389/fimmu.2017.00559

Sylvain F-E, Leroux N, Normandeau E, Holland A, Bouslama S, Mercier P-
L, Luis Val A, Derome N. 2022. Genomic and environmental factors
shape the active gill bacterial community of an amazonian teleost
holobiont. Microbiol Spectr 10:20206422. https://doi.org/10.1128/
spectrum.02064-22

Austin B, Austin DA. 2016. Bacterial fish pathogens. In Disease of
farmed and wild fish. Springer, Cham.

Dillon R, Charnley K. 2002. Mutualism between the desert locust
Schistocerca gregaria and its gut microbiota. Res Microbiol 153:503-
509. https://doi.org/10.1016/50923-2508(02)01361-x

Koppang EO, Kvellestad A, Fischer U. 2015. Fish Mucosal immunity: Gill,
p 93-133. In Beck BH, Peatman E (ed), Mucosal health in aquaculture.
Academic Press, San Diego.

Gomez D, Sunyer JO, Salinas I. 2013. The mucosal immune system of
fish: the evolution of tolerating commensals while fighting pathogens.
Fish Shellfish Immunol 35:1729-1739. https://doi.org/10.1016/j.fsi.2013.
09.032

Rawls JF, Samuel BS, Gordon JI. 2004. Gnotobiotic zebrafish reveal
evolutionarily conserved responses to the gut microbiota. Proc Natl
Acad Sci U S A 101:4596-4601. https://doi.org/10.1073/pnas.
0400706101

Balcazar JL, de Blas |, Ruiz-Zarzuela I, Vendrell D, Gironés O, Muzquiz JL.
2007. Enhancement of the immune response and protection induced
by probiotic lactic acid bacteria against furunculosis in rainbow trout
(Oncorhynchus mykiss). FEMS Immunol Med Microbiol 51:185-193.
https://doi.org/10.1111/j.1574-695X.2007.00294.x

Bates JM, Mittge E, Kuhlman J, Baden KN, Cheesman SE, Guillemin K.
2006. Distinct signals from the microbiota promote different aspects of
zebrafish gut differentiation. Dev Biol 297:374-386. https://doi.org/10.
1016/j.ydbio.2006.05.006

Element G, Engel K, Neufeld JD, Casselman JM, van Coeverden de Groot
P, Greer CW, Walker VK. 2020. Seasonal habitat drives intestinal
microbiome composition in anadromous Arctic char (Salvelinus
alpinus). Environ Microbiol 22:3112-3125. https://doi.org/10.1111/
1462-2920.15049

Potvin V. 2021. Understanding and addressing the social impacts of
closure at the Raglan mine, Nunavik, Quebec Master’s Thesis, University
of Newfoundland, Newfoundland and Labrador, Canada

Kossoff D, Dubbin WE, Alfredsson M, Edwards SJ, Macklin MG, Hudson-
Edwards KA. 2014. Mine tailings dams: characteristics, failure,
environmental impacts, and remediation. Applied Geochemistry
51:229-245. https://doi.org/10.1016/j.apgeochem.2014.09.010

Ministry of Energy and Mines M of the E Land and Parks. 1998. Policy for
metal leaching and acid rock drainage at mine sites in British Columbia

Houde M, Martin JW, Letcher RJ, Solomon KR, Muir DCG. 2006.
Biological monitoring of polyfluoroalkyl substances: a review. Environ
Sci Technol 40:3463-3473. https://doi.org/10.1021/es052580b

Butt CM, Mabury SA, Kwan M, Wang X, Muir DCG. 2008. Spatial trends
of perfluoroalkyl compounds in ringed seals (Phoca hispida) from the
Canadian Arctic. Environ Toxicol Chem 27:542-553. https://doi.org/10.
1897/07-428.1

10.1128/spectrum.02943-2322


https://doi.org/10.1111/j.1365-2427.2007.01902.x
https://doi.org/10.1007/s00267-015-0622-x
https://doi.org/10.1111/j.1095-8649.1994.tb01071.x
https://doi.org/10.1007/s10113-010-0122-8
https://doi.org/10.1016/j.ijpara.2010.04.015
https://doi.org/10.1111/j.1365-2486.2007.01426.x
https://doi.org/10.1007/s00300-021-02979-1
https://doi.org/10.1016/j.gloenvcha.2022.102469
https://doi.org/10.1111/j.1365-2427.2007.01763.x
https://doi.org/10.3402/ijch.v64i5.18028
https://doi.org/10.1579/0044-7447(2006)35[381:aooeoc]2.0.co;2
https://doi.org/10.1006/fsim.1998.0166
https://doi.org/10.3389/fbioe.2019.00032
https://doi.org/10.1371/journal.pone.0084772
https://doi.org/10.1038/srep43465
https://doi.org/10.1371/journal.pone.0172856
https://doi.org/10.1016/j.cbd.2009.02.001
https://doi.org/10.1111/j.1365-2761.2010.01140.x
https://doi.org/10.1007/s00436-012-3168-3
https://doi.org/10.1016/j.aquaculture.2014.09.027
https://doi.org/10.3389/fimmu.2017.00559
https://doi.org/10.1128/spectrum.02064-22
https://doi.org/10.1016/s0923-2508(02)01361-x
https://doi.org/10.1016/j.fsi.2013.09.032
https://doi.org/10.1073/pnas.0400706101
https://doi.org/10.1111/j.1574-695X.2007.00294.x
https://doi.org/10.1016/j.ydbio.2006.05.006
https://doi.org/10.1111/1462-2920.15049
https://doi.org/10.1016/j.apgeochem.2014.09.010
https://doi.org/10.1021/es052580b
https://doi.org/10.1897/07-428.1
https://doi.org/10.1128/spectrum.02943-23

Research Article

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,

March 2024 Volume 12

Neelin M. 2021. Arctic char in a changing climate: community priorities
and recommendations. Makivik Corporation, Kuujjuag, Quebec.
Jalenques M, Sanders J, Tran L, Beaupré L, Kent M, Lair S. 2021. Muscular
microsporidian infection in Arctic char Salvelinus alpinus from two lakes
in Nunavik. Dis Aquat Organ 144:209-220. https://doi.org/10.3354/
dao03593

Mainguy J, Beaupré L. 2021. Etablissement d’un état de référence pour
l'omble chevalier du systéme five mile inlet au nord d'inukjuak a I'été
2018

Ringe E, Strom E, Tabachek J-A. 1995. Intestinal microflora of salmonids:
a review. Aquaculture Res 26:773-789. https://doi.org/10.1111/j.1365-
2109.1995.tb00870.x

Nyman A, Huyben D, Lundh T, Dicksved J. 2017. Effects of microbe- and
mussel-based diets on the gut microbiota in Arctic charr (Salvelinus
alpinus). Aquaculture Reports 5:34-40. https://doi.org/10.1016/j.aqrep.
2016.12.003

Lowrey L, Woodhams DC, Tacchi L, Salinas I. 2015. Topographical
mapping of the rainbow trout (Oncorhynchus mykiss) microbiome
reveals a diverse bacterial community with antifungal properties in the
skin. Appl Environ Microbiol 81:6915-6925. https://doi.org/10.1128/
AEM.01826-15

Desai AR, Links MG, Collins SA, Mansfield GS, Drew MD, Van Kessel AG,
Hill JE. 2012. Effects of plant-based diets on the distal gut microbiome
of rainbow trout (Oncorhynchus mykiss). Aquaculture 350-353:134-142.
https://doi.org/10.1016/j.aquaculture.2012.04.005

Navarrete P, Magne F, Araneda C, Fuentes P, Barros L, Opazo R, Espejo
R, Romero J. 2012. PCR-TTGE analysis of 16S rRNA from rainbow trout
(Oncorhynchus mykiss) gut microbiota reveals host-specific communi-
ties of active bacteria. PLoS One 7:¢31335. https://doi.org/10.1371/
journal.pone.0031335

Kim D-H, Brunt J, Austin B. 2007. Microbial diversity of intestinal
contents and mucus in rainbow trout (Oncorhynchus mykiss). J Appl
Microbiol 102:1654-1664. https://doi.org/10.1111/j.1365-2672.2006.
03185.x

Llewellyn MS, McGinnity P, Dionne M, Letourneau J, Thonier F, Carvalho
GR, Creer S, Derome N. 2016. The biogeography of the Atlantic salmon
(Salmo salar) gut microbiome. ISME J 10:1280-1284. https://doi.org/10.
1038/ismej.2015.189

Gajardo K, Rodiles A, Kortner TM, Krogdahl A, Bakke AM, Merrifield DL,
Serum H. 2016. A high-resolution map of the gut microbiota in Atlantic
salmon (Salmo salar): a basis for comparative gut microbial research. Sci
Rep 6:30893. https://doi.org/10.1038/srep30893

Rudi K, Angell IL, Pope PB, Vik JO, Sandve SR, Snipen L-G, Drake HL.
2018. Stable core gut microbiota across the freshwater-to-saltwater
transition for farmed Atlantic salmon. Appl Environ Microbiol
84:e01974-17. https://doi.org/10.1128/AEM.01974-17

Llewellyn MS, Boutin S, Hoseinifar SH, Derome N. 2014. Teleost
microbiomes: the state of the art in their characterization, manipulation
and importance in aquaculture and fisheries. Front Microbiol 5:207.
https://doi.org/10.3389/fmicb.2014.00207

Thompson FL, lida T, Swings J. 2004. Biodiversity of Vibrios. Microbiol
Mol Biol Rev 68:403-431, https://doi.org/10.1128/MMBR.68.3.403-431.
2004

Kirchoff NS, Cornwell T, Stein S, Clements S, Sharpton TJ. 2022. Gut
microbial composition of pacific salmonids differs across oregon river
basins and hatchery ancestry. Microorganisms 10:933. https://doi.org/
10.3390/microorganisms10050933

Mansson M, Gram L, Larsen TO. 2011. Production of bioactive
secondary metabolites by marine Vibrionaceae. Mar Drugs 9:1440-
1468. https://doi.org/10.3390/md9091440

Romalde JL. 2002. Photobacterium damselae subsp. piscicida: an
integrated view of a bacterial fish pathogen. Int Microbiol 5:3-9. https:/
/doi.org/10.1007/s10123-002-0051-6

Duran-Viseras A, Manaia C, Vaz-Moreira |, Nunes O. 2021. Paludibacte-
rium, p 1-9. In Trujillo MET, Dedysh S, DeVos P, Hedlund B, Rainey FA,
Whitman WB (ed), Bergey’s manual of systematics of archaea and
bacteria W. B. 1 Whitman. John Wiley & Sons, 2 Ltd.

Wang C, Sun G, Li S, Li X, Liu Y. 2018. Intestinal microbiota of healthy
and unhealthy Atlantic salmon Salmo salar L. in a recirculating
aquaculture system. J Ocean Limnol 36:414-426. https://doi.org/10.
1007/500343-017-6203-5

Issue 3

85.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Microbiology Spectrum

Shah KL, Tyagi BC. 1986. An eye disease in silver carp, hypophthalmich-
thys molitrix, held in tropical ponds, associated with the bacterium
Staphylococcus aureus. Aquaculture 55:1-4. https://doi.org/10.1016/
0044-8486(86)90050-5

Musharrafieh R, Tacchi L, Trujeque J, LaPatra S, Salinas I. 2014.
Staphylococcus warneri, a resident skin commensal of rainbow trout
(Oncorhynchus mykiss) with pathobiont characteristics. Vet Microbiol
169:80-88. https://doi.org/10.1016/j.vetmic.2013.12.012

Lee B-H, Nicolas P, Saticioglu IB, Fradet B, Bernardet J-F, Rigaudeau D,
Rochat T, Duchaud E, Dozois CM. 2023. Investigation of the genus
Flavobacterium as a reservoir for fish-pathogenic bacterial species: the
case of Flavobacterium collinsii. Appl Environ Microbiol 89:€0216222.
https://doi.org/10.1128/aem.02162-22

Arias CR, Welker TL, Shoemaker CA, Abernathy JW, Klesius PH. 2004.
Genetic fingerprinting of Flavobacterium columnare isolates from
cultured fish. J Appl Microbiol 97:421-428. https://doi.org/10.1111/j.
1365-2672.2004.02314.x

Boutin S, Sauvage C, Bernatchez L, Audet C, Derome N. 2014. Inter
individual variations of the fish skin microbiota: host genetics basis of
mutualism PLoS One 9:102649. https://doi.org/10.1371/journal.pone.
0102649

Beaz-Hidalgo R, Figueras MJ. 2013. Aeromonas spp. whole genomes
and virulence factors implicated in fish disease. J Fish Dis 36:371-388.
https://doi.org/10.1111/jfd.12025

Abu-Elala N, Abdelsalam M, Marouf S, Setta A. 2015. Comparative
analysis of virulence genes, antibiotic resistance and gyrB-based
phylogeny of motile Aeromonas species isolates from Nile Tilapia and
domestic fowl. Lett Appl Microbiol 61:429-436. https://doi.org/10.
1111/lam.12484

Vega-Sanchez V, Latif-Eugenin F, Soriano-Vargas E, Beaz-Hidalgo R,
Figueras MJ, Aguilera-Arreola MG, Castro-Escarpulli G. 2014. Re-
identification of Aeromonas isolates from rainbow trout and incidence
of class 1 Integron and {-lactamase genes. Vet Microbiol 172:528-533.
https://doi.org/10.1016/j.vetmic.2014.06.012

Gongalves Pessoa RB, de Oliveira WF, Marques DSC, Dos Santos Correia
MT, de Carvalho EVMM, Coelho LCBB. 2019. The genus Aeromonas: a
general approach. Microb Pathog 130:81-94. https://doi.org/10.1016/j.
micpath.2019.02.036

Ozen Al, Ussery DW. 2012. Defining the Pseudomonas genus: where do
we draw the line with Azotobacter Microb Ecol 63:239-248. https://doi.
org/10.1007/500248-011-9914-8

Sinha RK, Krishnan KP, Hatha AAM, Rahiman M, Thresyamma DD, Kerkar
S. 2017. Diversity of retrievable heterotrophic bacteria in Kongsfjorden,
an Arctic fjord. Braz J Microbiol 48:51-61. https://doi.org/10.1016/j.bjm.
2016.09.011

Dantas-Torres F. 2007. Rocky mountain spotted fever. Lancet Infect Dis
7:724-732. https://doi.org/10.1016/51473-3099(07)70261-X

Jones SRM. 2019. Characterization of Piscirickettsia salmonis and
salmonid rickettsial septicaemia to inform pathogen transfer risk
assessments in British Columbia. Government of Canada, Fisheries and
Oceans Canada.

Element G, Engel K, Neufeld JD, Casselman JM, Van Coeverden de Groot
PJ, Walker VK. 2021. Distinct intestinal microbial communities of two
sympatric Anadromous Arctic salmonids and the effects of migration
and feeding. Arctic Science 7:634-654. https://doi.org/10.1139/as-2020-
0011

Lokesh J, Kiron V. 2016. Transition from freshwater to seawater
reshapes the skin-associated microbiota of Atlantic salmon. Sci Rep
6:19707. https://doi.org/10.1038/srep19707

Yan Q, Li J, Yu Y, Wang J, He Z, Van Nostrand JD, Kempher ML, Wu L,
Wang Y, Liao L, Li X, Wu S, Ni J, Wang C, Zhou J. 2016. Environmental
filtering decreases with fish development for the assembly of gut
microbiota. Environ Microbiol 18:4739-4754. https://doi.org/10.1111/
1462-2920.13365

Landeira-Dabarca A, Sieiro C, Alvarez M. 2013. Change in food ingestion
induces rapid shifts in the diversity of microbiota associated with
cutaneous mucus of Atlantic salmon Salmo salar. J Fish Biol 82:893-906.
https://doi.org/10.1111/jfb.12025

Huyben D, Sun L, Moccia R, Kiessling A, Dicksved J, Lundh T. 2018.
Dietary live yeast and increased water temperature influence the gut

10.1128/spectrum.02943-2323


https://doi.org/10.3354/dao03593
https://doi.org/10.1111/j.1365-2109.1995.tb00870.x
https://doi.org/10.1016/j.aqrep.2016.12.003
https://doi.org/10.1128/AEM.01826-15
https://doi.org/10.1016/j.aquaculture.2012.04.005
https://doi.org/10.1371/journal.pone.0031335
https://doi.org/10.1111/j.1365-2672.2006.03185.x
https://doi.org/10.1038/ismej.2015.189
https://doi.org/10.1038/srep30893
https://doi.org/10.1128/AEM.01974-17
https://doi.org/10.3389/fmicb.2014.00207
https://doi.org/10.1128/MMBR.68.3.403-431.2004
https://doi.org/10.3390/microorganisms10050933
https://doi.org/10.3390/md9091440
https://doi.org/10.1007/s10123-002-0051-6
https://doi.org/10.1007/s00343-017-6203-5
https://doi.org/10.1016/0044-8486(86)90050-5
https://doi.org/10.1016/j.vetmic.2013.12.012
https://doi.org/10.1128/aem.02162-22
https://doi.org/10.1111/j.1365-2672.2004.02314.x
https://doi.org/10.1371/journal.pone.0102649
https://doi.org/10.1111/jfd.12025
https://doi.org/10.1111/lam.12484
https://doi.org/10.1016/j.vetmic.2014.06.012
https://doi.org/10.1016/j.micpath.2019.02.036
https://doi.org/10.1007/s00248-011-9914-8
https://doi.org/10.1016/j.bjm.2016.09.011
https://doi.org/10.1016/S1473-3099(07)70261-X
https://doi.org/10.1139/as-2020-0011
https://doi.org/10.1038/srep19707
https://doi.org/10.1111/1462-2920.13365
https://doi.org/10.1111/jfb.12025
https://doi.org/10.1128/spectrum.02943-23

Research Article

103.

104.

105.

106.

107.

108.

100.

110.

1.

12

113.

114.

115.

116.

117.

118.

119.

March 2024 Volume 12

microbiota of rainbow trout. J Appl Microbiol 124:1377-1392. https://
doi.org/10.1111/jam.13738

Zhao R, Symonds JE, Walker SP, Steiner K, Carter CG, Bowman JP,
Nowak BF. 2021. Effects of feed ration and temperature on Chinook
salmon  (Oncorhynchus tshawytscha) microbiota in freshwater
recirculating aquaculture systems. Aquaculture 543:736965. https://doi.
org/10.1016/j.aquaculture.2021.736965

Hess S, Wenger AS, Ainsworth TD, Rummer JL. 2015. Exposure of
clownfish larvae to suspended sediment levels found on the great
barrier reef: impacts on gill structure and microbiome. Sci Rep 5:10561.
https://doi.org/10.1038/srep10561

Prinsenberg SJ. 1984. Freshwater contents and heat budgets of James
Bay and Hudson Bay. Continental Shelf Res 3:191-200. https://doi.org/
10.1016/0278-4343(84)90007-4

Dallaire X, Normandeau E, Mainguy J, Tremblay J-E, Bernatchez L,
Moore J-S. 2021. Genomic data support management of Anadromous
Arctic char fisheries in Nunavik by highlighting neutral and putatively
adaptive genetic variation. Evol Appl 14:1880-1897. https://doi.org/10.
1111/eva.13248

Zhu S, Nyarko EK, Hadzima-Nyarko M. 2018. Modelling daily water
temperature from air temperature for the Missouri river. Peer) 6:€4894.
https://doi.org/10.7717/peerj.4894

Hamilton PB, Gajewski K, Atkinson DE, Lean DRS. 2001. Physical and
chemical limnology of 204 lakes from the Canadian Arctic archipelago.
Hydrobiologia 457:133-148. https://doi.org/10.1023/A:1012275316543
Michelutti N, Douglas MSV, Lean DRS, Smol JP. 2002. Physical and
chemical limnology of 34 ultra-oligotrophic lakes and ponds near
Wynniatt Bay, Victoria Island, Arctic Canada. Hydrobiologia 482:1-13.
https://doi.org/10.1023/A:1021201704844

Larsson S, Forseth T, Berglund |, Jensen AJ, Naslund |, Elliott JM, Jonsson
B. 2005. Thermal adaptation of Arctic charr: experimental studies of
growth in eleven charr populations from Sweden, Norway and Britain.
Freshwater Biology 50:353-368. https://doi.org/10.1111/j.1365-2427.
2004.01326.x

Bégout Anras ML, Gyselman EC, Jorgenson JK, Kristofferson AH, Anras L.
1999. Habitat preferences and residence time for the freshwater to
ocean transition stage in Arctic charr. J Mar Biol Ass 79:153-160. https://
doi.org/10.1017/50025315498000174

Harris LN, Yurkowski DJ, Gilbert MJH, Else BGT, Duke PJ, Ahmed MMM,
Tallman RF, Fisk AT, Moore J. 2020. Depth and temperature preference
of Anadromous Arctic char Salvelinus alpinus in the kitikmeot sea, a
shallow and low-salinity area of the Canadian Arctic. Mar Ecol Prog Ser
634:175-197. https://doi.org/10.3354/meps13195

Spares AD, Stokesbury MJW, O'Dor RK, Dick TA. 2012. Temperature,
salinity and prey availability shape the marine migration of Arctic char,
Salvelinus alpinus, in a macrotidal estuary. Mar Biol 159:1633-1646.
https://doi.org/10.1007/s00227-012-1949-y

Gilbert MJH, Farrell AP. 2021. The thermal acclimation potential of
maximum heart rate and cardiac heat tolerance in Arctic char
(Salvelinus alpinus), a northern cold-water specialist. J Therm Biol
95:102816. https://doi.org/10.1016/j.jtherbio.2020.102816

Alberdi A, Aizpurua O, Bohmann K, Zepeda-Mendoza ML, Gilbert MTP.
2016. Do vertebrate gut metagenomes confer rapid ecological
adaptation. Trends Ecol Evol 31:689-699. https://doi.org/10.1016/j.tree.
2016.06.008

Neuman C, Hatje E, Zarkasi KZ, Smullen R, Bowman JP, Katouli M. 2016.
The effect of diet and environmental temperature on the faecal
microbiota of farmed Tasmanian Atlantic salmon (Salmo salarl.). Aquac
Res 47:660-672. https://doi.org/10.1111/are. 12522

Zarkasi KZ, Abell GCJ, Taylor RS, Neuman C, Hatje E, Tamplin ML, Katouli
M, Bowman JP. 2014. Pyrosequencing-based characterization of
gastrointestinal bacteria of Atlantic salmon (Salmo salar L.) within a
commercial mariculture system. J Appl Microbiol 117:18-27. https://
doi.org/10.1111/jam.12514

Defosse DL, Johnson RC, Paster BJ, Dewhirst FE, Fraser GJ. 1995.
Brevinema andersonii gen. nov., sp. nov, an infectious spirochete
isolated from the short-tailed shrew (Blarina brevicauda) and the white-
footed mouse (Peromyscus leucopus). Int J Syst Bacteriol 45:78-84.
https://doi.org/10.1099/00207713-45-1-78

Spring S, Merkhoffer B, Weiss N, Kroppenstedt RM, Hippe H, Stacke-
brandt E. 2003. Characterization of novel psychrophilic clostridia from
an antarctic microbial mat: description of Clostridium frigoris sp. nov.,
Clostridium lacusfryxellense sp. nov., Clostridium bowmanii sp. nov. and
Clostridium psychrophilum sp. nov. and reclassification of Clostridium

Issue 3

120.

122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

134.

135.

Microbiology Spectrum

laramiense as Clostridium estertheticum subsp. laramiense subsp. nov.
Int J Syst Evol Microbiol 53:1019-1029. https://doi.org/10.1099/ijs.0.
02554-0

Brenner DJ, Krieg NR, Staley JT, Garrity GM, Boone DR, De Vos P,
Goodfellow M, Rainey FA, Schleifer K-H. 2005. Aeromonadales ord. nov,
p 556-587. In Brenner DJ, Krieg NR, Staley JT, Garrity GM, Boone DR, De
Vos P, Goodfellow M, Rainey FA, Schleifer KH (ed), Bergey*s manual® of
systematic bacteriology: volume two the proteobacteria part B the
gammaproteobacteria. Boston, MA.

Martino ME, Fasolato L, Montemurro F, Novelli E, Cardazzo B. 2014.
Aeromonas spp.: ubiquitous or specialized bugs Environ Microbiol
16:1005-1018. https://doi.org/10.1111/1462-2920.12215

Vincent AT, Charette SJ. 2022. To be or not to be mesophilic, that is the
question for Aeromonas salmonicida Microorganisms 10:240. https://
doi.org/10.3390/microorganisms10020240

Lim J, Hong S. 2020. Characterization of Aeromonas salmonicida and A.
sobria isolated from cultured salmonid fish in Korea and development
of a vaccine against furunculosis. J Fish Dis 43:609-620. https://doi.org/
10.1111/jfd.13158

Gauthier J, Vincent AT, Charette SJ, Derome N. 2017. Strong genomic
and phenotypic heterogeneity in the Aeromonas sobria species
complex. Front Microbiol 8:2434. https://doi.org/10.3389/fmicb.2017.
02434

Beaz-Hidalgo R, Latif-Eugenin F, Hossain MJ, Berg K, Niemi RM, Rapala J,
Lyra C, Liles MR, Figueras MJ. 2015. Aeromonas aquatica sp. nov.,
Aeromonas finlandiensis sp. nov. and Aeromonas lacus sp. nov. isolated
from finnish waters associated with cyanobacterial blooms. Syst Appl
Microbiol 38:161-168. https://doi.org/10.1016/j.syapm.2015.02.005
Banerjee S, Kamila B, Barman S, Joshi SR, Mandal T, Halder G. 2019.
Interlining Cr(Vl) remediation mechanism by a novel bacterium
Pseudomonas brenneri isolated from coalmine wastewater. J Environ
Manage 233:271-282. https://doi.org/10.1016/j.jenvman.2018.12.048
Campanaro S, Vezzi A, Vitulo N, Lauro FM, D’Angelo M, Simonato F,
Cestaro A, Malacrida G, Bertoloni G, Valle G, Bartlett DH. 2005. Laterally
transferred elements and high pressure adaptation in Photobacterium
profundum strains. BMC Genomics 6:122. https://doi.org/10.1186/1471-
2164-6-122

Moi IM, Roslan NN, Leow ATC, Ali MSM, Rahman RNZRA, Rahimpour A,
Sabri S. 2017. The biology and the importance of Photobacterium
species. Appl Microbiol Biotechnol 101:4371-4385. https://doi.org/10.
1007/500253-017-8300-y

Yoshizawa S, Karatani H, Wada M, Yokota A, Kogure K. 2010. Aliivibrio
sifiae sp. nov., luminous marine bacteria isolated from seawater. J Gen
Appl Microbiol 56:509-518. https://doi.org/10.2323/jgam.56.509

El Khoury S, Gauthier J, Bouslama S, Cheaib B, Giovenazzo P, Derome N.
2021. Dietary contamination with a neonicotinoid (clothianidin)
gradient triggers specific dysbiosis signatures of microbiota activity
along the honeybee (Apis mellifera). Microorganisms 9:2283. https://doi.
org/10.3390/microorganisms9112283

Cheaib B, Seghouani H, Llewellyn M, Vandal-Lenghan K, Mercier P-L,
Derome N. 2021. The yellow perch (Perca flavescens) microbiome
revealed resistance to colonisation mostly associated with neutralism
driven by rare Taxa under cadmium disturbance. Anim Microbiome 3:3.
https://doi.org/10.1186/542523-020-00063-3

Cheaib B, Seghouani H, ljaz UZ, Derome N. 2020. Community recovery
dynamics in yellow perch microbiome after gradual and constant
metallic perturbations. Microbiome 8:14. https://doi.org/10.1186/
s40168-020-0789-0

Lavoie C, Wellband K, Perreault A, Bernatchez L, Derome N. 2021.
Artificial rearing of Atlantic salmon juveniles for supportive breeding
programs induces long-term effects on gut microbiota after stocking.
Microorganisms 9:1932. https://doi.org/10.3390/microorgan-
isms9091932

Munaweera |, Harris LN, Moore J-S, Tallman RF, Fisk AT, Gillis DM,
Muthukumarana S. 2022. Estimating survival probabilities of
Cambridge Bay Arctic char using acoustic telemetry data and Bayesian
multistate capture-recapture models. Can J Fish Aquat Sci 79:2191-
2203. https://doi.org/10.1139/cjfas-2021-0262

Caza-Allard |, Mazerolle MJ, Harris LN, Malley BK, Tallman RF, Fisk AT,
Moore J-S. 2021. Annual survival probabilities of anadromous Arctic
char remain high and stable despite interannual differences in sea ice
melt date. Arctic Science 7:575-584. https://doi.org/10.1139/as-2020-
0029

10.1128/spectrum.02943-2324


https://doi.org/10.1111/jam.13738
https://doi.org/10.1016/j.aquaculture.2021.736965
https://doi.org/10.1038/srep10561
https://doi.org/10.1016/0278-4343(84)90007-4
https://doi.org/10.1111/eva.13248
https://doi.org/10.7717/peerj.4894
https://doi.org/10.1023/A:1012275316543
https://doi.org/10.1023/A:1021201704844
https://doi.org/10.1111/j.1365-2427.2004.01326.x
https://doi.org/10.1017/S0025315498000174
https://doi.org/10.3354/meps13195
https://doi.org/10.1007/s00227-012-1949-y
https://doi.org/10.1016/j.jtherbio.2020.102816
https://doi.org/10.1016/j.tree.2016.06.008
https://doi.org/10.1111/are.12522
https://doi.org/10.1111/jam.12514
https://doi.org/10.1099/00207713-45-1-78
https://doi.org/10.1099/ijs.0.02554-0
https://doi.org/10.1111/1462-2920.12215
https://doi.org/10.3390/microorganisms10020240
https://doi.org/10.1111/jfd.13158
https://doi.org/10.3389/fmicb.2017.02434
https://doi.org/10.1016/j.syapm.2015.02.005
https://doi.org/10.1016/j.jenvman.2018.12.048
https://doi.org/10.1186/1471-2164-6-122
https://doi.org/10.1007/s00253-017-8300-y
https://doi.org/10.2323/jgam.56.509
https://doi.org/10.3390/microorganisms9112283
https://doi.org/10.1186/s42523-020-00063-3
https://doi.org/10.1186/s40168-020-0789-0
https://doi.org/10.3390/microorganisms9091932
https://doi.org/10.1139/cjfas-2021-0262
https://doi.org/10.1139/as-2020-0029
https://doi.org/10.1128/spectrum.02943-23

Research Article

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151,

152.

153.

154.

March 2024 Volume 12

Wietz M, Ménsson M, Bowman JS, Blom N, Ng Y, Gram L. 2012. Wide
distribution of closely related, antibiotic-producing Arthrobacter strains
throughout the Arctic ocean. Appl Environ Microbiol 78:2039-2042.
https://doi.org/10.1128/AEM.07096-11

Pandiyan P, Balaraman D, Thirunavukkarasu R, George EGJ, Subarama-
niyan K, Manikkam S, Sadayappan B. 2013. Probiotics in aquaculture.
Drug Invention Today 5:55-59. https://doi.org/10.1016/j.dit.2013.03.
003

Frey J. 2002. Mycoplasmas of animals, p 73-90. In Razin S, Herrmann R
(ed), Molecular biology and pathogenicity of mycoplasmas. Springer,
Boston, MA.

Holben WE, Williams P, Gilbert MA, Saarinen M, Sarkilahti LK, Apajalahti
JHA. 2002. Phylogenetic analysis of intestinal microflora indicates a
novel mycoplasma phylotype in farmed and wild salmon. Microb Ecol
44:175-185. https://doi.org/10.1007/5s00248-002-1011-6

Dehler CE, Secombes CJ, Martin SAM. 2017. Seawater transfer alters the
intestinal microbiota profiles of Atlantic salmon. Sci Rep 7. https://doi.
org/10.1038/541598-017-13249-8

Rastgar S, Alijani Ardeshir R, Segner H, Tyler CR, J G M Peijnenburg W,
Wang Y, Salati AP, Movahedinia A. 2022. Immunotoxic effects of metal-
based nanoparticles in fish and bivalves. Nanotoxicology 16:88-113.
https://doi.org/10.1080/17435390.2022.2041756

Deloid G, Casella B, Pirela S, Filoramo R, Pyrgiotakis G, Demokritou P,
Kobzik L. 2016. Effects of engineered nanomaterial exposure on
macrophage innate immune function. Nanolmpact 2:70-81. https://
doi.org/10.1016/j.impact.2016.07.001

Fadeel B. 2012. Clear and present danger? engineered nanoparticles
and the immune system. Swiss Med Wkly 142:2526. https://doi.org/10.
4414/smw.2012.13609

Stankeviciaté M, Sauliuté G, Makaras T, Capukoitiené B, Vanseviciaté G,
Markovskaja S. 2022. Biomarker responses in perch (Perca fluviatilis)
under multiple stress: parasite co-infection and multicomponent metal
mixture exposure. Environ Res 207:112170. https://doi.org/10.1016/j.
envres.2021.112170

Du SNN, Choi JA, McCallum ES, McLean AR, Borowiec BG, Balshine S,
Scott GR. 2019. Metabolic implications of exposure to wastewater
effluent in bluegill sunfish. Comp Biochem Physiol C Toxicol Pharmacol
224:108562. https://doi.org/10.1016/j.cbpc.2019.108562

Johnston HJ, Verdon R, Gillies S, Brown DM, Fernandes TF, Henry TB,
Rossi AG, Tran L, Tucker C, Tyler CR, Stone V. 2018. Adoption of in vitro
systems and zebrafish embryos as alternative models for reducing
rodent use in assessments of immunological and oxidative stress
responses to nhanomaterials. Crit Rev Toxicol 48:252-271. https://doi.
org/10.1080/10408444.2017.1404965

Scheifler M, Sanchez-Brosseau S, Magnanou E, Desdevises Y. 2022.
Diversity and structure of sparids external microbiota (teleostei) and its
link with monogenean ectoparasites. Anim Microbiome 4:27. https://
doi.org/10.1186/s42523-022-00180-1

Zeng Y, Wu N, Madsen AM, Chen X, Gardiner AT, Koblizek M. 2020.
Gemmatimonas groenlandica SP. Nov. is an aerobic anoxygenic
phototroph in the phylum gemmatimonadetes. Front Microbiol
11:606612. https://doi.org/10.3389/fmicb.2020.606612

Lai KP, Lin X, Tam N, Ho JCH, Wong M-S, Gu J, Chan TF, Tse WKF. 2020.
Osmotic stress induces gut microbiota community shift in fish. Environ
Microbiol 22:3784-3802. https://doi.org/10.1111/1462-2920.15150
Sylvain F-E, Bouslama S, Holland A, Leroux N, Mercier P-L, Val AL,
Derome N. 2023. Bacterioplankton communities in dissolved organic
carbon-rich amazonian black water. Microbiol Spectr 11:¢0479322.
https://doi.org/10.1128/spectrum.04793-22

Sylvain F-E, Leroux N, Normandeau E, Custodio J, Mercier P-L, Bouslama
S, Holland A, Barroso D, Val AL, Derome N. 2022. Fish-microbe systems
in the hostile but highly biodiverse amazonian blackwaters. Ecology.
https://doi.org/10.1101/2022.10.22.513327

Rautio M, Lapeyre J, Ayala Borda P, Grosbois G, Harris LN, Malley BK,
Blackburn-Desbiens P, Moore J-S. 2022. Size and Bathymetry of Greiner
Lake and other large lakes in its watershed, Nunavut. NordicanaD 106.
https://doi.org/10.5885/45795CE-9776 DFA4E6364D05

Clinton M, Wyness AJ, Martin SAM, Brierley AS, Ferrier DEK. 2021.
Sampling the fish gill microbiome: a comparison of tissue biopsies and
swabs. BMC Microbiol. 21:313. https://doi.org/10.1186/512866-021-
02374-0

Camacho-Sanchez M, Burraco P, Gomez-Mestre |, Leonard JA. 2013.
Preservation of RNA and DNA from mammal samples under field

Issue 3

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Microbiology Spectrum

conditions. Mol Ecol Resour 13:663-673. https://doi.org/10.1111/1755-
0998.12108

Menke S, Gillingham MAF, Wilhelm K, Sommer S. 2017. Home-made
cost effective preservation buffer is a better alternative to commercial
preservation methods for microbiome research. Front Microbiol 8:102.
https://doi.org/10.3389/fmicb.2017.00102

Froese R. 2006. Cube law, condition factor and weight-length
relationships: history, meta-analysis and recommendations. J Appl
Ichthyol 22:241-253. https://doi.org/10.1111/j.1439-0426.2006.00805.x
Fox J, Weisberg S. 2019. An R companion to applied regression. 3rd ed.
Sage, Thousand Oaks CA.

R Core Team. 2021. R: A language and environment for statistical
computing. R foundation for statistical computing Vienna, Austria.
Available from: https://www.R-project.org

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
2016. DADA2: high-resolution sample inference from Illumina
Amplicon data. Nat Methods 13:581-583. https://doi.org/10.1038/
nmeth.3869

Gauthier J, Lavoie C, Charette SJ, Derome N. 2019. Host-microbiota
interactions and their importance in promoting growth and resistance
to opportunistic diseases in salmonids, p 21-50. In Derome N (ed),
Microbial communities in aquaculture ecosystems: improving
productivity and sustainability. Springer, Cham.

Edgar R. 2018. Taxonomy annotation and guide tree errors in 16S rRNA
databases. Peer] 6:25030. https://doi.org/10.7717/peerj.5030

McMurdie PJ, Holmes S, Watson M. 2013. Phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome census
data. PLoS One 8:61217. https://doi.org/10.1371/journal.pone.
0061217

Grosbois G, Power M, Evans M, Koehler G, Rautio M. 2022. Content,
composition, and transfer of polyunsaturated fatty acids in an Arctic
lake food web. Ecosphere 13. https://doi.org/10.1002/ecs2.3881

ESRI. 2011. Arcgis desktop: releaser 10. Environmental Systems
Research Institute.

Assis J, Tyberghein L, Bosch S, Verbruggen H, Serrdo EA, De Clerck O.
2018. Bio-ORACLE V2.0: extending marine data layers for bioclimatic
modelling. Global Ecol Biogeogr 27:277-284. https://doi.org/10.1111/
geb.12693

Sbrocco EJ, Barber PH. 2013. MARSPEC: ocean climate layers for marine
spatial ecology. Ecology 94:979-979. https://doi.org/10.1890/12-1358.1
Fick SE, Hijmans RJ. 2017. WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Intl J Climatol 37:4302-4315.
https://doi.org/10.1002/joc.5086

Dallaire X, Normandeau E, Mainguy J, Tremblay J-E, Bernatchez L,
Moore J-S. 2020. Population structure and genomic evidence for local
adaptation to freshwater and marine environments in anadromous
Arctic char ( Salvelinus Alpinus ) throughout Nunavik, Québec, Canada.
Genomics. https://doi.org/10.1101/2020.04.29.066449

Wickham H. 2016. Ggplot2: elegant graphics for data analysis. Springer-
Verlag, Cham.

R Studio Team2020. Rstudio: integrated development for R. R Studio,
PBC, Boston, MA.

Arndt D, Xia J, Liu Y, Zhou Y, Guo AC, Cruz JA, Sinelnikov I, Budwill K,
Nesbg CL, Wishart DS. 2012. Metagenassist: a comprehensive web
server for comparative metagenomics. Nucleic Acids Res 40:W88-95.
https://doi.org/10.1093/nar/gks497

Pielou EC. 1966. The measurement of diversity in different types of
biological collections. J Theor Biol 13:131-144. https://doi.org/10.1016/
0022-5193(66)90013-0

Colwell RK, Coddington JA. 1994. Estimating terrestrial biodiversity
through extrapolation. Philos Trans R Soc Lond B Biol Sci 345:101-118.
https://doi.org/10.1098/rstb.1994.0091

Saitou N, Nei M. 1987. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol 4:406-425. https://doi.
org/10.1093/oxfordjournals.molbev.a040454

Faith DP. 1992. Conservation evaluation and phylogenetic diversity.
Biol Conserv 61:1-10. https://doi.org/10.1016/0006-3207(92)91201-3
Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin P, O*Hara R,
Simpson G, Solymos P, StevenesM, Wagner H. 2020. Vegan: community
ecology package. R package version 2. 5-7.

Anderson MJ, Walsh DCI. 2013. PERMANOVA, ANOSIM, and the mantel
test in the face of heterogeneous dispersions: what null hypothesis are
you testing Ecological Monographs 83:557-574. https://doi.org/10.
1890/12-2010.1

10.1128/spectrum.02943-2325


https://doi.org/10.1128/AEM.07096-11
https://doi.org/10.1016/j.dit.2013.03.003
https://doi.org/10.1007/s00248-002-1011-6
https://doi.org/10.1038/s41598-017-13249-8
https://doi.org/10.1080/17435390.2022.2041756
https://doi.org/10.1016/j.impact.2016.07.001
https://doi.org/10.4414/smw.2012.13609
https://doi.org/10.1016/j.envres.2021.112170
https://doi.org/10.1016/j.cbpc.2019.108562
https://doi.org/10.1080/10408444.2017.1404965
https://doi.org/10.1186/s42523-022-00180-1
https://doi.org/10.3389/fmicb.2020.606612
https://doi.org/10.1111/1462-2920.15150
https://doi.org/10.1128/spectrum.04793-22
https://doi.org/10.1101/2022.10.22.513327
https://doi.org/10.5885/45795CE-9776DFA4E6364D05
https://doi.org/10.1186/s12866-021-02374-0
https://doi.org/10.1111/1755-0998.12108
https://doi.org/10.3389/fmicb.2017.00102
https://doi.org/10.1111/j.1439-0426.2006.00805.x
https://www.R-project.org
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.7717/peerj.5030
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1002/ecs2.3881
https://doi.org/10.1111/geb.12693
https://doi.org/10.1890/12-1358.1
https://doi.org/10.1002/joc.5086
https://doi.org/10.1101/2020.04.29.066449
https://doi.org/10.1093/nar/gks497
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.1098/rstb.1994.0091
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1016/0006-3207(92)91201-3
https://doi.org/10.1890/12-2010.1
https://doi.org/10.1128/spectrum.02943-23

Research Article

178.

179.

180.

181.
182.

183.

March 2024 Volume 12

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francois R,
Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen T, Miller E,
Bache S, Mdller K, Ooms J, Robinson D, Seidel D, Spinu V, Takahashi K,
Vaughan D, Wilke C, Woo K, Yutani H. 2019. Welcome to the tidyverse.
JOSS 4:1686. https://doi.org/10.21105/j0ss.01686

Dufrene M, Legendre P. 1997. Species assemblages and indicator
species: the need for a flexible asymmetrical approach. Ecological
Monographs 67:345. https://doi.org/10.2307/2963459

Céceres MD, Legendre P. 2009. Associations between species and
groups of sites: indices and statistical inference. Ecology 90:3566-3574.
https://doi.org/10.1890/08-1823.1

Harrell FE. 2022. Hmisc: harrell miscellaneous. R package version 4:5.
Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J R Stat Soc: Series
B (Methodol) 57:289-300. https://doi.org/10.1111/j.2517-6161.1995.
tb02031.x

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. 2003. Cytoscape: a software environment for

Issue 3

184.

185.

186.

187.

Microbiology Spectrum

integrated models of biomolecular interaction networks. Genome Res
13:2498-2504. https://doi.org/10.1101/gr.1239303

Ebadi A, Dalboni da Rocha JL, Nagaraju DB, Tovar-Moll F, Bramati |,
Coutinho G, Sitaram R, Rashidi P. 2017. Ensemble classification of
alzheimer’s disease and mild cognitive impairment based on complex
graph measures from diffusion tensor images. Front Neurosci 11:56.
https://doi.org/10.3389/fnins.2017.00056

Berry D, Widder S. 2014. Deciphering microbial interactions and
detecting keystone species with co-occurrence networks. Front
Microbiol 5:219. https://doi.org/10.3389/fmicb.2014.00219

Wasserman S, Faust K. 1994. Social network analysis. In Social network
analysis: methods and applications. Cambridge University Press.
Wehmuth K, Ziviani A. 2013. DACCER: distributed assessment of the
closeness centrality ranking in complex networks. Computer Networks
57:2536-2548. https://doi.org/10.1016/j.comnet.2013.05.001

10.1128/spectrum.02943-2326


https://doi.org/10.21105/joss.01686
https://doi.org/10.2307/2963459
https://doi.org/10.1890/08-1823.1
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1101/gr.1239303
https://doi.org/10.3389/fnins.2017.00056
https://doi.org/10.3389/fmicb.2014.00219
https://doi.org/10.1016/j.comnet.2013.05.001
https://doi.org/10.1128/spectrum.02943-23

	Characterization of gill bacterial microbiota in wild Arctic char (Salvelinus alpinus) across lakes, rivers, and bays in the Canadian Arctic ecosystems
	RESULTS
	Differential relative bacterial activity between the five different sites
	Alpha diversity
	Geographical influence on Arctic char gills microbiota
	Environmental influence on Arctic char gills microbiota
	Different bacteria associated with the different sites
	Different dynamics in interaction networks

	DISCUSSION
	Arctic char gill bacterial microbiota activity
	Biogeographical influence on Arctic char gill microbiota
	Latitude and air temperature influences in Arctic char gill microbiota
	Different bacterial network dynamics and potential dysbiosis
	Conclusion

	MATERIALS AND METHODS
	Fish sampling
	16S rRNA gene library construction
	Bioinformatics
	Environmental data
	Statistics



