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A B S T R A C T   

In July 2016, a Husky Energy pipeline spilled 225,000 L of diluted heavy crude oil, with a portion of the oil 
entering the North Saskatchewan River near Maidstone, SK, Canada. This event provided a unique opportunity to 
assess potential effects of a crude oil constituent (namely polycyclic aromatic hydrocarbons, PAHs) on a possible 
sensitive indicator of freshwater ecosystem health, the gut microbiota of native fishes. In summer 2017, goldeye 
(Hiodon alosoides), walleye (Sander vitreus), northern pike (Esox lucius), and shorthead redhorse (Moxostoma 
macrolepidotum) were collected at six locations upstream and downstream of the spill. Muscle and bile were 
collected from individual fish for quantification of PAHs and intestinal contents were collected for character-
ization of the microbial community of the gut. Results suggested that host species is a significant determinant of 
gut microbiota, with significant differences among the species across sites. Concentrations of PAHs in dorsal 
muscle were significantly correlated with gut community compositions of walleye, but not of the other fishes. 
Concentrations of PAHs in muscle were also correlated with abundances of several families of bacteria among 
fishes. This study represents one of the first to investigate the response of the gut microbiome of wild fishes to 
chemical stressors.   

1. Introduction 

There has been increasing interest in the potential effects of mining 
and transporting of heavy, crude oil from northeastern Alberta, Canada 
on ecologically and culturally important fishes (Bari et al., 2016). While 
oil spills in marine environments, such as Deepwater Horizon or Exxon 
Valdez, garner attention, the majority of spills occur in inland envi-
ronments (Yoshioka and Carpenter, 2002) for which studies of fresh-
water ecosystems are sparse (Dew et al., 2015). Due to its density, heavy 
crude oil can rapidly sink and become deposited in sediments, where it 
can accumulate and interact with biota (Fitzpatrick et al., 2015). 
Sulfur-containing and heavier molecular weight polycyclic aromatic 
hydrocarbons (PAHs), can remain in freshwater ecosystems for years 
after a spill (Yang et al., 2020), where they can cause ongoing ecotoxi-
cological effects on native fishes (Milani et al., 2017). 

Previous studies on effects of oil spills have focused on effects on 

marine fishes (Barron, 2012; Beyer et al., 2016; Danion et al., 2011). 
After an oil spill, fish are exposed via ingestion of prey or sediment, 
ventilation of water over gills, or through dermal absorption (Douben, 
2003; Nichols et al., 1996). Exposure to greater concentrations of PAHs, 
such as naphthalene, benzo[a]pyrene, and pyrene that would be found 
in crude oil, can cause multiple sub-lethal effects on fish, including DNA 
damage, cardiotoxicity, immunosuppression, reduced reproductive ca-
pacity and neoplasms in the liver (Brown-Peterson et al., 2017; Hicken 
et al., 2011; Tuvikene, 1995). In laboratory studies, exposure to PAHs 
can also alter the composition of gut microbial communities in fishes 
(Bayha et al., 2017;DeBofsky et al., 2020b). Few studies, however, have 
investigated links between actual spilled oil and gut microbiomes of 
fishes. To date, the only studies published have used saltwater species in 
laboratory settings (Bagi et al., 2018; Bayha et al., 2017; Brown-Peterson 
et al., 2017). 

Gut microbiomes of wild fishes could become a key part of 
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ecotoxicological assessments, since their activities in hosts are crucial 
for regulating a number of functions, including modulating immunity 
(Rolig et al., 2015) and regulating the intestinal barrier (Pérez et al., 
2010). Perturbation of the gut microbiome is associated with various 
deleterious effects, such as immune dysfunction (Steinmeyer et al., 
2015) and behavioral abnormalities (Lyte, 2013). Because several 
environmental chemical compounds, including PAHs, can disturb the 
gut microbiome, the gut microbiome can be an indicator of environ-
mental stress (i.e. Adamovsky et al., 2018; Bayha et al., 2017; Lloyd 
et al., 2016). To fully incorporate the microbiome into ecotoxicological 
assessments, more information is needed on the diversity of microor-
ganisms in guts across host species, as well as dysbiosis resulting from 
exposure to toxicants. 

On July 21, 2016, approximately 225 m3 of heavy, crude oil spilled 
from the Husky Energy 16 TAN pipeline approximately 75 km upstream 
of Paynton Ferry, Saskatchewan, Canada and 160 m inland from the 
bank of the North Saskatchewan River. Approximately 40 % of the 
spilled oil entered the North Saskatchewan River, and by the end of 
September, Husky Energy Inc. estimated more than 80 % of the total 
spilled crude had been recovered (Yang et al., 2020). The spilled ma-
terial contained 88 % heavy crude and 12 % condensate, with 10 % 
resins, 13 % asphaltenes, 35 % aromatics, and 42 % saturates (Yang 
et al., 2020). With the oil spill came an opportunity to determine effects 
of the crude oil on the gut microbiomes of native fishes. 

The overall objective was to characterize microbiomes of common 
large-bodied fishes in the river and assess if microbiomes differed along 
a gradient of exposure to spilled oil. We hypothesized that gut micro-
biomes would have altered biodiversity and community composition in 
response to PAH exposure. Specific objectives were to: 1) Compare the 
gut microbial communities of walleye (Sander vitreus), northern pike 
(Esox lucius), goldeye (Hiodon alosoides) and shorthead redhorse (Mox-
ostoma macrolepidotum); 2) Measure concentrations of transformation 
products of PAHs in bile and PAHs in muscle that might be indicative of 
exposure to the spilled oil; and 3) Assess effects of the oil spill on the gut 
microbiomes of those native fishes by correlating the microbial com-
munities and abundance of specific taxa to measured PAH concentra-
tions at upstream and downstream sites. 

2. Methods 

2.1. Sample collection 

Fishes were collected in August 2017, when flow rates were safe to 
enter the river, by use of gill nets (4.25 in. mesh and index nets with 
multiple mesh sizes) set overnight. Each morning, all target species of 
fish were removed from nets and placed on ice for transportation to the 
field laboratory. For this study, species collected were walleye, goldeye, 
northern pike, and shorthead redhorse. Fish were collected at sites in 

Saskatchewan, Canada on the North Saskatchewan River upstream and 
downstream of the Husky oil spill (Fig. 1; SI Table S1). Upstream sites 
included areas near Highway 17 (50 km upstream) and Highway 3 (20 
km upstream). Downstream sites included the point of entry (<1 km 
below the spill), an area near Highway 21 (20 km downstream), and 
Paynton Ferry (75 km downstream). A far-field downstream reference 
site was also included in the Mossy River Delta near Cumberland House 
(>600 km downstream). The two upstream sites were combined, as 
were all downstream sites; the far-field reference site was analyzed 
separately. Sites were combined to ensure an adequate sample size to 
conduct the appropriate analyses. 

Once the fish were brought to the field laboratory, length and mass of 
each fish were measured and each fish was examined for external ab-
normalities, including lesions or evidence of infection. External and 
internal evaluations were compatible with Canada’s environmental ef-
fects monitoring procedures (Environment Canada, 2010). To avoid 
contamination of the intestines with any extraneous bacteria, prior to 
dissection, fish were wiped with 70 % ethanol. An internal examination 
was then performed, followed by dissection of internal organs. For 
microbiome analyses, lower portions of intestines were removed by 
gently emptying the contents into 15-mL, conical, centrifuge tubes using 
sterile forceps. Gut contents were placed on ice until long-term storage 
at -20 ◦C. For characterization of products of biotransformation of PAHs 
(PBPAHs), gallbladders were then removed and immediately placed into 
liquid nitrogen until long-term storage at -80 ◦C. Finally, for quantifi-
cation of PAHs in dorsal muscle, a representative fillet of approximately 
20 g was collected from the mid-body dorsal area and placed on ice until 
long-term storage at -20 ◦C. All procedures involving fishes followed the 
animal use protocol (#20160046) approved by the Animal Research 
Ethics Board at the University of Saskatchewan, and all measurements 
were done on individuals rather than pooled samples. 

2.2. Quantification of PBPAHs in bile and PAHs in muscle tissue 

Quantification of PBPAHs in bile was analyzed using synchronous 
fluorescence spectroscopy (SFS) as described previously (Ohiozebau 
et al., 2016). Briefly, quantification was calibrated with a seven-point, 
external calibration curve of pure standards (AccuStandard, New 
Haven, CT) of anthracene (4,000 ng/mL), chrysene (2,000 ng/mL), 
benzo[a]pyrene (150 ng/mL), and naphthalene (6,000 ng/mL). Cali-
bration standards were measured concurrently with the samples. Sam-
ples containing 10 μL of bile were diluted with 1,000 μL of 50 % 
methanol/H2O (v/v). To remove particulates, samples were centrifuged 
at 10,000 x g for 15 min. PBPAHs contain similar structure of fused 
benzene rings as their parent compounds which have characteristic SFS 
for identification, and differential fluorometric properties of ring 
structures can be optimized for semiquantitative measurements of 
PBPAHs (Ohiozebau et al., 2016). Fluorescence of samples and 

Fig. 1. Sampling sites along the North Saskatchewan River in Saskatchewan, Canada. Green points indicate the two upstream sites, Highway 17 and Highway 3. The 
purple point is the Point of Entry. The two red points are two downstream sites, Highway 21 and Paynton Ferry. The blue point is the far-field reference site, Mossy 
River Delta. 
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standards was detected at 290/335 nm for two- and three-ring, 341/383 
nm for four-ring, and 380/430 nm for five-ring PBPAHs. SFS of super-
natant PBPAHs was measured in a quartz cuvette with a Lumina fluo-
rescence spectrometer (Thermo Fisher Scientific, Waltham, MA). 

Quantification of PAHs in muscle tissue was accomplished by use of 
previously described methods (Ohiozebau et al., 2017). Briefly, fish 
muscle tissues were homogenized and dried with Na2SO4. A Soxhlet 
apparatus was used for extraction with approximately 15 g wet mass of 
tissue with 250 mL dichloromethane (DCM). Prior to extraction, 
deuterated PAHs (naphthalene-d8, acenaphthene-d10, fluorene-d10, 
phenanthrene-d10, anthracene-d10, fluoranthene-d10, pyrene-d10, benz 
[a]anthracene-d12, chrysened12, benzo[b]fluoranthene-d12, benzo[k] 
fluoranthened12, benzo[a]pyrene-d12, indeno[1,2,3-c,d]pyrene-d12, 
benzo[g,h,i]perylene-d12, dibenz[a,h]anthracene-d14 and dibenzo[a,i] 
pyrene-d14) were added as surrogate standards to estimate recovery 
ratio. The extract was concentrated to approximately 1− 2 ml by rotary 
evaporation, and cleaned up with a mix-bed silica column (1 g un-
modified silica, 2 g basic silica, 1 g silica, 4 g acid-silica and 2 g of 
anhydrous sodium sulfate added sequentially from bottom to top in a 
glass column). PAHs were eluted with 150 mL of hexane/dichloro-
methane (1:1), and concentrated to 1 mL by rotary evaporation, and 0.1 
mL of nonane containing deuterated PAH internal standards (acenaph-
thylene-d8, p-terphenyl-d14, benzo[e]pyrene-d12) was then added to the 
extract before final concentration to 0.1 mL under a gentle stream of 
nitrogen. Quantification of PAHs was conducted with an Agilent (Agi-
lent, Palo Alto, CA) gas chromatograph (GC) and HP 5975 series mass 
selective detector. 

2.3. 16S rRNA metagenetics and bioinformatics 

Prior to extraction of DNA, gut contents of fishes were freeze-dried 
and thoroughly homogenized. DNA was extracted from a 0.2 g aliquot 
of gut contents by use of the DNeasy PowerSoil Kit (Qiagen Inc., Mis-
sissauga, ON). PCR amplification of the 16S rRNA V3-V4 region, con-
struction of a sequencing library, sequencing using a 2 × 300 base pair 
paired-end kit on a MiSeq (Illumina, San Diego, CA), and bioinformatics 
were performed as described previously (DeBofsky et al., 2020b). 

On average, 88 % of demultiplexed reads survived through the data 
cleaning process, and 95 % of the cleaned reads could be aligned to 
bacteria, using the SILVA v. 132 reference database (Quast et al., 2013). 
A table of the number of reads per sample pre- and post-cleaning can be 
found in SI Table S2. To avoid biases introduced by different sequencing 
depths, the feature table was rarefied at 7,220 sequences per sample (SI 
Fig. S1). Alpha- (Shannon diversity, evenness, and number of observed 
amplicon sequence variants (ASVs)) and beta-diversities (Bray-Curtis 
dissimilarity) were calculated by use of QIIME2 (Bolyen et al., 2019) and 
with the phyloseq package v. 1.30.0 (McMurdie and Holmes, 2013) in R 
v. 3.6.1 (R Core Team, 2013). Data can be accessed at: https://dx.doi. 
org/10.20383/101.0255 

2.4. Statistics 

All statistics were performed in R. All bile metabolites were summed 
and reported as PBPAHs, and PAHs in muscle were summed and re-
ported as a total concentration of PAH value. Concentrations among 
sites were compared by use of the Kruskal Wallis test, followed by 
Dunn’s test of multiple comparisons due to assumptions of normality 
and equality of variance not being met. Condition factor was calculated 
(Eq. 1). 

Condition Factor (K) =
Mass (g)

Standard Length (mm)
3 × 100 (1) 

Condition factor can be interpreted as an indicator of fish health 
(Bolger and Connolly, 1989), but because this study represents a subset 
of all fishes collected for fish health assessment and less than the 

required sample sizes for biometric comparisons in environmental 
monitoring (Environment Canada, 2010), it was only used to describe 
the ordination of the microbiome data. Alpha-diversities were analyzed 
by use of nested ANOVA, with sampling location nested within species. 
The number of observed ASVs were log10-transformed prior to analysis 
to achieve normality and homogeneity of variance. To ascertain any 
associations between alpha-diversity and concentrations of PBPAHs or 
PAHs, a linear regression was fitted to each of the alpha-diversity indices 
and the sum concentration of PBPAHs or PAHs. 

Differentially abundant bacterial taxa were identified by use of an 
ANOVA-Like Differential Expression tool (ALDEx2) v 1.18.0 (Fernandes 
et al., 2014, 2013; Gloor et al., 2016), which transformed data by use of 
Aitchison’s centered, log-ratio (CLR). A Kruskal Wallis test was then 
performed on CLR-transformed taxa, followed by a Dunn’s test to 
ascertain differences among fishes. Furthermore, to determine which 
taxa could be considered to be indicators for each of the fishes, based on 
their abundance, the indicspecies v. 1.7.9 package (De Cáceres and 
Legendre, 2009) was used. To determine which taxa were significantly 
correlated with concentrations of PAHs or PBPAHs, in muscle or bile, 
respectively, a Spearman regression with CLR-transformed taxa was 
calculated. 

Differences in compositions of microbial communities of guts among 
species were analyzed by use of the phyloseq package (McMurdie and 
Holmes, 2013), with the feature table and rooted tree generated in 
QIIME2. Principal coordinate analysis (PCoA) plots were generated with 
log-transformed Bray-Curtis dissimilarities by use of an agglomerated 
feature table to combine taxa of the same genus to reduce complexity of 
ordination. Community differences, using Bray-Curtis dissimilarities, 
were first assessed by use of an ANOVA of the dispersion of dissimilar-
ities by use of the betadisper function in vegan (Oksanen et al., 2019). 
Overall community differences were then calculated by use of adonis2 
(Oksanen et al., 2019), and the pairwise.adonis2 function with a Bon-
ferroni p-value adjustment (Martinez Arbizu, 2019). A Constrained 
Analysis of Principal Coordinates (CAP) was conducted using the cap-
scale function in vegan to ordinate the condition factor and PAH data, 
and view the clusters of samples, relative to location. Significant factors 
contributing to the ordination were assessed using an ANOVA. Effects of 
PAHs on northern pike were not analyzed because only two samples 
were from a site other than the far-field reference site. 

3. Results 

3.1. Gut microbiomes of native fishes from the North Saskatchewan River 

Native, wild-caught fishes hosted distinct profiles of gut micro-
biomes (SI Fig. S2). A total of 32,804 ASVs were revealed among 78 
samples. However, after removing non-bacterial taxa and bacteria 
without further classification, as well as chloroplasts and mitochondria, 
16,333 ASVs in 40 phyla remained. Fish of different species shared a 
non-negligible portion of their gut microbiomes. Among all fishes, pre-
dominant phyla were Firmicutes and Proteobacteria (Fig. 2A). In the 
microbiome of walleye, predominant phyla were (mean ± standard 
error): Firmicutes (39 % ± 6 %), Proteobacteria (21 % ± 5 %), and Ten-
ericutes (15 % ± 5 %) across 22 phyla. Predominant phyla in goldeye 
were Firmicutes (50 % ± 8 %), Proteobacteria (32 % ± 7 %), and Fuso-
bacteria (6 % ± 5 %) across 28 phyla. In northern pike, predominant 
phyla were Proteobacteria (66 % ± 9%), Fusobacteria (19 % ± 7 %), and 
Firmicutes (11 % ± 4 %) across 8 phyla. In shorthead redhorse, the 
dominant phyla were Firmicutes (56 % ± 7 %), Proteobacteria (18 % ± 5 
%), and Actinobacteria (10 % ± 4 %) across 22 phyla. 

In total, 23 genera were shared among the four fishes; this represents 
3.5 % of all genera observed (Fig. 2B; SI Table S3). Among the four 
fishes, three genera were observed exclusively in northern pike, which 
represented 0.5 % of all genera found across species. Overall, 199, 134, 
and 60 genera were found exclusively in goldeye, shorthead redhorse, 
and walleye, respectively, representing 30 %, 20.2 %, and 9% of the 
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total genera observed among species. Northern pike had the least 
percent of genera observed at 5.8 % of the total among the four fishes 
studied, followed by walleye (40.2 %), shorthead redhorse (55 %), and 
goldeye (62.2 %). 

Species diversity of the microbiome was dependent upon the identity 
of the host fish species, with alpha-diversity indices varying among 
fishes. While Shannon diversity did not differ among species, evenness 

and the number of observed ASVs did (Nested ANOVA: Evenness F =
3.7, p = 0.02; Observed ASVs F = 6.2, p < 0.001). Shorthead redhorse 
had a greater Shannon diversity index than did other species, but the 
results were not significant (Fig. 2C). Northern pike had significantly 
greater evenness values than goldeye (p = 0.013) and walleye (p =
0.023) (Fig. 2D). Shorthead redhorse had significantly more observed 
ASVs than northern pike (p = 0.001) and walleye (p = 0.009), as well as 

Fig. 2. Native, wild-caught fishes from North Saskatchewan River hosted distinct profiles of gut microbiomes (N = 27 for goldeye, N = 10 for northern pike, N = 21 
for shorthead redhorse, and N = 35 for walleye). (A) Ten most numerous phyla found in the guts of goldeye, northern pike, shorthead redhorse, and walleye. (B) Venn 
diagram of number of overlapping genera in goldeye, northern pike, walleye, and shorthead redhorse, shown in gold, green, blue, and red, respectively. The number 
of shared genera among fish species are shown above the relative percent of those genera found across all species. (C) Shannon diversity index (D) Evenness, and (E) 
Number of observed ASVs of goldeye, northern pike, short head redhorse, and walleye. Letters denote statistical significance (p < 0.05). (F) PCoA of log-transformed 
Bray-Curtis dissimilarities for goldeye, northern pike, shorthead redhorse, and walleye. Colors indicate different species. (G) Heat map of the indicator genera and 
relative abundance in each species of fish. Legend denotes scaled relative abundances of the various taxa, with blues indicating lesser abundances, and reds denoting 
greater abundance. 
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marginally more ASVs than goldeye (p = 0.091) (Fig. 2E). 
Dispersions of beta-diversities were significantly different among 

fishes (ANOVA: F = 11.5, p < 0.001), with all fishes having dispersion 
patterns that were significantly different from each other (p < 0.05), 
except for walleye and shorthead redhorse, which had similar dispersion 
patterns (Fig. 2F). Northern pike had significantly less dispersion in their 
community compositions than did goldeye (p < 0.001), walleye (p =
0.002), and shorthead redhorse (p = 0.001). Goldeye had significantly 
greater dispersion than walleye (p = 0.015) and shorthead redhorse (p =
0.055). Beta-diversities were also significantly different among fish 
species (adonis: F = 5.6, p = 0.001; Fig. 2F). All pairwise comparisons 
were significantly different (p < 0.05). Indicator genera were identified 
for each of the different fish species; 16 were identified for goldeye, five 
for northern pike, 62 for shorthead redhorse, and one for walleye 
(Fig. 2G). 

3.2. Concentrations of PAHs and PBPAHs in fishes in the North 
Saskatchewan River 

Concentrations of PAHs in native fishes were highly variable among 
individuals within species, ranging from a minimum of 9.3 ng/g to a 
maximum of 392.9 ng/g, and there were no consistent differences 
among species. Overall, concentrations were greater downstream of the 
Husky oil spill relative to upstream and far-field sites (Fig. 3A). In 
walleye, sites were significantly different (F = 5.6, p = 0.015), with 
concentrations higher downstream compared to both the upstream sites 
(p = 0.043) and the far-field site (p = 0.031). Concentrations of PAHs in 
goldeye and shorthead redhorse were not significantly different among 
sites, and northern pike did not have a large enough sample size to draw 
a conclusion. Concentrations of PBPAHs (mean ± standard deviation) 
tended to be greatest in shorthead redhorse (50,942.1 ± 41,122.5 ng/g), 
followed by goldeye (46,946.42 ± 13,082.5) and walleye (46,080.95 ±
16,682.3), and least in northern pike (34,197.4 ± 40,11.6 ng/g), but did 
not differ greatly among sites (Fig. 3B). The only significant differences 
among upstream, downstream, and the far-field site for PBPAHs were for 
northern pike, which had significantly greater concentrations at the 
downstream sites as compared to the far-field site (F = 48.22, p =
0.020). Although concentrations of PBPAHs were greater downstream 
than upstream for goldeye, the results were not statistically significant. 

3.3. Effects of the oil spill on gut microbiome of individual fish species 

Because of large variations of gut microbiomes between fishes, ef-
fects of exposure on each species of fish was analyzed independently. 
Greater concentrations of PAHs did not have a major effect on alpha- 
diversities of exposed fishes. While Shannon diversity and numbers of 
observed ASVs (SI Fig. S3) and Shannon diversity (SI Fig. S4) were 
generally inversely proportional to concentrations of PAHs in muscle of 
each species, the correlations were not significant. Concentrations of 
PBPAHs in bile were not correlated with any index of alpha-diversity in 
any fishes. 

Contributions to ordination of log-transformed Bray-Curtis dissimi-
larities were assessed with a CAP for each individual fish species, rela-
tive to location. No factors were significant for shorthead redhorse 
(Fig. 4A). The use of CAP (F = 1.6, p = 0.026) revealed that condition 
factor (p = 0.037), and to a lesser extent, total concentrations of PAHs in 
muscle (p = 0.080), were significant factors in the ordination for walleye 
(Fig. 4B). Goldeye were not analyzed because the sample size was too 
small at each site. 

Relative abundances of several families were correlated with greater 
concentrations of PAHs in muscle (Spearman correlation: p < 0.05; 
Fig. 4C). In shorthead redhorse, Hyphomicrobiaceae, Propionibacter-
iaceae, and Holosporaceae were all positively correlated with concen-
trations of PAHs. In walleye, Bacillaceae was negatively correlated with 
PAH concentrations, while Verrucomicrobiaceae, Desulfovibrionaceae, 
uncultured Chitinophagales, Holosporaceae, and Shewanellaceae were all 
positively correlated with concentrations of PAHs. Only Peptos-
treptococcaceae were positively correlated with concentrations of PAHs 
in goldeye. No statistically significant correlations were observed be-
tween relative abundances of families and PBPAH concentrations in any 
fish species. 

4. Discussion 

The oil spill on the North Saskatchewan River provided a unique 
opportunity to study the gut microbiomes of native fishes that are 
economically and culturally important, as well as potential effects of the 
oil spill on the microbiome of those fishes. Measured concentrations of 
PAHs in muscle of fishes suggests continued exposure to some constit-
uents of the spilled oil a year after the incident. Due to rapid metabolism 
of PAHs, concentrations of transformation products in bile are a better 
indicator of recent exposures (Ohiozebau et al., 2016), but PAHs can 

Fig. 3. Mean of (A) sum PAH concentrations (ng/g) from muscle tissue and (B) PBPAH concentrations (ng/g) from bile of fish collected upstream and downstream of 
the oil spill, in addition to the far-field reference site, in each of the species collected. Error bars are standard error of the mean. Letters denote statistical differences (p 
< 0.05). 
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accumulate in muscle and represent an exposure from the past (Ohio-
zebau et al., 2017). Concentrations of PBPAHs were relatively similar 
across sites, potentially indicating a source of PAHs other than the oil 
spill. Additionally, the scattered pattern might be due to the passage of 
time between the oil spill and when these fish were collected (Yang 
et al., 2020). 

Fishes, the most diverse group of vertebrates (Vogel, 1998), host 
varied gut microbiomes. At the phylum level, dominance of Firmicutes 
and Proteobacteria among the four fishes, as well as dominance of 
Fusobacteria in goldeye and northern pike is consistent with previously 
reportedly dominant phyla of most fish species studied to date (DeBof-
sky et al, b; Liu et al., 2016; Tarnecki et al., 2017). Dominance of Ten-
ericutes in walleye and Actinobacteria in shorthead redhorse, while they 
are less commonly reported in literature, are still phyla found in 
microbiomes of fishes such as king mackerels (Scomberomorus cavalla) 
and red snappers (Lutjanus campechanus) (Arias et al., 2013; Givens 
et al., 2015; Sullam et al., 2012). However, a “core” vertebrate micro-
biome was suggested to be dominated by limited phyla, for instance, 
Bacteroidetes, Proteobacteria and Firmicutes (Colston and Jackson, 2016). 

Identity of the host species was the dominant driver in shaping the 
gut microbiome of fish. While most studies on the gut microbiome of fish 
investigate a single species of cultivated fish, this study provided a 
perspective on gut microbiomes of several fishes of various natural 
histories with different feeding patterns from a natural setting. Observed 
variation in alpha-diversities and beta-diversities among species was 
expected given differences in host genetics, host physiology, life history 
and feeding preferences (Amato et al., 2019; Liu et al., 2016; Youngblut 
et al., 2019). Clustering of indicator taxa also showed that northern pike 

and walleye shared a number of taxa (Fig. 2G), which is consistent with 
their similar diets, whereas goldeye and shorthead redhorse clustered 
separately, which suggested that diet is a strong factor in determining 
compositions of microbiomes. However, clustering of gut microbiome 
(Fig. 2E) does not align with the phylogenetics pattern of these fishes, 
since while walleye and northern pike are most phylogenetically related, 
goldeye is the least phylogenetically related one, not shorthead redhorse 
(http://phylot.biobyte.de/). 

The biodiversity of gut microbiome is shaped by fish feeding patterns 
and preferences regardless of host genetics. Species richness of the gut 
microbiome is greater in omnivorous than carnivorous fishes (Liu et al., 
2016; Youngblut et al., 2019). Within the four fishes, shorthead redhorse 
had the greatest number of observed ASVs, while northern pike, with the 
least diverse diet, had the least number of observed ASVs (Fig. 2E). As 
bottom feeding omnivores, shorthead redhorse have the most varied 
diets, consuming primarily benthic invertebrates and bivalves, but also 
consuming sediment and detritus due to their strategy for feeding (Sule 
and Skelly, 1985). Northern pike are specialist piscivores that occa-
sionally eat insects and are often found with empty stomachs (Beaudoin 
et al., 1999). Walleye are carnivorous, with a more varied diet, 
consuming fish, insects, snails and crayfish (Scott and Crossman, 1979). 
Goldeye are also opportunistic carnivores with a diet that includes in-
sects, mollusks, crustaceans, and small fishes (Donald and Kooyman, 
1977). Conversely, due to the limited diet, northern pike had a more 
even profile (Ma, 2005) of microbial communities than did goldeye or 
walleye. Dispersion of community compositions among fishes was also 
related to diets of these fish. Northern pike had the least dispersion, 
reflecting similarities in feeding patterns of all the analyzed fish. 

Fig. 4. Cumulative Abundance Profile (CAP) of genera found in the microbiome of (A) walleye and (B) shorthead redhorse at each sampling site. For walleye, 
condition factor (CF) was a significant factor constraining the ordination (p = 0.04), while concentration of sum PAHs in muscle of fishes was less significant (p =
0.08). No factors were significant for shorthead redhorse. (C) Families that significantly correlated (p < 0.05) with concentrations of PAHs in goldeye, shorthead 
redhorse, and walleye. 
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Effects of the oil spill on microbiomes of the exposed fishes were 
expected. The ability for an oil spill to alter relative compositions of 
bacterial communities has been observed in sediments and soils when 
they were exposed to petroleum hydrocarbons. Enrichment of 
hydrocarbon-degrading bacteria have been found in areas contaminated 
with oil spills (Xie et al., 2018; Yang et al., 2016). Significantly different 
community compositions were observed along with more 
hydrocarbon-degrading bacteria in the guts of southern flounder (Par-
alichthys lethostigma) exposed to oil from the Deepwater Horizon spill 
(Bayha et al., 2017; Brown-Peterson et al., 2017), while similar effects 
were observed in Atlantic cod (Gadus morhua) (Bagi et al., 2018). 
Exposure could differ depending on species characteristics including 
habitat and diet. Perhaps unsurprisingly, no consistent differences were 
observed in concentrations of PAHs in muscle among species, which was 
likely due to limited biomagnification of PAHs in fish muscle. Concen-
trations of PBPAHs in bile, however, were greatest in goldeye, inter-
mediate in walleye and least in northern pike. These observations are 
consistent with earlier investigations involving these species (Ohiozebau 
et al., 2016, 2017). 

Structures of gut microbiomes were correlated with concentrations 
of PAHs in muscle. With shorthead redhorse, upstream and downstream 
sites did cluster separately (Fig. 4A), but the large degree of overlap 
between the two groups suggests that PAH concentration and condition 
factor are not strong factors driving community composition in this 
species of fish. In walleye, microbiomes from upstream, downstream, 
and far-field sites clustered separately, suggesting that PAH concentra-
tions in the muscle contributed to the separation of the downstream sites 
while condition factor contributed to the separation of the far-field site 
(Fig. 4B). The lack of significant negative correlations between alpha- 
diversities of gut microbiomes of fishes and concentrations of PAHs is 
consistent with previously reported results, where Shannon diversity as 
well as the number of ASVs observed were only inversely correlated with 
very high concentrations of benzo[a]pyrene to which fathead minnows 
were exposed (DeBofsky et al., 2020a). Had we collected fish immedi-
ately after the oil spill, this trend might have been more apparent. 
Furthermore, the lack of any pattern between PBPAHs and 
alpha-diversity was likely due to the similarity in concentrations of 
PBPAHs in fishes among locations. 

Walleye also had the greatest number of taxa correlated with con-
centrations of PAHs in muscle, with several families being positively 
correlated. One of these, Desulfovibrionaceae is associated with pro- 
inflammatory phenotypes (Lefever et al., 2016), and enrichment has 
been seen in guts of fathead minnows exposed to BaP (DeBofsky et al., 
2020a) and in mice after exposure to 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) (Lefever et al., 2016). Another family, 
the Shewanellaceae, contains known pathogens (Austin and Austin, 
2016) and has been found to be negatively correlated with neutrophil 
recruitment, meaning a potentially reduced immune response to a 
challenge (Rolig et al., 2015). Furthermore, both Shewanellaceae and 
Chitinophagaceae, a member of Chitinophagales, are enriched in the guts 
of fathead minnows exposed to BaP (DeBofsky et al., 2020a), which 
suggests that these taxa might be indicators of exposure to PAHs and 
could potentially be deployed in environmental monitoring programs. 
Several strains of Bacillaceae are used as probiotics in aquaculture for 
their ability to improve growth performance and reduce colonization of 
pathogenic bacteria (Sun et al., 2009); a negative correlation between 
this taxa and concentrations of PAHs suggests these fish do not have 
optimal fitness or ability to fight infection. The greater influence of PAHs 
on the microbiome in guts of walleye might be due to the greater sample 
sizes for this species among locations. The role of increased abundance 
of Verrucomicrobiaceae and Holosporaceae in fish containing greater 
concentrations of PAHs is unclear. 

For shorthead redhorse, only three taxa exhibited significant, posi-
tive correlations with concentrations of PAHs in muscle. As in walleye, 
Holosporaceae were positively correlated with concentrations of PAHs in 
muscle, but the cause of this result is unclear. The family 

Hyphomicrobiaceae is associated with hydrocarbon degradation and has 
been found at oil-contaminated sites (Sun et al., 2019), which suggests 
that this bacteria might assist with degrading hydrocarbons within the 
gut (Claus et al., 2016) or it might merely proliferate at the sites of 
higher contamination. Members of the third family, Propionibacteriaceae, 
are capable of stimulating immune responses and synthesizing bacte-
riocins (Chaia et al., 1999), although why this family would proliferate 
with increasing exposure to PAHs is ambiguous. In goldeye, only Pep-
tostreptococcaceae was positively correlated with concentrations of 
PAHs. Enrichment of this taxa has also been observed in mice exposed to 
TCDD (Lefever et al., 2016) and has been associated with colorectal 
cancer in humans (Ahn et al., 2013). 

While this study provided several novel insights into the diversity of 
microbiomes among native fishes and potential effects of an oil spill on 
the gut microbiomes of these fishes, several limitations warrant 
mentioning. First, the sample sizes were limited. The density of fish in 
the North Saskatchewan River is low, so it would have been problematic 
to collect greater numbers of fish without potentially depleting local 
populations. Secondly, nets were set overnight because of the limited 
density of fish, and some fish died overnight, leaving gut microbiomes 
that were not completely fresh in the morning. Although this may have 
caused some shift in the microbiomes, it did not appear to have much 
effect, since effects of species identity remained observable. Finally, 
these samples were collected one year after the oil spill; while we did see 
some correlations between PAH concentrations and microbial commu-
nities, the effects may have been stronger had these fish been collected 
immediately after the spill (Yang et al., 2020). 

5. Conclusions 

Overall, the results of this study show that multiple factors can shape 
the gut microbiome. Despite living in the same environments, the life 
history traits of the different fish species shape the overall microbiome, 
with omnivores having greater diversity and lower evenness than car-
nivores and piscivores, and with community compositions being reliant 
upon host species. While there was some spatial pattern in PAH exposure 
among sites, the effect of the oil spill on the gut microbiome is less clear. 
Several taxa did correlate with concentrations of PAH in muscle tissue, 
but it is difficult to ascertain a direct cause and effect. If PBPAHs had 
correlated with certain taxa, it could be assumed that PAHs were un-
dergoing enterohepatic circulation and directly interacting with the 
microbiome (Schlenk et al., 2008), but any correlations between con-
centrations of PAHs in muscle and the microbiome would reflect a 
longer-term exposure. Taxa that did correlate with concentrations of 
PAHs included Shewanellaceae Desulfovibrionaceae, and Chitinophaga-
ceae, which were also correlated with the microbiomes of fathead 
minnows exposed to BaP (DeBofsky et al., in prep), signifying a shared 
microbial response among teleosts. These taxa could potentially serve as 
indicators in microbiome-based environmental assessments of oil 
exposure. This work highlights the need to incorporate field studies in 
microbiome toxicology research. 
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Table S1. Latitudes, longitudes, and sample size of each species at each sampling sites as well as 24 
indication of whether the sites were up or downstream from the oil spill. Mossy River Delta was 25 
a far-field reference site. 26 

Site Name Latitude Longitude Group 

Sample size 

G
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d
ey
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N
or

th
er

n
  

p
ik

e 

S
h

or
th

ea
d

  
re

d
h

or
se

 

W
al

le
ye

 

Highway 17 53.59836 -109.99125 Upstream 4 - 3 3 

Highway 3 53.523602 -109.62017 Upstream 3 - 10 5 

Point of Entry 53.41288 -109.51712 
Downstream 
(Point of Entry) 

5 - 5 4 

Highway 21 53.39806 -109.29679 Downstream 6 1 - 3 

Paynton Ferry 53.02572 -108.84361 Downstream 1 1 2 6 

Mossy River Delta 54.01482 -102.6329 Far-field - 6 1 7 

27 
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Table S2. Number of input, filtered, denoised, merged, non-chimeric, and bacteria-only reads for 28 
each sample.  29 

sample-id input filtered denoised merged non-chimeric bact only 

CH005 16418 16279 15823 15419 15112 14979 

CH018 27327 27044 26817 26397 22825 22825 

CH019 5253 5197 5131 5008 4955 4939 

CH024x 23017 22768 22647 22327 18613 18613 

CH025 22691 22429 22309 22206 18631 18621 

CTRL1 3663 3608 3585 3561 3542 3542 

CTRL2 88 87 62 56 56 56 

CTRL4 71 70 19 10 10 10 

CTRL5 94 93 75 68 68 68 

CTRL6 422 416 384 380 365 365 

dCH019 1850 1792 1745 1525 1525 831 

dH03001 857 848 846 844 844 726 

dH03005 11150 11039 11023 10976 10967 10667 

DH03010 25995 25776 25733 25643 25643 25430 

dH03012 675 668 665 665 665 658 

dH03013 342 339 337 337 337 337 

dH03023 2712 2683 2681 2638 2638 1952 

dH03024 48935 48479 48403 48303 47759 46911 

dH17005 1 1 1 1 1 1 

dH17008 9217 9122 9114 9111 9110 8342 

dH17013 1715 1695 1694 1690 1684 1341 

dH17019 423 419 402 394 394 254 

dMRD021 8093 8002 7935 7913 7820 5799 

dPF007 522 510 490 490 490 484 

dPOE001 613 609 595 589 589 522 

H03001 3805 3767 3740 3641 3630 3105 

H03002 46189 45599 45558 45358 44693 42981 

H03003 48102 47633 47568 47386 46768 46732 

H03004 20802 20590 20481 20431 20344 20327 

H03004x 8321 8231 8202 8159 8121 8028 

H03005 29444 29160 29011 28735 28457 27874 

H03006 13104 12966 12773 12356 12332 11402 

H030077 7709 7633 7584 7576 6801 6757 

H03008 53 53 38 38 38 36 

H03008xx 16000 15814 15805 15796 15796 15543 

H03009 17977 17788 17784 17714 17626 17095 

H03010XX 18170 17995 17945 17879 17876 17872 



 

4 
 

sample-id input filtered denoised merged non-chimeric bact only 

H03011xx 35466 35011 34993 34989 34984 33377 

H03012x 3610 3563 3559 3549 3549 3525 

H03013 2 2 1 0 0 #N/A 

H03014 8219 8142 8045 7888 6694 6694 

H03015x 7726 7617 7615 7600 7423 7221 

H03016x 23562 23284 22404 20986 20503 18770 

H03018 21244 20973 19796 18528 18286 13297 

H03018x 18882 18681 16251 12745 11729 10311 

H03019 26863 26544 25976 24941 24677 23473 

H03020 54960 54372 54012 53047 50155 50072 

H03021 11152 11036 10758 10333 10201 9579 

H03023xx 28367 28052 27716 27197 27083 26818 

H03024 28303 27992 27848 27614 27473 26690 

H03025 94743 93750 92557 88196 65515 65279 

H03026 14201 14030 13965 13880 13872 13865 

H17004 11759 11614 11528 11403 11319 10261 

H17005x 5888 5831 5806 5703 5614 5024 

H17006 32069 31704 31324 30809 30759 30076 

H17007 967 961 957 957 957 957 

H17008x 16246 16077 15986 15733 15461 14348 

H17013x 69073 68318 68176 67669 67189 66177 

H17014x 35158 34750 34694 34608 34585 34585 

H17015 10423 10332 10282 10201 9717 9717 

H17016 3654 3586 3552 3541 3541 3469 

H17017x 33967 33583 33398 33272 31584 31581 

H17018 20080 19876 19789 19623 19168 19166 

H17019xx 21126 20906 20611 19972 19777 15067 

H17020 2915 2896 2875 2874 2822 2795 

H21012 38365 37901 37883 37853 33422 33422 

H210121 25196 24962 24139 22395 22145 19714 

H21013x 24569 24270 23810 23177 22785 22130 

H21014xx 18053 17846 17828 17739 17203 17057 

H21015 29656 29331 27702 24723 24115 20419 

H21016 20812 20513 20482 20392 18636 18151 

H21017 37963 37392 37157 36462 31653 31462 

H21018 8056 7989 7911 7723 7675 6981 

H21020 53948 53325 52660 51237 49607 24091 

H21021 18911 18696 17721 16251 16123 13378 

H21022xx 42793 42292 39957 36436 35643 32568 
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sample-id input filtered denoised merged non-chimeric bact only 

H21023x 5885 5832 5825 5822 5443 4976 

H21024 92881 92051 91861 91329 89283 89132 

H21025x 2651 2626 2618 2617 2614 2283 

M03017 12858 12731 12469 11946 11846 10470 

MRD003 49507 48971 48526 47733 32840 32840 

MRD004 27769 27411 27263 27122 23254 23064 

MRD006 26547 26268 26161 26039 24277 24270 

MRD008 24148 23880 23773 23225 19715 19715 

MRD010 20163 19943 19914 19886 19793 19793 

MRD012.1 11528 11392 11341 11290 10972 10972 

MRD013 38083 37622 37609 37550 35437 35262 

MRD014 66123 65396 65302 65230 64870 64870 

MRD015 18626 18426 18290 18140 18076 18029 

MRD018 12369 12257 12199 12103 11896 10606 

MRD018x 58860 58273 58213 58099 57767 57734 

MRD019 7144 7080 7061 7056 7056 7056 

MRD021 12606 12436 12309 12202 12195 12009 

MRD023 3214 3181 3153 3120 3120 3120 

MRD025 38014 37604 37238 36389 28844 28844 

PF001 21802 21570 21065 20205 19249 18997 

PF003 11459 11298 11250 11206 11170 11140 

PF004 4787 4616 4566 4536 4525 4265 

PF005x 13148 13020 12942 12876 12592 12546 

PF006 14480 14344 14320 14271 14130 13513 

PF007 1031 1019 1018 1017 1003 950 

PF008 12350 12246 12074 11855 11368 11237 

PF009 5203 5155 5146 5136 5136 5136 

PF011 21090 20879 20826 20706 20605 20566 

PF012x 48956 48360 48202 47940 47621 46505 

PF013 23619 23328 23192 22758 20493 20491 

PF014 12402 12289 12194 12009 11941 11924 

PF015 16776 16595 16502 16423 16224 16178 

PF016 26773 26497 25363 21754 19751 12957 

POE001x 11555 11437 11388 11342 11298 10676 

POE002x 18036 17854 17786 17698 17605 17553 

POE003 1302 1294 1290 1286 1286 1242 

POE004 19206 18993 18381 17800 17099 16756 

POE005xx 42027 41636 41514 41167 40641 39221 

POE006x 793 346 318 308 304 301 
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sample-id input filtered denoised merged non-chimeric bact only 

POE009 3 3 1 0 0 #N/A 

POE009xx 201149 199098 192064 173822 149865 144425 

POE011 60830 60141 59746 58710 54060 54060 

POE012 8497 8404 8300 8122 8082 7775 

POE013 4 4 1 0 0 #N/A 

POE014x 63415 62679 62565 62353 60331 60275 

POE015xx 11364 11236 11111 10987 10741 10741 

POE016 10373 10278 10142 9239 5825 5825 

POE021 76125 75342 74023 71511 69397 68557 

POE022 11696 11557 10761 9810 9081 8955 

POE023x 27998 27665 27549 27320 24084 24078 

POE029 24756 24471 24040 23674 23417 22889 

30 
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Table S3. Shared bacterial genera from the gut microbiomes of shorthead redhorse, walleye, 31 
northern pike, and goldeye. 32 

List of shared bacterial genera 

D_1__Actinobacteria;D_2__Actinobacteria;D_3__Corynebacteriales;D_4__Corynebacteriaceae;D_5__Corynebacterium 

D_1__Actinobacteria;D_2__Actinobacteria;D_3__Micrococcales;D_4__Micrococcaceae;D_5__Renibacterium 

D_1__Actinobacteria;D_2__Actinobacteria;D_3__Propionibacteriales;D_4__Propionibacteriaceae;D_5__Cutibacterium 

D_1__Cyanobacteria;D_2__Oxyphotobacteria;D_3__Synechococcales;D_4__Cyanobiaceae;D_5__Cyanobium 

D_1__Firmicutes;D_2__Bacilli;D_3__Bacillales;D_4__Bacillaceae;D_5__Caldalkalibacillus 

D_1__Firmicutes;D_2__Bacilli;D_3__Bacillales;D_4__Bacillaceae;D_5__Geobacillus 

D_1__Firmicutes;D_2__Bacilli;D_3__Lactobacillales;D_4__Carnobacteriaceae;D_5__Carnobacterium 

D_1__Firmicutes;D_2__Bacilli;D_3__Lactobacillales;D_4__Streptococcaceae;D_5__Lactococcus 

D_1__Firmicutes;D_2__Clostridia;D_3__Clostridiales;D_4__Clostridiaceae;D_5__unclassified 

D_1__Firmicutes;D_2__Clostridia;D_3__Clostridiales;D_4__Lachnospiraceae;D_5__Epulopiscium 

D_1__Firmicutes;D_2__Clostridia;D_3__Clostridiales;D_4__Peptostreptococcaceae;D_5__Paraclostridium 

D_1__Firmicutes;D_2__Clostridia;D_3__Clostridiales;D_4__Peptostreptococcaceae;D_5__Romboutsia 

D_1__Fusobacteria;D_2__Fusobacteriia;D_3__Fusobacteriales;D_4__Fusobacteriaceae;D_5__Cetobacterium 

D_1__Proteobacteria;D_2__Deltaproteobacteria;D_3__Desulfovibrionales;D_4__Desulfovibrionaceae;D_5__Desulfovibrio 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Aeromonadales;D_4__Aeromonadaceae;D_5__Aeromonas 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Citrobacter 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Escherichia-Shigella 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Hafnia-Obesumbacterium 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Plesiomonas 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Enterobacteriales;D_4__Enterobacteriaceae;D_5__Serratia 

D_1__Proteobacteria;D_2__Gammaproteobacteria;D_3__Pseudomonadales;D_4__Pseudomonadaceae;D_5__Pseudomonas 

D_1__Tenericutes;D_2__Mollicutes;D_3__Mycoplasmatales;D_4__Mycoplasmataceae;D_5__Candidatus 

D_1__Tenericutes;D_2__Mollicutes;D_3__Mycoplasmatales;D_4__Mycoplasmataceae;D_5__Mycoplasma 

33 
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 34 
Fig. S1. Rarefaction curve for estimated Shannon diversity of each sample. 35 
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 36 

Fig. S2. Most abundant (A). orders and (B). families found in the guts of goldeye, northern pike, 37 

shorthead redhorse, and walleye. 38 

 39 

B. 
 

A. 
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 40 

Fig. S3. Number of observed ASVs relative to sum PAH concentration (ng/g) along with 95% 41 

confidence intervals, shaded in grey, for (A) goldeye, (B) shorthead redhorse, and (C) walleye. 42 
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 43 

Fig. S4. Shannon diversity index relative to sum PAH concentration (ng/g), along with 95% 44 

confidence intervals, shaded in grey, for (A). goldeye, (B). shorthead redhorse, and (C). walleye. 45 
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