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a b s t r a c t

The microbiome has been described as an additional host “organ” with well-established beneficial roles.
However, the effects of exposures to chemicals on both structure and function of the gut microbiome of
fishes are understudied. To determine effects of benzo[a]pyrene (BaP), a model persistent organic
pollutant, on structural shifts of gut microbiome in juvenile fathead minnows (Pimephales promelas), fish
were exposed ad libitum in the diet to concentrations of 1, 10, 100, or 1000 mg BaP g�1 food, in addition to
a vehicle control, for two weeks. To determine the link between exposure to BaP and changes in the
microbial community, concentrations of metabolites of BaP were measured in fish bile and 16S rRNA
amplicon sequencing was used to evaluate the microbiome. Exposure to BaP only reduced alpha-
diversity at the greatest exposure concentrations. However, it did alter community composition
assessed as differential abundance of taxa and reduced network complexity of the microbial community
in all exposure groups. Results presented here illustrate that environmentally-relevant concentrations of
BaP can alter the diversity of the gut microbiome and community network connectivity.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

The gut microbiome is a crucial component of an animal host
and is responsible for a number of important biological processes,
including energy and nutrient cycling (Dimitroglou et al., 2011),
regulation of intestinal barrier functions (P�erez et al., 2010), and
modulation of the immune system (Rolig et al., 2015). Disturbance
of structure of the gut microbiome is associated with several
harmful effects, including inflammatory bowel disease, metabolic
syndromes, stress, and disease (Carding et al., 2015; He et al., 2019;
Llewellyn et al., 2014). Although considerable research efforts to
understand links between xenobiotics and gut microbiome have
been conducted in mammals (i.e., Breton et al., 2013; Lefever et al.,
2016; Ribi�ere et al., 2016), the effects of toxicants on gut microbial
community structure and function in fish are largely unknown.
e by Dr. Sarah Harmon.
Complex interactions between the host microbiome and xeno-
biotics can vary by route of exposure. In fish, due to partitioning and
bioaccumulation, exposure to environmental toxicants can occur
via multiple routes and transport of persistent organic pollutants
(POPs) tend to accumulate in food chains (Schlenk et al., 2008;
Wang and Wang, 2006). POPs can be taken up through the gut,
skin, and gill, and can ultimately have deleterious effects on fish in
freshwater ecosystems. The mucosal layers of the skin, gill, and gut
all contain microbiomes that provide protective barriers for fish
defense against pathogens (Salinas and Magad�an, 2017) and serve
as an intermediary in the metabolism pathway of some toxicants
(Adamovsky et al., 2018).

Benzo[a]pyrene (BaP) is a promising model polycyclic aromatic
hydrocarbon (PAH) to study the potential effects of toxicants on the
gutmicrobiome becausemuch is known about its effects in the host
but little on the microbiome. BaP originates from sources such as
the incomplete combustion of fossil fuels and oil spills (Srogi, 2007)
and has well-characterized deleterious effects in fishes (Carlson
et al., 2004a; Costa et al., 2011; Nacci et al., 2002; Phalen et al.,
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2014). BaP up-regulates the expression of cytochrome P450 1A
(CYP1A), which results in the biotransformation of BaP to reactive
intermediates (Ortiz-Delgado et al., 2007). Adverse outcomes of
exposure to BaP include the development of lesions and tumors, as
well as suppression of immune function (Beyer et al., 2010; Carlson
et al., 2004b; Tuvikene, 1995). Conjugated products from phase II
metabolism of BaP often end up in the bile of exposed fish
(Nishimoto et al., 1992). In fish, routes of exposure to BaP are pri-
marily through ingestion with food, incidental ingestion of sedi-
ment, dermal contact, and via ventilation across the gills (Mccarthy
et al., 2003; Nichols et al., 1996; Snyder et al., 2015; Tuvikene,1995).
Route of exposure is a critical component of the distribution of BaP.
For example, aqueous exposure of BaP in rainbow trout (Onco-
rhynchus mykiss) results in detectable BaP throughout the body,
while dietary exposuremainly results in accumulation of BaP in the
bile and intestine (Sandvik et al., 1998).

Effects of BaP on the structure and function of the gut micro-
biome of fishes are not well studied. Aqueous exposures of adult
fathead minnows to small concentrations of BaP resulted in an
enrichment of taxa associated with hydrocarbon degradation and
community compositional shifts (DeBofsky et al., 2020a), and
aqueous exposure of Japanese sea cucumbers (Apostichopus japo-
nicus) to BaP resulted in fewer bacteria associated with beneficial
functions within the host accompanied by an increase in alkane-
degrading bacteria (Zhao et al., 2019). BaP exposure also induced
dysbiosis of the microbiome and inflammation of adult western
mosquitofish and zebrafish (Xie et al., 2020). Furthermore, con-
centrations of PAHs in dorsal muscle after an oil spill correlated
with gut community composition in walleye (Sander vitreus) and
with several families of bacteriawithin the gutmicrobiome of other
species of wild fish (DeBofsky et al., 2020b). However, since the gut
microbiome of fishes might be shaped by morphological changes
during development, at least in a controlled environment (Yan
et al., 2016), there is still a knowledge gap of the effects of BaP on
gut microbiomes of juveniles.

This study assessed effects of the gut microbiome in juvenile
fathead minnows to dietary BaP exposure. A limited duration
exposure via the diet can directly deliver BaP into the intestines at
comparably greater concentrations than via aqueous routes. Spe-
cific objectives of this study were to: 1) Characterize the fathead
minnow gut microbiome in juvenile fathead minnows; 2) Measure
bile metabolites resulting from exposure to BaP; 3) Characterize
effects of BaP on the microbiome in guts of fish exposed to BaP,
relative to that of unexposed controls; 4) Compare shifts in the
microbiome to measured concentrations of BaP metabolites in bile.
To satisfy these objectives, microbiomes in guts of fathead min-
nows were characterized using 16S rRNA metabarcoding after di-
etary exposure to BaP for two weeks.

2. Materials and methods

2.1. Fish husbandry, dietary exposure, and sampling

Juvenile fathead minnows of approximately 2.5 months of age
were obtained from an in-house stock population of the Aquatic
Toxicology Research Facility at the University of Saskatchewan.
After a one-week acclimation, fish were randomly assigned to each
group (n¼ 10 fishes per tank; 3 tanks per group) and were exposed
to a solvent control (0.02% methanol, the solvent carrier for BaP), or
nominal concentrations of 1,10,100, or 1000 mg BaP g�1 in food (dry
mass, dm) for two weeks. Food was prepared by adding a solution
of BaP to the food and allowing the methanol to evaporate. Tanks
were siphoned daily to remove excess food and waste. Nominal
concentrations were based on environmentally-relevant, albeit
extreme, concentrations of PAHs found in fish prey at contaminated
2

sites. For instance, in Norway, concentrations in tissues of the
common limpet (Patella vulgate), a marine mollusk, were observed
to be as great as 15 mg PAHs g�1 (Knutzen and Sortland, 1982) while
303 mg PAHs g�1 has been measured in tissues of mussels from the
French coast (Claisse, 1989). In sediments, concentrations as great
as 142 mg PAHs g�1 in Puget Sound (Malins et al., 1987), and 7283 mg
PAHs g�1 have been reported in weathered creosote-contaminated
sediment in Eagle Harbor, Washington (Neff et al., 2005). Thus di-
etary exposures could be as great as these concentrations (Silva
et al., 2008). BaP was chosen as a model compound for PAH due
to its persistence, mode of action, and relatively well-studied
background. Additionally, because PAHs are rapidly metabolized,
utilizing high concentrations would allow for accumulation of
comparable concentrations in the bile as would be found in
contaminated sites (Ohiozebau et al., 2016). At the end of the
exposure, fish were euthanized via blunt force. Whole-body mass
and total length were measured prior to dissection. Samples of
whole gut, containing both tissues of the fish and adherent mi-
crobes, were excised from all fish. Gallbladders were also removed
for quantification of BaPmetabolites. If fish showed development of
gonads, sex was recorded. Samples were placed in sterile cryovials,
and held in liquid nitrogen until storage in a �80 �C freezer. All fish
were maintained following the animal use protocol (Protocol
#20090108) approved by the Animal Research Ethics Board at the
University of Saskatchewan. The detailed methods for fish hus-
bandry are described in the Supporting Information (SI) Text S1.
2.2. Quantification of BaP in food

To quantify BaP in food, an internal calibration and isotope
dilution were used to quantify BaP in samples using an eight-point
calibration curve between 0.5 and 500 ng BaP mL�1, each con-
taining 100 ng ml�1 with BaP-d12. Pressurized liquid extraction
was conducted to extract target compounds. A blank cell (no fish
food) was also loaded and extracted to serve as an extraction blank.
Quantification of BaP was done by GC-QE-Orbitrap mass spec-
trometer system (Q Exactive GC, Thermo Scientific, Mississauga,
ON) with a Thermo RSH autosampler and a TRACE 1310 GC with a
heated split/splitless injector running in splitless mode. For
detailed information about the extraction and instrumental anal-
ysis methods, please refer to the method section of SI Text S2.
2.3. Relative quantification of metabolites of BaP in bile

A semi-quantitative method was applied due to the lack of
available standards for Gluc and SO4 metabolites of BaP. Concen-
trations of mono-hydroxylated benzo[a]pyrene (OHeBaP) were
quantified directly by use of analytical standards and external
calibration. Semi-quantification of OHeBaPeO-glucuronide (BaP-
Gluc), and sulfate-BaP (BaPeSO4) was conducted using a relative
response factor approach. Detailed methods for quantification can
be found in the SI Text S3. Instrument detection limits of OHeBaP
were determined using the lowest calibration standard
(0.3 ng ml�1) estimated as 3x and 10x the signal-to-noise ratio for
the limit of detection (LOD) and limit of quantification (LOQ),
respectively. Detection limits for BaP-Gluc and BaPeSO4 had to be
estimated fromOHeBaP by use of reported response factors, as was
done for the bile concentrations (SI Table S1). Given the lack of
matched isotopically-labeled standards and the extrapolation of
averaged response factors based on a small number of represen-
tative bile samples, this data should be treated as semi-
quantitative. However, it provides information on the relative
concentrations of the major metabolite classes.
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2.4. 16S rRNA metabarcoding and bioinformatics

Total DNA was isolated from intestines using the AllPrep DNA/
RNA Mini Kit (Qiagen Inc., Mississauga, ON). PCR, construction of
the sequencing library, next-generation sequencing, and bioinfor-
matics were performed as described in (DeBofsky et al. (2020a)).
Taxonomy was assigned in QIIME2 by use of the feature classifier
trained against the SILVA 132 reference database (Bokulich et al.,
2018; Quast et al., 2013). On average, 69% of demultiplexed reads
survived through the cleaning process. In total, 99% of the cleaned
reads aligned to bacteria. A full list of reads per sample pre- and
post-cleaning can be found in SI Table S2. To avoid biases resulting
from differences in sequencing depth, based on a rarefaction curve
(SI Fig. S1), the feature table was rarefied at a depth of 13,133 se-
quences per sample. Alpha-diversities (Shannon diversity and
observed ASVs), or diversity within samples, and beta-diversities
(Lozupone and Knight, 2005), or differences between samples,
were calculated in QIIME2 (Bolyen et al., 2019). PICRUSt2 (Douglas
et al., 2019) was used to predict functional abundances of MetaCyc
pathways (Caspi et al., 2017) based on 16S rRNA gene sequences,
using default parameters. Data can be accessed at https://dx.doi.
org/10.20383/101.0247.
Fig. 1. Concentrations of BaP metabolites (OHeBaP, BaP-Gluc, BaPeSO4, and the sum of
all metabolites) (ng g�1) from bile (±S.E.) on a log10-transformed. Letters denote sta-
tistical significance within metabolite groups. KW test, KruskaleWallis one-way
analysis of variance.
2.5. Statistics

Statistical analyses were performed using the R Statistical Lan-
guage v. 3.6.1 (R Core Team, 2013). Unless otherwise noted, statis-
tics were calculated using vegan v. 2.5e6 (Oksanen et al., 2019). The
distribution of variables was checked and compared between
groups following previous pipelines (DeBofsky et al., 2020a). No
significant differences in body size or number of ASVs were
observed between tanks within each treatment group. Condition
factor was calculated as (Equation (1)).

Condition Factor ðKÞ¼ Mass ðgÞ
Standard Length ðmmÞ3

� 100 (1)

To normalize data, concentrations of BaP metabolites were
log10-transformed; to account for the presence of zeros in this data
set, an arbitrary value of 0.0001 was given to these zero values. In
some cases, volumes of bile were too small to obtain a sufficient
response, which resulted in an N/A for those samples. To retain as
much microbiome data as possible, empty bile values were
assigned an average value from their treatment group
(Raghunathan, 2004). Values were removed based on the following
criteria: fish showing sexual differentiation or fish of greater
masses and/or length (based on outliers determined with boxplots)
within each treatment group. Differentially abundant bacterial taxa
and MetaCyc pathways were calculated using an ANOVA-Like Dif-
ferential Expression tool (ALDEx2) v 1.18.0 (Fernandes et al., 2014).
ALDEx2 transforms data using Aitchison’s centered log-ratio (CLR).
Additional Spearman correlations were also computed using CLR-
transformed abundances of taxa and MetaCyc pathways. Differ-
ences among community compositions based on unweighted and
weighted Unifrac distances were assessed using PERMANOVA by
use of PRIMER software (v 7). Tank was set as a random factor for
ANOVA and PERMANOVA tests. A Constrained Analysis of Principal
Coordinates (CAP) was conducted using the capscale function in
vegan to ordinate the data and view the clusters of samples. Sig-
nificant BaP metabolites contributing to the ordination were
assessed using an ANOVA. Association networks of abundant
amplicon sequence variants (ASVs) within treatment groups were
inferred using SparCC (Friedman and Alm, 2012) with 100 boot-
straps to assign p-values. Networks were displayed and analyzed
with Cytoscape v. 3.8.0 (Shannon et al., 2003).
3

3. Results

3.1. Concentrations of BaP in food and bile metabolites

Concentrations of metabolites in bile confirmed exposure of fish
to BaP. Measured concentrations of BaP in food were close to the
nominal concentrations (within 20% relative difference, SI
Table S3). Concentrations of bile metabolites (log10-transformed)
were significantly different among exposures (Fig. 1). BaP via di-
etary route was rapidly metabolized by juvenile fathead minnows.
OHeBaP metabolites, initial oxidation of BaP, had a significantly
greater concentration in fish fed 100 and 1000 mg BaP g �1 in the
diet, relative to other groups (Dunnett’s test, p < 0.001). Sulfate
conjugated metabolite (BaPeSO4) dominated the bile metabolites.
Condition factor of fish was not significantly impacted by exposure
to BaP (SI Fig. S2).
3.2. Gut microbiome of juvenile fathead minnows

Gutmicrobiome of juvenile fatheadminnowswas dominated by
three phyla, for instance, Fusobacteria (which included mainly
Fusobacteriia), Proteobacteria (which included mainly Gammapro-
teobacteria), and Bacteroidetes (which included mainly Bacteroidia)
(Fig. 2A and B). The dominant families (±standard error) were
Fusobacteriaceae (65% ± 1%), Aeromonadaceae (19% ± 1%), Pseudo-
monadaceae (3% ± 0.3%), and Flavobacteriaceae (3% ± 0.3%) (Fig. 2C).
A total of 1309 non-singleton ASVs of 64 unique genera of bacteria
among 83 samples (control: n¼ 17; 1 mg BaP g�1 food: n¼ 16; 10 mg
BaP g�1 food: n¼ 16; 100 mg BaP g �1 food: n¼ 16; 1000 mg BaP g �1

food: n ¼ 18) remained after filtering. Filtering removed 67 total
samples of the 150 total samples; 33 samples were removed due to
low sequencing depth and 34 samples were removed due to sexual
differentiation over the course of the exposure.
3.3. Dietary BaP exposure altered composition of gut microbiome

Alpha-diversity indices of gut microbiome decreased with
increasing BaP doses. Shannon diversity, which accounts for both
evenness and abundance of species present, was marginally
different among exposures (Kruskal-Wallis chi-squared ¼ 9.2,

https://dx.doi.org/10.20383/101.0247
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Fig. 2. Relative abundances of more abundant bacterial (A) phyla, (B) class, and (C) families in guts of juvenile fathead minnows, both pooled and based on exposures. KW test,
KruskaleWallis one-way analysis of variance.

Table 1
Mean values and standard error for Shannon Diversity Index and observed number
of amplicon sequence variants (ASVs) for each exposure group. Asterisks denote
statistical differences from the control groups, as calculated with Dunnett’s tests.

Indices Exposure (mg g�1) Mean ± S.E

Shannon Control 4.38 ± 0.13
1 4.28 ± 0.08
10 4.43 ± 0.06
100 4.28 ± 0.18
1000 4.02 ± 0.12 *

ASVs Control 91.45 ± 4.75
1 82.64 ± 4.39
10 96.5 ± 4.36
100 86.64 ± 4.4
1000 62.67 ± 3.11*
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p ¼ 0.06), but the Shannon diversity value for the 1000 mg BaP g �1

exposure group was significantly less than that of the controls
(Dunnett’s test, p ¼ 0.03; Table 1). Overall, there was an inverse
correlation (r ¼ �0.22, p ¼ 0.09) between Shannon diversity and
log10-transformed of concentrations of BaPeSO4 metabolites
(lgBaP-SO4). The number of observed ASVs was also significantly
inversely proportional to exposure concentrations (ANOVA,
F¼ 8.93, p < 0.001), with the communities in fish fed 1000 mg BaP g
�1 having significantly fewer ASVs than the control group (Dun-
nett’s test, p < 0.001; Table 1). There was also an overall inverse
trend between the number of ASVs as a function of log10-trans-
formed concentrations of BaPeSO4 (r ¼ �0.36, p ¼ 0.004).

Beta-diversities (unweighted Unifrac distances) of the gut
microbiomes were significantly different dependent upon expo-
sure to BaP (Fig. 3A; PERMANOVA test, Pseudo-F ¼ 1.491,
4



Fig. 3. Responses of the gut microbiome in fathead minnows to dietary exposure of BaP. (A) Constrained Analysis of Principal Coordinates (CAP) of the different exposure groups
constrained by the vectors of the measured metabolite concentrations, using unweighted Unifrac distances. lgBaP-OH, log10-transformed of concentrations of OHeBaP metabolite;
lgBaP-Gluc, log10-transformed of concentrations of BaP-Gluc metabolite; lgBaP-SO4, log10-transformed of concentrations of BaPeSO4 metabolite. (B) Correlation plot of families that
are significantly correlated (Spearman correlation, p < 0.05) with lgBaP-SO4. Significance of correlations: ***, p < 0.001; **, p < 0.01. (C) MetaCyc pathways that are significantly
correlated (Spearman correlation, p < 0.05) with lgBaP-SO4. Various pathways are shown relative to their correlation coefficients (r).
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PMC ¼ 0.047). The 1000 mg BaP g �1 exposure group exhibited
significantly distinctive unweighted Unifrac distances than that of
control, 1, and 10 mg BaP g �1 exposure groups (Pairwise PERMA-
NOVA: 1000 mg BaP g �1 vs. control, t ¼ 1.529, PMC ¼ 0.024; 1000 mg
BaP g �1 vs.1 mg BaP g �1, t¼ 1.849, PMC¼ 0.014; 1000 mg BaP g �1 vs.
10 mg BaP g �1, t ¼ 1.871, PMC ¼ 0.006). However, weighted Unifrac
distances of gut microbiome were not significantly different be-
tween groups (PERMANOVA test, Pseudo-F ¼ 1.028, PMC ¼ 0.434),
which suggested that BaP did not significantly alter the abundant
microbiome. The BaP metabolites used in the dbRDA clustered the
exposures in the logical direction of the metabolite vectors, visually
indicating that the metabolites were defining the groupings
(Fig. 3A). OHeBaP and BaPeSO4 were significantly constrained the
ordination (F¼ 3.00 and 2.64, p¼ 0.003 and 0.005, for OHeBaP and
BaPeSO4, respectively).

Exposure to BaP altered families with lesser abundances rather
than the dominant bacterial families. Based on exposure groups,
several relative abundances of families were significantly different
among exposure groups (Fig. 2C). Barnesiellaceae (p ¼ 0.03),
Rubritaleaceae (p < 0.001), Xanthomonadaceae (p ¼ 0.02), Week-
sellaceae (p ¼ 0.01), and Chromobacteriaceae (p ¼ 0.007) were all
significantly less in fish of 1000 mg BaP g �1 group relative to the
control group. Several relative abundances of families (CLR-trans-
formed) were significantly correlated with lgBaP-SO4. Relative
abundances of families that included Bacteroidaceae, Barnesiella-
ceae, and Chromobacteriaceae were significantly negatively corre-
lated with lgBaP-SO4. While Brevinemataceae, Caulobacteraceae,
Microbacteriaceae, Erysipelotrichaceae, Chitinibacteraceae, and Mor-
axellacea significantly positively correlated families with lgBaP-SO4
(Fig. 3B).
3.4. Dietary BaP exposure altered predicted microbial functional
pathways

In total, based on Spearman correlations, 13 inferred MetaCyc
pathways were also significantly correlated with lgBaP-SO4. Seven
pathways [superpathway of polyamine biosynthesis III, chitin de-
rivatives degradation, mannan degradation, norspermidine
biosynthesis, 3-phenylpropanoate degradation, superpathway of
hexitol degradation (bacteria), and teichoic acid (poly-glycerol)
biosynthesis] were negatively correlated with lgBaP-SO4. Six
pathways [coenzyme M biosynthesis I, methanogenesis from H2
and CO2, 7-(3-amino-3-carboxypropyl)-wyosine biosynthesis, fac-
tor 420 biosynthesis, methanogenesis from acetate, and
5

tetrahydromethanopterin biosynthesis] were positively correlated
with concentrations of lgBaP-SO4 (Fig. 3C).
3.5. Dietary BaP exposure altered association networks of gut
microbiome

Dietary exposure to BaP altered the association network of gut
microbiomes in fathead minnows. Network structure reveals
clusters of microbial associations for each dosage group (Associa-
tion network at family level, Fig. 4; network at genus level, SI
Fig. S3). Network analysis revealed a reduction in the complexity of
community structures of gut microbiome in the exposure groups.
The major clutters of microbial associations were disrupted in the
highest dosage group (Fig. 4E). Number of nodes, heterogeneity,
and centralization of treatment groups were less than those of the
control group (Table S4).
4. Discussion

The dominant bacterial phyla of gut microbiome in juvenile
fathead minnows are consistent with those of other freshwater
fishes, which indicates that gut microbiome have conserved bio-
logical function among fishes. Dominance of Fusobacteria and Pro-
teobacteria has been observed not only in other studies utilizing
fathead minnows (DeBofsky et al., 2020a; Narrowe et al., 2015), but
also in other fish species, such as zebrafish (Danio rerio) (Roeselers
et al., 2011) and common carp (Cyprinus carpio) (Li et al., 2013).
Minor differences occurred between the dominant taxa reported in
this study and those reported previously for the fathead minnow
(DeBofsky et al., 2020a). In this study, Fusobacteria was dominant
(65%), whereas we previously reported the dominance of Proteo-
bacteria (63%). This disparity could have resulted from maturation
of these fish, since age or sexual differentiation are driving factors
in bacterial community composition (Org et al., 2016; Stephens
et al., 2015; Wong et al., 2015).

Patterns between metabolites of BaP and exposure doses
measured in this study were also consistent with those found in
contaminated sites around the world. Concentrations of biliary
metabolites, expressed as BaP equivalents, have been found at
concentrations of 193 ng ml�1 in Alepocephalus rostratus, a deep-
sea fish, in the Mediterranean Sea (Escartín and Porte, 1999).
Mean sum concentrations of PAH metabolites in bile of lake
whitefish (Coregonus clupeaformis) in the Athabasca River at Fort
McKay in the oil sands region of Canada were 8100 ng ml�1



Fig. 4. Association networks of microbial taxa at the class level relative to exposure groups for the (A) control, (B) 1, (C) 10, (D) 100, and (E) 1000 mg BaP g�1 exposure groups.
Associations were generated by SparCC with 100 bootstraps to assign p-values. The associations were filtered to include only correlations with a correlation r > 0.7 and a ‘two-
tailed’ p-value < 0.01. Only correlations with r > 0.50 and p < 0.05 (two-tailed) were included. Association networks of microbial ASVs were summarized by ThematicMap App
(http://apps.cytoscape.org/apps/thematicmap) at class level. Networks with genus labels are presented in SI Fig. S3.
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(Ohiozebau et al., 2016). In this study, mean concentrations of sum
BaP metabolites expressed as ng ml�1 in bile of fish exposed to
1000 mg BaP g�1 was 517 ng ml�1. Therefore, concentrations of BaP
fed to fatheadminnows resulted in concentrations of metabolites in
bile that are in the range of concentrations observed in fishes at
moderately contaminated sites. Measuring biliary metabolites re-
flects recent exposure to PAHs; incorporating concentrations of BaP
metabolites into this study allows for comparison to environmental
monitoring studies of PAHs, where this is a common practice
6

(Ohiozebau et al., 2016).
The results of this study revealed that a dietary exposure to BaP

at environmentally-relevant concentrations have significant effects
on the fathead minnow gut microbiome. BaP might be altering the
gut microbiome directly or since BaP is a ligand of the aryl hydro-
carbon receptor (AhR), via modulation of pathways associated with
the AhR (Ortiz-Delgado et al., 2007). The AhR regulates host-
microbiome communications (Zhang et al., 2017) in a bidirec-
tional manner (Korecka et al., 2016). Exposure to BaP not only

http://apps.cytoscape.org/apps/thematicmap
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altered the composition of certain low abundant taxa and overall
beta-diversity, but also changed network connectivity of those taxa.

Due to exposure to BaP, there were taxa that were significantly
enriched, signifying that certain taxa might be able to use BaP as
energy resources. Altered conditions, both in the microbial com-
munity and within the host, might allow pathogenic taxa to pro-
liferate (Fig. 3C). The family Caulobacteraceae has been observed in
soils contaminated with crude and diesel oils (Bell et al., 2011;
Yergeau et al., 2012) and is capable of degradation of aromatic
compounds (Nierman et al., 2001). Enrichment of the family
Microbacteriaceae has similarly been associated with contami-
nated soil sites (Bell et al., 2011; Jacques et al., 2007). Increased
abundance of the family Erysipelotrichaceae was also observed in
mice that were exposed via the diet to BaP (Ribi�ere et al., 2016) and
via drinking water to heavy metals (Breton et al., 2013). Studies in
humans have related abundance of Erysipelotrichaceae with colo-
rectal cancer (Chen et al., 2012), a particularly interesting finding
since BaP is carcinogenic (Gelboin, 1980). Increases in abundances
of bacteria in the family Moraxellaceae, which contains several
opportunistic pathogens (Austin and Austin, 2016), is associated
with increased stress in fish (Boutin et al., 2013). Furthermore,
these same taxa are capable of degrading BaP when isolated from
human skin (Sowada et al., 2014). Although the taxa were not the
same, a similar phenomenon of enrichment of taxa associated with
hydrocarbon degradation was seen in (DeBofsky et al, (2020a)).

Analyses of individual taxa also revealed several taxa that were
negatively correlated with the BaPeSO4 metabolite that might be
associated with direct deleterious effects on the physiology of the
host. The presence of the family Bacteroidaceae in the gut of a host
is considered mutualistic, with both the bacteria and the host
benefiting from the interaction (B€ackhed et al., 2005). Bacter-
oidaceae are in part responsible for the production of digestive
enzymes and the digestion of polysaccharides (B€ackhed et al.,
2005; Ikeda-Ohtsubo et al., 2018; Thomas et al., 2011) and is
involved in regulation of the immune system (Hiippala et al., 2018).
Mice exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
another AhR modulator, exhibited lesser abundances of several
families of Bacteroidetes (Lefever et al., 2016). These results suggest
that the reduction in Bacteroidaceae, and possibly Barnesiellaceae,
another member of the order Bacteroidales, might be associated
with deleterious effects caused by exposure to BaP, including
impairment of immune function (Carlson et al., 2004b; Reynaud
and Deschaux, 2006).

Several MetaCyc pathways were significantly associated with
concentrations of BaPeSO4. One pathway, chitin derivatives
degradation, which had a negative relationship with BaPeSO4, is
associated with Bacteroidaceae (Olsen et al., 1996). Inability to
degrade chitin might result in lesser ability to obtain nutrients from
food for proper health or defend against pathogens (Ringø et al.,
2012). The same holds true for the reduction in the mannan
degradation pathway, where reduced ability to degrade mannan
might result in increased susceptibility to pathogens (Dimitroglou
et al., 2009; Torrecillas et al., 2012), and reduction of teichoic acid
(poly-glycerol) biosynthesis, which is involved in activating the
innate immune response (Bron et al., 2012; Hoseinifar et al., 2015).
Pathways that increased in relation to concentrations of BaPeSO4 in
bile included methanogenesis from H2 and CO2 and methano-
genesis from acetate. Anaerobic degradation of hydrocarbons to
methane and CO2 requires H2 and CO2 utilizing bacteria as well as
acetate-utilizing methanogenic bacteria (Chang et al., 2005;
Zengler et al., 1999). It is therefore plausible that the exposure re-
sults in an enrichment of bacteria capable of degrading hydrocar-
bons.While these pathways are informative, it should be noted that
they are predictive and not confirmed with functional
7

transcriptomic analysis.
The reduction in network complexity was an unexpected result

of exposure to BaP. Reduction in the number of nodes represents
fewer taxa present in those association networks, while a reduction
in the number of edges reflects fewer associations among those
nodes (Friedman and Alm, 2012). Although interactions between
microbes have not been well-explored (Hunt and Ward, 2015),
ecological network responses to anthropogenic perturbation are
not new (Elmqvist et al., 2003; Power et al., 1996; Vinebrooke et al.,
2004). Loss of co-occurrence of taxa within a microbial community
might result in altered interactions among taxa, which can change
function of certain taxa or allow proliferation of others (Karimi
et al., 2017). At greater concentrations of BaP in the diet, numbers
of associations with other taxa decreased, meaning that the
abundance of those taxa was independent of other taxa (Karimi
et al., 2017). The greater the number of edges, the greater the
complexity of the system (Tylianakis et al., 2010), and a large degree
of connectedness can be considered a shared ecological niche
within the community (Karimi et al., 2017). A reduction in network
complexity has been observed in terrestrial systems with high
concentrations of air pollution (Karimi et al., 2016) and at a chlor-
alkali tailings dump (Zappelini et al., 2015). Losses of nodes, or
taxa, and edges, or those connections, signifies the breakdown of
the ecological niche. Therefore, loss of community structure in the
microbiome could be an indicator of exposure to a toxicant
(Derocles et al., 2018).
5. Conclusion

Overall, this study revealed that chronic exposure to BaP in the
diet significantly altered the community structure of gut micro-
biome of juvenile fathead minnows. This work supports previous
work (DeBofsky et al., 2020a), which revealed that short-term
exposure to very low doses of BaP significantly alters the fathead
minnowmicrobiome. Use of an environmentally-relevant exposure
route in a more sensitive life stage provides insight into impacts of
BaP on the microbiome before the fish sexually differentiate. The
measurement of concentrations of metabolites of BaP in bile was
more closely related to effects on individual and community re-
sponses and more thoroughly explained diversity than did nominal
exposure concentrations in the diet. Several taxa associated with
health and hydrocarbon degradation were significantly correlated
with measured metabolite concentrations. Community composi-
tions shifted and network associations were drastically altered
based on the exposures. These results highlight the need for future
work to determine mechanistic causes of community composi-
tional differences and ultimately how gut microbial changes may
interplay with host adverse outcomes.
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MATERIALS AND METHODS 19 

Text S1, Fish husbandry. Juvenile fathead minnows were obtained from an in-house stock 20 

population of the Aquatic Toxicology Research Facility at the University of Saskatchewan. Fish 21 

were acclimated at a density of ten juvenile fish per 5-gallon tank containing pretreated facility 22 

water, and approximately two-thirds of the water was siphoned and renewed daily. To maintain a 23 

temperature of 25 ± 1 °C, tanks were placed in a water bath containing electric heaters. A 16h-24 

light:8h-dark photoperiod was provided. Fish were fed EWOS® Micro Crumble trout chow 25 

(Cargill Inc., Wayzata, MN), two times daily on a maintenance food ration (2% of their average 26 

wet body mass (bm) per day).  27 

Text S2, Quantification of BaP in food. To quantify BaP in food, stock solutions of BaP and 28 

deuterium labelled BaP-d12 were made at 1,000 µg mL-1 in acetone. Internal calibration and 29 

isotope dilution were used to quantify BaP in samples using an eight-point calibration curve 30 

between 0.5 and 500 ng BaP mL-1, each containing 100 ng mL-1 with BaP-d12. Isotope dilution 31 

was used to confirm concentrations of BaP spiked in fish feed used for the dietary exposure. 32 

Triplicate samples of feed (control, 1, 10, 100, 1,000 ug g-1 nominal concentrations) were 33 

weighed (0.05 g) and spiked with BaP-d12 at a target concentration of 100 ng/mL in the final 1 34 

mL extract. Each sample was loaded into an 11-mL accelerated solvent extraction (ASE) cell as 35 

follows: filter paper, 8 g Ottawa Sand (Fisher Scientific), filter paper, fish food sample, filter 36 

paper, sand to top of cell, filter paper. Pressurized liquid extraction was conducted using a 37 

Dionex ASE 200 with a 1:1 dichloromethane: acetone solvent mixture. Two 70% volume 38 

extractions were conducted at 100 oC and 1,500 psi for 10 min each. A blank cell (no fish food) 39 

was also loaded and extracted to serve as an extraction blank. The resulting ≈15 mL extracts 40 
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were either blown-down by nitrogen evaporation or diluted and subsampled in order to maintain 41 

concentrations within the linear dynamic range of the calibration curve.  42 

Quantification of BaP was done by GC-QE-Orbitrap mass spectrometer system (Q Exactive 43 

GC, Thermo Scientific, Mississauga, ON) with a Thermo RSH autosampler and a TRACE 1310 44 

GC with a heated split/splitless injector running in splitless mode. Ionization was by electron 45 

impact (EI) ionization at 70 eV. Helium was the carrier gas at a constant flow of 1.0 mL/min. GC 46 

separation was achieved on a 60-m DB5ms column (0.1 mm ID, 0.1 µm film thickness) with the 47 

following temperature program: 80 oC (5 min hold), ramping at 4 oC/min to 325 oC for a total 48 

runtime of 76 min. The instrument was operated at a nominal mass resolution of 120,000 49 

(FWHM) in full scan MS mode (100-425 m/z). Data were acquired and processed in Xcalibur 50 

4.1 (Thermo Scientific, Mississauga, ON). 51 

Text S3, Relative quantification of metabolites of BaP in bile. Bile samples were first 52 

weighed, then diluted 1:10 in acetonitrile before analysis. Stock solutions of mono-53 

hydroxyalated benzo[a]pyrene (OH-BaP) (Toronto Research Chemicals, North York, Canada) 54 

were made in HPLC grade methanol/ACN (Fisher Scientific). A six point OH-BaP calibration 55 

curve ranging from 0.3 – 100 µg L-1 was used for semi-quantification of the all BaP metabolites. 56 

Analysis was conducted using a Vanquish UHPLC and Q-ExactiveTM HF Quadrupole-57 

OrbitrapTM mass spectrometer (Thermo-Fisher). LC separation was achieved with an Acclaim 58 

Vanquish 2.2µm C18 LC column (150 x 2.1 mm) (Thermo-Fisher) using a gradient elution with 59 

water and acetonitrile, both containing 0.1% formic acid at a flow rate of 0.25 mL/min and 60 

column temperature of 30 oC. The gradient started and was held at 25% ACN from 0-3 min, 61 

ramped from 25% to 100% ACN from 3-15 min, held at 100% ACN from 15-18 min, and re-62 

equilibrated to 25% ACN over 7 min for a total run time of 25 min. Retention times of OH-BaP, 63 
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OH-BaP-O-glucuronide (BaP-Gluc), and sulfate-BaP (BaP-SO4) were 12.74, 8.39, and 10.82 64 

minutes, respectively. 65 

Samples were ionized by negative mode heated electrospray ionization (HESI) with the 66 

following source parameters: sheath gas flow = 35; aux gas flow = 8; sweep gas flow = 1; aux 67 

gas heater = 325oC; spray voltage = 2.7 kV; S-lens RF = 55; capillary temperature = 300oC. A 68 

Full MS/parallel reaction monitoring (PRM) method was used with the following scan settings:  69 

60,000/30,000 resolution, AGC target = 1x106/2x105, max injection time = 100ms/100ms, full 70 

MS scan range of 80-500 m/z and PRM isolation window of 2.0 m/z and normalized collision 71 

energy = 30. The method monitored the [M-H]- parent ion m/z 267.080 for OH-BaP and both 72 

parent and daughter ions for OH-BaP-O-glucuronide (m/z 443.113 → 267.080) and BaP-SO4 73 

(m/z 347.038 → 267.080). 74 

Concentrations of OH-BaP were quantified directly with the use of analytical standards and 75 

external calibration. Semi-quantification of BaP-Gluc and BaP-SO4 was conducted using a 76 

relative response factor approach. First, a representative set of bile samples were analyzed 77 

untreated, followed by analysis of samples treated with glucuronidase and arylsulfatase (30/60 U 78 

mL-1; Sigma Aldrich Roche, Basel, Switzerland) in order to convert all of the BaP-Gluc and 79 

BaP-SO4 metabolites present in the untreated samples into OH-BaP. Sample incubations with 80 

enzymes were conducted by placing the bile with the enzymes in an incubator for 2 hours at 81 

37C while shaking at 200 rpm. 82 

These samples provided an instrument response factor for semi-quantification. The response 83 

factors for BaP-Gluc and BaP-SO4 were calculated (Equation 1). 84 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 [𝑂𝐻 − 𝐵𝑎𝑃]𝑡𝑟𝑒𝑎𝑡𝑒𝑑

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 [𝐺𝑙𝑢𝑐/𝑆𝑂4 − 𝐵𝑎𝑃]𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 85 

 86 
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Mean response factor for Gluc and SO4 was 21 and 17 respectively, suggesting that for 87 

equimolar amounts of OH and Gluc/SO4 BaP, OH-BaP response was 21 and 17 times more 88 

sensitive, respectively. Response factors were used to convert peak areas of OH-BaP from the 89 

standard curve to Gluc and SO4 BaP peak areas in order to construct external calibration curves 90 

for each metabolite. Concentrations of each metabolite measured in the extracted bile samples 91 

could then be determined from the peak areas. Final BaP metabolite concentrations were 92 

reported as ng g-1 bile calculated from the volume of solvent used for extraction and specific bile 93 

weight.94 
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Table S1. Limit of quantification (LOQ) and limit of detection (LOD) of OH-BaP, BaP-Gluc, 95 

and BaP-SO4. 96 

 97 

Metabolite LOQ (ng ml-1) LOD (ng ml-1) 

OH-BaP 0.036 0.011 

BaP-Gluc 0.76 0.23 

BaP-SO4 0.61 0.19 
98 
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Table S2. The counts of sequenced, filtered, denoised, merged, non-chimeric, and bacteria only 99 

reads for each sample 100 

sample sequenced filtered denoised merged non-chimeric bacteria only 

NTC2D 593 583 526 429 384 378 

NTCD 8 8 2 2 2 2 

R11000F2D 24528 24210 23414 21156 16394 16388 

R11000F2xD 46308 45695 45155 43248 37550 36568 

R11000F3D 21345 21023 20623 19381 16013 16009 

R11000F4D 47 36 24 21 21 21 

R11000F5D 30502 30114 29740 28581 23489 23400 

R11000F6D 30042 29646 29157 27573 22953 22953 

R11000F7D 27175 26796 26380 25064 19623 19580 

R11000F8D 18001 17764 17545 17008 15447 15441 

R11000F9D 10587 10438 10062 9189 7680 7677 

R1100F1D 43898 43259 42036 38420 26785 26597 

R1100F3D 31053 30601 29841 27756 22035 21989 

R1100F4D 28685 28280 27281 24189 19239 19185 

R1100F5D 44317 43708 42336 38300 27861 27820 

R1100F6D 29577 29188 28438 25964 19406 19374 

R1100F7D 34935 34497 33604 30873 23653 23598 

R1100F8D 39662 39147 38233 35030 26933 26826 

R1100F9D 35455 34972 33934 30656 21344 21285 

R110F10D 34190 33693 32889 30368 25663 25609 

R110F1D 21972 21697 21197 19621 15677 15664 

R110F2D 14952 14739 14383 13384 11211 11208 

R110F3D 8050 7952 7802 7367 6896 6866 

R110F4D 42845 42260 41227 38024 27518 27355 

R110F5D 13815 13625 13159 11694 9021 9010 

R110F6D 8209 8077 7936 7490 6903 6895 

R110F8D 33780 33259 32438 29886 24788 24722 

R110F9D 10 8 2 2 2 2 

R11F10D 28765 28385 27741 25751 21426 21388 

R11F1D 29879 29489 28828 27067 21454 21359 

R11F2D 18 16 6 5 5 5 

R11F3D 13048 12883 12802 12690 12528 10974 

R11F4D 38155 37693 37092 35137 27674 27604 

R11F5D 39979 39464 38901 37153 31085 30999 

R11F6D 18 15 4 4 4 4 
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sample sequenced filtered denoised merged non-chimeric bacteria only 

R11F7D 43702 43144 42327 39722 33213 33107 

R11F8D 35553 35123 34584 32811 28066 27971 

R11F9D 18616 18358 17794 16362 13725 13672 

R1CTRLF10D 13903 13659 13357 12641 11313 11311 

R1CTRLF1D 33772 33184 32672 31076 27971 27949 

R1CTRLF2D 16077 15860 15208 13726 11426 11379 

R1CTRLF3D 37654 37198 36710 35424 32097 32086 

R1CTRLF4D 26460 26084 24924 21133 17539 16981 

R1CTRLF5D 30021 29557 28828 26582 21724 21688 

R1CTRLF6D 10612 10363 10027 8880 8102 8079 

R1CTRLF7D 29491 29066 28495 26785 22104 22007 

R1CTRLF8D 1470 1433 1341 1273 1230 1230 

R1CTRLF9D 19014 18642 18270 16856 15491 15281 

R21000F10D 26634 26276 25955 24868 22882 22864 

R21000F1D 37544 37055 36576 34646 28700 28660 

R21000F2D 31102 30705 29731 26490 19163 19027 

R21000F4D 35768 35319 34463 31618 20538 20488 

R21000F5D 26219 25906 25348 23261 16013 15880 

R21000F6D 8 5 1 0 0 0 

R21000F8D 43340 42826 42150 39498 25869 25766 

R21000F9D 33461 33005 32220 29226 20045 19960 

R2100F10D 14 7 1 0 0 0 

R2100F1D 189 177 152 142 142 142 

R2100F2D 33965 33529 32813 30607 25113 25103 

R2100F3D 31902 31011 30426 28789 21133 20885 

R2100F5D 33388 32950 32352 30824 24409 24364 

R2100F7D 35949 35413 34599 32274 26667 26634 

R2100F8D 36925 36414 35751 34078 28240 28050 

R210F10D 5298 5221 5154 4970 4347 4248 

R210F12D 18679 18448 18307 17678 13917 13806 

R210F1D 34098 33618 33037 31008 25465 25456 

R210F3D 23251 22924 22486 21252 18233 18229 

R210F4D 32841 32421 31886 29821 20698 20654 

R210F5D 36028 35605 35152 33732 23110 22749 

R210F6D 41810 41276 40330 37680 31249 31179 

R210F7D 37388 36922 36339 34345 23449 23272 

R210F8D 30929 30509 29394 26532 21086 20965 

R210F9D 26952 26583 24992 19960 13252 13134 

R21F10D 34123 33676 32785 29814 20214 20065 
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sample sequenced filtered denoised merged non-chimeric bacteria only 

R21F1D 33629 33229 32624 30757 19448 19191 

R21F2D 24195 23893 23439 21877 18393 18373 

R21F3D 16267 14868 14641 13464 11733 10273 

R21F5D 27110 26698 25733 22621 16307 16057 

R21F6D 28127 27793 27344 25662 17195 17058 

R21F7D 28397 28021 27659 26393 22659 22636 

R21F8D 34782 34341 33180 30067 23286 23266 

R21F9D 30093 29753 29532 28952 20128 16178 

R2CTRLF10D 40173 39635 38774 35994 27074 26539 

R2CTRLF1D 31 5 1 0 0 0 

R2CTRLF2D 35690 35274 34447 31624 24248 24098 

R2CTRLF3D 96 88 74 70 68 68 

R2CTRLF4D 30654 30272 29914 28893 25424 25416 

R2CTRLF5D 37700 37251 36776 35102 28721 28687 

R2CTRLF7D 33363 32945 32245 29951 24715 24626 

R2CTRLF8D 37737 37252 36184 33047 22901 22785 

R2CTRLF9D 32345 31846 30092 23719 15740 13311 

R31000F10D 5134 5030 4881 4546 4057 4056 

R31000F1D 29779 29262 28954 28137 26197 26159 

R31000F2D 88 41 1 0 0 0 

R31000F3D 23779 23445 23001 21863 19548 19448 

R31000F4D 36202 35616 34772 32009 25881 25407 

R31000F5D 1363 1334 1283 1191 1184 1182 

R31000F6D 31470 31059 30870 30342 26761 26441 

R31000F7D 28007 27605 26989 25430 21549 21526 

R31000F8D 17612 17253 17056 16621 15768 15731 

R31000F9D 34138 33575 33183 32269 28318 28306 

R3100F1D 36683 36137 35740 34692 31262 31208 

R3100F2D 29681 29098 28894 28181 27662 16746 

R3100F3D 34886 34371 33819 32023 26378 26352 

R3100F4D 1135 594 497 459 459 202 

R3100F5D 2087 2033 1929 1768 1705 1692 

R3100F6D 26512 25568 25457 25258 25184 20550 

R3100F7D 18421 16971 16812 16410 16073 12218 

R3100F8D 20364 19953 19370 17981 14989 14982 

R3100F9D 26781 26420 26280 25966 24224 24197 

R310F10D 44 25 5 5 5 5 

R310F1D 28751 28387 27580 25150 19952 19905 

R310F2D 12459 12176 11993 11711 11080 11080 
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sample sequenced filtered denoised merged non-chimeric bacteria only 

R310F3D 36440 35946 34868 31865 25590 25339 

R310F4D 33567 33043 32372 30241 23391 23354 

R310F5D 24745 24427 24098 23016 20549 20482 

R310F6D 6650 6536 6384 6174 5773 5770 

R310F7D 37 36 23 21 21 21 

R310F8D 104 84 39 35 35 27 

R310F9D 30553 30155 29592 27760 25368 25268 

R31F10D 32904 32422 31552 28801 20181 20157 

R31F1D 29987 29436 28802 26672 21926 21916 

R31F2D 20212 19879 19598 18900 17216 17214 

R31F3D 25492 25122 24348 21880 15622 15570 

R31F4D 41450 40898 39855 36432 26684 26538 

R31F5D 35381 34957 34208 31252 23189 23118 

R31F6D 4938 4804 4694 4478 4231 4225 

R31F7D 34032 33550 32629 29466 22426 22352 

R31F8D 6110 6008 5901 5676 5233 5233 

R31F9D 32479 31898 30841 27627 20337 20306 

R3ContF10D 23776 23424 22929 21408 17630 17598 

R3ContF1D 22425 22122 21545 20059 16922 16914 

R3ContF2D 34475 33940 33036 30195 23544 23341 

R3ContF3D 31928 31542 30659 27440 21189 21138 

R3ContF4D 40813 40245 39134 35765 27974 27922 

R3ContF5D 52 32 4 4 4 4 

R3ContF6D 36224 35702 34681 31672 24333 24165 

R3ContF7D 28595 28170 27358 25048 20325 20306 

R3ContF8D 32153 31698 30675 27429 20396 20328 

R3ContF9D 34758 34213 33167 29857 22128 22115 

R1100F5xD 27855 27437 26923 25381 21244 21148 

R11F7xD 69315 68451 67156 62550 46406 46075 

R21000F2xD 47439 46427 45531 42317 29519 29367 

R2100F8xD 3 3 2 0 0 0 

R2CTRLF4xD 28104 27731 26670 23549 15624 15501 

R31F10xD 39858 39337 38236 35397 27388 27222 
101 
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Table S3. Concentrations of benzo[a]pyrene (BaP) in food and metabolites of BaP in bile. 102 

Reported as mean ± standard errors (SE). 103 

Nominal 
Exposure 

μg g-1 

Food OH-BaP BaP-Gluc BaP-SO4 Sum 

µg g-1 ng g-1 ng g-1 ng g-1 ng g-1 

0 0.06 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 178 ± 51.3 165 ± 45.5 

1 0.98 ± 0.04 0.00 ± 0.00 1.44 ± 1.44 46.7 ± 17.9 53.7 ± 19.6 

10 8.03 ± 1.61 0.00 ± 0.00 9.63 ± 2.88 1,390 ± 308 1,437 ± 266 

100 104 ± 3.08 7.67 ± 3.32 157 ± 46.9 8,080 ± 2,280 9,651 ± 2,468 

1,000 1,170 ± 32.1 49.0 ± 16.7 280 ± 92.6 41,000 ± 9,560 51,071 ± 9,403 

104 
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Table S4. Parameters of co-association gut microbial network. 105 

Nominal 
Exposure 

μg g-1 

Number 
of nodes 

Number 
of edges 

Avg. number 
of neighbors 

Cluster 
coefficient 

Network 
heterogeneity 

Network 
centralization 

0 107 544 12.364 0.557 0.793 0.337 

1 89 240 7.045 0.499 0.655 0.202 

10 80 583 14.048 0.591 0.648 0.249 

100 78 332 9.735 0.555 0.57 0.189 

1000 81 127 4.593 0.435 0.611 0.145 

106 
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Supplemental Figures: 107 
 108 

 109 
Fig. S1.  Rarefaction curve of Shannon Diversity values across sequencing depths.110 
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 111 

Fig. S2. Condition factor of fish exposed to BaP within each exposure group. Exposure did not 112 

significantly affect the condition factors of these fish. 113 

 114 
 115 
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A. 116 
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B.  118 
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E.  124 

 125 
Fig. S3. Association networks generated through SparCC assembled at the level of genera for (A) Control, (B) 1, (C)10, (D) 100, and 126 

(E) 1000 µg g-1. 127 
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