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INTRODUCTION

Abstract

Aims: We examined the effects of a mixture of contaminants found in agricultural
watersheds on the gut microbiota and physiology of both the freshwater mussel
Lampsilis cardium, and L. cardium host fish Micropterus salmoides.

Methods and results: Lampsilis cardium and M. salmoides were exposed to three
concentrations of agricultural contaminants for 60days (observing behaviour daily)
before being sampled for gut microbiota analyses. DNA was extracted from the gut
samples, amplified via PCR, and sequenced using the Illumina Mi-Seq platform. Only
L. cardium guts had differing microbiota across treatments, with an increase in po-
tentially pathogenic Aeromonas. We also provide novel evidence of a core microbiota
within L. cardium and M. salmoides. In terms of physiology, female L. cardium exhib-
ited a decrease in movement and marsupial gill display in contaminant exposures.
Conclusions: Exposure to contaminants from agricultural watersheds may af-
fect population recruitment within freshwater mussel communities over time.
Specifically, increased pathogenic micro-organisms and altered behaviour can re-
duce the likelihood of glochidia dispersal.

Significance and impact of the study: This study supports emerging research that
contaminants found in agricultural watersheds may be a factor in freshwater mussel
population declines. It also provides novel evidence that unionids have a core gut
microbiota.
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in many environments and act as an important carbon,
energy and food source to freshwater mussels (Langdon

Micro-organisms living in the sediments and water col-
umn drive the basic functions of life. Micro-organisms
(hereafter referred to as microbes) reduce and oxidize
molecules such as carbon, nitrogen and phosphorus to
make compounds bioavailable for use by the local aquatic
biota (Gougoulias et al., 2014; Jacoby et al., 2017; Schloter
et al., 2018). Microbes are also a vital part of the food web

& Newell, 1990; Nichols & Garling, 2000), and to a variety
of organisms lower on the food webs such as zooplankton
(Sherr & Sherr, 1988). Aquatic environments require a sta-
ble microbial community to perform biological functions
and to maintain food web stability. However, studies have
shown that contaminants may be altering microbial com-
munities within aquatic environments (Rosi et al., 2018;
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TABLE 1 Measured and nominal concentrations of contaminants used to study the effects of contaminants of emerging concern

commonly found in agricultural environments on Lampsilis cardium and host fish Micropterus salmoides. All values are in ng/L

Bromacil Estrone Metolachlor
Treatment Measured Nominal Measured Nominal Measured Nominal
Low 25+0 8 50+0 1 50 £17 11.78
Medium 216 +53 76 50 +0 15 372 +55 117.8
High 2048 +451 763 98 +77 147 3645 +363 1178.01
CON-EtOH 25+0 50+0 5+0
CON-H,0 25+0 50 +0 5+1

Abbreviations: TBEP, tributoxyethyl phosphate, DEET, N,N- diethyl-meta-toluamide.

Vasileiadis et al., 2015), which may have impacts further
up the food chain for freshwater mussels and aquatic or-
ganisms at all trophic levels.

Contaminants of emerging concern (CECs) are wide-
spread pollutants that may influence aquatic biota,
but whose effects are relatively unknown (EPA, 2016).
Microbial communities in areas affected by pharmaceuti-
cal CECs, for example, antihistamines like cimetidine and
diphenhydramine, are altered when compared to those in
drug-free environments and may provide mussels with a
lower variety of microbes to select from (Rosi et al., 2018).
Triclosan, an antibacterial agent commonly found in soaps
and toothpaste, has also been found to alter the makeup
of operational taxonomic units (OTUs) (where OTUs are
defined in Chen et al., 2013) in bacterial communities in
contaminated waterways (Drury et al., 2013). Once a hab-
itat has been contaminated, organisms that are able to use
Triclosan as a carbon source, or are resistant toit, will thrive
and become the most abundant group in that area (Drury
et al., 2013; Hay et al., 2001). Pharmaceutical mixtures
have also been tested that reduced algal biomass in exposed
waterways, and changed the overall microbial community
composition (Rosi-Marshall et al., 2013). Herbicides were
noted to negatively affect a microbial community's ability
to recover after being exposed to the chemical in riverine
environments (Pesce et al., 2006), and can help some mi-
crobial species outcompete others that were initially dom-
inant before exposure (Perotti et al., 2003). Exposure to
herbicides such as glyphosate, glufosinate and dicamba
was able to increase antibiotic resistance genes within
affected bacteria, and also positively select for herbicide-
resistant bacteria, altering the microbial community over
time (Liao et al., 2021). Glyphosate herbicides have also
been noted to eventually disrupt the gut microbiota of
rodents after continuous exposure (Hu et al., 2021). The
herbicide, metolachlor, specifically has been shown to de-
crease methanotrophic soil bacteria (Seghers et al., 2003).
These microbial community changes can become prob-
lematic when considering that organisms, such as fresh-
water mussels (family Unionidae; hereafter referred to as

unionids) rely on microbial communities as an important
food source (Nichols & Garling, 2000; Rosa et al., 2015;
Ward & Shumway, 2004). In fact, it has been suggested
that unionids are able to selectively retain bacteria from
the surrounding water column (Weingarten et al., 2019),
with identified differences from gut microbiota occur-
ring across species and locations (Higgins et al., 2021;
McCauley et al., 2021). Altering this food source increases
the likelihood that imperilled organisms such as unionids
may lose an important source of nutrition, which could
have negative biological consequences.

Chemical exposure has also been noted to alter unionid
reproductive behaviour. Exposure to fluoxetine led to an
increase in the production of nonviable glochidia and an
increase in lure displays from females, while males experi-
enced an increase in spermatozeugmata release (Bringolf
et al., 2010). Fluoxetine effects on unionid behaviour led to
the discovery that exposure can also increase unionid foot
protrusion, while also supporting previous results concern-
ing the increase in female luring (Hazelton et al., 2013).
However, differing results were identified with synthetic
oestrogen exposure (17a-ethinylestradiol) where female lure
display was reduced and no effects to foot protrusion were
identified (Leonard et al., 2014). Any alterations to luring be-
haviour and glochidia viability immediately affect reproduc-
tion as females may prematurely lure fish, a potential required
host (Haag, 2012) and release nonviable glochidia due to ex-
posure effects, which could affect population replacement
as fewer glochidia will have a chance to become juveniles.
Alternatively, reduced luring implies that even if glochidia
are viable they may not have a chance to develop into juve-
niles as there are no required host fish present. Previous re-
search has only examined some of these behavioural changes
after single exposure studies. Naturally, unionids are exposed
to mixtures of chemicals, and combined exposure effects on
reproductive behaviour are currently unknown.

Unionids have a complex life history, including a par-
asitic life stage where larvae are dependent on host fish
for nutrients to develop from a larval stage (i.e. glochid-
ium) into a juvenile (Haag, 2012), therefore, it is necessary
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TBEP 4-Nonylphenol Atrazine DEET Bisphenol A
Measured Nominal Measured Nominal Measured Nominal Measured Nominal Measured Nominal
658 +481 127 50 £0 13 97 +£29 24 123 +£59 14 50 4
2850 +1090 1267 50 +0 130 848 +160 243 432 +£82 137 50 40
14,797 +£8397 12,671 195 £352 1300 8892 +961 2431 2129 +£1073 1372 422+466 398
957 +£1113 50 £0 5 113 +117 91.4+62
654 +1802 50 +0 8 +10 85 +214 124 +269

that hosts are alive, healthy and available for the parasitic
life stage to occur. One important indicator of fish health
is the gut microbiota, with many fish having a core mi-
crobiota that rarely changes (Tarnecki et al., 2017). Liu
et al. (2016) have performed research suggesting that the
plasticizer bisphenol A (BPA), a CEC ubiquitous in water-
sheds including agricultural locations (Elliott et al., 2018),
can alter the gut microbiota of the zebrafish (Danio rerio),
but recommended further research be performed to con-
firm results. BPA exposure has also changed the gut mi-
crobial community within mice (Mus musculus) to match
that of high fat and sucrose diets (Lai et al., 2016) and
can alter the natural gut microbiota (Javurek et al., 2016).
Alteration of the gut microbiota can negatively impact an
organism's behaviour as heavy evidence suggests links
between gut health and mental health, with behavioural
shifts occurring after gut microbiota alterations (Heijtz
et al., 2011; Neufeld et al., 2011). CECs commonly found
in agricultural watersheds are of special concern as agri-
cultural CECs often have a seasonal presence depending
on when chemicals (such as herbicides and pesticides) are
being used. These seasonal presences can coincide with
important events such as fish spawning and glochidia
release, causing an increase in exposure during sensitive
time points. The seasonal presence of CECs is also prob-
lematic as the exact concentration of CECs within water
can be difficult to quantify, and therefore, the combined
effects of agricultural CECs can be difficult to predict
(Baldwin et al., 2016). Previous research has identified
that feeding patterns and stress can affect the gut mi-
crobiota of fish (Bolnick et al., 2014; Cahill, 1990; Zha
et al., 2018). Alternatively, research has also shown that
an altered gut microbiota can elicit a stress response in
fish (Zha et al., 2018). Fish responses to chemical stress-
ors can lead to altered gill mucus levels and loss of gill
epithelial cells (Sun et al., 2020). As unionids are reliant
on the gills of healthy host fish for glochidial survival,
fish stress responses from an altered gut microbiota due
to CEC exposure could be harmful for unionid survival.
Stress responses have also been noted in humans (Dinan

& Cryan, 2012), and mice (Sudo et al., 2004), however, a
similar effect has not yet been noted in unionids.

It remains unclear what effects CEC mixtures have
on the gut microbiota of unionids and unionid host fish,
and what responses may occur from exposure that could
influence fitness leading to reduced reproduction and
population decline. This study attempts to determine
the influence of a representative mixture of CECs found
in agriculturally dominated watersheds on gut microbial
communities of Lampsilis cardium and L. cardium host
Micropterus salmoides, and whether altered gut micro-
biota could induce behavioural effects for L. cardium. It
is predicted that exposure to higher concentrations of a
mixture of CECs will alter the profile of microbes found
within the guts of L. cardium and M. salmoides, and will
lead to altered physiological functions.

MATERIALS AND METHODS
Sampling and 60 day vivarium trial

Lampsilis cardium (hand collected from the Grand River
in Lyons, MI, USA in early July 2017) and M. salmoides
(obtained from the Stoney Creek Fish Hatchery, Grant,
MI, USA in June 2017) were acclimated in aerated tanks
and two living streams, respectively, within the Central
Michigan University Vivarium. L. cardium and M. sal-
moides were then moved to five separate recirculating
systems (n = 20 L. cardium and n = 25 M. salmoides per
system) with one system holding a different experimental
treatment (low, medium, high) or control (water [CON-
H,0] [carbon filtered, dechlorinated] and ethanol [CON-
EtOH] [solvent control, 0.5 pl EtOH/L]). The treatments
were low (0.1x medium), medium (ecologically relevant
based on Elliott et al., 2018), or high (10X medium) con-
centrations of a mixture of CEC commonly found in
agricultural watersheds that was formulated based on pre-
vious fieldwork from the United States Fish and Wildlife
Service (Elliott et al., 2018; Table 1), and made at the
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United States Geological Survey (USGS) National Water
Quality Lab (Dr. Edward Furlong; USGS National Water
Quality Laboratory, Denver CO; Table 1). The CON-EtOH
was needed to evaluate if ethanol, used as a solvent to dis-
solve the CECs, contributed to the effects seen (ASTM
International, 2006). The treatments and controls were
in systems that each contained 30-3 L tanks with 25 M.
salmoides and 20 L. cardium. Tank pairings are outlined
in Table S1.

Adapted from ASTM protocols (ASTM
International, 2006), carbon filtered dechlorinated water
within each control and treatment was renewed daily
(100%) at 07:00, 12:00, 16:00 and 20:00, and the chemicals
for the respective treatments were added to the holding
tanks to maintain treatment concentrations (Table S2).
Behaviour was also examined daily (males: n = 5 except
for CON-H,O [n = 4], females: n = 5 except for CON-
EtOH [n = 4]), where organisms were observed over the
course of a collective 15-min time period, and key be-
haviours were noted onto a checklist. L. cardium were fed
0.5 ml of algal mix per individual (i.e. 1 ml per 3 L tank)
twice a week using a mixture of Nannochloropsis spp.
and Shellfish diet (Reed Mariculture) as per Wang et al.
(2007). M. salmoides were fed blood worms (~9-10 g) and
brine shrimp (~3 g) (Hikari Bio-Pure, Hayward CA, USA)
dissolved in dechlorinated water (25 ml beaker) twice per
week with a disposable transfer pipette ad libitum to min-
imize any contributions to excess ammonia within tanks
that could be toxic to unionid glochidia (Wang et al., 2007).

Preliminary and takedown data collection

To obtain preliminary microbiota data (sometimes re-
ferred to as microbiome see Berg et al., 2020) on L. car-
dium and M. salmoides dissections were performed to
gather tissue for gut microbiota analysis on three samples
per species after the short acclimation period within the
vivarium mentioned earlier prior to CEC exposure. To
maintain a sterile environment, ethanol (95%) was used
to wipe down all tools, gloves and surfaces used during
the dissections of each organism. The gut of L. cardium
has a mucus-like consistency, and therefore, after the
stomach was cut open the sample was scooped out with
a sterile microspatula and placed into a sterile 1.7 ml mi-
crocentrifuge tube. Gut samples for M. salmoides were
solid and a small snip of the gut was able to be obtained
and placed in a sterile 1.7 ml microcentrifuge tube. Gut
samples from both L. cardium and M. salmoides filled mi-
crocentrifuge tubes to ~50 pl and were housed in a—20°C
freezer (Maloy et al., 2009). Data from preliminary sam-
ples were used to determine the different microbiota
present in the guts before exposing L. cardium and M.

salmoides to contaminants, which helped to identify
changes in the gut bacterial community post-exposure.
Dissections were performed on L. cardium and M. sal-
moides on days zero (preliminary), and 60 (end), with
60days chosen as a final endpoint to allow adequate time
for gut microbial and behavioural shifts. Environmental
air controls (n = 3) were also obtained during prelimi-
nary and end gut dissections to account for any bacteria
within the air that may contaminate the samples (Napoli
et al., 2012) by opening a tube to the air during dissec-
tions and running analyses on the tube as if it contained
a sample.

DNA extraction

DNA was extracted from the gut samples to examine the
microbial community. Extractions were performed on
three samples being used for M. salmoides from the begin-
ning (n = 3), three samples per system used from the end
(n = 15) dissections of the trial and three samples being
used for L. cardium from the beginning of the trial (n = 3)
with three samples being used from each system from the
end dissection (n = 15). Samples were removed from the
—20°C freezer and thawed before extracting DNA using
the Qiagen DNeasy Blood & Tissue kit (Qiagen LLC), as
outlined in Maloy et al. (2009) under a laminar flow hood.
To increase DNA yields, samples were concentrated using
the DNA Clean and Concentrator™ Kit (Zymo Research).
The resulting DNA concentration of each extraction was
quantified using a Qubit® Fluorometer (Thermofisher
Scientific™).

DNA amplification and sequencing

To attain sufficient concentrations of DNA for sequencing
(>1 ng pl_l of DNA), polymerase chain reactions (PCRs)
were run on all of the samples. The 16s rRNA gene (27F
and 1492R primers) was amplified using a high-fidelity
DNA polymerase, Q5° DNA polymerase (New England
Biolabs®, Inc.) with PCR conditions described in Hengy
et al. (2017), with the exception of using 39cycles. The
samples were visualized with gel electrophoresis to ver-
ify the correct PCR product size. Final concentrations of
DNA within each PCR reaction were quantified using
a Qubit® Fluorometer. The resulting DNA was then se-
quenced using an Illumina MiSeq platform (paired end
2Xx250bp format) at Michigan State University's Research
Technology Support Facility to generate amplicons of the
V4 16S rRNA region (Kozich et al., 2013). Raw reads have
been deposited to NCBI GenBank SRA: BioProject ID
PRINAS804100.
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Data analysis

DNA sequencing reads were analysed using Mothur
version 1.41.3 (Schloss et al., 2009). The Mothur MiSeq
SOP (Kozich et al., 2013) was used with some modifica-
tion (Horton et al., 2018). The reference database used
was SILVA (v. 128), and any sequences that were not
able to be identified from the SILVA reference database
were run individually on BLAST (Madden, 2002), with
only those OTUs of a 98% similarity or higher being cho-
sen from BLAST. Chimeric fragments were identified
and then removed, using UCHIME (Edgar et al., 2011).
Finally, samples were normalized and subsampled using
Mothur.

Microbial OTUs were then used to evaluate the di-
versity within each sample. Mothur was also used to
obtain alpha diversity measures such as Shannon's di-
versity index, Good's coverage index and Chaol where
singletons and doubletons were included in the analy-
ses. Initial alpha diversity analyses were performed with
approximately 6000 OTUs. Shannon's diversity index,
where 0 implies no diversity as only one species is pres-
ent, examines the evenness and abundance of microbial
taxa within each control and treatment, which helps to
identify microbial resilience within treatments. Good's
coverage index (Good, 1953) determines what percentage
of sequences that were potentially present in the sample
were analysed, which helps to identify how thorough the
sequencing analyses were. Chaol (Chao, 1984) estimates
the abundance of OTUs using singletons and doubletons
to calculate potential total OTUs present as compared
to the OTUs that were identified, and is used as another
supplemental method to identify how thorough the se-
quencing analyses were. All alpha diversity (i.e. diversity
within treatment) measures were analysed with a one-
way analysis of variance test (ANOVA) to identify any dif-
ferences among treatments, controls and time points (i.e.
preliminary and day 60) after ensuring that all data met
assumptions of normality and homogeneity of variance.
Beta diversity (i.e. diversity across treatments) analyses
were run using the statistical software R (version 3.4.3;
R Core Team, 2013) with all singletons and doubletons
removed to minimize the inclusion of incorrectly iden-
tified OTUs (Horton et al., 2018). After singletons and
doubletons were removed, 1540 OTUs were used in beta
diversity analyses. OTUs identified within the air con-
trol data were subtracted from the dataset, and from all
analyses to remove OTUs that may be present from air
contamination (Parris et al., 2016). All samples were
subsampled based on the smallest number of sequences
identified in a sample to normalize the data. Initial ex-
aminations were performed with exploratory non-metric
multidimensional scaling analyses (NMDS) to identify

Applied Microbiology }icrobioey

any differences among controls and treatments in the gut
microbial communities of both L. cardium and M. sal-
moides and compare treatments after 60 days of exposure
to preliminary conditions. Multi-response permutation
procedures (MRPP) were then used to determine if dif-
ferences among microbial communities within each con-
trol and treatment were significant (p <0.05). Families
and genera were also compared, examining groups that
made up 80% of taxa within the gut microbiota of both
L. cardium and M. salmoides (Parris et al., 2016; Vaidya
et al., 2013).

For physiological data analysis, we used a repeated
measures test to examine behavioural differences for L.
cardium across all treatments to account for data collec-
tion from the same L. cardium through time to determine
if behaviour was altered by exposure to our mixture of
CECs.

RESULTS

Shannon's diversity index, measuring relative abundance
and evenness of the species present within the guts of
each sample was not significantly different across (com-
paring treatments) or within (comparing across species)
systems when combining data for both L. cardium and
M. salmoides (ANOVA: F = 1.494, p = 0.203). The range
of Shannon's diversity index scores for L. cardium was
between 1.52 and 3.16 while the range for M. salmoides
varied from 1.54 to 1.87 (Table 2). Good's coverage index,
measuring what percentage of total species in the samples
were identified was also not significantly different among
or within treatments (ANOVA: F = 0.715, p = 0.713;
Table 2). Most values were around 0.999 +0.0006 imply-
ing that approximately 99.9% of all potential microbial
sequences within the sample were identified (Table S3).
There were no significant differences in Chaol, measur-
ing total relative abundance of species in each sample, ei-
ther (ANOVA: F = 0.715, p = 0.713; Table 2), however,
with the exception of the water control and preliminary
samples L. cardium have lower Chaol values than M. sal-
moides (Table 2).

Lampsilis cardium gut microbiota

Overall, L. cardium had 693 OTUs not identified within
the preliminary samples and only detected in the end
samples. A total of 1076 OTUs were found in L. cardium
across the entire experiment, which were considered in
an NMDS (Figure 1a). An MRPP on the microbial OTUs
present within the guts of L. cardium, shows significant
differences in the gut microbial communities across
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controls and treatments, with variation among individu-
als occurring within controls and treatments (T = —0.62,
A = 0.11, p = 0.044). The medium treatment had the
most unique changes to microbial taxonomy when com-
pared to the other treatments (low and high), controls
and preliminary samples (Figures 2 and 3). Specifically,
the medium treatment had a higher relative abundance
of Rhodobacteraceae and Aeromonadacae (Figure 2). The
medium treatment also had the largest number of unique
OTUs identified at 210, as opposed to the low treat-
ment that had only 16 OTUs (Table 3). Each control and
treatment had unique OTUs, however, there was over-
lap in OTUs across controls and treatments (Figure 4).
Clostridiaceae, Enterobacteriaceae and Rhodobacteraceae
were the main families identified within all treatments
and controls, potentially implying at their inclusion in
the core gut microbiota. Enterobacteriaceae was the only
microbial family that was identified in the top five most

commonly identified microbial families from all six sam-
pling groups (preliminary, CON-H,O, CON-EtOH, low,
medium and high) after ordering OTUs by similar taxa
(Table 3). There were also 23 OTUs found in only CON-
H,0 and CON-EtOH systems.

Micropterus salmoides gut microbiota

There were a total of 364 OTUs that appeared in the end
samples for CON-H,0, CON-EtOH, low, medium and
high treatments for M. salmoides but not in the prelimi-
nary sample (Figure 3). Overall, M. salmoides had 578
OTUs identified throughout the entire experiment. M.
salmoides had no significantly different microbial groups
identified among controls and treatments, however
there was variation among individual OTUs (T = 0.18,
A = —0.048, p = 0.74) at the family (Figure 2) and genus

TABLE 2 Alpha diversity measures (Shannon's diversity, Good's coverage index and Chaol) of the guts of Lampsilis cardium and
Micropterus salmoides exposed to an agricultural mixture of contaminants of emerging concern for 60days

Species Treatment Shannon'’s diversity Good's coverage Chaol
Lampsilis cardium Preliminary 2.37 +£0.33 0.99 +0.00030 511.33 +324.91
CON-H,0 2.38 £0.52 0.99 +0.00020 550.01 £619.29
CON-EtOH 316 £1.13 0.99 +£0.00080 166.50 +38.89
Low 2.54 +£0.41 0.99 +0.00030 153.71 £34.34
Medium 1.52 £1.36 0.99 +0.00040 154.3 £31.53
High 2.37 £0.77 0.99 +£0.00050 143.71 £14.92
Micropterus salmoides Preliminary 1.7 £0.32 0.99 +0.00020 317.16 +83.18
CON-H,0 1.87 +£0.27 0.99 +0.0029 402.78 +69.43
CON-EtOH 1.81 £0.34 0.99 +£0.00040 275.45 £128.73
Low 1.58 +£0.63 0.99 +£0.0011 1041.51 +1549.36
Medium 1.73 +£0.61 0.99 +0.000050 384.1 +249.52
High 1.54 +£0.31 0.99 +£0.00020 190.25 +37.35
() (b) °
M
) Treatment
~ H M % H e© ® CON-H20
L 2 A -
2 | 9@ M HRY H H 1O coneton
2 o H 8 L L L Low
g L % M Medium
z H High
M
M
NMDS Axis 1 NMDS Axis 1

FIGURE 1 Non-metric multidimensional scaling (NMDS) analysis depicting the similarities of bacterial communities based on
operational taxonomic unit results found within the guts of (a) Lampsilis cardium, and (b) Micropterus salmoides exposed to low (0.1x
medium), medium (ecologically relevant), high (10x medium), CON-EtOH and CON-H,0 treatments of agricultural contaminants of
emerging concern.
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FIGURE 2 Top ten families identified within bacterial communities obtained from operational taxonomic unit results found within the

guts of Lampsilis cardium and Micropterus salmoides exposed to low (0.1x medium), medium (ecologically relevant), high (10x medium),

CON-EtOH, CON-H,0 and preliminary sampling groups of agricultural contaminants of emerging concern.
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FIGURE 3 Heat map depicting the top 80% of genera identified within bacterial communities obtained from operational taxonomic
unit results found within the guts of Lampsilis cardium and Micropterus salmoides exposed to low (0.1x medium), medium (ecologically
relevant), high (10x medium), CON-EtOH, CON-H,O0 and preliminary sampling groups of agricultural contaminants of emerging concern.

(Figure 3) levels. Even though there were no significant
differences in beta diversity (Figure 1b), each control
and treatment had its own unique OTUs with CON-
H,0 having the most OTUs (n = 82) and CON-EtOH

having the least (n = 35) (Table 3). Mycoplasmataceae,
Enterobacteriaceae and Firmicutes were seen in all of the
top five OTUs within each treatment for M. salmoides
(Table 3).



TABLE 3 Unique and average (+standard deviation) operational taxonomic units found within the guts of Lampsilis cardium and Micropterus salmoides exposed to an agricultural mixture

of contaminants of emerging concern for 60days

Dominant families

Unique
OTU

3rd dominant 4th dominant 5th dominant

2nd dominant

1st dominant

Average OTU

Treatment

Species

Acetobacteraceae Aeromonadaceae Planctomycetaceae

Streptococcaceae Legionellaceae

154 +£38.3

Preliminary
CON-H,0

Lampsilis

Clostridiaceae

Hyphomicrobiaceae

Rhodobacteraceae

Enterobacteriaceae  Corynebacteriaceae

139 +17.1

290 +239
116.5 +£10.6
179.3 +159.9

56
196

cardium
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Hyphomicrobiaceae Caulobacteraceae Chromatiaceae

Enterobacteriaceae

Streptococcaceae

CON-EtOH

Low

Streptococcaceae Halothiobacillaceae

Legionellaceae

Hyphomicrobiaceae

Enterobacteriaceae

16
210
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Enterobacteriaceae Hyphomicrobiaceae

Fusobacteriaceae

Aeromonadaceae

Rhodobacteraceae

Medium
High

Rhodobacteraceae Legionellaceae Rhodobacteraceae

Enterobacteriaceae  Sphingomonadaceae

109 +75.7

34
69
82
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Mycoplasmataceae Corynebacteriaceae Erysipelotrichaceae

Enterobacteriaceae  Fusobacteriaceae

114 +19.9
98.3 +30.9

Preliminary
CON-H,0

Micropterus

Fusobacteriaceae Porphyromonadaceae Staphylococcaceae

Mycoplasmataceae

Enterobacteriaceae

salmoides

Methylobacteriaceae Staphylococcaceae Rhodobacteraceae

Mycoplasmataceae  Enterobacteriaceae

81 £8.5
91.3 £31.2
93.3 +19
89.7 £8.7

35

CON-EtOH

Low

Staphylococcaceae Methylobacteriaceae Sphingomonadaceae

Enterobacteriaceae

Mycoplasmataceae

46

Fusobacteriaceae

Chromobacteriaceae

Rhodocyclaceae

Enterobacteriaceae

Mycoplasmataceae

66

Medium
High

Staphylococcaceae Comamonadaceae Sphingomonadaceae

Mycoplasmataceae

Enterobacteriaceae

61

Abbreviation: OTU, operational taxonomic unit.

Behavioural changes

Female L. cardium had differences in behaviour for move-
ment (p = 0.015), and marsupial gill displays (p = 0.033) with
less movement and less marsupial gill displaying occurring
in the high and medium agricultural CEC treatments than
within the other controls and treatments (CON-H,O, CON-
EtOH, AL) for both behaviours. Early glochidial release was
not quantified during the experiment, therefore it remains
unknown if the lack of marsupial gill display signified early
release or not. Male L. cardium had no behavioural differ-
ences over the course of the 60 day exposures (valve opening
p =0.066, filtering p = 0.057, movement p = 0.050), although
they could be ecologically relevant. Female L. cardium had
no differences in behaviour for valve opening (p = 0.181),
luring (p = 0.288) and filtering (p = 0.211). The repeated
measures test showed that exposure time was seen to have
the greatest effect and was significant (p<0.01) across all
controls and treatments.

DISCUSSION

This study provides evidence that CEC found in agricul-
tural watersheds can impact the gut microbiota of L. car-
dium and M. salmoides. We were able to identify specific
taxonomic changes within the gut microbiota at both the
family and genus level when exposed to a mixture of ag-
ricultural CECs, however we also saw similar taxa across
each treatment within both unionid and host fish species.
While this supports evidence that core microbiota exist for
M. salmoides, it uniquely suggests the presence of one for
L. cardium. We also noted behavioural differences with
the female L. cardium where decreases in movement and
marsupial gill displays occurred after exposure to the me-
dium and high agriculture contaminant exposures.

Lampsilis cardium

We provided evidence that supports the idea that core mi-
crobes exist within unionids. Core microbes have been
identified in fish and mussel species from similar origins
that were able to remain constant in dynamic and new en-
vironments (Aceves et al., 2018; Parris et al., 2016). It is un-
clear if a core microbiota in unionids would contribute to
a stable gut microbiota and aid in increasing their overall
health as observed in fish (Tarnecki et al., 2017). In the case
of the L. cardium used in our experiment, Clostridiaceae,
Enterobacteriaceae and Rhodobacteraceae have the poten-
tial to be part of the core microbiota as they were identified
within all samples including all treatments, controls and
preliminary guts. Clostridiaceae is a very commonly found
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FIGURE 4 Venn diagram depicting
bacterial taxa identified within the gut
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Lampsilis cardium  Micropterus salmoides
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bacteria within guts, and is commonly identified within
human faeces (Guo et al., 2020). Enterobacteriaceae is an-
other common gut microbe, that have been to known to
act as residents in the human gut (Martinson et al., 2019).
Rhodobacteraceae has also been previously identified
as a gut microbe as Rhodobacteraceae was observed be-
fore in the guts of shrimp (Huang et al., 2022; Imaizumi
et al., 2021). Clostridiaceae (specifically Clostridium) had an
overall decrease in relative abundance from the preliminary
sample to any of the treatments, and was the lowest in the
guts of L. cardium exposed to the medium concentration of
agricultural contaminants. It is possible that Clostridiaceae
was outcompeted during the course of the experiment by
one or more of the 693 OTUs that developed during the
60days. Previous research has shown that Clostridium spe-
cies can be outcompeted in the gut environments (Reeves
et al., 2012). Other research has shown that Clostridiaceae
abundance can change based on diet (Bermingham
et al.,, 2017), and metabolic parameters such as glucose
and insulin levels (Lecomte et al., 2015). It is possible that
some of the other OTUs which developed were able to out-
compete Clostridium in the laboratory environment due to
the dietary change that occurred from L. cardium eating a
natural diet to a laboratory diet made up of an algal mix
(Bermingham et al., 2017), potentially shifting what nutri-
ents L. cardium was digesting as their diet changed.

While not part of the core microbiota, Aeromonadaceae
was a dominant family in the medium agricultural CEC
treatment and is of note due to its potential pathogenic
nature to unionids. There has been some research show-
ing that some Aeromonas species are pathogenic to zebra
mussels (Dreissena polymorpha) (Maki et al., 1998), an
invasive bivalve to North America, and certain species
have been known to affect fish health, by darkening their

*unclassified

scales and creating lesions (Shayo et al., 2012; Thune
et al., 1993). Therefore, it appears that our medium mix-
ture of agricultural CECs, which represents ecologically
relevant levels present in agricultural regions, was able to
provide conditions for potentially pathogenic Aeromonas
species to thrive. Aeromonas can have a tolerance thresh-
old to chemicals, however, which may explain why
Aeromonas did not have a higher relative abundance
within the high treatment (Goni-Urriza et al., 2000).
These results also support the idea that agricultural CECs
such as atrazine and metolachlor may alter the growth
of bacterial species (Seghers et al., 2003), and encourage
microbes that can harm unionids and decrease unionid
(e.g. L. cardium) health over time including contribut-
ing to die off events (Richard et al., 2021). Currently, the
function of many bacterial species for mussel health re-
mains unknown, therefore we suggest the possibility that
alterations from the original gut microbiota pre-exposure
could be impactful to unionid health. We also emphasize
that chemical exposure could lead to an increase in harm-
ful bacteria and provide an additional stressor that allows
such harmful bacteria to further erode mussel health
contributing to mass unionid die-offs (Henley et al., 2019;
Richard et al., 2021).

Micropterus salmoides

Our experiment also provides support that a core mi-
crobiota may exist within fish as well. Core microbiota
within humans are believed to be important to assist in
overall health and boost the immune system (Turnbaugh
et al., 2007). It is believed that a stable gut microbiota
within fish will also aid in increasing their overall health
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(Tarnecki et al., 2017). As M. salmoides are an important
host fish for L. cardium, their health is extremely impor-
tant to maintain to allow them to act as healthy hosts
for glochidia. We noted evidence of Mycoplasmataceae
and Enterobacteriaceae appearing within the guts of fish
from all treatments. Mycoplasmataceae has been identi-
fied within fish guts before (Llewellyn et al., 2016; Ofek
et al., 2021), as has Enterobacteriaceae (Ray et al., 2012).
The gut microbiota of fish can change slightly in new
habitats, but are usually stable once the core microbiota
has been established (Egerton et al., 2018; Roeselers
et al.,, 2011). The results here confirm some stabil-
ity within the microbiota as the experimental condi-
tions did not have a large impact on beta diversity.
However, we did still see some differences, such as with
Fusobacteriaceae, and genera such as Cetobacterium. On
average Fusobacteriaceae, specifically Cetobacterium,
changed the most among treatments from the top 10
most dominant taxa within the guts of M. salmoides.
Cetobacterium is a common taxa within fish guts (Dulski
et al., 2018) and has been identified as an anaerobic bac-
teria in the intestinal tract of fish (Tsuchiya et al., 2008).
There is a chance that bacterial shifts such as these could
have health implications for fish and unionid species
which rely on them for reproduction.

Behavioural effects

Behaviour (marsupial gill display and movement) was
altered throughout the course of our experiment, with L.
cardium in the medium and high experiments. Typically,
mussels will display their marsupial gills when they
contain mature glochidia and will use a lure to draw a
host fish towards the gills (Barnhart et al., 2008). In the
case of our experiment, the L. cardium in the high and
medium treatments were luring the same amount as the
other controls and treatments but showing their marsu-
pial gills less. Unionids that display this behaviour could
be expending energy attempting to lure a fish in when
they did not have any glochidia to release. Allocating
unnecessary resources towards luring in a host fish be-
fore glochidia are developed increases the chances of
not having enough resources left for reproductive func-
tions, which decreases the likelihood that the female
unionid will be able to add to the next generation of the
L. cardium population. While not significant, there was
more movement and less filtering for male L. cardium
within the high treatment than when compared to the
other controls and treatments as well. The gut micro-
biota of unionids was seen to shift significantly after
exposure to our treatments. Research concerning the
effects of altered gut microbiota on mice have shown

that gut bacteria can influence behaviour. Additions of
bacteria typically found in submissive mice into germ
free mice led to the development of submissive behav-
iours (Agranyoni et al., 2021). Links between behaviour
and the gut microbiota have been found in humans
(Dinan et al., 2015), and we believe it may exist in unio-
nids as well. Therefore we propose that exposure to our
chemical mixture altered the gut microbiota of female
L. cardium, which may have caused shifts in behaviour.
Altered gut microbiota have been identified in mice
to affect mental health and induce depression (Zheng
et al., 2016), and in zebrafish differences in gut micro-
biota can lead to changes in serotonin levels and shoal-
ing behaviour (Borrelli et al., 2016). Borrelli et al. (2016)
attributed this altered behaviour in zebrafish to an in-
crease in overall Firmicutes. This draws parallels to our
experiment where we noticed that Firmicutes species
were commonly seen across all tested gut samples, and
that we had some behavioural differences. While fur-
ther research is needed to identify if specific bacteria
can alter unionid behaviour, our experiment provides
the first piece of evidence in support of this statement.

Limitations and future unionid gut
microbe studies

We have shown evidence of core microbiota in host fish
and unionids but additional investigations, with larger
sample sizes, would test the ubiquity and the influence
of changes in the core microbiota and in turn eluci-
date ecological effects and help with the conservation
of unionids. Our research provides further evidence of
the complex effects contaminants may have on aquatic
taxa health. Considering shifts in bacterial composi-
tion with varying chemical exposures using a standard
protocol, as per this study, could expand on the impor-
tance of unionid and host fish gut microbiota. Although
we have provided strong evidence of core microbiota
within both fish and unionids, a larger sample size is
needed for future research as per Aceves et al. (2018).
Our smaller sample size may have led to us incorrectly
observing non-significant differences in behaviour that
would be seen as significant across a larger sample size,
and therefore would be of concern in a larger natural
unionid population. Also, our smaller sample size also
made it difficult to perform more in-depth microbial
and behavioural analyses to identify key bacteria that
may influence specific behaviours. In addition, this
study only focused on one region (V4) of the 16S rRNA
gene, and this does limit the taxonomic resolution of
the data, which should be considered in future stud-
ies. Identifying the influence of contaminants across
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multiple unionids species would also aid in determina-
tion of whether contaminants may be contributing to
broad-scale mussel decline.

We have shown that a mixture of CECs found in ag-
ricultural waterways can alter local microbiota within L.
cardium and M. salmoides, and allow potentially patho-
genic bacteria to thrive. Our study has also provided
evidence that both unionids and fish may have a core
microbiota, as the microbial community remained stable
within their guts post exposure. Finally, we were able to
provide evidence that behaviour may affect the gut micro-
biota of unionids, with filtering and marsupial gill display
frequencies changing in female L. cardium. Our experi-
ment has provided support that exposure to chemicals
commonly found in agricultural environments may alter
the gut microbiota of both unionids and fish, and affect
behaviour, however, it has also highlighted several re-
search areas that must be expanded upon. It is possible to
identify potentially problematic bacteria through similar
studies that are specifically responsible for reduced luring
in females, which could lead to population reduction in
the future. This study has shown that it is important to be
aware of potential pathogenic microbes that may develop
overtime after exposure to agricultural chemicals, and to
monitor the microbial communities for compositional
changes that may affect both unionids and their host fish.

ACKNOWLEDGEMENTS

We acknowledge the immense support of the U.S. Fish and
Wildlife Service, particularly that of Stephanie Hummel
without whom the project would not have been possible.
Central Michigan University (CMU) Woolnough Lab stu-
dents Rachel Paull and Megan Malish helped running
PCRs. Analyses using Mothur were performed with code
from Dean Horton (Cleveland Clinic Genomics Core).
Jessica Zehnpfennig (CMU) deserves acknowledgement for
donating her time to push this project through the HPCC
system. Analyses on organized sequences were performed
through the HPCC system at Michigan State University.
Next-generation sequencing was performed with the help
of the Michigan State University's Research Technology
Support Facility. Feedback from Dr. Greg Cope (University
of North Carolina) during the early stages of this study
and manuscript development was greatly appreciated. We
thank anonymous reviewers as well as editors that have
helped improve this manuscript. Funding was provided
from the Great Lakes Restoration Initiative through the
U.S. Fish and Wildlife Service's Contaminants of Emerging
Concern Team and Central Michigan University. The
findings and conclusions in this article are those of the
authors and do not necessarily represent the views of the
U.S. Fish and Wildlife Service or the U.S. Environmental
Protection Agency. Fish collection and laboratory

Applied Microbiology }icrobioey

experiments followed Central Michigan University proto-
cols and were approved by the Institutional Animal Care
and Use Committee (IACUC); IACUC approval number
17-11. Unionid collection was completed under Michigan
Cultural or Scientific Collection and Threatened and
Endangered Species Permit (2017-2018) as well as US Fish
& Wildlife Services Federal Endangered Species Permit
(TE71821A-3). This paper is contribution # 173 of the CMU
Institute for Great Lakes Research.

CONFLICT OF INTEREST
There is no conflict of interest declared.

DATA AVAILABILITY STATEMENT
Raw reads have been deposited to NCBI GenBank SRA:
BioProject ID PRINA804100.

ORCID
Daelyn A. Woolnough (© https://orcid.
org/0000-0003-1622-4255

REFERENCES

Aceves, A.K., Johnson, P., Bullard, S.A., Lafrentz, S. & Arias, C.R.
(2018) Description and characterization of the digestive gland
microbiome in the freshwater mussel Villosa nebulosa (Bivalvia:
Unionidae). Journal of Molluscan Studies, 84, 240-246.

Agranyoni, O., Meninger-Mordechay, S., Uzan, A., Ziv, O., Salmon-
Divon, M., Rodin, D. et al. (2021) Gut microbiota determines the
social behavior of mice and induces metabolic and inflamma-
tory changes in their adipose tissue. NPJ Biofilms Microbiomes,
7, 28.

ASTM International. (2006) Standard guide for conducting labo-
ratory toxicity tests with freshwater mussels. E 2455-06, West
Conshohocken, PA, USA.

Baldwin, A.K., Corsi, S.R., De Cicco, L.A., Lenaker, P.L., Lutz, M.A.,
Sullivan, D.J. et al. (2016) Organic contaminants in Great Lakes
tributaries: prevalence and potential aquatic toxicity. Science of
the Total Environment, 554-555, 42-52.

Barnhart, C.M., Haag, W.R. & Roston, W.N. (2008) Adaptations to
host infection and larval parasitism in Unionoida. Journal of
the North American Benthological Society, 27, 370-394.

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Verges, M.C.,
Charles, T. et al. (2020) Microbiome definition re-visited: old
concepts and new challenges. Microbiome, 8, 103.

Bermingham, E.N., Maclean, P., Thomas, D.G., Cave, N.J. &
Young, W. (2017) Key bacterial families (Clostridiaceae,
Erysipelotrichaceae and Bacteroidaceae) are related to the diges-
tion of protein and energy in dogs. PeerJ, 5, €3019.

Bolnick, D.I., Snowberg, L.K., Hirsch, P.E., Lauber, C.L., Knight, R.,
Caporaso, J.G. et al. (2014) Individuals' diet diversity influences
gut microbial diversity in two freshwater fish (Threespine stick-
leback and Eurasian perch). Ecology Letters, 17, 979-987.

Borrelli, L., Aceto, S., Agnisola, C., De Paolo, S., Dipineto, L., Stilling,
R.M. et al. (2016) Probiotic modulation of the microbiota-gut-
brain axis and behavior in zebrafish. Scientific Reports, 6, 1-9.

Bringolf, R.B., Heltsley, R.M., Newton, T.J., Eads, C.B., Fraley,
S.J., Shea, D. et al. (2010) Environmental occurrence and


https://orcid.org/0000-0003-1622-4255
https://orcid.org/0000-0003-1622-4255
https://orcid.org/0000-0003-1622-4255

Applied

GILL ET AL.

Applied Microbiology }iebiols

reproductive effects of the pharmaceutical fluoxetine in native
freshwater mussels. Environmental Toxicology and Chemistry,
29,1311-1318.

Cahill, M.M. (1990) Bacterial flora of fishes: a review. Microbial
Ecology, 19, 21-41.

Chao, A. (1984) Nonparametric estimation of the number of classes
in a population. Scandinavian Journal of Statistics, 11, 265-270.

Chen, W., Zhang, C.K., Cheng, Y., Zhang, S. & Zhao, H. (2013) A
comparison of methods for clustering 16S rRNA sequences into
OTUs. PLoS ONE, 8(8), €70837.

Dinan, T.G. & Cryan, J.F. (2012) Regulation of the stress response by
the gut microbiota: implications for psychoneuroendocrinol-
ogy. Psychoneuroendocrinology, 37, 1369-1378.

Dinan, T.G., Stilling, R.M., Stanton, C. & Cryan, J.F. (2015) Collective
unconscious: how gut microbes shape human behavior. Journal
of Psychiatric Research, 63, 1-9.

Drury, B., Scott, J., Rosi-Marshalls, E. & Kelly, J.J. (2013) Triclosan ex-
posure increases triclosan resistance and influences taxonomic
composition of benthic bacterial communities. Environmental
Science & Technology, 47, 8923-8930.

Dulski, T., Zakes, Z. & Ciesielski, S. (2018) Characterization of the
gut microbiota in early life stages of pikeperch Sander lu-
cioperca. Journal of Fish Biology, 92, 94-104.

Edgar, R.C., Haas, B.J.,, Clemente, J.C., Quince, C. & Knight, R.
(2011) UCHIME improves sensitivity and speed of chimera de-
tection. Bioinformatics, 27, 2194-2200.

Egerton, S., Culloty, S., Whooley, J., Stanton, C. & Ross, R.P. (2018)
The gut microbiota of marine fish. Frontiers in Microbiology,
9, 873.

Elliott, S.M., Brigham, M.E., Kiesling, R.L., Schoenfuss, H.L. &
Jorgenson, Z.G. (2018) Environmentally relevant chemical
mixtures of concern in waters of United States tributaries to
the Great Lakes. Integrated Environmental Assessment and
Management, 14, 509-518.

Environmental Protection Agency (EPA). (2016) Contaminants of
emerging concern including pharmaceuticals and personal
care products. Available from: https://www.epa.gov/wqc/
contaminants-emerging-concern-including-pharmaceuticals
-and-personal-care-products [Accessed 12th November 2017].

Goni-Urriza, M., Pineau, L., Capdepuy, M., Roques, C., Caumette,
P. & Quentin, C. (2000) Antimicrobial resistance of mesophilic
Aeromonas spp. isolated from two European rivers. The Journal
of Antimicrobial Chemotherapy, 46, 297-301.

Good, J. (1953) The population frequencies of species and the esti-
mation of population parameters. Biometrika, 40, 237-264.
Gougoulias, C., Clark, J.M. & Shaw, L.J. (2014) The role of soil mi-
crobes in the global carbon cycle: tracking the below-ground
microbial processing of plant-derived carbon for manipulating
carbon dynamics in agricultural systems. Journal of Science

and Food Agriculture, 94, 2362-2371.

Guo, P, Zhang, K., Ma, X. & He, P. (2020) Clostridium species as
probiotics: potentials and challenges. Journal of Animal Science
and Biotechnology, 11, 1-10.

Haag, W.R. (2012) North American freshwater mussels: Natural his-
tory, ecology and conservation, pp 37-42. New York: Cambridge
University Press.

Hay, A., Dees, P. & Sayler, G. (2001) Growth of a bacterial consor-
tium on triclosan. FEMS Microbiology Ecology, 36, 105-112.

Hazelton, P.D., Cope, W.G., Mosher, S., Pandolfo, T.J., Belden, J.B.,
Barnhart, M.C. et al. (2013) Fluoxetine alters adult freshwater

mussel behavior and larval metamorphosis. Science of the Total
Environment, 445-446, 94-100.

Heijtz, R.D., Shugui, W., Farhana, A., Quian, Y., Bjorkholm, B,
Samuelsson, A. etal. (2011) Normal gut microbiota modulates brain
development and behavior. Proceedings of the National Academy of
Sciences of the United States of America, 108, 3047-3052.

Hengy, M.H., Horton, D.J., Uzarski, D.G. & Learman, D.R. (2017)
Microbial community diversity patterns are related to physical
and chemical differences among temperate lakes near Beaver
Island, MI. PeerJ, 5, €3937.

Henley, W.F., Beaty, B.B. & Jones, J.W. (2019) Evaluations of organ
tissues from Actinonaias pectorosa collected during a mussel
die-off in 2016 at Kyles ford, Clinch River, Tennessee. Journal
of Shellfish Research, 38, 681-696.

Higgins, E., Parr, T.B. & Vaughn, C.C. (2021) Mussels and local con-
ditions interact to influence microbial communities in mussel
beds. Frontiers in Microbiology, 12, 1-12.

Horton, D.J., Cooper, M.J., Wing, A.J., Kourtey, P.S., Uzarski, D.G. &
Learman, D.R. (2018) Microbial subnetworks related to short-
term diel O, fluxes within geochemically distinct freshwater
wetlands. FEMS Microbiology Letters, 365, 1-11.

Hu, J., Lesseur, C., Miao, Y., Manservisi, F., Panzacchi, S., Mandrioli,
D. et al. (2021) Low-dose exposure of glyphosate-based herbi-
cides disrupt the urine metabolome and its interaction with gut
microbiota. Scientific Reports, 11, 3265.

Huang, L., Guo, H., Liu, Z., Chen, C., Wang, K., Huang, X. et al. (2022)
Contrasting patterns of bacterial communities in the rearing
water and gut of Penaeus vannamei in response to exogenous
glucose addition. Marine Life Science & Technology, 4, 1-15.

Imaizumi, K., Tinwongger, S., Kondo, H. & Hirono, I. (2021) Analysis
of microbiota in the stomach and midgut of two penaeid shrimps
during probiotic feeding. Scientific Reports, 11, 1-14.

Jacoby, R., Peukert, M., Succurro, A., Koprivova, A. & Kopriva,
S. (2017) The role of soil microorganisms in plant mineral
nutrition-current knowledge and future directions. Frontiers in
Plant Science, 8, 1-19.

Javurek, A.B., Spollen, W.G., Johnson, S.A., Bivens, N.J., Bromert,
K.H., Givan, S.A. et al. (2016) Effects of exposure to bisphenol A
and ethinyl estradiol on the gut microbiota of parents and their
offspring in a rodent model. Gut Microbes, 7, 471-485.

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K. & Schloss,
P.D. (2013) Development of a dual-index sequencing strategy
and curation pipeline for analyzing amplicon sequence data
on the MiSeq Illumina sequencing platform. Applied and
Environmental Microbiology, 79, 5112-5120.

Lai, K.P,, Chung, Y., Li, R., Wan, H. & Wong, C.K. (2016) Bisphenol
A alters gut microbiome: comparative metagenomics analysis.
Environmental Pollution, 218, 923-930.

Langdon, C.J. & Newell, R.LE. (1990) Utilization of detritus and
bacteria as food sources by two bivalve suspension-feeders, the
oyster Crassostrea virginica and the mussel Guekensia demissa.
Marine Ecology Progress Series, 58, 299-310.

Lecomte, V., Kaakoush, N.O., Maloney, C.A., Raipuria, M., Huinao,
K.D., Mitchell, H.M. et al. (2015) Changes in gut microbiota in
rats fed a high fat diet correlate with obesity-associated meta-
bolic parameters. PLoS One, 10, €0126931.

Leonard, J.A., Cope, W.G., Barnhart, M.C. & Bringolf, R.B. (2014)
Metabolomic, behavorial, and reproductive effects of the syn-
thetic estrogen 17 a-ethinylestradiol on the unionid mussel
Lampsilis fasciola. Aquatic Toxicology, 150, 103-116.


https://www.epa.gov/wqc/contaminants-emerging-concern-including-pharmaceuticals-and-personal-care-products
https://www.epa.gov/wqc/contaminants-emerging-concern-including-pharmaceuticals-and-personal-care-products
https://www.epa.gov/wqc/contaminants-emerging-concern-including-pharmaceuticals-and-personal-care-products

MUSSEL AND HOST MICROBIOTA RESPONSE

Applied 3657

Liao, H., Li, X., Yang, Q., Bai, Y., Cui, P., Wen, C. et al. (2021)
Herbicide selection promotes antibiotic resistance in soil mi-
crobiomes. Molecular Biology and Evolution, 38, 2337-2350.

Liu, Y., Yao, Y., Li, H., Qiao, F., Wu, J., Du, Z.Y. et al. (2016) Influence
of endogenous and exogenous estrogenic endocrine on intesti-
nal microbiota in zebrafish. PLoS One, 11, 1-12.

Llewellyn, M.S., McGinnity, P., Dionne, M., Letourneau, J.,
Thonier, F., Carvalho, G.R. et al. (2016) The biogeography of
the Atlantic salmon (Salmo salar) gut microbiome. The ISME
Journal, 10, 1280-1284.

Madden, T. (2002) The NCBI handbook: chapter 16 the BLAST
sequence analysis tool. Bethesda, MD: National Center for
Biotechnology Information.

Maki, J.S., Patel, G. & Mitchell, R. (1998) Experimental pathogenic-
ity of Aeromonas spp. for the zebra mussel, Dreissena polymor-
pha. Current Microbiology, 36, 19-23.

Maloy, A.P., Culloty, S.C. & Slater, J.W. (2009) Use of PCR-DGGE to
investigate the trophic ecology of marine suspension feeding
bivalves. Marine Ecology Progress Series, 381, 109-118.

Martinson, J.N., Pinkham, N.V., Peters, G.W., Cho, H., Heng, J.,
Rauch, M. et al. (2019) Rethinking gut microbiome residency
and the Enterobacteriaceae in healthy human adults. The ISME
Journal, 13, 2306-2318.

McCauley, M., Chiarello, M., Atkinson, C.L. & Jackson, C.R. (2021)
Gut microbiomes of freshwater mussels (Unionidae) are tax-
onomically and phylogenetically variable across years but re-
main functionally stable. Microorganisms, 9, 411.

Napoli, C., Marcotrigiano, V. & Montagna, M.T. (2012) Air sampling
procedures to evaluate microbial contamination: a comparison
between active and passive methods in operating theatres. BMC
Public Health, 12, 594.

Neufeld, K.M., Kang, N., Bienenstock, J. & Foster, J.A. (2011)
Effects of intestinal microbiota on anxiety-like behavior.
Communicative & Integrative Biology, 4, 492-494.

Nichols, S.J. & Garling, D. (2000) Food-web dynamics and trophic
level interactions in a multispecies community of freshwater
unionids. Canadian Journal of Zoology, 78, 871-882.

Ofek, T., Lalzar, M., Laviad-Shitrit, S., Izhaki, I. & Halpern, M. (2021)
Comparative study of intestinal microbiota composition of six
edible fish species. Frontiers in Microbiology, 12, 760266.

Parris, D.J., Brooker, R.M., Morgan, M.A., Dixson, D.L. & Stewart,
F.J. (2016) Whole gut microbiome composition of damselfish
and cardinalfish before and after reef settlement. PeerJ, 4,
e2412.

Perotti, P., Belan, A., Forestier, C., Lavedrine, B. & Bohatier, J. (2003)
Effect of diuron on aquatic bacteria in laboratory-scale wastewa-
ter treatment ponds with special reference to Aeromonas species
studied by colony hybridization. Chemosphere, 50, 445-455.

Pesce, S., Fajon, C., Bardot, C., Bonnemoy, F., Portelli, C. & Bohatier,
J. (2006) Effects of the phenylurea herbicide diuron on natu-
ral riverine microbial communities in an experimental study.
Aquatic Toxicology, 78, 303-314.

R Core Team. (2013) R: a language and environment for statistical
computing. R Foundation for Statistical Computing. Available
from: http://www.R-project.org/ [Accessed March 2018].

Ray, A., Ghosh, K. & Ringp, E. (2012) Enzyme-producing bacteria
isolated from fish gut: a review. Aquaculture Nutrition, 18,
465-492.

Reeves, A.E., Koenigsknecht, M.J., Bergin, L.L. & Young, V.B. (2012)
Suppression of Clostridium difficile in the gastrointestinal tracts

Applied Microbiology e
of germfree mice inoculated with a murine isolate from the fam-
ily Lachnospiraceae. Infection and Immunity, 80, 3786-3794.

Richard, J.C., Campbell, L.J., Leis, E.M., Agbalog, R.E., Dunn,
C.D., Waller, D.L. et al. (2021) Mussel mass mortality and
the microbiome: evidence for shifts in the bacterial micro-
biome of a declining freshwater bivalve. Microorganisms,
9, 1976.

Roeselers, G., Mittge, E.K., Stephens, W.Z., Parichy, D.M., Cavanaugh,
C.M,, Guillemin, K. et al. (2011) Evidence for a core gut micro-
biota in the zebrafish. The ISME Journal, 5, 1595-1608.

Rosa, M., Ward, J., Ouvrard, M., Holohan, B.A., Espinosa, E.P,,
Shumway, S.E. et al. (2015) Examining the physiological plas-
ticity of particle capture by the blue mussel, Mytilus edulis (L.):
confounding factors and potential artifacts with studies utiliz-
ing natural seston. Journal of Experimental Marine Biology and
Ecology, 473, 207-217.

Rosi, E.J., Bechtold, H.A., Snow, D., Rojas, M., Reisinger, A.J. &
Kelly, J.J. (2018) Urban stream microbial communities show
resistance to pharmaceutical exposure. Ecosphere, 9, €02041.

Rosi-Marshall, E.J., Kincaid, D.W., Bechtold, H.A., Royer, T.V., Rojas,
M. & Kelly, J.P. (2013) Pharmaceuticals suppress algal growth
and microbial respiration and alter bacterial communities in
stream biofilms. Ecological Applications, 23, 583-593.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M.,
Hollister, E.B. et al. (2009) Introducing mothur: open-source,
platform-independent, community-supported software for de-
scribing and comparing microbial communities. Applied and
Environmental Microbiology, 75, 7537-7541.

Schloter, M., Nannipieri, P., Sorensen, S.J. & Dirk van Elsas, J. (2018)
Microbial indicators for soil quality. Biology and Fertility of
Soils, 54, 1-10.

Seghers, D., Verthé, K., Reheul, D., Bulcke, R., Siciliano, S.D.,
Verstraete, W. et al. (2003) Effect of long-term herbicide appli-
cations on the bacterial community structure and function in
an agricultural soil. FEMS Microbiology Ecology, 46, 139-146.

Shayo, S.D., Mwita, C.J. & Hosea, K.M. (2012) Virulence of pseudo-
monas and Aeromonas bacteria recovered from Oreochromis ni-
loticus (Perege) from Mtera hydropower dam; Tanzania. Annals
of Biological Research, 3, 5157-5161.

Sherr, E. & Sherr, B. (1988) Role of microbes in pelagic food webs: a
revised concept. Limnology and Oceanography, 33, 1225-1227.

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X.-N.
et al. (2004) Postnatal microbial colonization programs the
hypothalamic-pituitary—adrenal system for stress response in
mice. The Journal of Physiology, 558, 263-275.

Sun, H., Zhao, W., Teng, X., Shu, S., Li, S., Hong, H. et al. (2020)
Antioxidant responses and pathological changes in the gill of
zebrafish (Danio rerio) after chronic exposure to arsenite at its
reference dose. Ecotoxicology and Environmental Safety, 200,
110743.

Tarnecki, A.M., Burgos, F.A., Ray, C.L. & Arias, C.R. (2017) Fish
intestinal microbiome: diversity and symbiosis unraveled by
metagenomics. Journal of Applied Microbiology, 123, 2-17.

Thune, R.L., Stanley, L.A. & Cooper, K. (1993) Pathogenesis of gram-
negative bacterial infections in warm water fish. Annual Review
of Fish Diseases, 3, 37-68.

Tsuchiya, C., Sakata, T. & Sugita, H. (2008) Novel ecological niche
of Cetobacterium somerae, an anaerobic bacterium in the intes-
tinal tracts of freshwater fish. Letters in Applied Microbiology,
46, 43-48.


http://www.r-project.org/

3658 Applied

GILL ET AL.

Applied Microbiology }iebiols

Turnbaugh, P., Ley, R., Hamady, M., Fraser-Liggett, C.M., Knight, R.
& Gordon, J.I. (2007) The human microbiome project. Nature,
449, 804-810.

Vaidya, B., Tanuku, N.R. & Pinnaka, A.K.(2013) Albirhodobacter mari-
nus gen. Nov., sp. nov.,amember of the family Rhodobacteraceae
isolated from sea shore water of Visakhapatnam, India. Antonie
Van Leeuwenhoek, 103, 347-355.

Vasileiadis, S., Puglisi, E., Trevisan, M., Scheckel, K.G., Langdon,
K.A., Mclaughlin, M.J. et al. (2015) Changes in soil bacterial
communities and diversity in response to long-term silver ex-
posure. FEMS Microbiology Ecology, 91, 1-11.

Wang, N., Ingersoll, C.G., Greer, I.E., Hardesty, D.K., Ivey, C.D.,
Kunz, J.L., Brumbaugh, W.G., Dwyer, F.J., Roberts, A.D.,
Augspurger, T., Kane, C.M., Neves, RJ. & Barnhart, M.C.
(2007) Chronic toxicity of copper and ammonia to juvenile
freshwater mussels (unionidae). Environmental Toxicology and
Chemistry, 26(10), 2048.

Ward, J.E. & Shumway, S.E. (2004) Separating the grain from the
chaff: particle selection in suspension-and deposit-feeding bi-
valves. Journal of Experimental Marine Biology and Ecology,
300, 83-130.

Weingarten, E.A., Atkinson, C.L. & Jackson, C.R. (2019) The gut
microbiome of freshwater Unionidae mussels is determined
by host species and is selectively retained from filtered seston.
PLoS One, 14, €0224796.

Zha, Y., Eiler, A., Johansson, F. & Svanbick, R. (2018) Effects of
predation stress and food ration on perch gut microbiota.
Microbiome, 6, 28.

Zheng, P., Zeng, B, Zhou, C., Liu, M., Fang, Z., Xu, X. et al. (2016)
Gut microbiome remodeling induces depressive-like behav-
iors through a pathway mediated by the host's metabolism.
Molecular Psychiatry, 21, 786-796.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Gill, S.P., Learman, D.R.,
Annis, M.L. & Woolnough, D.A. (2022) Freshwater
mussels and host fish gut microbe community
composition shifts after agricultural contaminant
exposure. Journal of Applied Microbiology, 133,
3645-3658. Available from: https://doi.org/10.1111/

jam.15801



https://doi.org/10.1111/jam.15801
https://doi.org/10.1111/jam.15801

	Freshwater mussels and host fish gut microbe community composition shifts after agricultural contaminant exposure
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Sampling and 60 day vivarium trial
	Preliminary and takedown data collection
	DNA extraction
	DNA amplification and sequencing
	Data analysis

	RESULTS
	Lampsilis cardium gut microbiota
	Micropterus salmoides gut microbiota
	Behavioural changes

	DISCUSSION
	Lampsilis cardium
	Micropterus salmoides
	Behavioural effects
	Limitations and future unionid gut microbe studies

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


