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ABSTRACT
A 14-day study was conducted in a closed system taking triplicate environmental DNA
(eDNA) water samples from 150 L tanks containing set numbers of invasive Silver Carp. Analysis
eDNA samples typically involves only targeting the species of interest. However, eDNA
detection alone cannot undeniably confirm the presence of the species of interest and a second
line of evidence would be beneficial in making this assay more robust. A specific gut microbe
within the phylum Fusobacteria has been identified as unique to fish species and Silver Carp
specifically. The ability to detect these species alongside the Silver Carp DNA would establish
two lines of evidence to determine the presence of a live fish in an area of interest. A better
understanding of the composition of microbial biome in the gut as it is represented in the
natural environment and a tool to track its presence was needed to effectively complete this
work as well as an understand of how Silver Carp biomass affects these results. The study was
scheduled over the course of several days and different numbers of Silver Carp present to
elucidate the impact of time on the microbe of interest. For this, DNA was extracted and
analyzed through 16S rRNA sequencing on the Illumina MiSeq platform yielding 25 million reads
and over 16,000 OTUs after initial clean up. Following analysis, there were multiple microbial
groups, in particular 127 OTUs within the Fusobacteria phylum previously determined to be
specialized to the gut of Silver Carp that were present in eDNA samples throughout the length
of study and this was most significantly present in study tanks with the greatest amount of
Silver Carp. This work confirms the potential of implementing a second target for eDNA
sampling of Silver Carp through the assistance of the gut microbiome composition.
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CHAPTER 1: INTRODUCTION
1.1 Invasion of Bigheaded Carp in the Midwest Region
Efforts to control the spread of Bigheaded Carps and eradicate established populations in
the Upper Midwest Region continue to be a high priority for multiple agencies in the United
States (Asian Carp Regional Coordinating Committee, 2016). Bigheaded Carps began an invasion
of US waters during the 1970s and have continued to spread to new rivers and tributaries (Koel
et al., 2000).
Bigheaded carp are within the genus Hypophthalmichthys and include both the Bighead
Carp (Hypophthalmichthys nobilis) and Silver Carp (Hypophthalmichthys molitrix) (Kolar et al.,
2005). Other carps of invasive concern include the Black Carp (Mylopharyngodon piceus) and
the Grass Carp (Ctenopharyngodon idella) (Chapman et al., 2013; Nico, 2005). The focus for our
study here will be with Silver Carp (Hypophthalmichthys molitrix).
Invasion of these species can have several implications. The manner in which these fish
species can behave, specifically that of Silver Carp being observed jumping out of the water at
the approach of motor boats, can have a detrimental effect on water recreation (Kolar et al.,
2005; Ready et al., 2018). Additionally, Silver Carps disrupt established ecological systems in the
waterways they invade (Pendleton et al., 2017). While Silver Carp are planktivorous and only
compete directly with other planktivores, this can additionally have radiating effects felt across
the aquatic food web (DeBoer et al., 2018). There is significant concern for the movement of
these carps up the Mississippi River, through its tributaries, and into many of the lakes and
additional water bodies that are connected (DeGrandchamp et al., 2011; Kolar et al., 2005). This
includes the Laurentian Great Lakes, a concern for both the United States and Canada (Lauber
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et al., 2016). Multiple agencies across the state and federal government levels have joined
forces to research, combat, and prevent further and more detrimental expansion of the Silver
Carp populations (Asian Carp Regional Coordinating Committee, 2016).

1.2 eDNA as a Tool for Monitoring and Detecting
There are multiple methods currently undertaken to deter this expansion. These can
include: monitoring, detection, capture, and the use of physical barriers. Some facilities have a
bounty on particular invasive carp species. This gives an incentive for anglers to capture and
remove these invasive species from the waterway by providing a financial award for each
documented capture (Asian Carp Regional Coordinating Committee, 2016). Encouraged and
increased fishing has the potential to help decrease the spread of Silver Carp as well as
handicap the present populations (Tsehaye et al., 2013). Some individuals are proponents for
encouraging the consumption of invasive carp. Although Silver Carp themselves are edible,
most people have an aversion to consuming this particular species due to their negative
association with invasive species (Varble and Secchi, 2013). Other agencies are actively
researching effective physical barriers that would prevent the movement of Silver Carp into
unestablished waters. These include the use of complex sound waves and carbon dioxide
applied at the invasion front (Cupp et al., 2017; Murchy K. A. et al., 2017; Vetter et al., 2017).
The final method mentioned, monitoring, is significant to the work described in this paper.
One of the key components to minimizing the risk of population expansion is early
detection (Vander Zanden et al., 2010). Traditional monitoring of invasive fishes has been
conducted through capture and observation, but Silver Carps typically avoid standard capture
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techniques making these methods unreliable (Jerde et al., 2011). The use of molecular tools like
environmental DNA (eDNA) have become more common in monitoring programs (Thomsen and
Willerslev, 2015). eDNA was first incepted for biodiversity assessment and as a monitoring tool
for aquatic invasive species in 2008 (Ficetola et al., 2008). Since this time, it has been used
across a variety of aquatic systems, both marine and freshwater environments, and a variety of
species from fish, reptiles, mammals, and birds (Hunter et al., 2015; Hunter et al., 2018; Larson
et al., 2017; Ushio et al., 2018). The U.S. Fish and Wildlife Service has taken advantage of this
method and currently has an eDNA program to monitor Silver Carps throughout the Great
Lakes Basin. Typically, eDNA monitoring relies on the shedding of DNA from the species of
interest through feces, slime, and excretion into the water (Barnes et al., 2014; Rees et al.,
2014). Water samples are collected, and the DNA extracted is then amplified qualitatively or
quantitatively through PCR or next-generation sequencing.

1.3 Molecular Methods and eDNA
Three different possible methods of PCR with eDNA samples are generally undertaken
based up the end goal of the researcher (Nathan et al., 2014). All three rely on species-specific
DNA primers to detect the species of interest and amplification of DNA present. Conventional
PCR takes amplified DNA and observes it through staining and gel electrophoresis. This process
is more qualitative, but some quantitative data can be amassed through numbers of replicates
run or by undertaking a fish count survey to relate to the water samples taken (Jerde et al.,
2011). Quantitative or real-time PCR uses fluorescent probes to measure copies of DNA during
the amplification process. Along with basic quantification for each sample, some researchers
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have also applied these data to inform on biodiversity and biomass (Lodge et al., 2012;
Takahara et al., 2012). Digital PCR is a recently developed tool that has also been applied to
eDNA samples. This method also uses fluorescence as an indicator but has been shown to have
better detections than Real-Time PCR particularly with field samples and with the presence of
inhibitors, both of which are high concerns for eDNA samples (Doi et al., 2015). Silver Carp DNA,
such as we used in our study, can be targeted through species-specific primers and a PCR
method mentioned above or by comparison to a validated Silver Carp’s DNA sequence
following next-generation sequencing (Farrington et al., 2015).
Next-generation sequencing will analyze extracted DNA and provide the DNA sequence
data. Through bioinformatics analysis, this sequence can be matched to a validated sequence in
a compiled database and the species related to the DNA extracted can be confirmed. This
eliminates the need for species specific primer development. Through all of these methods,
researchers can begin to answer questions concerning eDNA samples. A DNA sample positively
determined to be Silver Carp DNA can suggest to researchers that the sampling location is
inhabited by Silver Carp. Where the DNA is present, then the assumption is made that the
organism is present as well. In this way, the detection of DNA in environmental samples can be
a powerful tool.

1.4 Concerns with eDNA
However even with such molecular tools available, eDNA detection alone cannot
undeniably confirm the presence of Silver Carp and other invasive species (Kelly, 2016). The
United States Geological Survey (USGS) at the Upper Midwest Environmental Sciences Center
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(UMESC) in La Crosse, Wisconsin demonstrated that DNA from Silver Carp could be detected
from multiple different vectors including bird feces and carcasses (Merkes et al., 2014). These
data suggest that an eDNA positive detection may not always indicate the presence of a live
Silver Carp, resulting in a false positive (Goldberg et al., 2016; Song et al., 2017). All positive
results noted by researchers must be thoroughly investigated before they can be documented
as true positives that are indicative of a live fish or species of interest. Therefore, a second line
of evidence would be beneficial in making this assay more robust.
Some eDNA monitoring efforts have created multiplexed assays. These assays use multiple
primers sets to detect different sequences for a single target species or multiple targets in a
single sample (Goldberg et al., 2016). To take advantage of this latter multiplexing method,
there would need to be a second target that could be amplified in tandem with Silver Carp
specific sequences. The University of Illinois at Urbana-Champaign (UIUC) has previously
conducted research with microbial community analysis. In a comparison study with other fish
species, researchers found distinct microbes within the phylum Fusobacterium in the intestinal
tract of Silver Carp captured from rivers throughout the upper Midwest (Ye et al., 2014). The
detection of this microbial DNA in together with Silver Carp DNA would minimize that risk of
false positives and establish two lines of evidence to determine the presence of a live fish in an
area of interest.

1.5 Understanding of Gut Microbe and Potential as Detection Target
The Fusobacterium species has been observed to be exclusive to the intestinal tract of Silver
Carps in their native and invaded river habitats (Ye et al., 2014). In order to use this
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advantageously with eDNA samples this microbe must also be released as well as persist in the
water environment. If the microbe exists within the intestinal tract but is maintained, it will be
undetectable in the water and have no use as a potential target for environmentally based
water samples. However, if the microbe is released from the intestinal tract and exists in the
water it could be a target for molecular tools. Molecular tools such as PCR primers and DNA
sequencing could be successful at amplifying and detecting these species from environmental
water samples. These tools would help provide additional evidence of a live fish present in a
waterbody since the only source of the marker is a fish and not any of the known
vectors/fomites (Ye et al., 2014). First the presence of this microbe needed to be affirmed
through testing. This was studied in a controlled setting, in cultured, not captured, Silver Carps
at UMESC.

1.6 Considerations for Continuation of Previous Research
As the initial research was conducted an UIUC samples were gathered concerning the gut
microbiota exclusively in that of wild caught Silver Carp, this was held in consideration as the
current study was conducted with Silver Carp raised in a controlled, captive setting (Ye et al.,
2014). The differences between the two sources of fish could arise from diet, size of
environment, or water temperatures (Piper et al., 1982). These factors could be negligible for
the presence of the Fusobacteria group but could be confirmed by analyzing the fecal material
of the fish in the current study. As with the initial study, fecal samples can be taken to
determine if the same microbial environment is observed within the cultured Silver Carp. With
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this confirmation, the tanks with cultured Silver carp can be used to collect water samples from
to determine the potential of an eDNA primer set.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Experimental Period
Silver Carp were raised in a controlled, cultured setting to determine if the microbial
environment is observed in water samples to determine the effectiveness and timeframe for
eDNA monitoring. The experimentation period was divided into two sections: accumulation and
decay. For the accumulation study, fish were held in a recirculating tank for 7 days with
sampling each day before being removed for the decay study and sampling continuing for an
additional 7 days (Figure 1).
Individually recirculating tanks were used for this study. Each of three tanks were
stocked with 1 fish each, another three tanks were stocked with 5 fish, three tanks were
stocked with 25 fish, and the last three tanks did not contain any fish and represented our
control (Figure 1). Fish were obtained from the UMESC fish culture facility, which has extensive
experience with the raising of these fish. Fish were only included if the mortality of the stock
tank was less than 0.2% per day for 3 consecutive days before transport (UMESC SOP GEN 132).
Fish were used regardless of gender or age, although smaller fish were specifically selected to
prevent the loss of water quality as external recirculation would be stopped at the beginning of
the experimental period. Fish were held in the test system for at least 6 days to allow for an
acclimation of DNA shedding and to flush excess DNA shed during handling and transport
(Klymus et al., 2015). The study was initiated by stopping water flow to all 12 tanks, minimizing
the dilution of fecal microbes and allowing for them to accumulate within the system. Before
each sampling fresh water (10% total volume) was added to each tank. This was done to help
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maintain habitable water quality and oxygen levels for the duration of the accumulation study.
These methods were adapted from static toxicity publications where a static system received a
water renewal during the course of the study (Orvos et al., 2002; Tieman and Goodwin, 2001).
After adding the fresh water, three 50 ml water samples were collected from each tank.
Sampling, processing and analysis was repeated daily for 7 days. Due to a decreased circulation
rate in tank 11 on the fourth day of the accumulation study, the dissolved oxygen levels were
low enough such that an airstone was added to the system for the remainder of the seven days.
The airstone had minimal special intrusion to the system but did provide an increased, not
excessive, oxygen flow. At the conclusion of the accumulation study, 10 L of water was
removed from each tank and placed into separate holding tanks. The actual presence of Silver
Carp was no longer necessary to the study at this point in the process. Each day for the
following 7 days, three 50 ml samples were collected from each holding tank. These water
samples were processed and analyzed immediately after collection, identically to those of the
accumulation study.
In addition to the samples taken during experimentation, seven Silver Carp fecal
material samples were taken directly from the stock raising tanks prior to daily cleaning.
Samples were chosen specifically for high quality and stored in RNAlater until extraction could
commence.

2.2 DNA Extractions
DNA was extracted from samples immediately following collection. Samples were
centrifuged at 5000 x g for 30 minutes separate water and water contents. The supernatant
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was carefully poured off and removed, after which the resulting pellet was processed by DNA
extraction. Extractions were performed in a room specific to this purpose and all surfaces were
cleaned with 50% bleach before beginning. Extraction protocol and reagents were provided in
the IBI gMAX Mini Genomic DNA Kit (IBI Scientific, Peosta, Iowa, USA). Deviations from the
standard blood, tissue, and cultured cells protocol include: initial addition of GSB buffer
(provided in kit) for transfer of pellet from original 50 mL tube to extraction tube. A negative
control containing 100 µL of molecular grade water was extracted alongside each set of
samples. Finals elution volumes were 100 µl. Extractions were stored at -20 °C until analysis by
PCR.

2.3 PCR
Amplification of DNA for sequencing was accomplished through PCR. To allow for equal
sequencing of each sample, samples were analyzed with a Nanodrop spectrophotometer and
diluted with molecular grade water to a standard concentration of 15 ng before addition into
the PCR reaction mix. Total volume of PCR reaction mix of 25 µl was used for each sample. This
included: 1µl forward primer, 1 µl reverse primer, 12.5 µl 2x Taq and mastermix, 5 µl of diluted
DNA, and 5.5 µl of molecular grade water. A unique combination of forward and reverse
primers were used for each sample as primers also contained a distinctive barcode that would
be used to differentiate the samples after sequencing was achieved. Primers targeted the V4
and V5 region of the 16s rRNA gene (Kozich et al., 2013). To avoid the risk of contamination,
PCR was performed in a lab designated PCR hood and the hood space was thoroughly cleaned
before beginning. Samples were amplified using a BioRad T100 thermocycler with the following
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PCR program: 94°C for 3 m, then 25 cycles of 94 °C for 30s, 55 °C for 45s, and 72 °C for 1 m, with
a final temp of 72 °C for 10 m. The resulting amplicon length was 400 base pairs (bp). After
amplification by PCR, samples were run on 1% agarose gels with a 100 bp ladder to visualize
success and strength of amplification. For each sample, gels were viewed with UV light and the
amplicon region was excised from the gel, avoiding additionally cutting out any other
nonspecific banding within the gel. The amplified DNA was extracted from the gel using a gel
purification kit to remove impurities and undesirable product. After purification, samples were
measured on the Qubit machine and samples were pooled and prepared for sequencing.

2.4 Sequencing and Sequence Processing
Sequencing was performed by the W.M. Keck Center for Comparative and Functional
Genomics at the University of Illinois at Urbana-Champaign. The pooled 2.87 ng/µl sample was
submitted and run on the Illumina MiSeq v3 sequencing platform. Following the completion of
sequencing, quality checks and development of contigs were performed initially through
Mothur pipelines, followed by removal of added barcode sequences from the bacterial
sequences, and finally QIIME pipelines for demultiplexing and quality checks (Caporaso et al.,
2010; Schloss et al., 2009). Operational Taxonomic Units (OTU) picking was performed with
QIIME and taxonomy assigned to OTUs using both Silva and Greengenes (at 97% species
similarity) databases to ensure all potential Fusobacteria OTUs were included (DeSantis et al.,
2006; Quast et al., 2013). These picked OTUs were then used for all downstream analysis
performed by a variety of programs.
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2.5 Analysis
Analysis was performed using the relative abundance of OTUs found by taking the
amount observed for each OTU and the total number of sequences from the MiSeq platform.
These values where then used with QIIME and R statistical programs to develop figures
(Caporaso et al., 2010). Alpha-Diversity of all OTUs was analyzed through both Chao1 and
Observed_OTUs methodology performed using a QIIME established workflow. QIIME was
additionally used to develop taxonomy composition plots and perform Bray-Curtis statistical
analysis and develop a Principal Coordinate Analysis plot (PCoA). R statistical program was used
to develop the non-metric multidimensional scaling plots (NMDS), to develop figures based on
the abundance data and finally to produce heatmaps to express relative abundance of OTUs. To
secure a higher resolution of taxonomic assignment, all samples that had been compared to
databases and assigned as phylum Fusobacteria were also compared to a phylogenetic tree
constructed through the ARB Project from the previous Silver Carp gut microbiota study
(Ludwig et al., 2004; Ye et al., 2014).
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CHAPTER 3: RESULTS
3.1 Sequencing Output
Sequencing with the MiSeq platform returned just over 25 million total reads. After
cleanup, filtering, building contigs through a Mothur pipeline followed by removal of barcodes,
removal of chimeric sequences, and OTU picking through the QIIME workflow, this resulted in
over 16,000 OTUs for further analysis (Caporaso et al., 2010; Schloss et al., 2009). All samples
were visualized through a PCoA plot to observe similarity across samples (Figure 14).
OTUs were analyzed initially through alpha diversity. This was done through QIIME with
both Chao1 (Figure 2) analysis for species richness and Observed OTUs (Figure 3) analysis for
number of OTUs for each sample. Chao1 showed the richness or variety of species present in
each sample, this was averaged across fish number (Control, 1 Fish, 5 Fish, and 25 Fish) and
reported for each day of the study. Species richness both decreased by Day 14 of the study as
well as was more similar across the different amounts of fish present (Figure 2). Observed OTUs
gives the total OTU count for each sample. This was also averaged across fish number and
reported for each day of the study as with chao1. Similar to the species richness analysis, the
number of observed OTUs both decreased by Day 14 of the study as well as was more similar
across the different amounts of fish present (Figure 3).
To ensure complete identification of the species of interest for this study both
Greengenes and Silva databases (at 97% sequence similarity) were used in analysis (DeSantis et
al., 2006; Quast et al., 2013). From this, a total of 127 OTUs were identified through both
Greengenes and Silva database comparisons as Fusobacteria. This output was then used for
downstream analysis as well as a basis for comparison.
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3.2 Taxonomy Analysis of all Study Samples
QIIME analysis provided taxonomy bar graphs based on percentage the desired
taxonomic level occupies the whole composition of OTUs. At the phylum level (Figure 4), the
water samples were dominated by Proteobacteria. Proteobacteria comprised 81.78% of Day 1
samples, 87.37% of Day 3 samples, 52.37% of Day 7 samples, 62.70% for Day 9, and 49.65% for
Day 14. The fecal samples were comprised of 55.97% from phylum Proteobacteria. One of the
other major phylum represented was Bacteriodetes. Bacteriodetes comprised 3.56% of Day 1
samples, 5.93% of Day 3 samples, 17.57% of Day 7 samples, 21.66% for Day 9, and 26.46% for
Day 14. The fecal samples were comprised of 2.50% from phylum Bacteriodetes. The final
phylum of interest, Fusobacteria was significantly represented in the fecal samples at 40.36%. It
was to a lesser degree, but present, within water samples. The phylum Fusobacteria comprised
1.4% of Day 1 samples, 0.4% of Day 3 samples, 0.4% of Day 7 samples, 0.3% of Day 9 samples,
and finally 0% of Day 14 samples.
At the phylogenetic order level (Figure 5), water samples were composed significantly
by Burkholderiales of class Betaproteobactera within phylum Proteobacteria. 22.08% of Day 1
samples were comprised by order Burkholderiales, 43.98% of Day 3 samples, 20.59% of Day 7
samples, 32.16% of Day 9 samples, and 17.18% of Day 14 samples. Fecal samples were only
comprised 0.78% by order Burkholderiales. Fecal samples were more comprised by order
Aeromonadales from class Gammaproteobacteria within phylum Proteobacteria at 39.45%.
Order Fusobacteriales was still very present within the fecal samples at 40.36%. Fusobacteriales
was also present within the water samples at 1.41% within Day 1 samples, 0.43% of Day 3
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samples, 0.45% of Day 7 samples, 0.26% of Day 9 samples, and comprised 0% of Day 14
samples.
At the family level of phylogeny (Figure 6), one family groups from the phylum
Proteobacteria is dominant across all the water samples and one is strongly present across
some of the water samples. All of the water samples have a high percentage of OTUs from the
family Comamonadaceae, with 14.25% in Day 1 samples, 37.51% in Day 3 samples, 18.0% in
Day 7 samples, 30.56% in Day 9 samples, and 16.33% in Day 14 samples. Comamonadaceae was
present at only 0.52% in the fecal samples. If family Comamonadaceae did not comprise the
largest percentage within the water samples, then for some water samples the largest
percentage was from family Chromatiaceae. This family was present at 27.05 % for Day 1
samples, 27.47% for Day 3 samples, 5.5% for Day 7 samples, 3.83% for Day 9 Samples, and
1.15% for Day 14 samples. This family group only comprised 0.96% for the fecal samples. For
the family of peak interest, Fusobacteriaceae from the Fusobacteria phylum, this was only
present at 40.33% within the fecal samples and in the water samples at 1.05% of Day 1
samples, 0.37% of Day 3 samples, 0.3% of Day 7 samples, 0.18% of Day 9 samples, and 0% of
Day 14 samples.

3.3 Sample Similarity through Coordinate Plots
Non-metric multidimensional scaling (NMDS) plots used relative abundance of OTUs
within samples to show relationships between the Fusobacteria community of water samples
collected over 14 days (Figure 7 and 8). Following this analysis, one of the triplicate samples
from each day 9 and 14 were established as outliers and removed from NMDS plot. Values on
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the axis are negligible but spatial relationship between points of significance and should be
used to study this figure. Points that are closer together on the plot are more similar than those
located further apart. Groups of points represent higher similarity. Figure 7 shows the
relationship between the fecal samples in comparison to all the water samples taken
throughout the study. Close grouping of all fecal samples separate from water samples shows
similarity between samples taken from the same source i.e., samples of water origin versus
fecal origin. Significant points include the grouping of Day 1 and 3 samples at the beginning of
study, grouping of Day 7 and 9 samples even though the sampling occurred with fish present
for Day 7 and fish removed by Day 9. Day 9 and Day 14 samples were both taken during the
degradation portion of the study. However, Day 9’s samples similarity to Day 7 shows that Day
14 samples were more significantly impacted by degradation. Fusobacteria can still be observed
in abundance on Day 9 regardless of the source being removed. Tanks with 25 fish samples are
most similar to each other as the greatest number of Fusobacteria has accumulated in these
samples regardless of day (Figure 8).

3.4 Fusobacteria OTU presence through ARB tree
All OTUs that were designated by taxonomy assignment within the phylum Fusobacteria
were then compared to an ARB developed tree to pinpoint further taxonomic assignment to
strain level (Figure 9-Provided by Ye Lin) (Ludwig et al., 2004). The Silva database was used to
develop the ARB phylogenetic tree (Quast et al., 2013). With this tree, two groups within the
phylum Fusobacteria were identified, Cetobacterium and Hados.Sed.Eubac.3. Within each of
these, two sub-clusters were identified in each. Within Cetobacterium are the sub-cluster
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groups Ceto-1 and Ceto-2. Within Hados.Sed.Eubac.3. are the sub-cluster groups Hados-1 and
Hados-2. These relationships are expressed in Figure 9. This phylogenetic tree allowed for
sequence data generated within this study to be applied to the tree based on sequence
similarity and then assigned more precise taxonomy than was able to be elucidated through the
QIIME pipeline. The publication associated with this particular ARB tree is currently in
preparation. There were 127 Fusobacteria OTUs before additional analysis. Most of these
species fell within the family Fusobacteriaceae (48 OTUs), however Leptotrichia (36 OTUs) falls
within the family Leptotrichiaceae. After ARB analysis, these 127 OTUs were broken down as
follows: 30 OTUs defined as Ceto-1, 11 OTUs Ceto-2, 6 OTUs Fusobacterium-1, 2 OTUs
Fusobacterium-2, 20 OTUs Hados-1, 3 OTUs Hados-2, 2 OTUs Leptotrichia-1, 8 OTUs
Leptotrichia-2, and 26 OTUs defined as Leptotrichia-3 species. A few OTUs were of unknown
species even after ARB analysis or only a single OTU was defined to a specific species such as
Psychilyobacter but these species were not of great significance to the completed study.

3.5 Relative Abundance of Select Species
A heat-map was developed for the detected 127 Fusobacteria OTUs determined
through OTU picking. The significant OTUs were assigned to one of 9 taxonomic groups and the
heat map was developed using relative abundance for OTUs in each sample taken across the
study. The relative abundances were higher for some species within the fecal samples than the
water samples, as could be seen through the taxonomy bar graphs (Figures 4-6). In general,
fecal samples would be expected to have higher concentrations of fecal microbes as fecal
microbes in water samples have been diluted when added to the environment. Of these 9
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taxonomic groups, two are of specific interest because of their unique appearance in Silver Carp
(Ye et al. unpublished). These are Ceto-1, Ceto-2 and Hados-1, Hados-2, sub-cluster groups
within the Fusobacteria group (Ye et al., 2014; Ye et al. unpublished). Fecal samples 1-7 are
shown to have very abundant amounts of both Ceto and Hados sub-clusters (Figure 10). As
stated above, species abundant in the fecal samples were also present within the water
samples taken during the experimental period, in lower abundance.
For both Ceto-1 and Ceto-2, sub-cluster groups the highest relative abundance was
observed within fecal samples, specifically at a relative abundance of 0.0002787 Ceto-1 in Fecal
Sample 3 and a relative abundance of 0.5412 Ceto-2 also in Fecal Sample 3. These species were
still observed in the water samples, at a lower abundance. Ceto-1 was present in Day 3 sample
from a tank with 25 fish at 8.23315 x10-5 and Ceto2 was present in Day 7 sample from a tank
with 25 fish at 0.0264.
For both Hados-1 and Hados-2 sub-cluster groups, the highest relative abundance was
also observed within the fecal samples. For Hados-1 this was observed in Fecal Sample 6 at a
relative abundance of 0.0008 and for Hados-2 this was observed in Fecal Sample 3 at a relative
abundance of 0.025. For the water samples, Hados-1 was abundant in the late stages of the
accumulation study on Day 7 sampled from a tank with 25 fish at a relative abundance of 7.3
x10-6 and in the early stages of the decay study on Day 9 sampled from a tank with 25 fish at a
relative abundance of 1.3 x10-5. Hados-2 was abundant alternatively in early and late stages of
the accumulation study. In Day 1 sample from a tank with 1 fish Hados-2 had a relative
abundance of 0.002 and in Day 7 sample from a tank with 25 fish this species had a relative
abundance of 0.0011.
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Leptotrichia was notably in low abundance in the fecal samples. The fecal sample with
the highest relative abundance of Leptotrichia species was only at 0.0012 and was present
within analyzed water samples. Two Day 1 water samples were abundant with Leptotrichia
species. Day 1 sample from a tank with 5 fish had a relative abundance of 0.034 and a Day 1
sample from a tank with 25 fish with a relative abundance of 0.028. A Day 3 water sample was
taken from a tank with 25 fish and had a relative abundance of 0.019. Leptotrichia was more
abundant within the first part of the accumulation study.
Greatest abundance within water samples is observed in samples taken from the tanks
housing 25 fish at the end of the accumulation study. Detections are significantly decreased
after the fish were removed from the tanks during the decay study.

3.6 Accumulation and Degradation of Cetobacterium and Leptotrichia
The log transformed relative abundance was plotted for all Fusobacteria OTUs
determined by UCLUST and BLAST analysis (Figure 11). This was analyzed across the days of the
study and by the number of fish in each tank. To look closer at groups within phylum
Fusobacteria, UCLUST aligned relative abundance of water samples were plotted by species of
interest (Figures 12 and 13). Here, Cetobacterium represents the species in entirety and the
sub-cluster groups of interest Ceto-1 and Ceto-2 are included with all other Cetobacterium.
Ceto-1 and Ceto-2 were specifically observed to be unique to the gut in Silver Carp (Ye et al.,
unpublished). These microbes were then also observed in the surrounding water environment
through our sampling. Additionally, the abundance of this microbe is different as the fish were
in the system longer as well as different relative abundance observed dependent on how many
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fish were in the system. A second microbe was observed to behave in a different manner.
Leptotrichia is a Silver Carp skin-associated microbe. It is observed in the environmental water
samples but is not observed within the fecal samples. The relative abundance of this microbe
also changed as the study progressed, starting at an initially higher level and decreasing across
the experimental period.
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CHAPTER 4: DISCUSSION
4.1 Fecal Matter as Environmental Indicator
The study of fecal contamination of pollution has been used significantly by agencies as
an indicator (Zhang et al., 2015). Often researchers use it as an indicator of polluted or unsafe
water environments (O’Mullan et al., 2017). Thus, it is common for fecal material to be a large
component of interest and detailed research, as it was in the precursor to this study (Ye et al.
2014). Other studies have gone to show that fecal material can be unique to the species or even
the location can have an impact on the composition of the species of focus (Eichmiller et al.,
2016; Roeselers et al., 2011; Sullam Karen E. et al., 2012). It was important for this work to
establish that previous findings would apply to this work (Ye et al., 2014). This study has shown
that for this particular unique species of Fusobacteria within Silver Carp fecal material was
conserved based between two different environments that the fish originated, the wild-caught
river environment in previous work and the captive raised Silver Carp from UMESC.

4.2 Targeted Molecular Approaches
In additional to using fecal material as a presence or absence indicator for water
environments, multiple studies have molecularly analyzed this source for the potential of
molecular tools usage (Kreader, 1995; Pegard et al., 2009). These tools are of particular use in
helping distinguish one source from another (Bernhard and Field, 2000). Having a reliable
method that can affirmatively pinpoint a source species is essential to eDNA monitoring efforts.
Fecal DNA has been continually described as a strong contributor to the DNA found in eDNA
samples (Klymus et al., 2015; Rees et al., 2014). However, the use of unique and particular
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microbiome species as a potential detection point for eDNA samples had yet to be examined
until this study.

4.3 Combining Microbiome Analysis with eDNA Monitoring
There have been numerous studies that have delved into and studied the gut
microbiome of fishes, particularly those that have invaded waters, in the hopes that a better
understanding will improve removal efforts (Eichmiller et al., 2016; Llewellyn et al., 2014).
Molecular work has been done to detect the original of microbiome components (Wu et al.,
2012). But our work here looked at the fate, rather than origin, of gut microbes, as present in
the water environment. Research into invasive species microbiome, has often been undertaken
tangentially with the study of native fishes’ microbiomes (Ye et al., 2014). This was important to
establish the species-specific nature that is particular to eDNA sampling. Understanding the gut
microbiome before proceeding with the work done in this study and in future work was
significant in understanding potential vectors for the Fusobacteria species.

4.4 Leptotrichia as a Possible New Target
The observance of Leptotrichia species essentially exclusively in water samples and not
fecal samples in this study as well as its absence in previous work on Silver Carp fecal matter
suggests this microbe is not associated with fecal material and potentially is related to
skin/scale-needs additional studies focused on Leptotrichia (Ye et al., 2014). This species could
have been particularly abundant at the initiation of the study due to the stress on the fish from
the change in its environment, specifically in water flow (Klymus et al., 2015). As with fecal
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material, skin and scale sloughing is considered a contributor to eDNA samples (Barnes and
Turner, 2016; Thomsen and Willerslev, 2015). This could be further studied through swabbed
samples of Silver Carp as well as compared to other fish species to see if this species could be
another potential marker for Silver Carp eDNA samples.

4.5 Further Studies and Endeavors
Following this study, lab testing primer sets with specific Fusobacteria sequences,
particularly within the sequences of Ceto-1 and Ceto-2 as well as Hados-1 and Hados-2 subcluster groups should begin. On the completion and success of this, the method should be
applied and explored in natural waters systems. It is important to confirm that lab results will
be mimicked in field-based samples. With field samples and particularly with eDNA samples,
there is the high chance of inhibition within samples and steps will need to be taken to clean up
these samples (McKee et al., 2015). Field tests could determine the persistence of the
detectible DNA in the environment. This could help to associate detections with time of fish
presence, within a small but crucial window of time, possibly for sightings in new locations or
on the invasion front. Additionally, these primer sets would need to be tested with desired
Silver Carp markers, to ensure these could indeed be used as a multiplexed assay to analyze the
same water samples accurately (Goldberg et al., 2016).
Along with traditional PCR primer development, there is the potential to develop more
advanced primers that would lead to great ease of use and faster detection. LAMP assays can
be used to quickly analyze field samples will circumventing some of the standard steps of PCR
and could be adapted for use in monitoring efforts (Fu et al., 2011; Gallas-Lindemann et al.,

23

2013). These assays can provide fast preliminary information about a system. This could be
employed with both Silver Carp and Fusobacteria markers.

4.6 Conclusions
This study supports the viability of specific species of Fusobacteria to be used in
environmental DNA monitoring. Species that were both present in the fecal samples and within
the eDNA water samples. The use of markers designed to target Fusobacteria would help
eliminate the false positives in eDNA monitoring programs. It was crucial in this work to build
upon the knowledge of Fusobacteria present in the gut of Silver Carp and to determine if its
fate was within the water system we developed at UMESC. Having study tanks containing
different numbers of Silver Carp demonstrated that the number of fish present have an impact
on the detection of Fusobacteria. This study showed that detections of Fusobacteria were
strongest within study tanks with greatest amount of Silver Carp present. This should
knowledge should be applied to eDNA monitoring sampling efforts. Positive detections with this
marker in tandem with positive detections of Silver Carp will ascertain the presence of a Silver
Carp with a stronger level of confidence than a detection of Silver Carp alone. As a whole, this
will be supportive to the accuracy of multiple monitoring efforts conducted by a variety of both
federal and state agencies and serve to enhance the improvement of our natural waters and
ecosystems.
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Figure 1. Schematic of sampling process for the accumulation study, days 1-7, and decay study,
days 8-14. Circled days were sample days used within this analysis.
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Figure 2. Alpha Diversity with chao1 for species richness each day of the study, with samples
grouped and averaged base on the amount of fish present in the system of sampling.
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the study, with samples grouped and averaged base on the amount of fish present in the
system of sampling.
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Figure 5. QIIME output generated bar graph of experimental days assigned by taxonomic order.
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Figure 6. QIIME output generated bar graph of experimental days assigned by taxonomic family.
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Figure 7. NMDS Plot for 127 Fusobacteria OTUs of fecal and water samples taken throughout
the accumulation and decay study. Color of plotted point denotes number of fish in the tank
system and the shape of the point represents the day the sample was taken. Fecal samples
represented by a unique shape, but not unique color.
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Figure 8. NMDS Plot for the 127 Fusobacteria OTUs of only water samples taken throughout the
accumulation and decay study. Color of plotted point denotes number of fish in the tank system
and the shape of the point represents the day the sample was taken.
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Figure 12. Changes of relative abundance of Cetobacterium species in water samples of time.
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Figure 13. Changes of relative abundance of Leptotrichia species in water samples of time.

37

REFERENCES
Asian Carp Regional Coordinating Committee (2016). 2017 Asian Carp Action Plan. Asian Carp
Regional Coordinating Committee. 1-260.
Barnes, M.A., and Turner, C.R. (2016). The ecology of environmental DNA and implications for
conservation genetics. Conserv. Genet. 17, 1–17.
Barnes, M.A., Turner, C.R., Jerde, C.L., Renshaw, M.A., Chadderton, W.L., and Lodge, D.M.
(2014). Environmental Conditions Influence eDNA Persistence in Aquatic Systems. Environ. Sci.
Technol. 48, 1819–1827.
Bernhard, A.E., and Field, K.G. (2000). Identification of Nonpoint Sources of Fecal Pollution in
Coastal Waters by Using Host-Specific 16S Ribosomal DNA Genetic Markers from Fecal
Anaerobes. Appl. Environ. Microbiol. 66, 1587–1594.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K., Fierer,
N., Peña, A.G., Goodrich, J.K., Gordon, J.I., et al. (2010). QIIME allows analysis of highthroughput community sequencing data. Nat. Methods 7, 335.
Chapman, D.C., Davis, J.J., Jenkins, J.A., Kocovsky, P.M., Miner, J.G., Farver, J., and Jackson, P.R.
(2013). First evidence of grass carp recruitment in the Great Lakes Basin. J. Gt. Lakes Res. 39,
547–554.
Cupp, A.R., Woiak, Z., Erickson, R.A., Amberg, J.J., and Gaikowski, M.P. (2017). Carbon dioxide
as an under-ice lethal control for invasive fishes. Biol. Invasions 19, 2543–2552.
DeBoer Jason A., Anderson Alison M., and Casper Andrew F. (2018). Multi-trophic response to
invasive silver carp (Hypophthalmichthys molitrix) in a large floodplain river. Freshw. Biol. 0.
DeGrandchamp Kelly L., Garvey James E., and Colombo Robert E. (2011). Movement and
Habitat Selection by Invasive Asian Carps in a Large River. Trans. Am. Fish. Soc. 137, 45–56.
DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T., Dalevi, D.,
Hu, P., and Andersen, G.L. (2006). Greengenes, a Chimera-Checked 16S rRNA Gene Database
and Workbench Compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072.
Doi, H., Takahara, T., Minamoto, T., Matsuhashi, S., Uchii, K., and Yamanaka, H. (2015). Droplet
Digital Polymerase Chain Reaction (PCR) Outperforms Real-Time PCR in the Detection of
Environmental DNA from an Invasive Fish Species. Environ. Sci. Technol. 49, 5601–5608.
Eichmiller, J.J., Hamilton, M.J., Staley, C., Sadowsky, M.J., and Sorensen, P.W. (2016).
Environment shapes the fecal microbiome of invasive carp species. Microbiome 4, 44.
Farrington, H.L., Edwards, C.E., Guan, X., Carr, M.R., Baerwaldt, K., and Lance, R.F. (2015).
Mitochondrial Genome Sequencing and Development of Genetic Markers for the Detection of
38

DNA of Invasive Bighead and Silver Carp (Hypophthalmichthys nobilis and H. molitrix) in
Environmental Water Samples from the United States. PLOS ONE 10, e0117803.
Ficetola, G.F., Miaud, C., Pompanon, F., and Taberlet, P. (2008). Species detection using
environmental DNA from water samples. Biol. Lett. 4, 423–425.
Fu, S., Qu, G., Guo, S., Ma, L., Zhang, N., Zhang, S., Gao, S., and Shen, Z. (2011). Applications of
Loop-Mediated Isothermal DNA Amplification. Appl. Biochem. Biotechnol. 163, 845–850.
Gallas-Lindemann, C., Sotiriadou, I., Mahmoodi, M.R., and Karanis, P. (2013). Detection of
Toxoplasma gondii oocysts in different water resources by Loop Mediated Isothermal
Amplification (LAMP). Acta Trop. 125, 231–236.
Goldberg, C.S., Turner, C.R., Deiner, K., Klymus, K.E., Thomsen, P.F., Murphy, M.A., Spear, S.F.,
McKee, A., Oyler-McCance, S.J., Cornman, R.S., et al. (2016). Critical considerations for the
application of environmental DNA methods to detect aquatic species. Methods Ecol. Evol. 7,
1299–1307.
Hunter, M.E., Oyler-McCance, S.J., Dorazio, R.M., Fike, J.A., Smith, B.J., Hunter, C.T., Reed, R.N.,
and Hart, K.M. (2015). Environmental DNA (eDNA) Sampling Improves Occurrence and
Detection Estimates of Invasive Burmese Pythons. PLOS ONE 10, e0121655.
Hunter ME, Meigs-Friend G, Ferrante JA, Takoukam Kamla A, Dorazio RM, Keith-Diagne L, Luna
F, Lanyon JM, and Reid JP (2018). Surveys of environmental DNA (eDNA): a new approach to
estimate occurrence in Vulnerable manatee populations. Endanger. Species Res. 35, 101–111.
Jerde, C.L., Mahon, A.R., Chadderton, W.L., and Lodge, D.M. (2011). “Sight-unseen” detection of
rare aquatic species using environmental DNA. Conserv. Lett. 4, 150–157.
Kelly, R.P. (2016). Making environmental DNA count. Mol. Ecol. Resour. 16, 10–12.
Klymus, K.E., Richter, C.A., Chapman, D.C., and Paukert, C. (2015). Quantification of eDNA
shedding rates from invasive bighead carp Hypophthalmichthys nobilis and silver carp
Hypophthalmichthys molitrix. Spec. Issue Environ. DNA Powerful New Tool Biol. Conserv. 183,
77–84.
Koel, T.M., Irons, K.S., and Ratcliff, E.N. (2000). Asian carp invasion of the upper Mississippi
River system (US Department of the Interior, US Geological Survey, Upper Midwest
Environmental Sciences Center).
Kolar, C.S., Chapman, D.C., Courtenay Jr, W.R., Housel, C.M., Williams, J.D., and Jennings, D.P.
(2005). Asian carps of the genus Hypophthalmichthys (Pisces, Cyprinidae)―a biological synopsis
and environmental risk assessment.

39

Kozich, J.J., Westcott, S.L., Baxter, N.T., Highlander, S.K., and 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. Appl. Environ. Microbiol. 79, 5112–5120.
Kreader, C.A. (1995). Design and evaluation of Bacteroides DNA probes for the specific
detection of human fecal pollution. Appl. Environ. Microbiol. 61, 1171–1179.
Larson, E.R., Renshaw, M.A., Gantz, C.A., Umek, J., Chandra, S., Lodge, D.M., and Egan, S.P.
(2017). Environmental DNA (eDNA) detects the invasive crayfishes Orconectes rusticus and
Pacifastacus leniusculus in large lakes of North America. Hydrobiologia 800, 173–185.
Lauber T. Bruce, Stedman Richard C., Connelly Nancy A., Rudstam Lars G., Ready Richard C., Poe
Gregory L., Bunnell David B., Höök Tomas O., Koops Marten A., Ludsin Stuart A., et al. (2016).
Using Scenarios to Assess Possible Future Impacts of Invasive Species in the Laurentian Great
Lakes. North Am. J. Fish. Manag. 36, 1292–1307.
Llewellyn, M.S., Boutin, S., Hoseinifar, S.H., and Derome, N. (2014). Teleost microbiomes: the
state of the art in their characterization, manipulation and importance in aquaculture and
fisheries. Front. Microbiol. 5, 207.
Lodge D.M., Turner C.R., Jerde C.L., Barnes M.A., Chadderton L., Egan S.P., Feder J.L., Mahon
A.R., and Pfrender M.E. (2012). Conservation in a cup of water: estimating biodiversity and
population abundance from environmental DNA. Mol. Ecol. 21, 2555–2558.
Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, Buchner, A., Lai, T.,
Steppi, S., Jobb, G., et al. (2004). ARB: a software environment for sequence data. Nucleic Acids
Res. 32, 1363–1371.
McKee, A.M., Spear, S.F., and Pierson, T.W. (2015). The effect of dilution and the use of a postextraction nucleic acid purification column on the accuracy, precision, and inhibition of
environmental DNA samples. Spec. Issue Environ. DNA Powerful New Tool Biol. Conserv. 183,
70–76.
Merkes, C.M., McCalla, S.G., Jensen, N.R., Gaikowski, M.P., and Amberg, J.J. (2014). Persistence
of DNA in Carcasses, Slime and Avian Feces May Affect Interpretation of Environmental DNA
Data. PLOS ONE 9, e113346.
Murchy K. A., Cupp A. R., Amberg J. J., Vetter B. J., Fredricks K. T., Gaikowski M. P., and
Mensinger A. F. (2017). Potential implications of acoustic stimuli as a non-physical barrier to
silver carp and bighead carp. Fish. Manag. Ecol. 24, 208–216.
Nathan, L.M., Simmons, M., Wegleitner, B.J., Jerde, C.L., and Mahon, A.R. (2014). Quantifying
Environmental DNA Signals for Aquatic Invasive Species Across Multiple Detection Platforms.
Environ. Sci. Technol. 48, 12800–12806.

40

Nico, L.G.. W., J.D...Jelks, H.L. (2005). Black carp: biological synopsis and risk assessment of an
introduced fish. (Bethesda: American Fisheries Society).
O’Mullan, G.D., Elias Dueker, M., and Juhl, A.R. (2017). Challenges to Managing Microbial Fecal
Pollution in Coastal Environments: Extra-Enteric Ecology and Microbial Exchange Among Water,
Sediment, and Air. Curr. Pollut. Rep. 3, 1–16.
Orvos, D.R., Versteeg, D.J., Inauen, J., Capdevielle, M., Rothenstein, A., and Cunningham, V.
(2002). Aquatic toxicity of triclosan. Environ. Toxicol. Chem. 21, 1338–1349.
Pegard, A., Miquel, C., Valentini, A., Coissac, E., Bouvier, F., François, D., Taberlet, P., Engel, E.,
and Pompanon, F. (2009). Universal DNA-Based Methods for Assessing the Diet of Grazing
Livestock and Wildlife from Feces. J. Agric. Food Chem. 57, 5700–5706.
Pendleton, R.M., Schwinghamer, C., Solomon, L.E., and Casper, A.F. (2017). Competition among
river planktivores: are native planktivores still fewer and skinnier in response to the Silver Carp
invasion? Environ. Biol. Fishes 100, 1213–1222.
Piper, R.G., McElwain, I.B., Orme, L.E., McCraren, J.P., Fowler, L.G., and Leonard, J.R. (1982).
Fish hatchery management (Washington, DC: U.S. Department of the Interior, U.S. Fish and
Wildlife Service).
Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and Glöckner, F.O.
(2013). The SILVA ribosomal RNA gene database project: improved data processing and webbased tools. Nucleic Acids Res. 41, D590–D596.
Ready, R.C., Poe, G.L., Lauber, T.B., Connelly, N.A., Stedman, R.C., and Rudstam, L.G. (2018). The
potential impact of aquatic nuisance species on recreational fishing in the Great Lakes and
Upper Mississippi and Ohio River Basins. J. Environ. Manage. 206, 304–318.
Rees, H.C., Maddison, B.C., Middleditch, D.J., Patmore, J.R.M., and Gough, K.C. (2014). REVIEW:
The detection of aquatic animal species using environmental DNA – a review of eDNA as a
survey tool in ecology. J. Appl. Ecol. 51, 1450–1459.
Roeselers, G., Mittge, E.K., Stephens, W.Z., Parichy, D.M., Cavanaugh, C.M., Guillemin, K., and
Rawls, J.F. (2011). Evidence for a core gut microbiota in the zebrafish. Isme J. 5, 1595.
Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., Lesniewski, R.A.,
Oakley, B.B., Parks, D.H., Robinson, C.J., et al. (2009). Introducing mothur: Open-Source,
Platform-Independent, Community-Supported Software for Describing and Comparing
Microbial Communities. Appl. Environ. Microbiol. 75, 7537–7541.
Song, J.W., Small, M.J., and Casman, E.A. (2017). Making sense of the noise: The effect of
hydrology on silver carp eDNA detection in the Chicago area waterway system. Sci. Total
Environ. 605–606, 713–720.

41

Sullam K.E., Essinger S.D., Lozupone C.A., O’Connor M.P., Rosen G.L., Knight R., Kilham S.S., and
Russell J.A. (2012). Environmental and ecological factors that shape the gut bacterial
communities of fish: a meta-analysis. Mol. Ecol. 21, 3363–3378.
Takahara, T., Minamoto, T., Yamanaka, H., Doi, H., and Kawabata, Z. (2012). Estimation of Fish
Biomass Using Environmental DNA. PLOS ONE 7, e35868.
Thomsen, P.F., and Willerslev, E. (2015). Environmental DNA – An emerging tool in conservation
for monitoring past and present biodiversity. Spec. Issue Environ. DNA Powerful New Tool Biol.
Conserv. 183, 4–18.
Tieman, D.M., and Goodwin, A.E. (2001). Treatments for Ich Infestations in Channel Catfish
Evaluated under Static and Flow-Through Water Conditions. North Am. J. Aquac. 63, 293–299.
Tsehaye Iyob, Catalano Matthew, Sass Greg, Glover David, and Roth Brian (2013). Prospects for
Fishery-Induced Collapse of Invasive Asian Carp in the Illinois River. Fisheries 38, 445–454.
Ushio, M., Murata, K., Sado, T., Nishiumi, I., Takeshita, M., Iwasaki, W., and Miya, M. (2018).
Demonstration of the potential of environmental DNA as a tool for the detection of avian
species. Sci. Rep. 8, 4493.
Vander Zanden, M.J., Hansen, G.J.A., Higgins, S.N., and Kornis, M.S. (2010). A Pound of
Prevention, Plus a Pound of Cure: Early Detection and Eradication of Invasive Species in the
Laurentian Great Lakes. J. Gt. Lakes Res. 36, 199–205.
Varble, S., and Secchi, S. (2013). Human consumption as an invasive species management
strategy. A preliminary assessment of the marketing potential of invasive Asian carp in the US.
Appetite 65, 58–67.
Vetter, B.J., Murchy, K.A., Cupp, A.R., Amberg, J.J., Gaikowski, M.P., and Mensinger, A.F. (2017).
Acoustic deterrence of bighead carp (Hypophthalmichthys nobilis) to a broadband sound
stimulus. J. Gt. Lakes Res. 43, 163–171.
Wu, S., Wang, G., Angert, E.R., Wang, W., Li, W., and Zou, H. (2012). Composition, Diversity, and
Origin of the Bacterial Community in Grass Carp Intestine. PLOS ONE 7, e30440.
Ye, L., Amberg, J., Chapman, D., Gaikowski, M., and Liu, W.-T. (2014). Fish gut microbiota
analysis differentiates physiology and behavior of invasive Asian carp and indigenous American
fish. ISME J. 8, 541–551.
Zhang, Q., He, X., and Yan, T. (2015). Differential Decay of Wastewater Bacteria and Change of
Microbial Communities in Beach Sand and Seawater Microcosms. Environ. Sci. Technol. 49,
8531–8540.

42

APPENDIX A: SUPPLEMENTARY MATERIALS
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Figure 14. 2-D Principle Coordinate Plot analyzed through Bray Curtis statistical assignment.
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