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[T I N

Abstract: The endangered Pallid Sturgeon, Scaphirhynchus albus, has been actively managed to prevent
population declines, including stocking of hatchery-raised fish. The gut microbiome plays an innate
role in an organism’s absorption of nutrients by increasing nutrient availability and can provide new
insights for Pallid Sturgeon management. In this study, the Pallid Sturgeon’s microbiome is dominated
by the phyla Proteobacteria, Firmicutes, Actinobacteria and Fusobacteria. It was also determined
that the gut bacterial diversity in hatchery-raised Pallid Sturgeon was not significantly different from
wild Pallid Sturgeon, supporting that hatchery-raised Pallid Sturgeon are transitioning effectively
to wild diets. There is also a high degree of intraspecific variation in the bacterial and eukaryotic
sequences amongst individual Pallid Sturgeon microbiomes, suggesting the Pallid Sturgeon may
be omnivorous. This study demonstrated that genetic markers may be used to effectively describe
the dietary requirements for wild Pallid Sturgeon and provides the first genetic evidence that Pallid
Sturgeons are effectively transitioning from hatchery-raised environments to the wild.

Keywords: gut microbiome; Missouri river; Scaphirhynchus albus

1. Introduction

The gut microbiome is a collection of microorganisms housed within an organism’s
intestinal tract. The study of the microbiome has advanced significantly with genomic
sequencing, with the first gut bacteria being sequenced in 1996 [1]. The gut microbiome
plays integral roles in the host organisms’ absorption of nutrients through digestion and in
organisms’ innate immunity [2,3].

Fish intestines, in particular, harbor diverse populations of microorganisms, especially
bacteria [4,5]. Recent analysis of gut microbiome data of >200 fish species from Korea
indicates that the possible diversity in fish gut microbiomes is much wider than in other
studied animal species [6]. Fish microbiomes tend to be dominated by members of the
phyla Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria and Fusobacteria [6,7].
There are three major groups of factors that dictate fishes” gut microbiomes, including
ecological conditions, environmental conditions and host trophic-level feeding habits [8].
Fluctuations in any of these groups of factors, such as transitions between environments,
particularly if these environments have different feed availability, are likely to result in
changes within the intestinal microbiome community structure [7,9-11]. Gender may
also play a lesser role in the diversity of the microbiome [12,13]. Understanding how
ecological conditions, environmental conditions and host trophic-level feeding habits
impact a fish’s gut microbiome may offer new insights into conservation strategies and
behaviors for fishes.
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The endangered Pallid Sturgeon, Scaphirhynchus albus, is a native species of the
Mississippi and Missouri Rivers [14,15], where stocking has been employed to bolster
wild populations [16]. Hatchery supplementation has stocked 444,438 Pallid Sturgeon
in the lower Missouri River from Gavins Point Dam to its confluence with the Missis-
sippi River [17]. The population currently consists of 75% stocked Pallid Sturgeon [18].
Understanding gut microbiome composition and factors that assess the gut microbiome
composition may facilitate stocking efforts for the endangered Pallid Sturgeon; however,
the gut microbiome of Pallid Sturgeon remains unexplored.

Wild Pallid Sturgeons have been previously noted to consume Trichoptera, Ephemeroptera
and Diptera [19,20]; however, recent work suggests their diet may be more varied [21]. Gut
microbial communities of captive fishes can differ substantially from those of wild fishes due to
prepared diet and increased density of organisms in a confined environment [22]. The diet fed
to fish raised in a hatchery setting is a major driver that establishes an organism’s principal core
microbiome. The core microbiome is the microbial taxa shared among two or more samples
from a particular host or environment [23]. This diet may not adequately reflect the diet of a
wild organism and, as such, this core microbiome may not adequately prepare this organism for
release into the wild.

This study has two major goals. The first goal is to determine the core micro-
biome of the endangered Pallid Sturgeon. Studies on the gut microbiome of fish species
have been largely limited to a few model species, such as zebrafish [24], guppy [7] and
rainbow trout [25], and in economically valuable species, such as Atlantic salmon [26],
Atlantic cod [27], sturgeon [28], carp [29] and tench [30]. Understanding the factors that
impact the Pallid Sturgeon’s gut microbiome may facilitate conservation efforts. The
second goal of this study is to provide a comparative analysis of the gut microbiome be-
tween hatchery-raised Pallid Sturgeons that were then released into the wild, compared to
wild-raised species. Comparing intestinal microbial diversity and composition between
hatchery-raised and wild Pallid Sturgeons may provide insight on the transition from the
hatchery environment to a wild environment. In this study, (a) the gut microbiomes of
hatchery-raised and wild Pallid Sturgeons was characterized, (b) the bacterial diversity
between hatchery-raised and wild Pallid Sturgeon was compared and (c) other factors that
could potentially impact Pallid Sturgeon microbiome diversity were explored.

2. Materials and Methods
2.1. Sample Collection and DNA Sequencing

Pallid Sturgeons for gut microbiome sampling were collected by Nebraska Game and
Parks Commission biologists during routine broodstock sampling that is part of Nebraska’s
sturgeon management initiative (Table 1). Pallid Sturgeons were collected with stationary
trotlines in a 24 km reach of the Missouri River from 4 to 13 April 2018. Pallid Sturgeons
were classified as wild or hatchery-reared based on hatchery marks (i.e., scute removal
marks, passive integrated transponder, code wire tag or various combinations) or genetic
analysis [18].

Colonic samples were obtained from Pallid Sturgeons using colonic flushing. The flush-
ing apparatus consisted of a 60 mL catheter-tip syringe (#CTSLS3, Care Touch, Brooklyn,
Brooklyn, New York, NY, USA) fitted with a 41 cm, 3.3 mm urethral catheter commonly
used in veterinary medicine (#701017, Kendall Company, Mansfield, MA, USA). The bottle
was filled with distilled water and the catheter end was gently inserted 30-50 mm through
the fish’s anus into the colon. The colon was flushed until expelled water was clear. All
materials (solid feces, flushed liquid) were poured into a 500 mL sample jar and preserved
with an equal volume of 100% ethanol.

Total DNA was extracted using the MoBio PowerSoil DNA Isolation Kit (MoBio,
Carlsbad, CA USA). The primer pair used for amplification of the V3-V4 region of the 165
amplicon was S-D-Bact-0341-b-5-17 and S-D-Bact-0785-a-A-21 [31]. Primers were added
according to the TaggiMatrix 16S PCR Protocol using fusion-indexed primers [32]. The
V3-V4 region of the 165 ribosomal RNA gene was sequenced with an Illumina MiSeq on
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a PE300 run at the Environmental Health Science laboratory at the University of Georgia.
Sequences were trimmed with GENEIOUS™ 10.2.6 using default parameters (Biomatters,
Newark, NJ, USA) after raw reads were paired. Chimeric reads were removed following
merging of paired reads and were analyzed using the metagenomic 16S analysis pipeline
in GENEIOUS™ 10.2.6 with default parameters (Biomatters, Newark, NJ, USA) [33]. All
raw sequencing reads were deposited into NCBI (PRJNA806960).

Table 1. Geographic data for the collected Pallid Sturgeons.

Yrs Since
Origin Sex Capture Location Date Collected Tag Number Year Class Rei;ased from
atchery
to 2018
Calumet-Bartlett Bend:
Hatchery Female River km 937.8-931.5 2018/4/12 4627152F1A 2002 15
2018/4/13 470A643317 2005 12
Lower Plattsmouth
Bend: River km 2018/4/4 4A466B2E78 2007 10
952.2-947.9
2018/4/5 434771011A 2008 9
2018/4/6 4900607F63 2007 10
2018/4/7 434A03184E 2002 15
Rock Bluff Bend: River
km 943.1-937.8 2018/4/5 434A5C7340 2009 8
2018/4/10 4627056D3B 2004 13
2018/4/10 4627273324 2002 15
2018/4/13 471269730D 2002 15
Tobacco Bend: River
Kk 947 9-943.1 2018/4/5 43693D7261 2006 11
2018/4/6 4627313872 2003 14
2018/4/11 47191F2B24 2006 11
Upper Plattsmouth
Bend: River km 2018/4/8 435F151E79 2002 15
956-952.2
2018/4/8 43615C157E 2002 15
2018/4/8 4367560D5D 2002 15
2018/4/8 4369627915 2002 15
2018/4/13 471E0C4B0OE 2002 15
Van Horns Bend: River
Km 927 6924 7 2018/4/10 44451B466D 2002 15
2018/4/10 46264C5368 2003 14
2018/4/10 471979463C 2007 10
2018/4/10 487F075D74 2009 8
Calumet-Bartlett Bend:
Hatchery Male River km 937 8-931.5 2018/4/10 46267F6129 2006 11
2018/4/12 4627702A4D 2009 8
Upper Plattsmouth
Bend: River km 2018/4/6 47161C0357 2002 15
956-952.2
2018/4/6 47191A7D15 2008 10
2018/4/6 847F623E77 2007 10
2018/4/8 4A467F4AF41 2007 10
Rock Bluff Bend: River
ki 943.1-937 8 2018/4/5 434A41496C 2010 7
2018/4/5 46280A267E 2005 12
2018/4/10 46267A6226 2009 8
Tobacco Bend: River
2018/4/6 4349450B3E 2004 13

km 947.9-943.1
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Table 1. Cont.

Origin

Sex

Yrs Since
Released from
Hatchery
to 2018

Capture Location Date Collected Tag Number Year Class

Hatchery

Unknown

Unknown

Wild

Wild

Unknown

Unknown

Male

Female

Male

Upper Plattsmouth
Bend: River km
956-952.2
Tobacco Bend: River
km 947.9-43.1
Lower Plattsmouth
Bend: River km
952.2-947.9
Upper Plattsmouth
Bend: River km
956-952.2
Rock Bluff Bend: River
km 943.1-937.8
Lower Plattsmouth
Bend: River km
952.2-947.9
Upper Plattsmouth
Bend: River km
956-952.2
Calumet-Bartlett Bend:
River km 937.8-931.5
Calumet-Bartlett Bend:
River km 937.8-931.5
Lower Plattsmouth
Bend: River km
952.2-947.9
Lower Plattsmouth
Bend: River km
952.2-947.9
Tobacco Bend: River
km 947.9-943.1

2018/4/7 434A4F216C 2008 9

2018/4/6 4257361E77 2002 15

2018/4/7 434A6B1F62

2018/4/7 46256D3718

2018/4/10 434969543E

2018/4/4 4B191E7809

2018/4/8 4627683B2B

2018/4/12 47134D0OF2A

2018/4/12 470B110F50

2018/4/7 4626222428

2018/4/6 43449D6C1E

2018/4/4 4704510611

2.2. Core Gut Microbiome

Bacteria that comprise the five highest relative abundances were considered part of the
Pallid Sturgeons’ core gut microbiome. Relative abundance was calculated as a percentage
of the consensus regions of the 165 gene of an identified bacterial genus divided by the total
number of 165 gene sequences [34]. The average relative abundance of 165 reads had to be
greater than or equal to 0.1% at the genus rank to be included in the statistical analysis.

2.3. Comparison between Hatchery-Raised and Wild Pallid Sturgeon Gut Microbiomes

A Kruskal-Wallis test with a Bonferroni correction to minimize Type I error [35,36] was
used to determine the effect of origin (hatchery-raised or wild) on the relative abundance
of bacteria within the gut bacterial microbiome. The Kruskal-Wallis test with a Bonferroni
correction was conducted in R Studio Version 1.1.463. Statistical significance was set at 0.05.

Diversity is a measure of number, type and/or evenness of bacteria within the gut
of the Pallid Sturgeon. Alpha diversity is the average bacterial diversity in the gut bacte-
rial microbiome of each Pallid Sturgeon and was calculated using the Shannon-Wiener
diversity index [37]. Alpha diversity was calculated after square-root transformation using
PRIMER-e Version 7 (Quest Research Ltd., Auckland, New Zealand [35]). Average H was
used to compare the alpha diversity of gut bacterial microbiomes of hatchery-raised Pallid
Sturgeons to the alpha diversity of gut bacterial microbiomes of wild Pallid Sturgeons at
both the phylum level and the genus level. An independent sample t-test analysis was



Life 2023, 13,309

50f 15

conducted in R Studio Version 1.1.463 to assess the differences in alpha diversity of the
gut bacterial microbiome in relation to the origin of Pallid Sturgeons (hatchery-raised vs.
wild) at both the phylum level and the genus level, with statistical significance set at 0.05.
An ANOVA was conducted in R Studio Version 1.1.463 to assess the origin of the Pallid
Sturgeon (hatchery-raised vs. wild) in relation to collection location at both the phylum
level and the genus level (four analyses total). Statistical significance was set at 0.05.

Beta diversity is the dissimilarity between the microbiomes of each Pallid Sturgeon and
was calculated using PRIMER-e Version 7 (Quest Research Ltd., Auckland, New Zealand [35])
using the Sgrensen similarity index, as described by Diserud and Odegaard [38]. Beta
diversity was calculated using the betapart package [39] in R Studio Version 1.1.463. An
independent sample t-test analysis was conducted in R Studio Version 1.1.463 to assess the
differences in beta diversity of the gut bacterial microbiome in relation to the origin of the
Pallid Sturgeon (hatchery-raised vs. wild) at both the phylum level and the genus level
with a statistical significance set at 0.05. An ANOVA was conducted in R Studio Version
1.1.463 to assess the origin of the Pallid Sturgeon (hatchery-raised vs. wild) in relation
to collection location, at both the phylum level and the genus level (four analyses total).
Statistical significance was set at 0.05.

Principal Coordinate Analysis (PCoA) ordination plots, heat maps and stacked bar
plots comparing all samples were generated in MG-RAST (version 4.0) [40]. For MG-RAST
analyses, the raw data were preprocessed in the MG-RAST pipeline. After being uploaded
to MG-RAST, data are preprocessed by using SolexaQA [41] to trim low-quality regions
(Phred quality score, Q < 13) from FASTQ data. Potential human sequencing reads were
removed using Bowtie [42] (a fast, memory-efficient, short read aligner), and only filtered
sequences passed into the next stage of the annotation pipeline. A BLAST similarity search
for the longest rRNA cluster representative is performed against the M5rna database,
which integrates SILVA [43], Greengenes [44] and RDP [45]. MG-RAST uses the R package
DEseq for normalization. The thresholds for the stacked bar plot in MG-RAST were set at
e-value: 5; percent identity: 70; minimal alignment length: 15; min. abundance: 100 for
phylum analysis, and e-value: 5; percent identity: 90; minimal alignment length: 15; min.
abundance: 2000 for genus analysis. Bray—Curtis distance method with normalization was
used to generate the PCoA ordination plots [46]. Principle coordinate 1 and 2 variations
were 0.6967 and 0.1325, respectively, for the phylum analysis and 0.6962 and 0.06499 for the
genus analysis.

3. Results
3.1. Pallid Sturgeon Gut Microbiome

Total DNA was extracted from 44 fish (Table 1), 34 that were hatchery-raised and
7 that were reared in the wild, as well as 3 of unknown origin, from five sites along the
Missouri River (Table 1). Two of the hatchery samples (tags 434A5C7340 and 43693D7261)
did not generate sufficient DNA for sequencing; therefore, 42 samples, in total, were used
for sequencing and further analysis. In total, 1,995,012 raw reads were obtained for both
forward and reverse directions, with a depth of 1,929,957 + 96,497 sequences. After quality
filtering and merging trimmed paired reads, 84,740 reads were mapped to exons with a
mean of 1970 reads/sample.

Alpha diversities ranged from 1.81 to 3.78 for Pallid Sturgeons. Beta diversity in
the gut bacterial microbiome of Pallid Sturgeons ranged from 0.6 to 0.84. Stacked bar
plots comparing the phylum- and genus-level microbial composition (Figure 1) show that
there is a large amount of intraspecific variation the microbiomes observed. Overall, at
the phylum taxonomic rank, the microbiome was dominated by Fusobacteria, Firmicutes,
Proteobacteria, Actinobacteria and Bacteriodetes.

Figure 2 shows a genus-level overview of the bacterial composition of all samples
combined. In total, 321 bacterial genera were identified at relative abundances > 0.1%. Only
genera with representations > 1% are shown in Figure 2 for clarity. At the genus taxonomic
rank, the core bacterial gut microbiome was dominated by Fusobacterium, Clostridium,
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Corynebacterium, Shewanella, Staphylococcus, Flavobacterium, Propionibacterium, Aeromonas
and Methylobacterium. When comparing the genus-level microbiome of the hatchery-
raised versus wild-raised samples, the representation of the major genera appears to
be very similar (Figure 2 bottom). Although the wild-raised samples appear to contain
lower levels of Shewanella and Clostridium, and a higher level of Methylobacterium and
unclassified bacteria, the wild-raised samples only compromised 7 samples while there were
34 hatchery-raised samples and overall diversity and multidimensional analyses are needed
to determine any potential significant differences (see below). The level of “unclassified
Bacteria’ of ~20% at the genus level is not unsurprising, given the fact that this analysis is
using environmental samples of a newly studied species and many environmental bacterial
microbes have not been identified yet.
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Figure 1. Stacked bar plot overview of the microbial composition of all samples at the phylum level
(A) and the genus level (B). Annotation was performed using the SILVA SSU database in MG-RAST.
Stacked bars were normalized and the original fish habitat is indicated on the X axis.

3.2. Comparison between Hatchery-Raised and Wild Pallid Sturgeon Gut Microbiomes

Alpha diversity was 2.87 (range 1.81-3.78) for hatchery Pallid Sturgeons and 3.2
(range 3.14-3.29) for wild Pallid Sturgeons. There were no significant differences in alpha
diversity in bacterial genera of the gut microbiome using the average Shannon-Wiener
diversity index (H) between hatchery-raised Pallid Sturgeon and wild Pallid Sturgeon
(p = 0.16, degrees of freedom = 2). There was no significant difference between relative
abundances of bacterial genera in guts of hatchery-raised Pallid Sturgeons compared to
wild Pallid Sturgeons (p = 0.81, degrees of freedom = 2). All hatchery-raised fish lived
in the wild for at least 7 years, which may contribute to the lack of a significant overall
difference in the diversity or in the microbial composition of the gut microbiome between
the hatchery and wild-raised fish.

Beta diversity in the gut bacterial microbiome of hatchery-raised Pallid Sturgeons
was 0.60. Beta diversity in the gut bacterial microbiome of wild Pallid Sturgeons was 0.84.
There was no significant difference in beta diversity between the bacterial phyla of the gut
microbiome of hatchery-raised Pallid Sturgeons compared to the beta diversity in the bacte-
rial phyla of the gut microbiome of wild Pallid Sturgeons (p = 0.14, degrees of freedom = 2).
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There was no significant difference in beta diversity in the bacterial phyla in relation to
collection location (p = 0.12, degrees of freedom = 2).

Genus level all samples

= Fusobacterium = unclassified (derived from Bacteria)
= Clostridium = Shewanella
= Corynebacterium = Staphylococcus
= Methylobacterium = Propionibacterium
= Flavobacterium = Aeromonas
= Plesiomonas = unclassified (derived from Betaproteobacteria)
m Pseudomonas Other
Genus level: Hatchery-raised Genus level: wild-raised

=

»—

V

= Fusobacterium = unclassified (derived from Bacteria) = unclassified (derived from Bacteria) m Methylobacterium = Corynebacterium
= Clostridium = Shewanella = Staphylococcus = Fusobacterium = Pseudomonas

= Corynebacterium = Staphylococcus = Propionibacterium = Aeromonas = Plesiomonas

= Methylobacterium = Propionibacterium = Clostridium = Anaerococcus Other

= Flavobacterium = Aeromonas

= unclassified (derived from Betaproteobacteria) ® Plesiomonas

Other

Figure 2. Overview of the genus-level composition of the Pallid Sturgeon core microbiome of all
samples combined (top), and microbial composition of the hatchery-raised (34) and wild-raised (7)
samples separately (bottom). Percentages of genus representations were calculated in MG-RAST.
Only genera with representations >1% are shown and the rest are combined as ‘other’ for clarity.



Life 2023, 13, 309

8 of 15

0.8
06
0.4
0.2

00

Principle coordinate 2

024

o]

06 -

There was no significant difference in beta diversity between the bacterial genera
of the gut microbiome of hatchery-raised Pallid Sturgeons compared to the beta diver-
sity in the bacterial genera of the gut microbiome of wild Pallid Sturgeons (p = 0.10,
degrees of freedom = 2). There was no significant difference in the beta diversity in the
bacterial genera in relation to collection location (p = 0.11, degrees of freedom = 2).

The stacked bar plots comparing the microbial composition (Figure 1) also shows that
the wild gut microbiome samples are essentially indistinguishable from the composition
of the hatchery-raised samples; however, substantial variation can be seen between the
individual samples, where higher levels of Fusobacteria are found in some samples with a
lower abundance of Firmicutes and Actinobacteria. Although only limited wild samples
were obtained to compare (due to the endangered nature of the species), the higher Fu-
sobacteria levels appear to occur in both hatchery and wild samples. As such, 12 hatchery
samples and 1 wild sample have Fusobacteria levels > 30% (Figure 1).

To compare the multidimensional variation in the microbial composition of the gut
microbiome samples, a Principal Coordinate Analysis (PCoA) of all samples was performed
in MG-RAST at the phylum and the genus level (Figure 3). There was no clear separation
between the wild and hatchery-raised samples at either the phylum- or the genus-level
analyses, indicating that there is a shared microbiome.
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Figure 3. Principal Coordinate Analysis (PCoA) ordination plots comparing the overall bacterial
gut microbiome composition of hatchery-raised (red) and wild Pallid Sturgeon (blue) at the phylum
level (left) and the genus level (right). PCoA analysis was performed in MG-RAST. Microbiomes
that contained 30% or more Fusobacteria are circled in orange.

3.3. Other Factors That May Affect Microbiome Variation

Except for one specimen, the sex of each fish was determined when sampling. Given
the fact that the gut microbiome could be influenced by gender as in some other species,
the microbiome was analyzed in function of gender. As can be seen in the PCoA plots
in Figure 3, there was no significant difference in the microbiome composition in relation
to sex.

The major phyla from the microbiome composition in relation to the sampling location
were also analyzed (heat map representation in Figure 4). The analysis was performed at
both the phylum and genus level. Higher-level Fusobacterium samples were found in the
locations Lower Plattsmouth Bend, Upper Plattsmouth Bend, Van Horns Bend, Rock Bluff
Bend, Calumet-Barlett Bend and in lower amounts in Tobacco Bend sampling locations
(Figure 4) and, therefore, are not location specific. Further, at the phylum level, the higher
levels of Fusobacteria versus Proteobacteria or Firmicute/Actinobacteria do not appear to
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be linked to a specific sampling location, as representatives of each of these are found in
various locations.
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Figure 4. Heat maps and dendrograms of the microbial composition (A) at the phylum
level (top-5 phyla and “unclassified”) and (B) at the genus level (top-10 genera) versus the
sampling location.

Although our experimental setup was not specifically targeting Eukaryote sequences,
the SILVA SSU database analysis in MG-RAST allowed us to select for (low-abundance)
eukaryotic signature sequences. The eukaryotic sequences represented between 0.1 and
6.4% of the reads in the samples using the SILVA SSU database comparison. There was
a high amount of intraspecific variation observed in eukaryotic sequences present in the
Pallid Sturgeon’s microbiome (Figure 5). The high variety of eukaryotic sequences observed
in the intestinal microbiome suggests a wide array of potential diets.
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Figure 5. Stacked bar plot overview of the eukaryotic composition of all samples at the phylum
level. Annotation was performed using the SILVA SSU database in MG-RAST. Stacked bars were
normalized and the original fish habitat is indicated on the X-axis.
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4. Discussion

Gut microbiota are believed to play intrinsic roles in health, growth and disease status
in animals [47—49]. Previous studies have demonstrated that fish can have complex gut
microbiomes (both in the wild and captivity) that have taxonomic diversity similar to that
of mammals [24,50]. Some factors that may affect fish microbiomes include life stage and
ecological factors [24,50-54].

Maintaining breeding populations of animals in captivity, including the endangered
Pallid Sturgeon, may well require managing their gut microbiomes [55]. In order to manage
the gut microbiomes, more research must be conducted to establish what the “ideal” micro-
biome would be for each species and what factors may impact the composition or function
of the microbiome. Typically, a healthy gut microbiome in animals is characterized by large
bacterial taxonomic diversity, whereas a loss of diversity and expansion of more pathogenic
bacterial species are typically associated with increased frailty and disease [56,57]. In our
study, the gut microbial composition of hatchery-raised pallid sturgeons that were released
in the wild overlap with the bacterial composition in the wild sturgeon and was contained
within the natural variation in the species (Figure 3, PCoA plots). Based on this, the Pal-
lid Sturgeon’s microbiome can be described, irrespective of whether they were raised in
hatchery conditions or in the wild. Both the wild and hatchery-raised gut microbiomes
are dominated by the phyla Proteobacteria, Firmicutes, Actinobacteria and Fusobacte-
ria (Figures 1 and 2). These phyla have dominated other fishes” microbiomes and may
represent a ‘core microbiome’ [6,58,59].

There is a small group of divergent samples evident in the PCoA analysis with a higher
abundance (>30%) of Fusobacteria in those samples (Figure 3). With the exception of one
wild microbiome sample, these are all hatchery-raised samples. The higher level of Fusobac-
teria was not found to be correlated with any of the different recorded ecological factors, in-
cluding location, sex, weight and body composition, and age (only recorded for 16 samples).
All of the identified Fusobacteria in our study belong to the genus Fusobacterium. Strains of
Fusobacterium are generally considered pathogens to humans and cause several human dis-
eases, including periodontal diseases, Lemierre’s syndrome and topical skin ulcers, and are
found in higher levels in humans with colon cancer [60-63]. Although older reports might
indicate Fusobacteria as gut commensal bacteria associated with healthy patients, these
strains were reclassified as Faecalibacterium (Clostridiales: Ruminococcaceae) in 2002 [64].
On the other hand, studies of the gut microbiota of channel catfish Ictalurus punctatus,
largemouth bass Micropterus salmoides and bluegill Lepomis macrochirus have indicated
high levels of Fusobacteria (mainly the genus Cetobacterium), suggesting that these species
might be part of the common gut microbiome of fish species [65]. Bacterial 165 rRNA
amplicon sequencing does generally not have enough resolution to determine taxonomy
at the species level, so further studies will be necessary to determine whether these Pallid
Sturgeon Fusobacterium species are pathogens or part of the common fish gut microbiome
(similar to the related Cefobacterium).

Although there was no significant overall difference in the diversity or in the microbial
composition of the gut microbiome between the hatchery and wild-raised fish, which may
be because our hatchery-raised fish have been living in the wild for at least 7 years, there
is substantial intraspecific variation in bacterial phyla and genera amongst individual
samples (Figure 1). For example, in the hatchery-raised samples, the Proteobacteria varies
between 3 and 46%, Firmicutes varies from 1 to 44%, Actinobacteria from 0.3 to 36% and
Fusobacteria varies between 2 and 82%. Further, in the wild-raised samples, there are
similar variations: Proteobacteria 5-35%, Firmicutes 6—28% and Fusobacteria 0.1-30%. The
small N for wild fish may have made the gut diversity seem lower than it was or may
have contributed to the lower proportion of wild fish within the >50% Fusobacterium
group. Attempts to identify correlations between these phyla differences and the different
recorded ecological factors, including location, sex, weight and body composition, and
age, did not find any obvious correlations. This could be due to the small sample size or
the lack of data on some of the variables. For example, the age of the specimen was only
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able to be confidently determined in 16 of the samples. The hatchery-raised species also
originated from at least four different hatcheries and, for many specimens, the exact origin
of the hatchery was unclear. These individual phylum- and genus-level variations are not
correlated with the sampling location (Figure 4), which varied over a 24 km length of river.
Therefore, at this point, the nature of the forces responsible for the individual variations in
bacterial composition of the individual samples remains to be established.

The main Proteobacteria genera found overall were Aeromonas, Shewanella, Methylobacterium
and Pleisiomonas. The main genera from the Firmicutes were Clostridium, Carnobacterium
and Staphylococcus, while Corynebacterium was the main Actinobacteria genus found.
Flavobacterium was the main Bacteriodetes genus found. All of these were found in all
samples, though in a wide range of varying ratios. Although Aeromonas has been found
in several aquatic systems and fish gut microbiomes, it is generally regarded as a disease-
causing pathogen of fish and is also linked to human infections [66—68]. On the other hand,
based on enzymatic capabilities, both Aeromonas and Staphylococcus from the fish gut have
been suggested to have positive effects on the digestive process of fish [69,70]. Clearly,
further studies are needed to understand the complex interaction between the microbial
species and the host, especially at the species level; however, Clostridium and Shewanella
species have also been proposed as suitable candidates for probiotic treatments for fish gut
microbiomes [70,71]. There is a growing interest in using probiotics as an alternative to
antibiotic treatments in commercial aquaculture, which is currently a billion-dollar busi-
ness. The development of so-called functional feed to improve the overall fish health and
fish-farm productivity is a growing practice in modern aquaculture and, consequentially;,
the research on probiotics, prebiotics and immune stimulants has grown substantially in
the last few decades [72-75]. A similar approach could be taken in directed conservation
efforts, where fish populations (such as the Pallid Sturgeon) are provided with a feed that
is optimized for the general gut microbiome of the specific species, before being released
into the wild environment. As mentioned before, an initial baseline understanding of
the gut microbiome diversity and compositions is essential to explore the impact of such
future studies.

Xu and Knight [76] suggested that long-term diet has the greatest effect on microbiome
diversity. Fishes that were either herbivores or omnivores had a higher alpha diversity
than fishes that were carnivores or piscivores [49]. Alpha diversity values calculated for
the Pallid Sturgeon (2.80-3.33) fell in the upper range of alpha diversity values reported
for other fishes [58,59], supporting recent research that the Pallid Sturgeon may be an
omnivore [20,21] rather than a piscivore, as previously described [77]. Our preliminary
screening of Eukaryotic signatures in our gut microbiome analysis (Figure 5) showed a
wide variety of Eukaryota phyla, including arthropods, chordata, nematodes, plants and
a variety of algal phyla, which would be consistent with an omnivore lifestyle. Future
research should use alternative methods to identify prey items, such as sequencing the
COX 1 gene, from colonic samples to test whether the Pallid Sturgeon is an omnivore [78].

Overall, there were no significant differences between alpha or beta diversities in
gut bacterial microbiomes of hatchery-raised Pallid Sturgeon compared to wild Pallid
Sturgeon, providing evidence that the gut microbiome of hatchery-raised Pallid Sturgeon
transitioned effectively after release into the wild. Even so, the turnover process of gut
microbiomes remains unexplored (assuming the gut microbiome was different in the
hatchery environment). Intestinal epithelium turns over rapidly: approximately one to
three billion and one-hundred to three-hundred million cells are shed per hour in the small
intestine and in the colon, respectively [79]; therefore, gut microbiomes of the captured,
hatchery-raised fish may have completed the transition in a brief period, perhaps days to
weeks after release. Future research should look at different periods following release from
the hatchery to explore how and when gut microbial transitions occur.

Genetic markers provided a new way to assess management efforts for the endan-
gered Pallid Sturgeon by facilitating new methods to explore the composition of their
microbiomes. In this study, genetic markers demonstrated that the gut bacterial microbial
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diversity in hatchery-raised Pallid Sturgeon was not significantly different than wild Pallid
Sturgeon; however, there is a large amount of intraspecific variation that may be due to diet.
Macrhybopsis chubs were previously identified as a key prey item during the juvenile and
adult stages for the Pallid Sturgeon, particularly the Shoal Chub, Macrhybopsis hyostoma [77].
Genetic markers from this study provide supporting evidence that Pallid Sturgeon may be
omnivorous [20,21]. Sequencing additional genetic markers, such as the COX 1 gene [78],
will help identify the breadth of the Pallid Sturgeon’s diet so that conservation managers
can ensure Pallid Sturgeons have the resources they need to maintain a healthy body
condition factor and aid future conservation efforts.

Although this study showed that there is no significant difference in the gut micro-
biome of released versus wild-raised Pallid Sturgeons after several years, future research
should look at Pallid Sturgeons” microbiome prior to hatchery release and sample these
individuals in subsequent years to determine how quickly microbial turnover occurs in
relation to the wild environment. No correlation was observed with the sample location;
however, such a fine-tuned time study might reveal some initial microbial differences that
form a basis for later gut diversity patterns.

Author Contributions: Conceptualization, S.G. and K.L.P.; methodology, S.G., ].D.H., K.D.S. and
PM.K,; software, S.G. and J.A.K,; validation, J.A.K,; formal analysis, S.G., J.A.K. and K.L.P; re-
sources, K.D.S. and ].D.H.; data curation, S.G. and J.A.K.; writing—original draft preparation, S.G.;
writing—review and editing, ].A.K., PM.K. and K.L.P.; supervision, K.L.P.; project administration,
K.D.S.; funding acquisition, K.D.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to working in collaboration with an ongoing survey by Nebraska Game and Parks Commission.

Informed Consent Statement: Not applicable.

Data Availability Statement: All raw sequencing reads were deposited into NCBI under BioProject
PRJNA806960. The annotated sequencing files were uploaded to MG-RAST and are available in the
MG-RAST Projects Sarah Sturgeon A-E.

Acknowledgments: Thanks go to Gerald Mestl and Richard Holland from the Nebraska Game and
Parks Commission for their generous logistical support. Thanks also go to Bruce Chase for the use of
their laboratory facilities at the University of Nebraska, Omaha. Any use of trade, firm or product
names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
The Nebraska Cooperative Fish and Wildlife Research Unit is jointly supported by a cooperative
agreement among the U.S. Geological Survey, the Nebraska Game and Parks Commission, the
University of Nebraska, the U.S. Fish and Wildlife Service and the Wildlife Management Institute.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wilson, K.H.; Blitchington, R.B. Human colonic biota studied by ribosomal DNA sequence analysis. Appl. Environ. Microbiol.
1996, 62, 2273-2278. [CrossRef] [PubMed]

2. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, ]. H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G;
Fulton, R.S. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207.

3. O’Hara, A.; Shanahan, F. The gut flora as a forgotten organ. EMBO Rep. 2006, 7, 688—693. [CrossRef] [PubMed]

4. Cahill, M.M. Bacterial flora of fishes: A review. Microb. Ecol. 1990, 19, 21-41. [CrossRef]

5. Ringg, E; Strom, E.; Tabachek, J.A. Intestinal microflora of salmonids: A review. Aquac. Res. 1995, 26, 773-789. [CrossRef]

6. Kim, PS; Shin, N.R;; Lee, ].B.; Kim, M.-S.; Whon, TW.; Hyun, D.-W.; Yun, ].-H.; Jung, M.-].; Kim, ].Y.; Bae, ].-W. Host habitat is the
major determinant of the gut microbiome of fish. Microbiome 2021, 9, 166. [CrossRef]

7. Sullam, K.E.; Essinger, S.D.; Lozupone, C.A.; O’Connor, M.P; Rosen, G.L.; Knight, R.; Kilham, S.S.; Russell, J.A. Environmental
and ecological factors that shape the gut bacterial communities of fish: A meta-analysis. Mol. Ecol. 2012, 21, 3363-3378. [CrossRef]
[PubMed]

8.  Talwar, C.; Nagar, S.; Lal, R.; Negi, R.K. Fish gut microbiome: Current approaches and future perspectives. Ind. . Microbiol. 2018,

58, 397-414. [CrossRef]


http://doi.org/10.1128/aem.62.7.2273-2278.1996
http://www.ncbi.nlm.nih.gov/pubmed/8779565
http://doi.org/10.1038/sj.embor.7400731
http://www.ncbi.nlm.nih.gov/pubmed/16819463
http://doi.org/10.1007/BF02015051
http://doi.org/10.1111/j.1365-2109.1995.tb00870.x
http://doi.org/10.1186/s40168-021-01113-x
http://doi.org/10.1111/j.1365-294X.2012.05552.x
http://www.ncbi.nlm.nih.gov/pubmed/22486918
http://doi.org/10.1007/s12088-018-0760-y

Life 2023, 13, 309 13 of 15

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Baldo, L.; Riera, J.L.; Tooming-Klunderud, A.; Alba, M.M.; Salzburger, W. Gut microbiota dynamics during dietary shift in eastern
African cichlid fishes. PLoS ONE 2015, 10, e0127462. [CrossRef]

Eichmiller, J.J.; Hamilton, M.].; Staley, C.; Sadowsky, M.].; Sorensen, PW. Environment shapes the fecal microbiome of invasive
carp species. Microbiome 2016, 4, 44. [CrossRef]

Wong, S.; Rawls, ].E. Intestinal microbiota composition in fishes is influenced by host ecology and environment. Mol. Ecol. 2012,
21,3100-3102. [CrossRef] [PubMed]

Taneja, V. Microbiome: Impact of gender on function & characteristics of gut microbiome. In Principles of Gender-Specific Medicine;
Academic Press: Cambridge, MA, USA, 2017; pp. 569-583.

Li, X;; Yan, Q.; Ringg, E.; Wu, X,; He, Y.; Yang, D. The influence of weight and gender on intestinal bacterial community of wild
largemouth bronze gudgeon (Coreius guichenoti, 1874). BMC Microbiol. 2016, 16, 1-8. [CrossRef] [PubMed]

Dryer, M.; Sandvol, A. Recovery Plan for the Pallid Sturgeon (Scaphirhynchus albus); U.S. Fish and Wildlife Service: Washington, DC, USA, 1993.
Forbes, S.A.; Richardson, R.E. On a new Shovelnose Sturgeon from the Mississippi River. Ill. Nat. Hist. Surv. Bull. 1905, 7, 1-10.
[CrossRef]

Brown, C.; Day, R.L. The future of stock enhancements: Lessons for hatchery practice from conservation biology. Fish Fish. 2002,
3, 79-94. [CrossRef]

Ruskamp, R.L. Central Lowlands and Interior Highlands Pallid Sturgeon Spawning and Stocking Summary; Nebraska Game and Parks
Commission Internal Document; Nebraska Game and Parks Commission: Lincoln, NE, USA, 2021.

Steffensen, K.D.; Chojnacki, K.A.; Kalie, J.A.; Barton, M.L.; Heist, E.J.; Winders, K.R.; Loecher, N.C.; Doyle, W.].; Welker, T.L.
Evidence of Limited Recruitment of Pallid Sturgeon in the Lower Missouri River. J. Fish Wildl. Manag. 2019, 10, 336-345.
[CrossRef]

Hoover, ].].; George, S.G.; Killgore, K.J. Diet of shovelnose sturgeon and pallid sturgeon in the free-flowing Mississippi River. J.
Appl. Ichthyol. 2007, 23, 494-499. [CrossRef]

Braaten, PJ.; Fuller, D.B.; Lott, R.D.; Haddix, T.M.; Holte, L.D.; Wilson, R.H.; Bartron, M.L.; Kalie, ]J.A.; DeHaan, W.R.;
Ardren, R].; et al. Natural growth and diet of known-age pallid sturgeon (Scaphirhynchus albus) early life stages in the up-
per Missouri River basin, Montana and North Dakota. J. Appl. Ichthyol. 2012, 28, 496-504. [CrossRef]

Holley, C.; Braaten, P,; Poulton, B.; Heist, E.; Umland, L.; Haddix, T. Diet composition and overlap of larval pallid sturgeon and
shovelnose sturgeon from the upper Missouri River, USA. Endanger. Species Res. 2022, 49, 103-114. [CrossRef]

Wong, S.; Waldrop, T.; Summerfelt, S.; Davidson, J.; Barrows, E.; Kenney, P.B.; Welch, T.; Wiens, G.D.; Snekvik, K.; Rawls, ].E; et al.
Aquacultured Rainbow Trout (Oncorhynchus mykiss) possess a large core intestinal microbiota that is resistant to variation in diet
and rearing density. Appl. Environ. Microbiol. 2013, 79, 4974-4984. [CrossRef]

Neu, A.T.; Allen, E.E.; Roy, K. Defining and quantifying the core microbiome: Challenges and prospects. Proc. Natl. Acad. Sci.
2021, 118, €2104429118. [CrossRef]

Roeselers, G.; Mittge, E.K,; Stephens, W.Z.; Parichy, D.M.; Cavanaugh, C.M.; Guillemin, K.; Rawls, ].F. Evidence for a core gut
microbiota in the zebrafish. ISME . 2011, 5, 1595-1608. [CrossRef] [PubMed]

Navarrete, P.; Magne, E; Mardones, P; Riveros, M.; Opazo, R.; Suau, A.; Pochart, P.; Romero, ]. Molecular analysis of intestinal
microbiota of rainbow trout (Oncorhynchus mykiss). FEMS Microbiol Ecol. 2010, 71, 148-156. [CrossRef] [PubMed]

Hovda, M.B.; Lunestad, B.T.; Fontanillas, R.; Rosnes, J.T. Molecular characterization of the intestinal microbiota of farmed Atlantic
salmon (Salmo salar L.). Aquaculture 2007, 272, 581-588. [CrossRef]

Wilson, B.; Danilowicz, B.S.; Meijer, W.G. The diversity of bacterial communities associated with Atlantic cod Gadus morhua.
Microb. Ecol. 2008, 55, 425-434. [CrossRef]

Geraylou, Z.; Souffreau, C.; Rurangwa, E.; D'Hondt, S.; Callewaert, L.; Courtin, C.M.; Delcour, J.A.; Buyse, J.; Ollevier, E. Effects
of arabinoxylan-oligosaccharides (AXOS) on juvenile Siberian sturgeon (Acipenser baerii) performance, immune responses and
gastrointestinal microbial community. Fish Shellfish Immunol. 2012, 33, 718-724. [CrossRef]

Ye, L.; Amberg, J.; Chapman, D.; Gaikowski, M.; Liu, W.-T. Fish gut microbiota analysis differentiates physiology and behavior of
invasive Asian carp and indigenous American fish. ISME ]. 2013, 8, 541-551. [CrossRef] [PubMed]

Dulski, T.; Koztowski, K.; Ciesielski, S. Habitat and seasonality shape the structure of tench (Tinca tinca L.) gut microbiome. Sci.
Rep. 2020, 10, 4460. [CrossRef]

Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, el. [CrossRef]
Glenn, T.C.; Pierson, T.W.; Bayona-Vasquez, N.J.; Kieran, T.J.; Hoffberg, S.L.; Thomas, J.C.; Lefever, D.E.; Finger, ] W.; Gao, B.;
Bian, X,; et al. Adapterama II: Universal amplicon sequencing on Illumina platforms (TaggiMatrix). Peer] 2019. [CrossRef]
Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.
GENEIOUS Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647-1649. [CrossRef]

Timmerman, H.M.; Rutten, N.; Boekhorst, J.; Saulnier, D.M.; Kortman, G.; Contractor, N.; Kullen, M. Intestinal colonisation
patterns in breastfed and formula-fed infants during the first 12 weeks of life reveal sequential microbiota signatures. Sci. Rep.
2017, 7, 8327. [CrossRef] [PubMed]

Deering, K.E.; Devine, A.; O’Sullivan, T.A.; Lo, J.; Boyce, M.C.; Christophersen, C.T. Characterizing the composition of the
pediatric gut microbiome: A systematic review. Nutrients 2020, 12, 16. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0127462
http://doi.org/10.1186/s40168-016-0190-1
http://doi.org/10.1111/j.1365-294X.2012.05646.x
http://www.ncbi.nlm.nih.gov/pubmed/22916346
http://doi.org/10.1186/s12866-016-0809-1
http://www.ncbi.nlm.nih.gov/pubmed/27549138
http://doi.org/10.21900/j.inhs.v7.402
http://doi.org/10.1046/j.1467-2979.2002.00077.x
http://doi.org/10.3996/022018-JFWM-013
http://doi.org/10.1111/j.1439-0426.2007.00893.x
http://doi.org/10.1111/j.1439-0426.2012.01964.x
http://doi.org/10.3354/esr01205
http://doi.org/10.1128/AEM.00924-13
http://doi.org/10.1073/pnas.2104429118
http://doi.org/10.1038/ismej.2011.38
http://www.ncbi.nlm.nih.gov/pubmed/21472014
http://doi.org/10.1111/j.1574-6941.2009.00769.x
http://www.ncbi.nlm.nih.gov/pubmed/19780831
http://doi.org/10.1016/j.aquaculture.2007.08.045
http://doi.org/10.1007/s00248-007-9288-0
http://doi.org/10.1016/j.fsi.2012.06.010
http://doi.org/10.1038/ismej.2013.181
http://www.ncbi.nlm.nih.gov/pubmed/24132079
http://doi.org/10.1038/s41598-020-61351-1
http://doi.org/10.1093/nar/gks808
http://doi.org/10.7717/peerj.7786
http://doi.org/10.1093/bioinformatics/bts199
http://doi.org/10.1038/s41598-017-08268-4
http://www.ncbi.nlm.nih.gov/pubmed/28827640
http://doi.org/10.3390/nu12010016
http://www.ncbi.nlm.nih.gov/pubmed/31861722

Life 2023, 13, 309 14 0of 15

36.
37.
38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Kruskal, W.H.; Wallis, W.A. Use of ranks in one-criterion variance analysis. J. Am. Stat. Assoc. 1952, 47, 583-621. [CrossRef]
Shannon, C.E.; Weaver, W. The Mathematical Theory of Communication; University of Illinois Press: Urbana, IL, USA, 1949.
Diserud, O.H.; Odegaard, F. A multiple-site similarity measure. Biol. Lett. 2007, 3, 20-22. [CrossRef] [PubMed]

Baselga, A. Partitioning abundance-based multiple-site dissimilarity into components: Balanced variation in abundance and
abundance gradients. Methods Ecol. Evol. 2017, 8, 799-808. [CrossRef]

Meyer, F.; Paarmann, D.; D’Souza, M.; Olson, R.; Glass, E.M.; Kubal, M.; Paczan, T.; Rodriguez, A.; Stevens, R.; Wolke, A.; et al.
The metagenomics RAST server—A public resource for the automatic phylogenetic and functional analysis of metagenomes.
BMC Bioinform. 2008, 9, 386. [CrossRef] [PubMed]

Cox, M.P; Peterson, D.A.; Biggs, P.J. SolexaQA: At-a-glance quality assessment of Illumina second-generation sequencing data.
BMC Bioinform. 2010, 11, 485. [CrossRef] [PubMed]

Langmead, B.; Trapnell, C.; Pop, M.; Salzberg, S.L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol. 2009, 10, R25. [CrossRef]

Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, W.; Peplies, J.; Glockner, FO. SILVA: A comprehensive online resource
for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007, 35, 7188-7196.
[CrossRef]

DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.
Greengenes, a chimera-checked 165 rRNA gene database and workbench compatible with ARB. Appl. Env. Microbiol. 2006,
72,5069-5072. [CrossRef]

Cole, J.R.; Chai, B.; Marsh, T.L.; Farris, R.].; Wang, Q.; Kulam, S.A.; Chandra, S.; McGarrell, D.M.; Schmidt, T.M.; Garrity, G.M.; et al.
Ribosomal Database Project. The Ribosomal Database Project (RDP-II): Previewing a new autoaligner that allows regular updates
and the new prokaryotic taxonomy. Nucleic Acids Res. 2003, 31, 442-443. [CrossRef] [PubMed]

Bray, J.R.; Curtis, J.T. An ordination of upland forest communities of southern Wisconsin. Ecol. Monogr. 1957, 27, 325-349.
[CrossRef]

Dehler, C.E.; Secombes, C.J.; Martin, S.A. Environmental and physiological factors shape the gut microbiota of Atlantic salmon
parr (Salmo salar L.). Aquaculture 2017, 467, 149-157. [CrossRef] [PubMed]

Lee, YK.; Mazmanian, S.K. Has the microbiota played a critical role in the evolution of the adaptive immune system? Science
2010, 330, 1768-1773. [CrossRef]

Ley, R.; Hamady, M.; Lozupone, C.; Turnbaugh, P.; Ramey, R. Evolution of mammals and their gut microbes. Science 2008,
320, 1647. [CrossRef]

Smith, P.; Willemsen, D.; Popkes, M.; Metge, F.; Gandiwa, E.; Reichard, M.; Valenzano, D.R. Regulation of life span by the gut
microbiota in the short-lived African turquoise killifish. eLife 2017, 6, €27014. [CrossRef]

Rawls, ].E; Samuel, B.S.; Gordon, ].I. Gnotobiotic zebrafish reveal evolutionarily conserved responses to the gut microbiota. Proc.
Natl. Acad. Sci. USA. 2004, 101, 4596-4601. [CrossRef] [PubMed]

Rawls, J.F.; Mahowald, M.A; Ley, R.E.; Gordon, J.I. Reciprocal gut microbiota transplants from zebrafish and mice to germ-free
recipients reveal host habitat selection. Cell 2006, 127, 423-433. [CrossRef] [PubMed]

Bates, ].M.; Mittge, E.; Kuhlman, J.; Baden, K.N.; Cheesman, S.E.; Guillemin, K. Distinct signals from the microbiota promote
different aspects of zebrafish gut differentiation. Dev. Biol. 2006, 297, 374-386. [CrossRef]

Brugman, S.; Liu, K.Y.; Lindenbergh-Kortleve, D.; Samsom, ].N.; Furuta, G.T.; Renshaw, S.A.; Willemsen, R.; Nieuwenhuis, E.E.
Oxazolone-induced enterocolitis in zebrafish depends on the composition of the intestinal microbiota. Gastroenterology 2009,
137,1757-1767.el. [CrossRef]

Redford, K.H.; Segre, J.A.; Salafsky, N.; del Rio, C.M.; McAloose, D. Conservation and the microbiome. Conserv. Biol. 2012,
26,195-197. [CrossRef] [PubMed]

Claesson, M.; Jeffery, I.; Conde, S.; Power, S.E.; O’Connor, EM.; Cusak, S.; Harris, HM.B.; Coakley, M.; Lakshminarayanan, B.;
O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178-184.
[CrossRef] [PubMed]

Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the Healthy Gut
Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, 14.
[CrossRef] [PubMed]

Givens, C.E.; Ransom, B.; Bano, N.; Hollibaugh, J.T. Comparison of the gut microbiomes of 12 bony fish and 3 shark species. Mar.
Ecol. Prog. Ser. 2015, 518, 209-223. [CrossRef]

Li, J.; Ni, J.; Li, J.; Wang, C.; Li, X;; Wu, S.; Zhang, T.; Yu, Y.; Yan, Q. Comparative study on gastrointestinal microbiota of eight fish
species with different feeding habits. J. Appl. Microbiol. 2014, 117, 1750-1760. [CrossRef] [PubMed]

Riordan, T. Human infection with Fusobacterium necrophorum (Necrobacillosis), with a focus on Lemierre’s syndrome. Clin.
Microbiol. Rev. 2007, 20, 622-659. [CrossRef]

Yoneda, M.; Kato, S.; Mawatari, H.; Kirikoshi, H.; Imajo, K; Fujita, K.; Endo, H.; Takahashi, H.; Inamori, M.; Kobayashi, N.; et al.
Liver abscess caused by periodontal bacterial infection with Fusobacterium necrophorum. Hepatol. Res. 2011, 41, 194-196. [CrossRef]
Kostic, A.D.; Gevers, D.; Pedamallu, C.S.; Michaud, M.; Duke, F; Earl, A M.; Ojesina, A.L; Jung, J.; Bass, A.J.; Tabernero, J.; et al.
Genomic analysis identifies association of Fusobacterium with colorectal carcinoma. Genome Res. 2012, 22, 292-298. [CrossRef]


http://doi.org/10.1080/01621459.1952.10483441
http://doi.org/10.1098/rsbl.2006.0553
http://www.ncbi.nlm.nih.gov/pubmed/17443955
http://doi.org/10.1111/2041-210X.12693
http://doi.org/10.1186/1471-2105-9-386
http://www.ncbi.nlm.nih.gov/pubmed/18803844
http://doi.org/10.1186/1471-2105-11-485
http://www.ncbi.nlm.nih.gov/pubmed/20875133
http://doi.org/10.1186/gb-2009-10-3-r25
http://doi.org/10.1093/nar/gkm864
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/nar/gkg039
http://www.ncbi.nlm.nih.gov/pubmed/12520046
http://doi.org/10.2307/1942268
http://doi.org/10.1016/j.aquaculture.2016.07.017
http://www.ncbi.nlm.nih.gov/pubmed/28111483
http://doi.org/10.1126/science.1195568
http://doi.org/10.1126/science.1155725
http://doi.org/10.7554/eLife.27014
http://doi.org/10.1073/pnas.0400706101
http://www.ncbi.nlm.nih.gov/pubmed/15070763
http://doi.org/10.1016/j.cell.2006.08.043
http://www.ncbi.nlm.nih.gov/pubmed/17055441
http://doi.org/10.1016/j.ydbio.2006.05.006
http://doi.org/10.1053/j.gastro.2009.07.069
http://doi.org/10.1111/j.1523-1739.2012.01829.x
http://www.ncbi.nlm.nih.gov/pubmed/22443125
http://doi.org/10.1038/nature11319
http://www.ncbi.nlm.nih.gov/pubmed/22797518
http://doi.org/10.3390/microorganisms7010014
http://www.ncbi.nlm.nih.gov/pubmed/30634578
http://doi.org/10.3354/meps11034
http://doi.org/10.1111/jam.12663
http://www.ncbi.nlm.nih.gov/pubmed/25294734
http://doi.org/10.1128/CMR.00011-07
http://doi.org/10.1111/j.1872-034X.2010.00748.x
http://doi.org/10.1101/gr.126573.111

Life 2023, 13, 309 150f 15

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.
77.

78.

79.

Aliyu, S.H.; Marriott, RK.; Curran, M.D.; Parmar, S.; Bentley, N.; Brown, N.M.; Brazier, ].S.; Ludlam, H. Real-time PCR
investigation into the importance of Fusobacterium necrophorum as a cause of acute pharyngitis in general practice. ]. Med. Microbiol.
2004, 53, 1029-1035. [CrossRef]

Duncan, S.H.; Hold, G.L.; Harmsen, H.J.M.; Stewart, C.S.; Flint, H.]. Growth requirements and fermentation products of
Fusobacterium prausnitzii, and a proposal to reclassify it as Faecalibacterium prausnitzii gen. nov., comb. nov. Int. J. Syst. Evol.
Microbiol. 2002, 52, 2141-2146. [CrossRef]

Larsen, A.M.; Mohammed, H.H.; Arias, C.R. Characterization of the gut microbiota of three commercially valuable warmwater
fish species. J. Appl. Microbiol. 2014, 116, 1396-1404. [CrossRef] [PubMed]

Austin, B.; Adams, C. Fish pathogens. In The Genus Aeromonas; Austin, B., Altwegg, M., Gosling, PJ., Joseph, S., Eds.; John Wiley
& Sons Ltd.: West Sussex, UK, 1996; pp. 197-243.

Joseph, S.W.; Carnahan, A. The isolation, identification, and systematics of the motile Aeromonas species. Annu. Rev. Fish Dis.
1994, 4, 315-343. [CrossRef]

Janda, ].M.; Abbott, S.L. The genus Aeromonas: Taxonomy, pathogenicity, and infection. Clin. Microbiol. Rev. 2010, 23, 35-73.
[CrossRef]

Ray, A.K,; Ghosh, K.; Ringg, E. Enzyme-producing bacteria isolated from fish gut: A review. Aquac. Nutr. 2012, 18, 465-492.
[CrossRef]

Egerton, S.; Culloty, S.; Whooley, J.; Stanton, C.; Ross, R.P. The Gut Microbiota of Marine Fish. Front. Microbiol. 2018, 9, 873.
[CrossRef]

Camara-Ruiz, M.; Balebona, M.C.; Morifiigo, M.; Esteban, M.A. Probiotic Shewanella putrefaciens (SpPdp11) as a Fish Health
Modulator: A Review. Microorganisms 2020, 8, 1990. [CrossRef] [PubMed]

Crab, R.; Defoirdt, T.; Bossier, P.; Verstraete, W. Biofloc technology in aquaculture: Beneficial effects and future challenges.
Aquaculture 2012, 351-356. [CrossRef]

Encarnagao, P. Functional feed additives in aquaculture feeds. Aquafeed Formul. 2016, 217-237. [CrossRef]

Guerreiro, L; Oliva-Teles, A.; Enes, P. Prebiotics as functional ingredients: Focus on Mediterranean fish aquaculture. Rev. Aquac.
2018, 10, 800-832. [CrossRef]

D’Silva, A.; Kyndt, J.A. Bacterial Diversity Greatly Affects Ammonia and Overall Nitrogen Levels in Aquabioponics Bioflocs
Systems, Based on 16S rRNA Gene Amplicon Metagenomics. Appl. Microbiol. Open Access 2020, 6, 169. [CrossRef]

Xu, Z.; Knight, R. Dietary effects on human gut microbiome diversity. Br. J. Nutr. 2014, 113, S1-55. [CrossRef] [PubMed]
Gerrity, P.C.; Guy, C.S.; Gardner, WM. Juvenile Pallid Sturgeon are piscivorous: A call for conserving native cyprinids. Trans. Am.
Fish. Soc. 2006, 135, 604-609. [CrossRef]

Pompanon, F; Deagle, B.E.; Symondson, W.O.; Brown, D.S.; Jarman, S.N.; Taberlet, P. Who is eating what: Diet assessment using
next generation sequencing. Mol. Ecol. 2012, 21, 1931-1950. [CrossRef]

Xu, J.; Gordon, ].I. Honor thy symbionts. Proc. Natl. Acad. Sci. USA 2003, 100, 10452-10459. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1099/jmm.0.45648-0
http://doi.org/10.1099/00207713-52-6-2141
http://doi.org/10.1111/jam.12475
http://www.ncbi.nlm.nih.gov/pubmed/24529218
http://doi.org/10.1016/0959-8030(94)90033-7
http://doi.org/10.1128/CMR.00039-09
http://doi.org/10.1111/j.1365-2095.2012.00943.x
http://doi.org/10.3389/fmicb.2018.00873
http://doi.org/10.3390/microorganisms8121990
http://www.ncbi.nlm.nih.gov/pubmed/33327443
http://doi.org/10.1016/j.aquaculture.2012.04.046
http://doi.org/10.1016/B978-0-12-800873-7.00005-1
http://doi.org/10.1111/raq.12201
http://doi.org/10.35248/2471-9315.20.6.169
http://doi.org/10.1017/S0007114514004127
http://www.ncbi.nlm.nih.gov/pubmed/25498959
http://doi.org/10.1577/T05-122.1
http://doi.org/10.1111/j.1365-294X.2011.05403.x
http://doi.org/10.1073/pnas.1734063100
http://www.ncbi.nlm.nih.gov/pubmed/12923294

	Introduction 
	Materials and Methods 
	Sample Collection and DNA Sequencing 
	Core Gut Microbiome 
	Comparison between Hatchery-Raised and Wild Pallid Sturgeon Gut Microbiomes 

	Results 
	Pallid Sturgeon Gut Microbiome 
	Comparison between Hatchery-Raised and Wild Pallid Sturgeon Gut Microbiomes 
	Other Factors That May Affect Microbiome Variation 

	Discussion 
	References

