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Simple Summary: The use of antibiotics is extensive in livestock and aquaculture, although various
research work is being carried out across the globe for developing alternative technologies. However,
the excessive use of antibiotics leads to bio-magnification due to their stability and persistence in
the environment. We assessed the gut bacterial diversity of rainbow trout grown at aquacultures in
Korea exposed to oxy-tetracycline for the restriction of infections. The study revealed the changes in
taxonomic units upon antibiotic treatment and prediction-based functional characterization of the
gut bacterial community, providing a general overview of the abundance of particular bacterial taxa.

Abstract: The extensive use of antibiotics is evident in most of the livestock and aquaculture manage-
ment for inhibiting pathogen infection. Korean aquaculture depends on the usage of oxy-tetracycline
for growing rainbow trout. Hence, this study was conducted to evaluate the changes in gut bacterial
community profiles of rainbow trout exposed to oxy-tetracycline and predict the metabolic function-
ing of the bacterial community. The gut bacterial community composition of oxy-tetracycline treated
fish was assessed by amplicon sequencing targeting the 16S rRNA gene of bacteria and comparing
with the control group that did not receive any antibiotic. The principle coordinate analysis and non-
metric multidimensional scaling analysis had shown two distinct clusters that implies the changes
in community composition. In phyla level, the relative abundances of Tenericutes and Firmicutes
were observed to be significantly higher in oxy-tetracycline treated fish compared to the control.
Furthermore, the prediction based metabolic profiling revealed the processes that are affected due
to the shift in community profiles. For example, metabolic functioning of membrane efflux system,
amino acid metabolism and glycolysis were significantly higher in oxy-tetracycline treated fish
compared to the control. This study describes alteration in gut bacterial community composition and
potential metabolic profiles of the community that might be responsible for surviving in antibiotic
rich environment.

Keywords: antibiotics; oxy-tetracycline; rainbow trout; tenericutes; mollicutes; proteobacteria;
metabolic profiles

1. Introduction

Antibiotic resistance is a growing concern across the globe during the recent past.
This is mainly due to the unsupervised usage of broad host range antibiotics maintaining
livestock or aquaculture [1]. Aquaculture is common in most of the countries, as fishes
are regarded as an important delicacy in almost every culture. Farmers use a wide range
of antibiotics to restrict the proliferation of pathogenic bacteria in the water source used
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for growing fishes [2]. The use of antibiotics for growing fishes has had a significant
effect on their intestinal as well as fillet bacterial communities [3,4]. The fish intestine
harbors a beneficial microbial community that is known to assist in digestion and disease
control [5]. The gut microbiota is also known for enhancing innate immune responses
as well as proliferation of epithelial tissue in fishes [6]. Hence, the change in bacterial
community composition upon long-term antibiotic exposure might have an adverse effect
on the physiological processes of fish.

Rainbow trout are common freshwater fish species that are consumed in various
countries, and there are various reports that have revealed the gut bacterial community
composition [7,8]. For example, the intestinal microbiome consists majorly of Proteobac-
teria, Fusobacteria and Firmicutes [7,8]. These bacterial compositions are influenced by
various factors such as infection [8], diet [7] and antibiotics [3]. The Korean peninsula is
no different in its consumption of a plethora of freshwater as well as marine fishes [9].
The aquacultures in Korea are also using broad host range antibiotics, especially oxy-
tetracycline (OTC), on a daily basis to restrict infections [10,11]. However, there is a lack of
studies on the characterization of gut microbiota of rainbow trout on long-term exposure
to OTC in aquaculture. Hence, this study was conducted to evaluate the shift in gut
bacterial community composition of rainbow trout grown in aquaculture and exposed
to long-term OTC treatments for controlling pathogen infection. A metagenome-based
study was conducted to determine the gut bacterial community composition, and enriched
gene encoding enzymes were predicted to correlate the diversity changes and metabolic
profiling of the bacterial community.

2. Materials and Methods

Rainbow trouts (Oncorhynchus mykiss) were cultivated from embryos in the
Chugcheongbuk-do Inland Fisheries Research Institute at Republic of Korea. The fish
were maintained at 10-13 °C in a 20 L tank and at a density of 20 fish per tank. The fish
were fed daily with a formulated feed mixture consisting of 45% crude protein, 6% crude
fat, 11.5% ash and 1.5% fibre. OTC was treated (2 mg/20 g fish/day) for 5 days at 90 days
after hatching. The gut samples were collected at 24 h after the last OTC treatment. The
control and oxytetracycline-treated fish were kept in separate tanks. The dissolved oxy-
gen was maintained at 10-11 mg L~! and pH at 6.7-8.7. About 25% of water from each
tank was changed every 2 weeks by using recirculating aquaculture system developed in
South Korea. The first segment of the mid-intestine (FSMI) was segregate and immediately
stored at —80 °C for DNA extraction. All experiments were performed after receiving ap-
proval from the Institutional Animal Care and Use Committee (IACUC) of Korea Research
Institute of Bioscience and Biotechnology (approval No: KRIBB-AEC-21275). Metage-
nomic DNA was extracted using the DNeasy® Blood and Tissue Kit (Qiagen, Valencia,
CA, USA). A total of three replicates per treatment were used in this study (treatments:
(i) control, (ii) OTC). Each replicate contained a total of three individual fish, and a com-
posite DNA sample per replicate was prepared for sequencing. The extracted DNA was
used for high-throughput Illumina MiSeq sequencing at ChunLab, South Korea. The
V3-V4 regions of 16S rRNA genes were targeted and amplified using primers 341F (5'-
TCGTCGGCAGCTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3'; un-
derlined sequences indicating the target) and 805R (5'-GTCTCGTGGGCTCGGAGATCGTA
TAAGAGACAGGACTACHVGGTATCTAATCC-3'). The raw data analysis was performed
using a Mothur pipeline v. 1.39.5 [12] as per the processes mentioned previously [13].
Briefly, the assembled forward and reverse sequence obtained from the platform were
used for discarding the low-quality reads and ambiguous nucleotides for further process-
ing. Chimera were removed using chimera.uchime function, and the taxonomic identity
was obtained using Greengenes reference database. The raw sequences were updated
in a Sequence Read Archive (SRA) dataset at NCBI (National Center for Biotechnology
information) under accession no. SRP341227. Shannon, Simpson and Chaol indices were
calculated in Mothur after the normalization of analyzed data to a minimum number of
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reads. Principal coordinate analysis (PCoA) and non-metric multidimensional scaling
(NMDS) were performed in Mothur. Statistical differences between the means at p < 0.05
were determined using Tukey’s test at SAS version 9.4. The predicted metabolic profiles of
bacterial communities from the bacterial 16S rRNA abundance data were determined by
the PICRUSt2 tool.

3. Results

The analysis of sequence data showed goods’ coverage of 99.9% for both the studied
rainbow trout groups, which illustrates that the sampling was sufficient for determining
the diversity indices. The number of operational taxonomic units (OTUs) did not vary sig-
nificantly between the control and OTC-treated gut microbiota of rainbow trouts (Table 1).
The diversity indices, i.e., shannon and simpson indices, also did not have any significant
differences. On the other hand, the richness estimator Chaol was significantly higher for
the gut bacterial composition of control fishes. Two different ordination plot analyses, viz.,
PCoA and NMDS, were conducted to infer the effect of OTC in gut bacterial community
composition of rainbowtrouts (Figure 1). PCoA and NMDS showed two distinct clusterings
of gut bacterial community composition. For PCoA, the PC1 axis describes 38.7% variance
and PC2 axis describes 29.4% variance. The ordination plots validated the differences in
bacterial community composition between two studied groups of fish.

Table 1. Diversity indices of studied rainbow trout gut samples.

Treatments Goods’ Coverage (%) No. of OTUs Shannon Chaol Simpson
Control 99.9 336 +47.882 172+ 0.54° 277 +32.772 0.42+£0.182
OTC 99.9 278 +24.09° 1.13+0.59° 211 +20.44 0.63£0.192

Each value represents the mean + standard error (number of replicates = 3). Different letters indicate significant differences between the
treatments at p < 0.05 according to Tukey’s test.
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Figure 1. Principal coordinate analysis (PCoA) (a) and non-metric multidimensional scaling (NMDS) (b) analyses based on

Bray—-Curtis dissimilatory matrix for gut bacterial community of rainbow trout.

The taxonomic identities determined from the sequences of the gut of rainbow trouts
are depicted at the phylum and class levels for both the studied samples. The relative
abundance of 10 most abundant phyla and 20 most abundant bacterial orders are shown
in Figure 2. Fusobacteria was observed to be the most abundant phylum in control fish,
followed by Proteobacteria, Firmicutes, Tenericutes and Actinobacteria (Figure 2a). On the
other hand, the relative abundance of Tenericutes were observed to be the maximum in
OTC-treated fish, followed by Firmicutes, Proteobacteria, Fusobacteria and Actinobacteria.
The relative abundances of Fusobacteria and Proteobacteria were significantly higher in
control fish compared to OTC-treated fish. Conversely, Tenericutes and Firmicutes were
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significantly higher in OTC-treated fish compared to the control. At class level, the rel-
ative abundance of Fusobacteria_c was maximum for control fish, whereas the relative
abundance of Mollicutes was maximum for OTC-treated fish (Figure 2b). Furthermore,
the relative abundance of Fusobacteria_c, Beta- and Alphaproteobacteria was significantly
higher in control fish, and the relative abundance of Mollicutes and Clostridia was maxi-

mum for OTC-treated fish compared to the control.
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Figure 2. Relative abundances of the 10 most abundant gut bacterial phyla (a) and class (b) in

rainbow trout. Different letters indicate significant differences among taxa at p < 0.05 by Tukey’s test.

The metabolic profiles were predicted to understand the various metabolic pathways
that are affected due to OTC treatment in bacterial community. The PICRUSt predicted
metabolic profiles would show a significant increase in functions pertaining to glycolysis,
membrane efflux system and amino acid metabolism in OTC-treated fish, compared to
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the control (Figure 3). On the other hand, the metabolic functions related to cell division
and ribosomal biogenesis were observed to be decreased significantly in OTC-treated fish
compared to the control fish.
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Figure 3. Relative abundance of PICRUSt-derived metabolic profiles of gut bacterial community of
rainbow trout. Asterisk (*) denotes p < 0.05 by Tukey’s test.

4. Discussion

The overall rationale of this study was to determine the gut bacterial diversity of
rainbow trout exposed to OTC treatments in Korean aquacultures. A metagenome-based
approach was used to evaluate the bacterial diversity and predict the metabolic profiles
using the 16S rRNA gene sequencing, and has assisted in understanding the potential
changes in gut microbiome of rainbow trout. The long-term use of OTC in aquaculture led
to the shift in bacterial community composition as well as changes in metabolic profiles
leading to the abundance of specific taxonomic units that can thrive under the influence of
broad-spectrum antibiotics.

The OTC treatment did not show any differences among the number of OTUs or
diversity indices in the present study, which corroborates a previous report [14], where the
OTC treatment on Paralichthys olivaceus did not show any significant differences in the
gut bacterial diversity compared to the control group. However, the decrease in richness
index can suggest the potential richness of particular groups of bacterial community that
are important for survival under antibiotic rich micro-environment [15,16]. These indices
depend upon a plethora of factors and cannot provide adequate inferences to community
outcomes [17]. Additionally, the diversity indices may not differ from alterations in
community composition since differences in abundance of specific taxonomic entities may
be compensated for by the differences in abundance of other taxonomic entities [18]. On the
other hand, the distinct grouping of both the control as well as the OTC-treated fish reveals
the shift in gut bacterial community composition upon OTC treatment. Such a general
inference can be observed in other reports, where the fish treated with broad spectrum
antibiotics showed distinct clustering of 165 rRNA sequences [19,20].

Fusobacteria and Proteobacteria were the two dominant bacterial phyla in control fish
that corroborates a previous study [21]. The decrease in Proteobacteria can be attributed to
the abundance of fish pathogens that belong to the particular phylum [22-24]. Additionally,
the decrease in the abundance of Fusobacteria can demonstrate the unregulated effect
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of OTC in targeting other bacterial groups [25]. However, the abundance of Tenericutes
and Firmicutes was higher in OTC-treated fish. Additionally, the related bacterial classes
Mollicutes and Clostridia were observed to be in higher abundance in OTC-treated fish.
These results corroborate a previous study where the abundance of Tenericutes was higher
in Poecilia reticulata gut growing in water bodies contaminated with antibiotic discharges
from the nearby industries [26]. Tenericutes and its associated class, Mollicutes, are distinct
taxonomic units that lack a cell wall that makes easier it for antibiotic resistance genes
(ARGs) to be transformed into the bacterial cells [27]. Additionally, the abundance of
Firmicutes has been observed in marketable fish that are treated with tetracycline since
they possess tetA and tetO genes [28]. Firmicutes have also been characterized to be
abundant in water sediments contaminated with antibiotic residues [29]. Furthermore,
a positive correlation has been deduced with the abundance of OTC and Clostridia in
environmental samples such as river sediments [29], which might be a proper inference
for the Clostridial abundance in OTC-treated fish. In general, OTC treatment has been
observed to result in shift in gut bacterial community composition that can be corroborated
with the rich antibiotic micro-environment [30].

The variations in the bacterial community composition can affect the metabolic profiles
of the bacterial community, as observed from the PICRUSt derived predictions. The
metabolic profiles related to ribosomal biogenesis and cell division were significantly
lower in OTC-treated fish compared to the control. Such observations can be attributed to
decrease in cellular processes of gut microbiome of fish upon exposure to OTC [31], leading
to decrease in ribosomal biogenesis and cell division. On the other hand, the increase in
membrane efflux system and amino acid metabolism are atypical for gut bacterial diversity
of fish upon antibiotic treatments [26,32]. The increase in abundance of membrane efflux
systems can assist in expelling OTC from the intra-cellular milieu of bacteria and correlate
to their survival in antibiotic rich environmental niche [26]. Additionally, the translation
of higher amino acid residues is important for increasing the expression of membrane
efflux systems upon antibiotic treatments in fish [33]. The increase in glycolytic pathway in
this study contradicts the previous report where OTC treatment in zebrafish predicted a
decrease in glycolysis/gluconeogenesis and oxidative phosphorylation of the gut bacterial
community [33]. However, it can be proposed that the mechanism of action of gut microbial
community might be distinct for different species, and in the present scenario the glycolytic
pathway can be assisting in providing ATP for amino acid metabolism as well as functioning
of membrane efflux system. The overall study gives a general idea regarding the changes in
gut bacterial community composition due to OTC treatment in rainbow trout, and further
studies concentrating on designing alternative approaches [34] will be helpful in reducing
the use of antibiotics in aquaculture.

5. Conclusions

The gut bacterial community profiles of rainbow trout altered upon exposure to tetra-
cycline. The relative abundances of few bacterial taxa, namely, Tenericutes and Firmicutes,
were significantly higher in OTC-treated fish compared to the control. These bacterial taxa
have the tendency to accumulate antibiotic resistance genes and survive in an antibiotic
rich environment due to their distinct characteristics. Moreover, the predicted metabolic
profiles revealed the various functions of gut bacterial community to thrive in an antibiotic
rich environment. Hence, the collective data represent the potential shift in gut microbial
taxonomic units of rainbow trout exposed to broad spectrum antibiotics in aquacultures.
Further studies about the correlation of such microbial community changes in physiological
and biochemical responses in fish would give a broader account of the effect of antibiotics
in aquaculture.
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