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Biofloc technology (BFT) is one of the most promising technologies in global
aquaculture for the purpose of improving water quality, waste treatment, and disease
prevention in intensive aquaculture systems. However, characterization of the microbial
species and antibiotic resistance potentially present in biofloc-based aquaculture
environments is needed. In this study, we used high-throughput sequencing technology
to comprehensively compare the bacterial communities in mariculture ponds of Penaeus
monodon (P monodon), by testing of water, biofloc, and intestine of P monodon.
Operational taxonomic units (OTUs) cluster analysis showed that the nine samples
tested divided into 45 phyla and 457 genera. Proteobacteria was the dominant bacteria
in water, biofloc and prawn intestine. In biofloc and intestine, the Ruegeria (2.23-6.31%)
genus represented the largest proportion of bacteria, with Marivita (14.01-20.94%)
the largest group in water. Microbial functional annotation revealed that in all the
samples, genes encoding metabolism were predominant. The antibiotic resistance gene
annotation showed the highest absolute abundance of patB, adeF, OXA-243, and
Brucella_suis_mprF from Proteobacteria. PatB (11.33-15.01%), adef (15.79-18.16%),
OXA-243 (35.65%), and Brucella_suis_mprF (10.03%) showed the highest absolute
abundance of antibiotic resistance genes in water, biofloc, and intestines, respectively.
These findings may greatly increase our understanding of the characteristics of the
microbiota of shrimp biofloc-based aquaculture systems and the complex interactions
among shrimp, ambient microflora, and environmental variables. It provides a reference
basis for policy on breeding, environmental safety, and maintaining food safety in the
production of P monodon.
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INTRODUCTION

With the pollution of the marine aquatic environment and
the decline of the wild fishing industry, aquaculture plays
an increasingly important role in the sustainable supply of
food. Penaeus monodon (P. monodon) (giant tiger shrimp)
aquaculture accounts for a significant proportion of seafood
consumption and is the second most farmed variety of shrimp
worldwide (FAO, 2020).

However, bacterial diseases such as death by early mortality
syndrome (EMS), acute hepatopancreatic necrosis disease
(AHPND), and hepatopancreatic necrosis syndrome (HPNS)
have reduced shrimp production by nearly 40%, resulting in
global losses of over 1 billion dollars per year for shrimp
aquaculture (Flegel, 2012; Lee et al, 2015; Huang et al,
2016). Furthermore, the misuse and unmonitored discharge of
antibiotics has led to the proliferation and spread of antibiotic
resistance genes (ARGs) and antibiotic-resistant bacteria in the
aquatic environment, leading to poor outcomes for aquaculture
and the surrounding environments (Pruden, 2014; Shlrene et al,,
2020). The occurrence of ARGs, as environmental contaminants,
in aquatic environments is an emerging public health concern,
attracting global attention (Pruden et al., 2006; Sui et al., 20165
Dang et al., 2017).

As an environmentally friendly and economical aquaculture
model, biofloc technology has continued to attract attention
in aquaculture systems around the world (Wilson et al., 20065
Yoram, 2007; Mishra et al., 2008). A biofloc-based aquaculture
system is a microbial treatment based on the composition
of abundant microflora. In this system, chemoautotrophic
and heterotrophic bacteria are involved in the formation of
biofloc, which also include fungi, protozoa, zooplankton, and
microalgae, which decompose food remnants and animal waste,
remove excess ammonia and nitrogen from the water, and
maintain a stable nutrient level (Yoram, 1999; Wei et al., 2020).
Animal productivity is intimately linked to health and the gut
microbiome is becoming increasingly recognized as an important
driver of cultivation success (Corey et al., 2020). Besides, effective
microorganisms can increase survival rates of shrimp and
decrease the feed conversion ratio (Huang, 2009). In addition,
biofloc can be used as a supplementary food source for animals,
which can improve the growth performance and immunity of
cultured organisms (Julie et al., 2014; Kim et al., 2015). Biofloc
technology (BFT) cannot only enhance growth performance of
an organism, elevate digestive enzyme activity, and strengthen
antioxidant status, but also has been shown to improve immune
response through the probiotic and immunostimulant effects of
the microorganisms present in the biofloc (Yu et al., 2020).

In fact, most eukaryotes maintain close mutualistic
relationships with microorganisms that are, in most cases,
linked to their nutrient acquisition and thereby crucial for
their performance and survival (Stéphane et al., 2015). There
have been few studies of the bacterial communities and ARGs
of biofloc (Surapun et al., 2020). In order to understand the
optimal conditions for establishing and maintaining a biofloc, it
is necessary to characterize the microorganisms present. Culture-
dependent approaches present a limitation to characterizing the
complete microbial population present in biofloc. It has been

estimated that the cultivation approach commonly reveals only a
small portion of the bacterial population present, of which only
0.1% has characterized (Zhou et al., 2019). Microbial ribosomal
RNA (rRNA) genes can be detected and sequenced directly from
water or biofloc without the need for culture. In this study, we
used metagenomic sequencing to comprehensively compare
the structure and function of bacterial communities in water,
biofloc, and intestinal samples from a biofloc-based aquaculture
system of P. monodon and analyzed the ARGs therein. This
study provides data to support future improvements of the
biofloc-based aquaculture system of P. monodon, which will
inform the policies of breeding, environmental safety, and assist
in maintaining food safety for this valuable species.

MATERIALS AND METHODS

Pond Conditions

The P. monodon culture ponds used in this study were 3 m x 4 m,
with a depth of 1.5 m and water depth of 1.2 m, the seedling
size was 1.0 & 0.1 cm, and the seedling density was 500
shrimp seeds/m>. The culture was according to the biofloc-based
aquaculture environments. Glucose was used to adjust the C/N
(carbon to nitrogen ratio) and sodium bicarbonate was used to
adjust the total alkalinity and pH.

Sample Collection and Extraction of
Total DNA of Microbial Flora

Samples were collected on June 15, 2020 from three shrimp
biofloc ponds, located at Donghai Island Marine Biological
Research Base, Guangdong Ocean University, Zhanjiang,
Guangdong, China. At the time of sampling, the culture time
of shrimp was 150 days and the average body length and body
weight of puffers were 11.25 £+ 0.79 cm and 19.67 + 3.84 g,
respectively. To fully reflect the pond condition, each intestinal
sample randomly captured the intestines of 60 shrimps from
a pond and pooled them into one sample. Water and biofloc
samples were collected at five locations in the pond (the four
diagonal and middle locations of the pond) and mixed into one
sample. The suspended matter was settled by standing water
samples for 1 to 2 h. The supernatant was filtered through a
membrane (0.45 pm, Jinteng) with a diaphragm vacuum pump
(give make and model of pump). Each filter membrane enriched
with microorganisms was installed into a Biofil 50-ml centrifuge
tube and labeled A1, A2, and A3, respectively. Biofloc samples
of 25 ml were taken from the biofloc pool and labeled B1, B2,
and B3, respectively. The intestinal samples were dissected by
sterile scalpel and the entire intestine was removed under sterile
conditions. The intestinal segments were immediately placed on
ice in a RNA-free tube and labeled C1, C2, and C3, respectively.
Each intestinal sample tube was placed in liquid nitrogen,
transported to the laboratory, and stored at —80°C prior to DNA
extraction. During 150 days of the study, no disease occurred in
the shrimp and no antibiotics or drug treatments were applied to
the ponds. The three ponds use water from the sea at the farming
site. Hengxing shrimp compound feed was used throughout the
whole process and the same management was carried out during
the breeding period. The genomic DNA of water, biofloc, and
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intestinal samples was extracted by the cetyltrimethylammonium
bromide (CTAB) method (Khalid et al., 2021) and the purity and
concentration of DNA was measured by agar gel electrophoresis.
DNA samples were diluted to 1 pg/jLl with sterile water.

Physicochemical Parameters of Water
Quality

Water quality indicators were tested at the same time as
sampling. The pH and temperature were measured in situ
with Shanghai Sanxin SX620 measuring pen. Concentrations
of nitrite (NO;~N), nitrate (NO3~N), ammonia (NH;T-N),
and total alkalinity (TA) were determined by the chemical
method (Lei, 2006).

16S Ribosomal RNA Gene Amplification

and Sequencing

To investigate the microbial communities of water,
biofloc, and intestinal samples, the 16S rRNA gene was
amplified using the diluted genomic DNA as the template
and a set of universal primes, 16S V3-V4 primer 515F
(5'- GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-
GGACTACHVGGGTWTCTA AT-3/). All the PCR reactions
were carried out with 15 pl of the Phusion® High-Fidelity
PCR Master Mix (New England Biolabs, America), 2 wM of
forward and reverse primers, and about 10 ng of template DNA.
The PCR reaction procedures were as follows: thermal cycling
consisted of initial denaturation at 98°C for 1 min, followed by
30 cycles of denaturation at 98°C for 10 s, annealing at 50°C
for 30 s, and elongation at 72°C for 30 s and finally, 72°C for
5 min. A total of 5 ] of each PCR product was separated on a
2% agarose gel (Sangon Biotech, Shanghai, China) containing
0.1 g ml~! ethidium bromide in 0.5x Tris-acetate-EDTA
(TAE) buffer (20 mM Tris and 10 mM acetic acid) (Servicebio,
Wuhan, China). 100-2,000 bp DNA ladder (Sangon Biotech,
Shanghai, China) was used as molecular size marker. PCR
products were mixed in equidensity ratios. Then, this mixture
of PCR products was purified with the Qiagen Gel Extraction
Kit (Qiagen, Germany, United Kingdom). The purified PCR
products were used for library preparation and high-throughput
sequencing on a MiSeq sequencer (Novogene Illumina, Tianjin,
China). The sequencing data were deposited into the Sequence
Read Archive under accession number PRJNA758114.

Analysis and Processing of 16S

Ribosomal RNA Gene Sequencing Data

Paired-end reads were assigned to samples based on their unique
barcode and truncated by cutting off the barcode and primer
sequence. Paired-end reads were merged using Flash (FLASH)
(Mago¢ and Salzberg, 2011), a very fast and accurate analysis
tool, which was designed to merge paired-end reads when at least
some of the reads overlap the read generated from the opposite
end of the same DNA fragment and the splicing sequences were
called raw tags. Quality filtering on the raw tags was performed
under specific filtering conditions to obtain the high-quality clean
tags (Bokulich et al., 2013) according to the Quantitative Insights

Into Microbial Ecology (QIIME) (Caporaso et al., 2010) quality-
controlled process. The tags were compared with the reference
database (Silva database), using UCHIME (a new program
that detects chimeric sequences with two or more segments)
algorithm (Robert et al., 2011) to detect the chimera sequences,
remove the chimera sequences (Brian et al, 2011), and finally
get effective tags.

Sequence analysis was performed by Uparse software (Edgar,
2013). Sequences with >97% similarity were assigned to
the same operational taxonomic units (OTUs). Representative
sequences for each OTU were screened for further annotation.
For each representative sequence, the Silva database (Quast
et al, 2013) was used based on the Mothur algorithm to
annotate taxonomic information. Multiple sequence alignment
with improved accuracy and speed (MUSCLE) (Edgar, 2004)
(version 3.8.31") software was used to perform rapid multiple
sequence alignment and obtain the phylogenetic relationship
of all the OTUs representative sequences. The data of each
sample were normalized and the sample with the least amount
of data was used as the standard. The subsequent alpha diversity
analysis and beta diversity analysis are based on the data after
normalization. The differences among groups were analyzed
by the one-way ANOVA with multiple comparisons of the
Tukey’s honestly significant difference (HSD) test using the SPSS
software version 17.0, SPSS 17.0. p < 0.05 was considered as
statistically significant.

Metagenome Gene Amplification and

Sequencing

The methods of quality control for DNA samples: degree of
DNA degradation and potential contamination were monitored
on 1% agarose gels. DNA concentration was measured using
the Qubit® dsDNA Assay Kit in Qubit® 2.0 Fluorometer (Life
Technologies, California, United States). The optical density
(OD) value was between 1.8 and 2.0 and DNA contents above
1 ng were used to construct the library. A total amount of
DNA per sample was used as input material for the DNA
sample preparations. Sequencing libraries were generated using
the NEBNext® Ultra DNA Library Prep Kit for Illumina
(NEB, Ipswich. Massachusetts, United States) following the
recommendations of the manufacturer and index codes were
added to attribute sequences to each sample. The DNA sample
was fragmented by sonication to a size of 350 bp and then
DNA fragments were end-polished, A-tailed, and ligated with
the full-length adaptor for Illumina sequencing with further
PCR amplification. Finally, PCR products were purified (AMPure
XP System, Hangzhou, China) and libraries were analyzed for
size distribution by the Agilent 2100 Bioanalyzer System and
quantified using real-time PCR.

Metagenome Sequencing, Data
Preprocessing, and Assembly

Preprocessing of the raw data obtained from the Illumina HiSeq
sequencing platform was conducted with Readfq (V8?) to acquire

Uhttp://www.drive5.com/muscle/
Zhttps://github.com/cjfields/readfq
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the clean data for subsequent analysis. The specific processing
steps were as follows: reads with low-quality bases were removed
(default quality threshold value <38) above a certain portion
(default length of 40 bp), reads with N base that reached a certain
percentage were removed (default length of 10 bp), and reads
with shared the overlap above a certain portion with adapter were
removed (default length of 15 bp). Considering the possibility
of host contamination might exist in samples, clean data needed
to be blast to the host database, which default using Bowtie2.2.4
software (Bowtie2.2.4) to filter the reads that are of host origin.
The Bowtie parameters (Karlsson et al., 2012, 2013) were: end-to-
end, sensitive, I 200, and X 400.

Clean data were assembled and analyzed by SOAPdenovo
software (version 2.04) (Luo et al., 2015), used MEGAHIT
software (version 1.0.4-beta) to assemble clean data, and then
disconnect the assembled scaftigs from the N connection and
make scaftigs without N (Mende et al., 2012; Nielsen et al.,
2014; Qin et al,, 2014). The clean data of all the samples were
compared with each scaffold through Bowtie 2.2.4 software to
obtain unused paired end (PE) readings (Qin et al, 2014).
Combined the unused reads of all the samples in the previous step
and then used SOAPdenovo (version 2.04)/MEGAHIT (version
1.0.4-beta) software for mixed assembly, the parameters were the
same as single assembly; disconnect the mixed assembly from the
N connection scaffolds and got scaftigs. Filter all the fragments
that were shorter than 500 bp in scaftigs for statistical analysis.
The genes with reads <2 in each sample were filtered to obtain
the final gene catalog (Unigenes) for subsequent analysis.

Metagenome Sequencing Data Analysis

According to the number of mapped reads and the length of
genes, the abundance information of each gene in each sample
was counted (Qin et al, 2010; Fredrik et al., 2012). Basic
information statistics, core-pan gene analysis, sample correlation
analysis, and gene number Venn diagram analysis are all based on

3http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

the abundance of each gene in each sample in the gene catalog.
Double index alignment of next-generation sequencing data
(DIAMOND) (Buchfink et al., 2015) software (version 0.9.9) was
used to blast Unigenes into bacteria, fungi, archaea, and viruses
sequences extracted from the National Center for Biotechnology
Information (NCBI) non-redundant (NR) database. For the final
alignment results of each sequence, since each sequence may
have multiple alignment results, the result of E-value <minimum
E-value x 10 (Julia et al., 2014) was selected as the least common
ancestor (LCA) algorithm applied to Metagenome Analyzer
(MEGAN) (Daniel et al., 2011) system classification of software
to ensure the species annotation information of the sequence.
According to the LCA annotation results and the gene abundance
table, a table containing the number and abundance information
of each sample in each classification level (boundary, phylum,
class, order, family, genus, and species) was obtained. Linear
discriminant analysis Effect Size (LEfSe) analysis was performed
by LEfSe software (the default linear discriminant analysis (LDA)
score is 3) (Nicola et al., 2011). DIAMOND software (version
0.9.9) was used to blast Unigenes into the Kyoto Encyclopedia
of Genes and Genomes (KEGG) (Kanehisa et al., 2006, 2014)
functional database. According to the function annotation results
and the gene abundance table, the predicted functional pathways
of each sample microbiota were obtained.

Resistance Gene Annotation

The Resistance Gene Identifier (RGI) software was used to
align Unigenes with the Comprehensive Antibiotic Resistance
Database (CARD)* (Mcarthur et al., 2013; Martinez et al., 2014;
Jia et al, 2017) with the parameter set to Blastp (BLASTP),
E-value <le-30. According to the comparison result, the relative
abundance of the antibiotic resistance ontology (ARO) in all the
genes was calculated as parts per million (ppm). According to the
abundance of the ARO, the abundance bar graph and the number
difference between the resistant genomes are displayed. In the

*https://card.mcmaster.ca/

TABLE 1 | Alpha diversity metrics of microbiotas in water, biofloc, and intestine of shrimp sampled from three biofloc ponds.

Sample name Observed species Shannon Simpson Chao1 Ace Good’s coverage
AS.A 1176 6.320 0.947 1282.757 1338.824 0.994
AS.2 1233 6.607 0.956 1343.228 1386.914 0.994
AS.3 1073 6.106 0.933 1149.790 1225.910 0.995

BS.1 1537 7.467 0.969 1680.477 1762.483 0.992

BS.2 1249 6.954 0.962 1334.532 1367.683 0.995
BS.3 1206 6.859 0.959 1300.776 1355.316 0.995

CS.1 1000 5.410 0.900 1096.049 1165.578 0.995
CS.2 1140 7.049 0.972 1229.851 1284.471 0.995
CS.3 1298 7.205 0.977 1397.124 1481.553 0.994
Mean + S.D

AS 1160.667 + 81.095% 6.344 + 0.251° 0.945 + 0.0122 1258.592 + 98.9572 1317.216 + 82.648?2 0.994 + 0.00042
BS 1330.667 + 179.9792 7.093 + 0.3272 0.963 + 0.0052 1438.595 + 210.1552 1495.161 + 231.5912 0.994 + 0.00142
CS 1146.000 + 149.0912 6.555 + 0.9942 0.949 + 0.0432 1241.008 + 150.8472 1310.574 + 159.5922 0.994 + 0.00052

AS, water sample; BS, biofloc sample; CS, intestinal sample. Rank each group in ascending order, with the largest mean labeled “a” and the largest and least significant

o

differences labeled “a” until a significant difference was labeled “b”.
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FIGURE 1 | Relative abundances of the dominant bacteria in each sample obtained from 16S rRNA gene sequencing (A) (phylum), (B) (class), (C) (order), (D)
(family), (E) (genus), and (F) (species). AS, BS, and CS were water, biofloc, and intestinal samples of shrimp sampled from biofloc ponds. AS, water sample; BS,

Sample Name

same way, the abundance distribution of resistance genes in each
sample, the species attribution analysis of resistance genes, and
the resistance mechanism of resistance genes were analyzed.

RESULTS

Sequencing Results

The 16S rRNA sequencing results of 72,444-95,756 raw tags,
70,791-93,569 clean tags, and 47,842-62,966 effective tags were
obtained from the nine samples (three water: AS, three biofloc:
BS, and three intestinal samples: CS). As shown in Table 1, Good’s
coverage revealed that 99.23-99.49% of species were obtained in
all the nine samples. The Shannon and Simpson indexes, Chaol
together with abundance-based Coverage Estimator (ACE) values
of the nine samples varied from 5.410 to 7.467, 0.900 to 0.977,
1096.049 to 1680.477, and 1165.578 to 1762.483, respectively. The
Shannon index of BS and CS was significantly higher than that of

AS (p < 0.05), indicating that the bacterial abundance of BS and
CS was the highest of all the three samples and BS was higher
than CS. Although the difference was not always statistically
significant, biofloc had the highest species abundance, taking into
account various indicators.

Taxonomic Profiles of Microbiota in
Shrimp Biofloc Ponds

According to the OTUs clustering results, species information
and species-based abundance distribution of the nine samples
were obtained. Figures 1A-F depict species abundance detected
at different taxonomic levels. In total, 45 identified phyla were
observed and ten phyla were identified at an abundance >1%.
As shown in Figure 1, in AS, Proteobacteria (55.67-61.04%),
Bacteroidetes (8.89-10.26%), Chloroflexi (2.61-8.74%), Firmicutes
(3.46-6.54%), and Actinobacteria (2.24-4.46%) were the most
abundant phyla. Chloroflexi (14.26-17.30%) and Actinobacteria
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(4.81-9.25%) were the second and third dominant phylum
after Proteobacteria (47.31-51.32%) in BS. In CS, the top three
abundant phyla were Proteobacteria (55.41-62.15%), Firmicutes
(10.01-14.28%), and Bacteroidetes (3.43-13.27%).

At the class level (Figure 1B), Alphaproteobacteria (21.84-
50.74%) was the most abundant class in AS, BS, and CS.
Gammaproteobacteria (7.53-39.17%) was the second most
abundant in AS and CS, but ranked third in BS. Chloroflexia
(13.16-16.87%) was the second most common phylum in BS.
In Figure 1C, Rhodobacterales (28.88-36.76%), Caldilineales
(2.14-7.84%), and Rhizobiales (3.14-5.32%) were the top three
most abundant order in AS. Thermomicrobiales (13.14-16.85%),
Rhizobiales (11.16-13.91%), and Rhodobacterales (9.92-10.78%)
were the most abundant order in BS. Rhodobacterales (6.49-
21.55%), Rhizobiales (9.89-17.25%), and Cardiobacteriales
(0.96-26.89%) were the most abundant orders in CS.
Rhodobacteraceae (6.49-36.76%) was the most abundant
family in AS, BS, and CS (Figure 1D). When the OTUs were
considered at the genus level, a high diversity of microbes
was identified. A total of 457 genera were detected in all
the samples. In BS and CS, the genus level accounting
for the largest proportion was Ruegeria (2.23-6.31%) and
Marivita (14.01-20.94%) in AS (Figure 1E). The top 10
dominant genera were Marivita, Ruegeria, Photobacterium,
unidentified_Bacteria, Phaeodactylibacter, Vibrio, Ilumatobacter,
Candidatus_Competibacter, Methyloceanibacter, and
unidentified_Nitrospiraceae.

LEfSe analysis was used to reveal specific taxa associated
with each sample. As shown in Figure 2A, LEfSe analysis was
conducted between AS, BS, and CS (Figure 2). AS relevant taxa
were Bacteroidetes, Proteobacteria, Bacteroidia, Anaerolineae,
Alphaproteobacteria, Phaeodactylibacter, and Marivita. BS
relevant taxa were Chloroflexi, Thaumarchaeota, Actinobacteria,

Chloroflexia, Nitrososphaeria, Gammaproteobacteria,
and Acidimicrobiia. CS relevant taxa were Firmicutes,
unidentified_Bacteria, Gammaproteobacteria, Clostridia, and
Photobacterium. Orders and family were differentially abundant
among samples as shown in Figures 2A-D.

The OTUs results were obtained according to the clustering.
Figure 3A shows the common and unique OTUs among different
groups. The percent of OTUs shared by AS and BS, AS and
CS, and BS and CS were 57.99, 61.60, and 59.23%, respectively,
implying AS and CS shared more OTUs. Simultaneously, the
nonmetric multidimensional scale analysis (NMDS) analysis
(Figure 3B) demonstrated that samples were classified into three
large groups. In terms of potential pathogenic Vibrio, there were
six unique to AS, five unique to BS, and six unique to CS. The
total shared number of Vibrio species in the three groups was 37.

Function Annotation Profiles of

Microbiota in Shrimp Biofloc Ponds

DIAMOND software was used to compare the functional
differences of the microbiota between shrimp intestines, water,
and biofloc (Figures 4A-F). The relative abundance of functional
pathways based on the KEGG annotation is shown in Figure 4.
The functional pathways found to have higher relative abundance
were mainly related to metabolic functions (especially amino
acids and carbohydrates). Shrimp intestinal microbiota was
found to have distinct functional pathways from the microbial
communities in water and biofloc. The intestinal microbiota of
shrimp was found to have different functional pathways from the
microbial communities in water and biofloc. It is worth noting
that the antimicrobial function in the predictive KEGG resistance
pathway was found to be the most abundant and is lower in CS
than AS and BS. The same was found to best true for infectious
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bacteria, which suggests that there is a link between these two  CS was 3.76-3.92 x 10~% ppm, 2.46-2.77 x 10~* ppm, and

pathways (Figure 4D). 4.93-5.82 x 10~* ppm, respectively. Among all the samples, the
. . abundance of ARGs found in the intestine was the highest.

Resistance Gene Annotation of As shown in Figure 5B, in AS, the ARO with the highest

Microbiota in Shrimp Biofloc Ponds absolute abundance is patB (11.33-15.01%). In BS, the ARO

Bacterial ARO annotation results showed that ARO species of ~ with the highest absolute abundance is adeF (15.79-18.16%),
AS, BS, and CS were significantly different (Figure 5A). In this  while in CS, the AROs with the highest absolute abundance are
study, the relative abundance of total ARGs of AS, BS, and OXA-243 (35.65%) and Brucella_suis_mprF (10.03%). The most

Frontiers in Marine Science | www.frontiersin.org 8 January 2022 | Volume 8 | Article 762345


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Chen et al.

Metagenomic Analysis, Antibiotic Resistance Genes, Penaeus Monodon, Biofloc

500

Relative Abundance(ppm)
= -1 &
g 3 s

-
S
3

As1 AS2 AS3 BS1 BS2

sample; BS, biofloc sample; CS, intestinal sample.

adeF
W AAC3-Xa
W OXA-34
W dfrAl6
W CARB-3
W sull
W OXA-389
HemeA
B Mycobacterium_tuberculosis_rpsL
M PEDO-1
W OXA-198
tet38
vanTC
W mphA
W EmwW

Sample Name

FIGURE 5 | (A-C) Figure 5A represents the relative abundance of all the genes in each sample (unit ppm, the result of magnifying the original relative abundance
data by 106 times). Figure 5B represents the ARO with the maximum abundance of top 10 (the circle diagram is divided into two parts, the sample information on
the right and ARO information on the left). Different colors in the inner circle represent different samples and AROs, with the scale being relative abundance and the
unit being PPM. Figure 5C represents an overview of resistance mechanisms and species (the circle diagram is divided into two parts). The right side shows the
information of species at the level of phylum and the left side shows the information on resistance mechanism. The inner circle shows the resistance mechanism of
different species and resistance with different colors and the scale shows the number of genes. On the left is the sum of the number of resistance genes in the
species with this resistance mechanism and on the right is the sum of the number of resistance genes in the species with different resistance mechanisms. AS, water

™ OXA-243
™ patB

® Brucella_suis_mprF

W tetB60
W sul2

W others

BS3 s1 s2 s3

Nt o

-

ton

Z
4
)
[ —
——

"
-
-

resistance mechanisms found were related to antibiotic efflux,
with 270 resistance genes, followed by 229 resistance genes for
the inactivation of antibiotics. Proteobacteria was found to have
118 resistance genes (Figure 5C).

The antibiotic resistance mechanisms of the ARGs detected
in the testing samples included efflux proteins, p-lactamase,
resistance nodulation division (RND) transporters, reductase,

and defensin. The bacterial ARO in AS was mainly derived from
Proteobacteria (31%), Bacteroidetes (14%), and Actinobacteria
(6%). The bacterial ARO in BS was mainly derived from
Proteobacteria (39%), Bacteroidetes (10%), and Planctomycetes
(7%). The bacterial ARO in CS was mainly derived from
Proteobacteria (39%), Planctomycetes (6%), and Actinobacteria
(6%) (Figure 6).
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DISCUSSION

In this study, high-throughput sequencing and metagenomic
analysis were used to investigate the diversity of bacterial
communities and ARGs in three P. monodon biofloc ponds in
Guangdong Province, China. Metagenomic analysis is a culture-
independent molecular approach, which uses the generated
metagenomic sequences to search, annotate, and predict targeted
genes (Soucy et al, 2015). A total of 45 phyla and 457
genera were identified. Our results revealed that biofloc has
the highest alpha diversity metric as shown by the Shannon
index, consistent with the levels in Fenneropenaeus merguiensis
(banana shrimp) cultured using biofloc technology (Wang
et al., 2020). Proteobacteria was the predominant phylum in all
the water, biofloc, and intestinal samples, consistent with the
levels in environmental samples collected from Marsupenaeus
japonicus (Japanese tiger prawn) ponds (Alexia et al., 2020),
freshwater crab aquaculture environments (Fang et al., 2019), co-
cultured oyster, and Penaeus vannamei (P. vannamei) (whiteleg
shrimp) (Wang J. et al, 2019) and P. vannamei infected
with white spot syndrome virus (Zeng et al., 2020). Besides
Proteobacteria, other phyla such as Bacteroidetes, Chloroflexi,
Firmicutes, and Actinobacteria were also abundant in the
P. monodon biofloc aquaculture environment and the bacterial
taxa showed more abundant species diversity compared to other
aquaculture environments (Wobus et al,, 2003; Gilbert et al,
2012; Tang et al., 2014). In human health, Na-Ri et al. (2015)
proposed Proteobacteria as a potential diagnostic feature for
ecological disorders and increased risk of disease. It is worth
noting that Proteobacteria is the dominant phylum in crab
and fish aquaculture farms and different aquaculture models
(Colombo et al., 2016). These data reinforce the importance
of carefully treating aquaculture wastewater before discharge
into the environment to reduce the transfer of Proteobacteria
to humans. In addition, Proteobacteria species richness was not
the determinant of microbial community distribution in the
pond (Liu et al, 2020; Shen et al., 2020). According to this
study, microbial taxa might be the potential hosts of ARGs
(Chen et al., 2017). Therefore, Proteobacteria may be a potential
host for ARGs in biofloc-based aquaculture environments.
Resistance genes are ubiquitous in both the human gut
microbes and other environmental microbes and infections
caused by antibiotic-resistant bacteria are a major threat to
public health (Ross et al., 2020). Aquaculture is known to be
a reservoir of antibiotics and ARG (Syeda et al., 2020). As a

new aquaculture model, it is necessary to evaluate the safety
and environmental impact of biofloc-based aquaculture models
by analyzing the ARGs within them. The successful application
of metagenomics in environmental pollution tracking paves the
way for the establishment of a new accurate source tracking
framework, which greatly simplifies the ARGs variant-based
source tracking process (Li et al., 2020). The relative abundance
of total ARGs in aquaculture systems based on biofloc was about
2.46-5.82 x 10~* ppm, which was similar to that of coastal
industrial mariculture (0.27-4.55 x 10~* ppm) (Wang et al,
2018). In this study, the relative abundance of total ARGs of
water, biofloc, and intestinal was 3.76-3.92 x 10~* ppm, 2.46~
2.77 x 10~% ppm, and 4.93-5.82 x 10~* ppm, respectively.
The relative abundances of ARGs were highest in the intestinal
samples, which indicated that the shrimp intestines might be a
more favorable habitat for aquaculture bacteria carrying ARGs
(Su et al, 2018). The biofloc samples had the highest numbers
in terms of species richness of bacteria; however, the bacteria
in bioflocs carried fewer ARGs. Therefore, biofloc may be
the key to controlling the concentration of ARGs in biofloc-
based aquaculture. A total of 483 ARGs were identified in
the biofloc-based aquaculture ponds in this study. This result
was significantly lower than urban hospital and adjacent urban
and suburban communities, which had 643 ARGs in airborne
samples (He et al, 2020). However, the number of ARGs in
biofloc-based aquaculture ponds was higher than that found in
the river reservoir system (N24°210-25°060, E115°000-115°470)
used for drinking water (242 ARGs) (Chen et al, 2019) and
shrimp ponds in Maoming Guangdong Province (217 ARGs)
(Zhou et al., 2019).

In this study, quinolone resistance gene patB was the most
abundant ARGs in water, tetracycline resistance gene adeF was
the most abundant ARGs in biofloc, and cephalosporin resistance
gene OXA-243 and peptide resistance gene Brucella_suis_mprF
were the most abundant ARGs in intestines, which contrast
with the findings of some previous studies (Gao et al., 2012;
Huang et al., 2017; Su et al, 2017). It has been shown that
the ARGs carried by culturable bacteria are different during
shrimp production in aquatic environments (Zhou et al., 2020).
In natural water sediment (from the Pearl River), peptide
resistance gene bacA, tetracycline resistance gene tet39, and
sulfonamide resistance gene sull were the most abundant
(Zhang et al., 2018).

Antibiotic resistance genes also have the characteristics
of “propagation and persistence” (Mao et al., 2015). The
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transmission of the ARGs as a genetic element can be mediated
by genetic mechanisms such as conjugation, transduction, and
transformation (Soucy et al, 2015; Ma et al., 2017; Zhao,
2021). In particular, the ARGs in aquaculture environments can
be transferred horizontally among microbes and ultimately to
fish pathogens (Shah et al, 2012). In addition, the ARGs can
also be discharged into the aquatic environment by livestock,
agricultural, or aquaculture wastes via natural food chains (Liu
et al., 2019). This poses a serious threat to human health, e.g.,
prolonged morbidity and increased mortality (Ashbolt, 2013;
Chamosa et al., 2017). In most circumstances (even without the
presence of excess inducers such as antibiotics or heavy metals),
plasmids (Hall et al., 2017) and mobile genetic elements (MGEs)
(e.g., class 1 integrons) commonly exist in aquatic environments
(Gaze et al, 2011), which may cause dissemination of the
ARGs in aquatic environment without the presence of antibiotics
(Wang Y. et al.,, 2019). Under the condition of zero exchange
water and no antibiotic addition in biofloc-based aquaculture
ponds, the ARGs are likely to be transmitted through plasmids
and MGEs. Resistant bacteria and genes when entering a healthy
organism tend to proliferate, therefore forming a resistance
module against the antibiotic within the organisms (Singer et al.,
2016). The results of this study and previous studies on biofloc-
based aquaculture systems indicate that the system can effectively
reduce emissions of the ARGs to the coastal environment due to
its low sewage discharge. But, once it is necessary to discharge
aquaculture wastewater, more advanced wastewater treatment
systems are needed.

CONCLUSION

In this study, the bacterial composition of water, biofloc, and
shrimp intestine sampled from biofloc-based aquaculture ponds
was found to be different. Species abundance of biofloc was the
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