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Abstract The ocean is a natural habitat for antibiotic-
producing bacteria, and marine aquaculture introduces anti-
biotics into the ocean to treat infections and improve aquacul-
ture production. Studies have shown that the ocean is an
important reservoir of antibiotic resistance genes. However,
there is a lack of understanding and knowledge about the
clinical importance of the ocean resistome. We investigated
the relationship between the ocean bacterial resistome and
pathogenic resistome. We applied high-throughput sequenc-
ing and metagenomic analyses to explore the resistance genes
in bacterial plasmids from marine sediments. Numerous puta-
tive resistance determinants were detected among the resis-
tance genes in the sediment bacteria. We also found that
several contigs shared high identity with transposons or plas-
mids from human pathogens, indicating that the sediment
bacteria recently contributed or acquired resistance genes
from pathogens. Marine sediment bacteria could play an im-
portant role in the global exchange of antibiotic resistance.

Introduction

The discovery of antimicrobial agents was one of the great
triumphs of the twentieth century. However, we have moved
from the age of antibiotics to the age of antibiotic resistance.

The phenomenon of antibiotic resistance has snowballed into a
serious public health concern.We are now at a crossroadwhere
the antibiotics that we have relied on are becoming less effec-
tive and with the limited number of drugs under investigation.
Fortunately, a few solutions are on the horizon. One of them is
to understand the origin of antibiotic resistance genes and the
gene pool of resistance genes. The concept of an “antibiotic
resistome” was proposed in 2006 [1]. The resistome includes
not only the resistance determinants of pathogenic bacteria but
also non-pathogenic bacteria in environments such as soil.
Numerous studies have shown that soil is a reservoir of anti-
biotic resistance, and a recent study provided evidence that soil
has contributed to or acquired resistance determinants
from pathogens [2]. Compared to soil, the resistome of
marine bacteria has not been well documented. The
ocean is a natural habitat of antibiotic-producing bacte-
ria, and marine aquaculture introduces antibiotics into
the ocean to treat infections and improve aquaculture
production. However, the clinical importance of the
ocean resistome remains poorly defined.

Horizontal gene transfer (HGT) is a common mechanism
for the exchange of genetic information between bacterial
species. Plasmids, as active mobile genetic elements, are
transferred by transformation and conjugation. Plasmids carry
various accessory genes that often confer an advantage to their
host’s adaptation to different ecological niches [3]. Resistance
genes are common accessory genes carried by plasmids,
which facilitate their spread. To date, several studies have
examined the distribution of resistance genes in plasmid com-
munities of activated sludge using a metagenomic approach
[4, 5]. These studies revealed the diversity and abundance of
resistance genes and genetic elements in plasmids isolated
from activated sludge. We also applied a metagenomic ap-
proach to explore the plasmids in sediment samples from a
marine fish farm. The resistance genes on the plasmids were
studied to decipher the relationship between the ocean bacte-
rial resistome and pathogenic resistome.
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In this study, we collected plasmids from cultured micro-
bial communities of marine sediment. By high-throughput
sequencing, we detected 58 resistance genes conferring
resistance to 11 antibiotics. Our results demonstrated that
marine sediment is a reservoir of antibiotic resistance genes.
We also found that more than 40,000 reads were similar to
genes from pathogenic isolates; 59 % of these reads were
100 % identical. Additionally, several contigs carrying anti-
biotic resistance genes shared >90 % identity with trans-
posons or plasmids from human pathogens, encompassing
coding and non-coding regions. High nucleotide sequence
identity between sediment bacteria and pathogens implies
that HGT occurred recently among these microorganisms.

Materials and Methods

Sample Collection and Plasmid Extraction

Samples were collected from fish farm sediments (Xiangshan
Harbor, Zhejiang province, China) in November 2009.
Sediments were suspended in seawater, and serially diluted
samples were plated on seawater plates supplemented with
0.5 % (w/v) fish peptone and 0.1 % (w/v) yeast extract for
3 days at 30 °C. Growing bacteria were collected for plasmid
extraction. Plasmids were extracted frommixed bacterial pop-
ulations using the Large-Construct Kit (Qiagen, Valencia, CA,
USA), which removes chromosomal DNA. The plasmid
DNA was then digested using an ATP-dependent plasmid-
safe DNase (Epicentre Biotechnologies, Madison, WI, USA)
to remove any remaining chromosomal DNA according to the
manufacturer’s instructions. Purified plasmid DNA samples
were used for Solexa sequencing. The presence of chromo-
somal DNAwas evaluated by PCR using the 16S rRNA gene
universal primers 27 F and 1492R [6].

Sequencing and Assembly of the Plasmid Metagenome

Plasmid DNA from fish farms was sequenced by the Beijing
Institute of Genomics (Chinese Academy of Sciences) using
a Solexa GAII sequencer (Illumina, San Diego, CA, USA).
Mate pair was used for sequencing with 1.5-kb inserts. More
than 5 Gb of raw data were generated for plasmid DNA.
Platform Galaxy was used to process the raw data [7],
including removing adaptor sequences, low-quality trim-
ming sequences (reads of less than 60 bp or with more than
20 bases with Sanger quality scores less than 30), and
duplicate sequences. All clean reads were assembled using
the program Velvet [8]. Different k-mer size ranges, from 29
to 61, were used to assemble the clean reads. The best
assembly was produced using a k-mer size of 41; the outputs
included 2,789 contigs with N50 of 18,690 and a maximum
contig size of 233,555. The contigs were blasted against the

non-redundant nucleotide database of GenBank using the
blastn program (E-value cutoff of 10−10).

Mapping Reads to the NCBI Plasmid Genome Database
and the ARDB

BLATwas used tomap the plasmid reads to the NCBI Plasmid
Genome Database (NCBI RefSeq database, 3,085 sequences,
ftp://ftp.ncbi.nlm.nih.gov/refseq/release/plasmid/). Readswith
alignment lengths above 70 bp were maintained for further
analysis.

The replication proteins of plasmids were extracted from
the NCBI plasmid database according to their annotated
names [9]. All reads were aligned against the replication
protein using blastx. The BLAST hits were filtered with an
identity above 80 % and alignment lengths of more than
60 bp; only the best hits were taken as annotations for the
corresponding reads. Predicted proteins present in the plas-
mids were grouped by their functional domains according to
the Pfam database and corresponding alignment was exe-
cuted using blastp [10].

Blastx was also used to align the plasmid metagenome
data to protein sequences in the Antibiotic Resistance Genes
Database (ARDB) [11], which includes more than 7,000
proteins that confer resistance to 249 different antibiotics.
The threshold was set to an alignment length ≥60 bp and an
identity ≥80 %, and only antibiotic genes with more than
three mapped reads were kept for further research.

Identification of Plasmid pNM5k

Blastn was used to align the contigs to the NCBI Plasmid
Genome Database. Contig231 was similar to the reported
plasmid. Contig231 was amplified by overlap extension
using primers 231 F and 231R (231 F: AGGTCCATAGG
TAGCAACTTCTGATTCAGCAAGCGTACAG, 231R:
GAAGTTGCTACCTATGGACCTTGATCAATCCACT
TACTTGT), and the PCR product was transformed into
Escherichia coli DH10B. Transformants were selected on
Luria–Bertani plates containing tetracycline (8 mgL−1). The
plasmid was extracted from the transformants and se-
quenced. The MIC for transformants was determined using
broth microdilution assays, as recommended by the Clinical
and Laboratory Standards Institute (http://www.clsi.org/).

Results

Diversity of Plasmids in Marine Sediment

A plasmid purification kit and Plasmid-Safe™ DNase
(Epicentre Biotechnologies) were used to obtain pure plas-
mid DNA. However, amplification of the 16S rRNA gene
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indicated that chromosomal DNA was not completely re-
moved. Plasmid DNA from the fish farms was sequenced
using a Solexa GAII sequencer, and more than 5 Gb of raw
data were generated. Galaxy was used to obtain clean reads
[7]. In total, 27,409,674 clean reads of 2.19 Gb were
obtained for further analysis.

BLAT was used to map the reads to the NCBI Plasmid
Genome Database. A total of 2,907,002 reads (10.6 %)
aligned to 652 plasmids. Plasmids that were mapped to more
than 10 reads were selected for further analysis. The distribu-
tion of plasmid hosts were Actinobacteria (3 %), Firmicutes
(14 %), Proteobacteria (82 %), and others (1 %; Fig. 1).
Proteobacteria was the most abundant in the host of plasmid.
Proteobacteria include Betaproteobacteria (3 %),
Alphaproteobacteria (25 %), and Gammaproteobacteria
(54 %; Fig. 1). Our study provides new data regarding the
genetic diversity of plasmids in marine sediment.

An analysis of replication proteins matched by reads
showed that these replication proteins were assigned to 10
replication protein-related domain families, RP-C_C, RepB,
SeqA, RPA, Rep_trans, Rep_3, Rep_1, Phage_GPA, ParBc,
and DnaB_C (Table 1). Rep-1 was the most abundant. Our
results revealed substantial divergence of different plasmids
in sediment.

Marine Sediment as a Reservoir of Antibiotic Resistance
Genes

We analyzed the reads using blastx against the ARDB. A
stringent cutoff (alignment length ≥60 bp; number of mapped
reads ≥3) was adopted. The reads were assigned to 58 genes
with high homology (≥80 % amino acid identity), 96 genes
with identities of 60–80%, and 37 genes with identities of 40–
60 % to previously known resistance genes. Genes with low
homology suggest the presence of previously unknown resis-
tance genes in the bacteria from marine sediments, which
could be infrequently exchanged with human pathogens. We

selected 58 genes with high homology for further analysis.
These genes conferred resistance to 11 classes of antibiotics,
including 12 resistance genes for aminoglycoside, 10 for
tetracycline, 7 for β-lactam, 7 for chloramphenicol, 4 for
trimethoprim, 3 for glycopeptide, 2 for bacitracin and fluoro-
quinolone, 1 for macrolides, sulfonamide, and streptogramin,
and 8 for multidrug efflux (Fig. 2). Our results indicated that
marine sediment is a reservoir of antibiotic resistance genes.

According to our result, sequences coding for tetracycline
resistance genes were highly rich in the plasmid data. Ten tet
resistance genes were detected in the sediment samples, in-
cluding tetC, tet33, tetK, tet41, tetB, tetL, tet35, tet32, and tetB
(P). Resistance genes coding for the tetL efflux pumpwere the
most abundant. Recent studies have demonstrated that tetra-
cycline genes are prevalent in the aquaculture environment
[12, 13]. However, previous studies have showed that tetA,
tetB, tetD, tetE, and tetM are the most frequent tetracycline
resistance genes in marine fish farms [14–16].

Sediment Bacteria Shared Common Antibiotic Resistance
Genes with Human Pathogens

More than 40,000 reads were similar to genes in pathogenic
isolates (≥80 % amino acid identity). A total of these reads
were 100 % identical. Also, 4,565 reads mapped to the gene
aph33Ib which encodes aminoglycoside O-phosphotransfer-
ase (YP_002112964) in Salmonella enterica serovar
Schwarzengrund. S. enterica serovar Schwarzengrund is a
common cause of human gastroenteritis which is spreading
internationally [17]. A total of 233 reads mapped to the gene
qnrA which encodes a pentapeptide family protein
(ACE95087) in Klebsiella pneumoniae with 100 % identity.
QnrA proteins protect DNA from quinolone binding [18].
The aquatic bacterium Shewanella algae has been identified
as a reservoir of qnrA [19].

We identified six contigs carrying antibiotic resistance
genes with >90 % identity to transposon or plasmid of human
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pathogens (Table 2). Contig891 contained four functional
genes: tnpAwhich encodes a putative transposase, tnpRwhich
encodes a putative resolvase, and strA and strB genes which
encode two different phosphotransferases, which are both
required for streptomycin resistance. Contig891 with a length
of 5,396 bp shared 99 % identity with the mobile element
sequence of human pathogenic bacteria (Erwinia amylovora,
K. pneumoniae, Bordetella bronchiseptica, Alcaligenes fae-
calis, Pseudomonas syringae, S. enterica, and Yersinia ruck-
eri) (Table 2). Additionally, the contig was 99 % identical to a
transposon from the fish pathogenic bacterium Aeromonas
salmonicida subsp. salmonicida 1682/92 [20]. Contig178
with a length of 3,139 bp included two open reading frames
(ORFs). One ORF showed 95 % identity with the macrolide-
resistant mefE-encoded efflux pump, while the other encodes
a product that shares 95 % identity with an ATP-binding
cassette transporter (mel) involved in macrolide resistance
[21]. Interestingly, the contig was well aligned to a mega
element which was prevalent in Streptococcus pneumoniae
(Table 2). Contig218 was 99 % identical to transposon Tn558
with 43 % coverage including florfenicol–chloramphenicol
exporter protein FexA, a putative transposase and a hypothet-
ical protein (Table 2). Tn558 was detected in different staph-
ylococcal species [22].

Contig231 was 5,109 bp in length and had three main
functional genes: rep, mob, and tetL. rep belongs to the
Rep_1 superfamily (PF01446) replication protein; mob is a
DNA relaxase that nicks supercoiled DNA in a site- and
strand-specific fashion at oriT sites in preparation for conju-
gation [23], and tetL encodes a tetracycline efflux pump. tetL
showed 93 % identity with tetracycline resistance genes from
Staphylococcus aureus and Enterococcus faecalis. In addi-
tion, contig231 was 99 % identical to plasmid pBSDMV9,
which was detected on farms with chicken waste [24]. We
used PCR to show that the contig derived from circular
molecules are likely a complete circular plasmid. PCR prod-
ucts were transformed into E. coli DH10B by electroporation.
Transformant’s tetracycline resistance increased eightfold
than that of control. The results demonstrated that the plasmid
could replicate and the tetracycline resistance gene function-
ally expressed in different hosts, indicating dissemination of
resistance determents by the plasmid. The contig was identi-
fied as a plasmid named pNM5. Mapping reads to the plasmid
showed that pNM5was prevalent in marine sediment samples
with high relative abundance (0.45 %).

Discussion

Plasmids, as mobile genetic elements, are involved in the
dissemination of antibiotic resistance. Many resistance
genes located on plasmids have been isolated from activated
sludge [4, 5]. In this study, we applied high-throughput
sequencing and metagenomic analyses to study the contri-
bution of resistance genes carried by plasmid in marine
sediment to global resistance exchange.

Studies have been done to detect resistance genes in marine
aquaculture environment. Tetracycline resistance genes have
been identified in fish farms throughout the world [14, 25].
However, reports of resistance genes conferring to other types
of antibiotic resistance are rare [26]. In our study, resistance
genes on plasmids are found to confer resistance to 11 types of
antibiotics through diverse mechanisms. Twelve resistance
genes for aminoglycoside were detected in marine sediment,
which encode phosphotransferase and nucleotidylyltransferase

Table 1 The list of plasmid replication-related domain

Pfam number Pfam name Read numbera

PF11800.3 RP-C_C 1,092

PF03925.8 SeqA 79

PF10134.4 RPA 789

PF07506.6 RepB 395

PF02486.14 Rep_trans 5

PF01051.16 Rep_3 827

PF01446.12 Rep_1 31,179

PF05840.8 Phage_GPA 61

PF02195.13 ParBc 91

PF03796.10 DnaB_C 415

a The number of reads mapped to replication protein of plasmids was
obtained using blastx.
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separately. Genes of aminoglycoside N-acetyltransferase and
nucleotidylyltransferase (aadA1, aadA2, aac61b) were found
in isolates from ornamental fish [27]. Our study is the first
report about the occurrence of genes encoding aminoglycoside
phosphotransferase in the marine environment. Also, to the
best of our knowledge, genes conferring resistance to strep-
togramins, glycopeptides, and bacitracin were first reported in
an aquaculture environment. Overall, our study identified nu-
merous putative resistance determinants, which profiled the
reservoir of resistance genes in sediment bacteria.

To understand the exchange of resistance genes between
sediment bacteria and human pathogens, we aligned our data
against the pathogen resistome. More than 40,000 reads were
assigned to genes in pathogenic isolates with high homology
≥80 % (amino acid identity), 59 % of which were 100 %
identical. Additionally, six contigs carrying antibiotic resis-
tance genes were well aligned (>90 % identity) to transposon
or plasmid from human pathogens, encompassing coding and
non-coding regions (from 1.5 to 5.4 kb, Table 2). The high
nucleotide identity detected between sediment bacteria and

Table 2 Contigs carrying antibiotic resistance genes with >90 % identity to human pathogens

Contig name Aligned length (bp)/identity (%) ARG/antibiotic class Mobile elementa Pathogen

Contig891 5,396/99 strA, strB/aminoglycoside Transposon Tn5393 Erwinia amylovora

5,396/99 strA, strB/aminoglycoside Transposon Tn1403 Pseudomonas aeruginosa

4,640/99 strA, strB/aminoglycoside Transposon Tn5393d Alcaligenes faecalis

4,331/99 strA, strB/aminoglycoside Transposon Tn510 Bordetella bronchiseptica

5,396/99 strA, strB/aminoglycoside Plasmid pQ19-1 Klebsiella pneumoniae

5,396/99 strA, strB/aminoglycoside IncH1 plasmid Salmonella enterica

5,396/99 strA, strB/aminoglycoside Plasmid pYR1 Yersinia ruckeri

Contig53 1,700/90 qnrA/fluoroquinolone Class 1 integron Providencia stuartii

1,306/91 qnrA/fluoroquinolone – Proteus mirabilis

1,120/90 qnrA/fluoroquinolone Plasmid pKO56 Escherichia coli

1,018/92 qnrA/fluoroquinolone Class 1 sul1-type integron Klebsiella pneumoniae

Contig178 3,139/95 mefE/macrolide Mega element Streptococcus pneumoniae

Mega element Streptococcus salivarius

Contig285 3,344/99 fexA/chloramphenicol Tn558 Staphylococcus aureus

Tn558 Staphylococcus lentus

Contig120 1,101/82 mphB/macrolide Plasmid pO83_CORR Escherichia coli

– Streptococcus uberis

Contig231 1,563/93 tetL/tetracycline Plasmid pKKS627 Staphylococcus aureus

1,512/93 tetL/tetracycline Plasmid pJH1 Enterococcus faecalis

ARG antibiotic resistance gene
a GenBank ID of mobile elements: Tn5393: M95402.1, Tn1403: AF313472.2, Tn5393d: AJ627643.4, Tn510: DQ471307.1, plasmid pQ19-1:
HM371194.1, IncH1 plasmid: AM412236.1, plasmid pYR1: CP000602.1, class 1 integron: JN193567.1, sequence with qnrA: JN103331.1,
plasmid pKO56: AY878718.1, class 1 sul1-type integron: EU722351.3; mega element: AB426626.1, mega element: FJ236311.1, Tn558:
AM086211.1, Tn558: AJ715531.1, plasmid pO83_CORR: NC_017659.1, sequence with mphB in S. uberis: EU727204.1, plasmid pKKS627:
NC_014156.1, plasmid pJH1: U17153.1

Fig. 3 Comparison of
contig891 to the mobile
elements from human
pathogens. The shaded region
indicates 99 % identity between
fragments. Plasmid pYR1 from
Y. ruckeri strainYR71,
transposon Tn510 from B.
bronchiseptica, plasmid pQ19-
1 from K. pneumoniae strain
Q19
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pathogens implies that HGT occurred recently among these
microorganisms.

Contig891 with a length of 5,393 bp shared 99 % identity
with the conserved backbone of transposon Tn5393 [28]. The
insertion of different mobile elements into the Tn5393 back-
bone indicates that recombination events occurred frequently
within the transposon (Fig. 3). The transposon backbone
could embed into plasmids such as broad-host-range IncP-1
[29]. Therefore, the transposon can be mobilized into unrelat-
ed bacteria [30]. Contig178 was well aligned to the mega
element with 58 % coverage, including two macrolide resis-
tance genes (Table 2). The mega element, which is 5.5 kb in
size, can be found inserted at different chromosomal sites.
[31]. The presence of a mega element is the most prevalent
mechanism of S. pneumoniae macrolide resistance in the
USA, Canada, and the UK [32]. Two resistance genes carried
by the mega element, mefE and mel, are prevalent in S.
pneumoniae and have been detected in other clinical strepto-
coccal species [33]. However, our results demonstrate the
occurrence of mefE and mel in marine sediment.

In this study, we applied high-throughput sequencing and
metagenomic analyses to examine the resistance genes of the
plasmids in a fish farm. Numerous putative resistance deter-
minants were found in sediment bacteria indicating that ma-
rine sediment serves as a pool of resistance genes. We also
found several contigs that shared high identity with trans-
posons or plasmids indicating that the sediment bacteria re-
cently contributed or acquired resistance genes from human
pathogens. Thus, the sediment bacteria may play an important
role in the global exchange of antibiotic resistance.
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