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ABSTRACT

Antibiotic resistance is a global public health issue and metal exposure can co-select for antibiotic resistance. We examined genome sequences of three multi-drug and
metal resistant bacteria: one Shewanella sp., and two Vibrio spp., isolated from the gut of the mummichog fish (Fundulus heteroclitus). Our primary goal was to
understand the mechanisms of co-selection. Phenotypically, the strains showed elevated resistance to arsenate, mercury, and various types of B-lactams. The genomes
contained genes of public health concern including one carbapenemase (blagxa.4s). Our analyses indicate that the co-selection phenotype is mediated by chromo-
somal resistance genes and cross-resistance. No evidence of co-resistance was found; most resistance genes were chromosomally located. Moreover, the identification
of many efflux pump gene homologs indicates that cross-resistance and/or co-regulation may further contribute to resistance. We suggest that the mummichog gut

microbiota may be a source of clinically relevant antibiotic resistance genes.

1. Introduction

Antimicrobial resistance is a pressing public health concern that
threatens the usage of effective antibiotic therapies and the global
healthcare system. Multi-drug resistance (MDR) in Gram-negative
bacteria is currently increasing at an alarming rate (Ventola, 2015).
Antibiotic resistance genes (ARGs) are found in many environments
(Pal et al., 2016) including ancient (30,000 year-old) permafrost sedi-
ments (D'Costa et al., 2006). Environmental reservoirs of resistance
genes remain poorly understood (Allen et al., 2010). In order to combat
the growing threat of MDR, it is important to understand the processes
and pathways by which MDR is created and spread in the environment.

The aquatic environment is increasingly being recognized as an
important reservoir for ARGs (Kang et al., 2016). Exposure to a plethora
of persistent contaminants, including metals, promotes the selection of
resistant indigenous microbiota. Coastal marine environments, at the
boundary between terrestrial, freshwater, and marine environments,
are of particular importance in this paradigm as they are locations with
large and rapidly growing population centers (Culliton, 1998). The
release of contaminants to productive coastal ecosystems where ARGs
may spread and be selected for, may lead to the exposure of large
human population centers to antibiotic-resistant bacterial pathogens
(Zhu et al., 2017). For this reason, estuaries, typical ecosystems at the
land-sea boundary, have been a focus of much research on the effect of
environmental contamination on the spread of antibiotic resistant
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bacteria and ARGs for quite some time (Lu et al., 2015).

Exposure to contaminants, especially metals, may promote the
spread of antibiotic resistance in the environment through a process
known as co-selection (Baker-Austin et al., 2006). Co-selection is
mediated through several mechanisms including co-resistance, cross-
resistance, and co-regulation. Co-resistance occurs when genes en-
coding for antibiotic and metal resistances are located proximally to
each other in a genome, particularly on mobile genetic elements.
Horizontal gene transfer of ARGs has been widely studied, and con-
jugation is generally considered the most common mechanism (Pal
et al., 2017). Generally, co-resistance plasmids are commonly found in
bacteria isolated from humans or domestic animals (Pal et al., 2015).
Another mechanism by which co-selection occurs is via cross-resistance,
when the same system (e.g. efflux pumps) confers resistance to both
antibiotics and metals (Baker-Austin et al., 2006). Multidrug efflux
pumps are wide-spread and well-conserved elements thought to have
evolved for life in enteric environments (Blanco et al., 2016). They are
known to extrude a wide range of substrates from the cell, not only
antibiotics and metals, but also plant-produced compounds, quorum
sensing signals, and bacterial metabolites (Blanco et al., 2016). While
there is still a lack of knowledge on some of the specificities of these
pumps, particularly about how they are regulated, efflux systems have
been identified as contributing to MDR in Enterobacteriaceae (Webber
et al., 2003). The third way by which co-selection occurs is through the
transcriptional co-regulation of resistance genes. For example, heavy
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metal ions can increase regulation of efflux systems (e.g. the AcrAB
efflux pump in E. coli), which results in increased resistance towards
antibiotics (Seiler et al., 2012). While numerous studies have docu-
mented the occurrence of MDR among environmental microbes (e.g.,
(Kang et al., 2016; Lima-Bittencourt et al., 2007) and reviewed in:
(Wright et al., 2006)), few have examined the molecular mechanisms
responsible for this phenomenon.

We previously reported on the isolation of multi-drug and mercury
resistant bacteria from the mummichog (Fundulus heteroclitus) gastro-
intestinal tract and showed that mercury resistant strains were more
likely than sensitive strains to be resistant to multiple antibiotics (Lloyd
et al., 2016). These results led us to consider the mechanisms that fa-
cilitate co-selection of metal and antibiotic resistances in our isolates.
Here we used the power of whole genome sequencing to identify an-
tibiotic resistance genes and their association with metal resistance
genes in two Vibrio spp. and one Shewanella sp., which are known to
make up a large portion of the wild mummichog gut intestinal micro-
bial community (Givens et al., 2015). These strains belong to genera
that include opportunistic pathogens and are considered vehicles of
MDR (Janda, 2014; Yousfi et al., 2017a). Shewanella spp., primarily, S.
algae and S. putrefraciens, have been implicated in human infections
(Cimmino et al., 2016) and are known to harbor ARGs of public concern
(Yousfi et al., 2017b). Vibrio are abundant in coastal waters, and their
ability to develop and acquire ARGs in response to selective pressure
and to further spread ARGs by horizontal gene transfer has been
documented (Dang et al., 2009). Vibrio parahaemolyticus is a causative
agent of food poisoning. V. antiquarius is a recently discovered species
of Vibrio and it has not been shown to be pathogenic to humans,
however, its genome does contain genes involved in pathogenicity.

Our results indicate that while the aquatic bacteria studied did in-
deed harbor many ARGs of clinical importance, evidence for co-re-
sistance in the genomes was unfounded. Rather, we found evidence to
support chromosomally-encoded resistance genes as well as potentially
cross-resistance and/or co-regulation as mechanisms of co-selection of
MDR and metal resistance.

2. Methods
2.1. Isolation

Strains were isolated from mummichog (Fundulus heteroclitus) gut
ingesta collected from Berry's Creek in Bergen County, New Jersey, and
Great Bay, part of Rutgers University Marine Field Station in Tuckerton,
New Jersey during the summer of 2014. For details on isolation
methods, refer to Lloyd et al. (2016). To taxonomically identify the
strains at the genus level, colony PCR of the partial 16S rRNA gene was
performed using the 27F/519R universal primers (Lane, 1991) and the
sequences were compared to NCBI (Madden, 2002).

2.2. Antibiotic susceptibility testing

Antibiotic susceptibility to the following 14 compounds
(0.125-64 ng/mL) was carried out by the broth microdilution method
according to the guidelines of the Clinical Laboratory Standards
Institute (CLSI) using microtiter plates: cefazolin, cefoperazone, ce-
fradine, ceftazidime, kanamycin, meropenem, nalidixic acid, penicillin,
sulfamethoxazole, streptomycin, tetracycline, ticarcillin, ticarcillin-
clavulanic acid, and vancomycin. Additionally, all strains were tested
by the disk diffusion method for their susceptibility to amikacin (30 ug),
aztreonam (30pg), cefepime (30ug), cefoxitin (30pg), cefpirome
(30 ug), ceftazidime (30pg), chloramphenicol (30 pg), ciprofloxacin
(5ug), doripenem (10 pg), gentamicin (15 pg), imipenem (10 pug), le-
vofloxacin (5 pg), meropenem (10 pg), minocycline (30 pg), netilmicin
(30 ng), ofloxacin (5 ug), pefloxacin (5 pg), piperacillin (75 pg), piper-
acillin-tazobactam (75/10 pg), rifampicin (30 ug), tetracycline (30 pg),
ticarcillin (75 pg), ticarcillin-clavulanic acid (75/10pg), tobramycin
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(10 pg), trimethoprim-sulfamethoxazole (1.25/23.75ug). Testing was
performed according to the guidelines of the CLSI using commercially
available disks (Bio-Rad, Marne-la-Coquette, France). Since resistance
profiles are not well established for environmental bacteria, prior re-
ports including the Enterobacteriaceae table (Soussy et al., 2013), clin-
ical break points (Clincal Laboratory Standards Institute, 2012), and
Vibrio breakpoints (Bier et al., 2015) were used in combination to de-
termine resistance.

2.3. Metal susceptibility testing

Metal resistance testing was carried out using the Bioscreen C (Oy
Growth Labs Ab Ltd), an automated microbiology growth curve analysis
system. Pre-cultures were grown on solid tryptic soy agar media over-
night at 28 °C. Colonies were suspended in tryptic soy broth liquid
media to a McFarland standard of ~1.5 measured using the Densicheck
system (bioMérieux, Craponne, France). Approximately 4.5 x 10° CFU/
mL were inoculated into Bioscreen C honeycomb plates containing
various concentrations of the following (freshly prepared) metals:
nickel chloride hexahydrate (1-16 mM), cadmium chloride hemi(pen-
tahydrate) (0.31-10 mM), mercury (II) chloride (12.5-200uM), po-
tassium arsenate (3.12-200 mM), and sodium arsenite (3.12-50 mM),
with uninoculated media as a negative control, and cultures grown in
the absence of metals as a positive control. Assays were run in triplicate
wells. Bioscreen plates were incubated at 28 °C, with agitation, and OD
at 600 nm measurements were taken every 20 min.

2.4. Growth rate calculations

Growth rates (i) of the triplicate wells from the Bioscreen C assays
were determined using the grofit package for R (Kahm et al., 2010).
Briefly, media blanks were subtracted from absorbance readings from
raw Bioscreen data. These corrected values were analyzed in grofit. The
averages and standard deviations of the growth rates were visualized in
Microsoft Excel.

2.5. DNA extraction

Strains were grown overnight in LB liquid media amended with
100 pg/mL ampicillin. Genomic DNA was extracted using the QIAamp
DNA Mini Kit (Qiagen). Plasmid DNA was extracted using the
Macherey-Nagel Plasmid DNA purification kit (Macherey-Nagel,
Hoerdt, France). Genomic and plasmid DNA samples were combined
and sent to Molecular Research DNA Labs in Shallowater, TX, USA, for
sequencing according to company protocols.

2.6. Annotation and analysis

Reads were assembled into contigs using SPAdes Genome Assembler
(Bankevich et al.,, 2012). Genomes were annotated using the NCBI
Prokaryotic Pipeline (Tatusova et al., 2016) and genome sequences are
available under the assembly numbers reported in Table 1. Average
Nucleotide Identity (ANI) (Yoon et al., 2017) was calculated using the
whole genome sequences. Genomes were examined using Geneious
version 10 (www.geneious.com; (Kearse et al., 2012)). Potential plas-
mids were identified as contigs with high copy numbers (since they
were extracted separately) in sequencing data. We then searched for
plasmid maintenance gene homologs and as well as comparison to
known plasmids. Genomic Islands were identified using IslandViewer 4
(Bertelli et al., 2017). Putative AMR genes were detected by a blast
(Madden, 2002) search using ARG-ANNOT V3 March 2017, accessed
November 2017 (Gupta et al., 2013). Putative metal resistance genes
were detected by a blast search using the experimentally-confirmed
BacMet metal resistance genes database version 1.1 (Pal et al., 2013)
accessed December 2017. Gene homologs from both databases with E
values < 10e ™ 2° are reported. Efflux pump genes were identified using
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Table 1
Genome features of the three strains sequenced in this study.
Strains
Vibrio sp. T9 Vibrio sp. T21 Shewanella sp. BC20
Isolated from Great Bay Great Bay Berry's Creek

NCBI assembly ~ GCF_003123985.1 GCF_003123995.1 GCF_003129585.1

ID
Genome 41 x 49 x 59 %
coverage
Closest Vibrio antiquarius Vibrio Shewanella sp. MR-4
available EX25 (98.30%) parahaemolyticus (95.14%)
genome FORC 018
and ANI (98.19%)
score (%)
Chromosome 5.2 4.9 4.7
size
(megabase
pairs)
Chromosomes 2 2 1
Plasmids 1 none none
Plasmid size 120 kb
and GC% 44.7
Protein-CDSs 4891 4525 4099
GC (%) 45.0 45.4 48.0
# contigs 70 77 54
Table 2
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the BacMet database as well as manual scanning of the genome anno-
tations. Metal resistance and antibiotic resistance genes were refer-
enced with results of IslandViewer 4, to visualize if any resistance gene
determinants were also on putative genomic islands. To determine the
sub-groups of the p-type ATPase proteins, 80 representative p-type
ATPases (Smith et al., 2014) were downloaded from UniProtKB
(Bairoch et al., 2007), and a phylogenetic tree (not shown) was built
from the alignment of the proteins.

3. Results
3.1. Taxonomic identification and genomic properties

Among the 52 bacteria we isolated from the mummichog gut mi-
crobiome, the two most dominant taxa were Vibrio (62%) and
Shewanella (21%) (Fig. S1). Shewanella sp. BC20 was isolated from the
gut ingesta of fish collected from Berry's Creek, an EPA superfund site
contaminated with mercury and arsenic, located in New Jersey, USA
(Wright et al., 2010). Vibrio spp. T9 and T21 were isolated from the gut
ingesta of mummichog fish collected from Great Bay, New Jersey, USA,
a relatively uncontaminated site (Lloyd et al., 2016). The average nu-
cleotide identities (ANI) with scores above 95% were used to identify
the available genome to which our strains were most closely related. Of
those available in NCBI as of May 2016, Shewanella BC20 was most
closely related to Shewanella sp. MR-4, a strain isolated from the water

Antibiotic MICs/measures of zone of inhibition profiles and resistance interpretation of the three strains

in this study.

Vibrio sp. T9 Vibrio sp. T21 Shewanella sp. BC20
Zone of Zone of Zone of
Inhibition Inhibition Inhibition
Drug (mm)* Interpretation (mm) Interpretation (mm) Interpretation
Doripenem >24 SH* >24 S <21 R
Imipenem >22 S >22 S <16 R
Meropenem >22 S >22 S <16 R
Piperacillin <17 R*** <17 R <17 R
Piperacillin —
Tazobactam >20 S >20 S <17 R
Ticarcillin <23 R <23 R <23 R
Ticarcillin —

Clavulanic Acid <23 R <23 R <23 R
Ofloxacin >22 S <22 1 >22 S
Amikacin >17 S <17 1 >17 S

Tobramicin <17 1 <17 1 >17 S

Chloramphenicol >17 S >17 S >17 S

Drug MIC* Interpretation MIC* Interpretation MIC* Interpretation
Meropenem 0 S 0 S 16 R
Cefoperazone 64 R 64 R 32 R
Ceftazidime 64 R 64 R 64 R
Cefazolin 0.5 S 4 S 64 R
Cefradine 8 S| 64 R 2 S
Ticarcillin 64 R 64 R 64 R
Penicillin 64 R 64 R 64 R
Ticarcillin -
Clavulanic Acid 16 R 32 R 64 R
Vancomycin 2 S 8 S 32 R
Nalidixic Acid 0.5 S 1 S 2 S
Sulfamethoxazol
e 2 S 8 S 64 ok
Tetracycline 0 S 0.125 S 1 S

*Levels of resistance are reported in MIC ug/mL (for those tested with the microdilution method) or
zone of inhibition in mm (for those tested with the disk method).

**QOrganisms are reported as S (sensitive), I (intermediate), or R (resistant) as established by common
standards. For a complete list of all antibiotics tested, and sources for common standards used in de-

termining break points, see Table S1.

***Shading indicates that a resistance gene homolog potentially conferring resistance to that antibiotic
was found in the genome regardless if the strain was phenotypically resistant or sensitive to that drug.
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Antibiotic resistance gene homologs with clinical relevance and their respective locus tags in the three genomes.

Vibrio sp. T9 Vibrio sp. T21 Shewanella sp. BC20

Antibiotic class Putative gene Substrates/function

Locus Locus Locus

B-lactams Class A B-lactamase (CARB) Penicillins, cephalosporins, carbenicillin (Chiou et al., 2015)
Class B metallo p-lactamase Broad spectrum, including carbapenems, (Palzkill, 2013)
Class C B-lactamase Cephalosporins (Bush et al., 2010)
Class D B-lactamase (blapxaass) Penicillins and carbapenems (Bush et al., 2010)
Tetracyclines tet34 Oxytetracycline mechanisms (Nonaka et al., 2002)
tet35 Efflux of tetracycline (Teo et al., 2002)
Fluoroquinolones  gnrS Quinolones (Hooper et al., 2015)

CBX98_10150
CBX98_12520
CBX98_08735

CCD93_08640
CCD93.19270  CBX96_13965
CBX96_05400
CBX96_07750
CBX98_18940
CBX98_02340

CBX98_12495

CCD93_18545
CCD93_18785
CCD93.19295

* The table shows select antibiotic resistance gene homologs located in the genome.

chloramphenicol

(a) acetyltransferase
EPEN\\N\N\\\E Coxo8 08735 2 08740
GntR class C B- -oxoacid MFS LysR
lactamase ferredoxin transporter
oxioreductase
(b)
5 kb
CCD93_10890 p G
cytochrome  heavy metal p- cytochrome C-
oxidase type ATPase oxidase assembly
assembly chaperone

column of the Black Sea at a depth of 5m (Nealson et al., 1991). Vibrio
sp. T9 was most closely related to Vibrio antiquarius EX25, a Vibrio
isolated from hydrothermal vents (Hasan et al., 2015), and Vibrio sp.
T21 was most closely related to Vibrio parahaemolyticus FORC 018, a
strain isolated from sea bass in South Korea (Table 1). Shewanella sp.
BC20 had an average G + C% of 48.0%, which is identical to that re-
ported for Shewanella sp. MR-4. (GenBank Accession CP000446.1). The
genome of Shewanella sp. BC20 contained no plasmids (Table 1). The
average G + C% of the two Vibrio strains, Vibrio spp. T9 and T21, were
45.0 and 45.4%, respectively, which is within the normal range for
Vibrio species (Hasan et al., 2015). Strain Vibrio sp. T9 contained one
120 kb plasmid, with a G + C% of 44.7%, close to that of the chro-
mosome. The plasmid showed 94% nucleotide identity (with 65% query
cover) to V. alginolyticus ATCC 33787 plasmid pMBL128 (Accession
number CP013486.1).

3.2. Antibiotic susceptibility profiles

Resistance to 33 antibiotics was tested using established procedures,
a combination of the disk method and the microdilution method (Tables
2, S1). Of those drugs tested with both the disk method and the mi-
crodilution method, we obtained consistent results among carbape-
nems, penicillins, tetracyclines, and most cephalosporins. All three
strains showed broad resistance to B-lactams, primarily cephalosporins
and penicillins. The two Vibrio strains were intermediately resistant to
aminoglycosides. The resistance profile of Shewanella sp. BC20 was
varied, including resistance to carbapenems as well as to vancomycin.
All strains were sensitive to tetracycline and chloramphenicol.

3.3. Antibiotic resistance genes

Overall, our analysis identified 70 potential ARG homologs in
Shewanella sp. BC20, 78 were identified in Vibrio sp. T21, and 89 in
Vibrio sp. T9 (Tables S2, S3, S4). ARG homologs of clinical relevance are
reported (Table 3). All four Ambler classes of -lactamases were iden-
tified among the three strains. All three harbored class B metallo-f-
lactamases. Vibrio sp. T9 contained a class C (3-lactamase located on a

EN\\\\ S — s o
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Fig. 1. Genomic Islands containing
genes of interest located in Vibrio sp. T9
(A) and Vibrio sp. T21 (B). The genomic
island in (A) contains two antibiotic

10.8 kb

tid
pe:n;a e resistance genes and the island in (B)
contains one metal resistance gene
(colored black). Hypothetical proteins
are colored white, genes involved in
transcriptional regulation are shaded
with diagonal lines, and all other genes
are in grey. Arrows indicate direction
of transcription.
0.14 A (Vibrio sp. T9)
_0.12
£ 01
€008
4
£ 0.06
8004
© 0.02
0
0 50 100 150 200 250
Metal Concentration (mM)
0.25 B (Vibrio sp. T21)
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=
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©
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£ 041
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°
& 0.05
0
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Metal Concentration (uM or mM)
0.12 C (Shewanella sp. BC20)
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%0.08 —=—Arsenate (mM)
& 0.06
= —&—Mercury (uM)
< 0.04
<
O 0.02
0
0 50 100 150 200 250

Metal Concentration (UM or mM)

Fig. 2. A-C. Effect of increasing concentrations of arsenate and mercury on
growth rates of the three mummichogs bacterial isolates. Each point represents
average growth rates of 3 replicates = standard deviation.
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genomic island (Fig. 1). Strains Vibrio spp. T9 and T21 both contained
class A carbenicillin hydrolyzing B-lactamases (CARB). The amino acid
% identity of the two CARB genes was 88.3%, indicating they are clo-
sely related to each other but not identical (Table 3). Shewanella sp.
BC20 harbored a class C B-lactamase as well as an extended spectrum 3-
lactamase (ESBL), blapxa.4s. The two Vibrio spp. harbored tetracycline
(tet34 and tet35) and chloramphenicol resistance genes yet were sus-
ceptible to those drugs (Tables 2,3). Vibrio spp. T9 and T21 harbored
qnrS, which confers resistance to quinolones (Table 3). The Vibrio spp.
were phenotypically sensitive to nalidixic acid and most of the fluor-
oquinolones tested, however Vibrio sp. T21 was intermediately resistant
to ofloxacin (Table 2, S1). Further, the genomes harbored many efflux
pump gene homologs from various families including ABC, MATE, MFS,
RND, and in the Vibrio spp., SMR (Tables S5, S6, S7). The type and
abundance found in each were comparable to reference strains (Fig.
S2). Notably, Shewanella sp. BC20 contained 13 operons for RND efflux
pumps, Vibrio sp. T9 contained 12, and Vibrio sp. T21 contained 13.

3.4. Metal resistance profiles

Compared to other metal resistance studies in Vibrio, Vibrio spp. T9
and T21 were resistant to cadmium (5 mM) (data not shown) (He et al.,
2016) and arsenate (100 mM) (Liao et al., 2011). Vibrio sp. T21 was also
resistant to mercury (50 uM) (Fig. 2A-B) (He et al., 2016). Shewanella
sp. BC20 was able to grow with 50 mM arsenate and 25 uM mercury
(Fig. 2C). All three strains were sensitive to the tested concentrations of
arsenite and nickel.

3.5. Metal resistance genes

The genomes of the three strains contained operons for arsenate
resistance and metabolism (i.e., arsenite oxidation/arsenate reduction)
(Table S8, S9). They also contained genes for various P-type ATPases
(Table S10). Vibrio spp. T9 and T21 each contained two P;p 1-ATPases
and one P;p,-ATPase. Shewanella sp. BC20 contained two Pipi-
ATPases. Not including efflux pump genes, in total, Shewanella sp. BC20
contained 148 homologs for genes involved in metal resistance, while
Vibrio sp. T9 had 149, and Vibrio sp. T21 had 154 (Tables S11, S12,
$13). The most abundant metal resistance genes among all three gen-
omes were gene homologs for zinc, iron, copper, and nickel resistance.

3.6. Genomic islands and the mobilome

We searched for genomic islands in the strains, and more specifi-
cally, the carriage of ARGs and metal resistance genes on such islands as
possible evidence for co-resistance. The genome of Shewanella sp. BC20
contained 16 genomic islands with one metal resistance gene (Table
S14). Vibrio spp. T9 and T21 contained 29 and 23 genomic islands,
respectively (Table S15, S16). Vibrio sp. T9's genome had one 10 kb
genomic island that harbored genes encoding for a chloramphenicol
acetyltransferase, a class C [-lactamase, and an MFS transporter
(Fig. 1), all genes involved in drug resistance. Vibrio sp. T21's genome
contained two genomic islands of interest: a large element (~25kb)
containing an MFS transporter gene, multidrug ABC transporter gene,
and genes involved in horizontal gene transfer (IS3 family transposase)
and a smaller genomic island (~5 kb), which contained a heavy metal
translocating P-type ATPase (Fig. 1). Some of the metal resistance genes
were located on genomic islands in the Vibrio spp. genomes: three in
Vibrio sp. T9 and four in Vibrio sp. T21 (Tables S11, S12). All other
ARGs and metal resistance genes are located elsewhere in their re-
spective genomes with no proximity to other ARGs or to genes sug-
gestive of horizontal transfer. We were unable to identify any genes of
interest in proximity to phage genes.
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4. Discussion

The aim of our study was to examine the genetic underpinning of
co-selection in multi-drug and metal resistant bacteria isolated from the
intestinal microbial community of the mummichog, a common coastal
fish. The genome sequences revealed carriage of efflux pump gene
homologs, metal resistance genes, and ARGs, including genes of public
health concern. Overall, our results indicate that antibiotic and metal
resistance are mediated by a variety of factors including chromoso-
mally-encoded resistance genes and potentially efflux pumps. Our re-
sults show horizontally-acquired ARGs and metal resistance genes,
which highlights the potential for horizontal acquisition of ARGs.
Phenotypically, strains were resistant to various classes of antibiotics
(primarily different types of B-lactams) as well as to metals.

The ease by which gene sequences are now obtained by metage-
nomic approaches has recently led to studies on the abundance and
distribution of ARGs in environmental samples (e.g. (Marti et al., 2014;
Guo et al., 2017)). While these studies have been useful in assessing hot
spots where MDR is likely (e.g., (Berendonk et al., 2015)) they cannot
identify the organisms and the mechanisms of gene transfer that par-
take in ARG transfer from environmental strains to clinical microbes
(Perry et al.,, 2013). Additionally, even though metatranscriptome
surveys may inform on the expression of ARGs in the environment (e.g.,
(Versluis et al., 2015)) how this expression is related to mobilome ac-
tivities and microbial metabolism cannot be deciphered from such
studies. As this information is crucial for the understanding of the
ecological framework that underpins the spread of ARGs, metagenomic
approaches must be complemented by pure culture studies that shed
light on resistant taxa, their ARGs, and potential to mobilize these genes
to clinical isolates.

Because MDR among Gram-negative bacteria is of public health
concern (Hawkey, 2015), we chose to study three Gram-negative bac-
teria that represent dominant taxa, Vibrio spp. and Shewanella spp., in
our collection (Lloyd et al., 2016) as well as in the mummichog gut
microbiome (Givens et al., 2015). Our approach compared genotype
(i.e., gene presence) with phenotype to gain an understanding of the
carriage, expression, and location of antibiotic and metal resistance
genes within the genomes.

Shewanella sp. BC20, isolated from a heavy-metal contaminated
estuary, showed resistance to carbapenems, cephalosporins, and peni-
cillins; three classes of drugs to which Shewanella are commonly sus-
ceptible (Janda, 2014). The strain showed an elevated resistance profile
compared to the 28 out of the 33 environmental Shewanella isolates
tested by Tacao et al. (Tacao et al., 2018), with resistance to 9 of the
antibiotics reported. Further, the Shewanella sp. BC20 genome harbors a
class D B-lactamase, blapxa.4s, with the same upstream and downstream
genetic context that others have reported (Tacao et al., 2018). Nu-
merous reports suggest the occurrence of blapxa.4g in environmental
Shewanella spp. (Poirel et al., 2003) and its horizontal mobility and
expression in human pathogens (Almuzara et al., 2017). One of the
other isolates studied, Vibrio sp. T21, was intermediately resistant to
ofloxacin (Table 2), a fluoroquinolone antibiotic. Resistance to oflox-
acin has been attributed to a mutation in the gyrB gene (Singh et al.,
2015) and possession of quinolone resistance genes has been described
among fish-associated Aeromonas spp. (Chenia, 2016). Quinolones are
synthetic antibiotics commonly recommended and used in treatment of
Vibrionosis, including V. parahaemolyticus infections (Wong et al.,
2015).

We identified members of all four Ambler classes of B-lactamases.
Notably, all three strains harbored class B metallo-f-lactamases (MBLs),
which confer resistance to almost all classes of 3-lactam antibiotics. The
so-called “New Delhi MBL”, is considered a threat to global public
health as it is easily mobilizable and has been found in many countries
world-wide (Rasheed et al., 2013). Studies have reported on previously
unknown MBLs in soil microbiota, which present a clinical threat if
acquired by pathogenic bacteria (Gudeta et al., 2016). Thus, the
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occurrence of this gene among environmental organisms may con-
tribute to community-acquired colonization as well as infections
(Potron et al., 2011), and suggests the mummichog gut as a reservoir of
clinically relevant antibiotic resistant organisms and their associated
resistance genes. In order to understand this connection, we looked at
the genetic linkage between metal and antibiotic resistance in the
genomes. We expected evidence for co-selection suggesting horizontal
gene transfer and selection due to heavy metal stress. This expectation
was based on: 1) metal resistance genes are often found on mobile
genetic elements (McIntosh et al., 2008), 2) the association of metal and
antibiotic resistance genes on conjugative plasmids is well-documented
(Clowes, 1972), and 3) the fish gut with its abundant nutrients and
stable temperature is conducive to microbial growth and gene transfer
(Sorensen et al., 2005).

Indeed, we identified two cases where ARGs and metal resistance
genes were located on separate genomic islands, clusters of genes of
probable horizontal origin (Bertelli et al., 2017). Vibrio sp. T9 contained
a 10.8 kb genomic island with both a class C 3-lactamase and a chlor-
amphenicol acetyltransferase gene homolog (Fig. 1A) and Vibrio sp. T21
had a P;p.1-ATPase, possibly specifying cadmium resistance, on a 5kb
genomic island (Fig. 1B). This suggests possible past acquisition of these
genes. These putative genomic islands do not carry mobilome gene
homologs (those involved in conjugation, phage, or transposition).
Moreover, we were unable to identify other cases where genes of in-
terest were proximally located to mobilome genes. The one large
(~120kb) plasmid in Vibrio sp. T21, contained no mobilome, antibiotic,
or metal resistance genes. This plasmid did not have any gene homologs
indicating potential for conjugation, indicating the plasmid may not be
transferrable.

Genome sequences suggest that cross-resistance (efflux pumps) may
contribute to co-selection. Each genome harbored many efflux pump
gene homologs (66 in Shewanella sp. BC20, 128 in Vibrio sp. T9 and 117
in Vibrio sp. T21 (Tables S5, S6, S7). RND efflux pumps have been
implicated in Gram-negative MDR, and both the Shewanella sp. BC20
and Vibrio sp. T21 contained an elevated number of RND-family efflux
pump operons compared to previous reports (Lloyd et al., in prepara-
tion). This result is consistent with a recent report on the dominance of
efflux pump-based cross-resistance in the whole genome sequence of an
environmental Pseudomonas strain from a metal-contaminated estuary
(Teixeira et al., 2016) and the increased extrusion of antibiotics via
RND efflux pumps in marine biofilms exposed to heavy metals (Flach
et al., 2017). These results highlight the need to examine cross-re-
sistance as well as co-regulation as mechanisms of co-selection, ideas
currently under investigation in our lab. The environmental selection of
resistant strains may be the strongest driver of co-selection as was
suggested by Forsberg et al., (2014) who assert that microbial com-
munity composition rather than horizontal gene transfer is the primary
determinant of ARGs in soil.

One advantage of examining co-selection in three individual gen-
omes over community analyses or PCR amplification assays is that it
provides direct evidence for co-selection in individual organisms (Pal
et al., 2017). We tested resistance of three strains to several different
antibiotics using two standard methods; the genome sequences of these
strains informed us on the presence and/or absence of corresponding
resistance genes (Tables 2, S1). All three strains were resistant to cef-
tazidime using the MIC method, but sensitive in the disk method. In-
consistencies between results obtained with different types of anti-
microbial testing methods were previously reported (Lehtopolku et al.,
2011). There were several cases where the strains harbored resistance
genes but were scored as sensitive to the drug (i.e., tet genes in Vibrio
spp.) (Table 3). There were other cases where the strains did not harbor
known resistance genes, but were scored as intermediately resistant to
the drug (i.e., aminoglycosides in Vibrio spp.). Thus, if a study scores
only gene presence, it may either over- or under-estimate the MDR
phenotype of a strain. This conclusion is in agreement with recent re-
commendations for essential verifications if whole genome sequences of
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pathogens are to serve in resistance profiling in the clinical lab (Lo
et al., 2018).

All three strains contained an arsenal of putative metal resistance
genes (Tables S11, S12, S13). Notably, the genomes contain homologs
to genes known to specify resistance to arsenate, cadmium, and mer-
cury. All three genomes contained arsenate detoxification genes, arsC,
arsR, ACR3, and arsenate respiration genes (Tables S8, S9). P-type
ATPases encoding for the efflux of mono- (P;p.1-ATPases) and di-valent
(P1p.2-ATPases) cations (Smith et al., 2014) were identified among all
three genomes. Vibrio spp. T9 and T21 contained P;p_;-ATPases (2 co-
pies) and P,p.»-ATPase (1), while Shewanella sp. BC20 contained only
P;p.1-ATPases (2) (Table S10) possibly explaining why the Vibrio spp.
were resistant to cadmium, while Shewanella sp. BC20 was sensitive.
Interestingly, in Vibrio sp. T21, one of the P,z ,-ATPases was located on
a predicted genomic island (Fig. 1B).

5. Conclusions

In summary, the co-occurrence of multiple antibiotic and metal
resistances in three coastal bacterial isolates adds to numerous reports
(e.g., (Pal et al., 2017; Henriques et al., 2016)). Coastal marine en-
vironments are zones where high microbial productivity, anthropogenic
contaminants, and high human population density may converge to
create a hot spot for the selection of ARGs and their subsequent in-
heritance among bacteria.

Our results have implications in both the environment and clinic.
Some of the resistance gene homologs identified here were previously
shown to occur in human pathogens. Our results provide information
on the antibiotic and metal resistome of three strains isolated from the
mummichog intestinal microbial community, a potential reservoir of
ARGs, and opportunistic human pathogens including Vibrio para-
haemolyticus and Shewanella spp. Our findings contribute to the un-
derstanding of the mechanisms underlying co-selection in the en-
vironment and can also be used to assess the threat of potential
emerging zoonotic infections, as well as predict the composition of the
resistant community in the environment.
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