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Detection of the florfenicol resistance gene floR
in Chryseobacterium isolates from rainbow trout.
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One sentence summary: The florfenicol resistance gene floR was found in a Chryseobacterium isolate recovered from a rainbow trout; analyses suggested
horizontal acquisition and that this was a rare finding in this important group of aquatic bacteria.
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ABSTRACT

Bacteria from the family Flavobacteriaceae often show low susceptibility to antibiotics. With the exception of two
Chryseobacterium spp. isolates that were positive for the florfenicol resistance gene floR, no clinical resistance genes were
identified by microarray in 36 Flavobacteriaceae isolates from salmonid fish that could grow in > 4 mg/L florfenicol. Whole
genome sequence analysis of the floR positive isolates revealed the presence of a region that contained the antimicrobial
resistance genes fIoR, a tet(X) tetracycline resistance gene, a streptothricin resistance gene and a chloramphenicol
acetyltransferase gene. In silico analysis of 377 published genomes for Flavobacteriaceae isolates from a range of sources
confirmed that well-characterised resistance gene cassettes were not widely distributed in bacteria from this group. Efflux
pump-mediated decreased susceptibility to a range of antimicrobials was confirmed in both floR positive isolates using an
efflux pump inhibitor (phenylalanine-arginine g-naphthylamide) assay. The floR isolates possessed putative virulence
factors, including production of siderophores and haemolysins, and were mildly pathogenic in rainbow trout. Results
support the suggestion that, despite the detection of floR, susceptibility to antimicrobials in Flavobacteriaceae is mostly
mediated via intrinsic mechanisms rather than the horizontally acquired resistance genes more normally associated with
Gram-negative bacterial pathogens such as Enterobacteriaceae.
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INTRODUCTION

Bacteria from the family Flavobacteriaceae are important com-
ponents of freshwater aquatic ecosystems (Bernardet et al. 1996).
They include a number of recognised fish pathogens, in par-
ticular Flavobacterium psychrophilum (Madsen, Mgller and Dals-
gaard 2005) and F. columnare (Starliper and Schill 2011). The group
also includes human pathogens, particularly Elizabethkingia
meningoseptica and Chryseobacterium indologenes (Woodford et al.
2000; Gonzalez and Vila 2012).

As well as recognised pathogens, there are a number of other
organisms that share phenotypic and genotypic characteristics
of the main Flavobacterium spp., and these are regularly iso-
lated from freshwater fish species (Michel et al. 2005). Some
of these organisms may cause disease in fish. Antibiotics are
routinely applied to control disease in fish suspected of being
infected with bacterial diseases, including Flavobacteriaceae.
However, there is only limited knowledge of the relative viru-
lence, their antibiotic susceptibility and their resistance mecha-
nisms of some of these organisms. It has previously been shown
that Flavobacteriaceae from fish can grow in high concentra-
tions of a range of antimicrobials (Chang et al. 1997; Rangdale,
Richards and Alderman 1997; Bruun et al. 2000; Michel et al. 2005;
Clark et al. 2009; Hesami et al. 2010; Henriquez-Nunez et al. 2012).
Studies have shown that clinical strains of E. meningoseptica and
C. indologenes can express extended-spectrum beta-lactamases
(ESBLs) (Bellais et al. 2000; Woodford et al. 2000; Bellais, Naas
and Nordmann 2002a, b; Gonzalez and Vila 2012; Matsumoto
et al. 2012). Other studies have demonstrated the presence of
multidrug efflux pumps in this group (Michel et al. 2005; Clark
et al. 2009), and there is evidence that quinolone resistance
can be mediated via changes in DNA gyrase and topoisomerase
genes (Shah et al. 2012). However, the presence of other well-
characterised clinically important resistance genes, particularly
those commonly transferred between species of Gram-negative
bacteria via mobile elements, such as transposons and plas-
mids, has not typically been observed in this major group of
bacteria, although exceptions include the recording of dfrA1, sull
and sul2 genes in a collection of clinical E. meningoseptica isolates
from China (Jiang et al. 2012). Multidrug-resistant isolates of the
duck pathogen Riemerella anatipestifer carrying a range of clinical
resistance genes have also been identified (Chen et al. 2012; Sun
et al. 2012).

Previous work has shown that a range of clinical resistance
genes have been identified in other Gram-negative pathogens
and commensals of fish (McIntosh et al. 2008; Verner-Jeffreys
et al. 2009; Welch et al. 2008). However only limited work has
been done to date to identify such genes in Flavobacteriaceae
from fish.

In this study, a collection of 86 Flavobacteriaceae spp. isolates
from fish was analysed for in vitro susceptibility to antibiotics us-
ing a combination of phenotypic and molecular methods. We
also undertook a wider survey of published Flavobactericeae
genomes from a variety of sources to determine whether
the types of antimicrobial resistance (AMR) mechanisms more
commonly associated with Gram-negative clinical and ani-
mal pathogens are widely distributed in this important group
of bacteria.

MATERIALS AND METHODS

Bacterial isolates

A total of 86 Flavobacterium spp. isolates were used in this
study (Supplementary Table S1, Supporting Information).

Isolates were recovered from diseased rainbow trout
(Oncorhynchus mykiss, Walbaum), ayu (Plecoglossus altivelis, Tem-
minck and Schlegel) and Atlantic salmon (Salmo salar, Linnaeus)
from different origins over a 20-year period (Supplementary
Table S1). The isolates were stored at 4°C on tryptic yeast extract
salts agar (Holt, Hovec and Fryer 1993) and were then grown
at 15°C in Anacker and Ordal broth (Anacker and Ordal 1959).
The isolates were all characterised as members of the Flavobac-
teriaceae, based on morphological and biochemical criteria.
Isolates were also tested by a 16S rRNA nested PCR method
(Wiklund et al. 2000) to determine whether they were Flavobac-
terium psychrophilum or other species of Flavobacteriaceae. A
subset of these other Flavobacteriaceae was further identified
on the basis of partial 16S rRNA gene sequencing and analysis
using the online tool RDP SEQMATCH (Cole et al. 2005).

Antimicrobial susceptibility testing

Susceptibility to 19 antimicrobial agents commonly used in
veterinary medicine was assessed by broth microdilution for
all isolates using Trek Sensititre Avian susceptibility plates for
veterinary use (Trek Diagnostic Systems, Cleveland, OH). The
antibiotics tested (and ranges) were as follows: enrofloxacin
(0.12-2 ug/ml), gentamicin (0.5-8 ng/ml), ceftiofur (0.25-4 ng/ml),
neomycin (2-32 pg/ml), erythromycin (0.12—4 pg/ml), oxytetra-
cycline (0.25-8 pg/ml), tetracycline (0.25-8 pg/ml), amoxicillin
(0.25-16 pg/ml), spectinomycin (8-64 ng/ml), sulfadimethoxine
(32-256 pg/ml), trimethoprim (0.5-2 pg/ml)-sulfamethoxazole
(9.5-38 pg/ml), florfenicol (1-8 pg/ml), sulphathiazole (32-256
wng/ml), penicillin (0.06-8 pg/ml), streptomycin (8-1024 pg/ml),
novobiocin (0.5-4 ng/ml), tylosin tartrate (2.5-20 g/ml) and clin-
damycin (0.5-4 pg/ml).

Minimum inhibitory concentration (MIC) testing followed
guidelines from the Clinical and Laboratory Standards Insti-
tute (CLSI 2004), with the minor modifications recommended
for testing F. psychrophilum applied for all the isolates (Hesami
et al. 2010). Two control strains, Escherichia coli ATCC 25922 and
Aeromonas salmonicida subsp. salmonicida NCMB 1102 were also
included in parallel in all testing.

Resistance to florfenicol is a particular concern as it is the
main antimicrobial used to treat bacterial disease caused by
Flavobacterium spp. in the UK (Verner-Jeffreys and Taylor 2015).
Isolates that grew in at least 4 mg/L florfenicol were also tested
using Trek Sensititre custom-made florfenicol plates to deter-
mine MIC with concentrations from 0.12 mg/L to 128 mg/L.
These florfenicol isolates with low susceptibility to florfenicol
were also tested for susceptibility to a further 22 antimicrobials
typically used to treat clinical Gram-negative infections using
Trek Sensititre GN2F plates (Supplementary Table S3, Support-
ing Information).

ESBL production in two Chryseobacterium spp. isolates
(MOF25P and BGARF1,; see below) able to grow in high concentra-
tions of florfenicol was tested via a disc diffusion assay (Carter
et al. 2000). Four different antibiotic discs (Abtek Biologicals,
UK) containing cefotaxime (30 ng), cefotaxime + clavulanate (30
1g/10 ng), cefpodoxime (10 ng) and cefpodoxime + clavulanate
(10ng/1 ng) were used to assess clavulanate synergy. The inhi-
bition zone sizes were recorded after 24 and 48 h for Klebsiella
pneumoniae (positive control) and the two Chryseobacterium spp.
Isolates, respectively.

Susceptibility of Chryseobacterium spp. isolates MOF25P and
BGARF1 to 16 antimicrobials in the presence of the drug efflux
inhibitor phenylalanine-arginine g-naphthylamide (PASN) was
tested via a disc diffusion assay as previously described (Michel



et al. 2005) using Pseudomonas aeruginosa (NCTCC 12903) as a pos-
itive control. The plates were incubated at 22°C or 30°C for Chry-
seobacterium spp. and P. aeruginosa respectively. The inhibition
zone sizes were recorded after 24 and 48 h for P. aeruginosa and
Chryseobacterium spp., respectively (Michel et al. 2005).

For reporting of antimicrobial susceptibility, as neither clin-
ical breakpoints or, indeed, robust ecological cutoffs have been
established for the diversity of Flavobacteriaceae species tested
in this study, MICyo, MICso and MICgy values were instead cal-
culated for each antibiotic tested, as recommended by Schwarz
et al. (2010).

DNA microarray testing

Isolates were screened for the presence of 75 AMR genes us-
ing a previously described DNA microarray (Card et al. 2013).
Approximately 1 ug of genomic DNA was linearly amplified
using antisense primers and simultaneously labelled with bi-
otin. The single-stranded labelled amplified products were hy-
bridised to the microarray using the HybPlus Kit (Alere Technolo-
gies, Jena, Germany), as described previously (Card et al. 2015).
Microarray signals were detected with the ArrayMate device
(Alere Technologies) using IconoClust software (Standard ver-
sion; Alere Technologies). Mean signal intensities of two repli-
cate spots per probe were used for analysis and values > 0.5 were
considered positive, a signal intensity < 0.5 as negative. Positive
results for the florfenicol resistance gene floR were confirmed by
PCR (Welch et al. 2007).

Whole genome sequencing of Chryseobacterium isolates
MOF25P and BGARF1.

Two of the isolates, MOF25P and BGARF1, that had low suscep-
tibility to florfenicol and were positive for the resistance gene
floR by microarray and PCR (see Results) were whole genome se-
quenced and examined for the presence of antibiotic resistance
genes. For whole genome sequencing, isolates were sequenced
using 150 bp paired end reads on an Illumina MiSeq platform.
Twenty bases at the 5/ end of each read, which had low qual-
ity scores FastQC (Andrews 2010), were removed using the FASTX
Toolkit (Gordon and Hannon 2010). Paired reads were assembled
using Velvet (Zerbino and Birney 2008). A kmer value of 89 was
used for assembly, together with a minimum contig length of
200 bp and an expected insert length of 200 bp. Automatic an-
notation was carried out using RAST (Aziz et al. 2008) and Prokka
(Seemann 2014). Manual confirmation of a group of ORFs identi-
fied as putative virulence and AMR genes (Supplementary Table
S4, Supporting Information) was undertaken using individual
BLAST searches (Altschul et al. 1997). After assembling isolate
MOF25P and BGARF1 using Velvet, contig sequences were com-
pared against the floR gene. Any contig with a region strongly
matching the floR gene was read into Artemis (Rutherford et al.
2000) and the GC content around the floR gene was examined.
Contigs were also searched for putative AMR genes using the
online Comprehensive Antibiotic Resistance Database (CARD)
maintained by McMaster University (McArthur et al. 2013). The
two draft genome sequences have been submitted to Genbank,
with BioSample Accessions SAMNO03764887 and SAMNO03764910,
corresponding to isolates MOF25P and BGARF1, respectively.

Analysis of publically available Flavobacteriaceae
genomes for AMR genes

A list of draft and complete genomes from the Flavobac-
teriaceae family was retrieved from the NCIMB taxonomic
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database (accessed 27 November 2015), through the Entrez API
(Entrez Programming Utilities Help, 2010) (Supplementary
Datasheet 1, Supporting Information). Assembly and nucleotide
datasets were downloaded from NCBI. All of the genomes were
converted into Fasta files, with the DNA sequence of any con-
tiguous sequence, or contig, assembled from the genome. All of
the genomes were then added into a single blast database. The
nucleotide sequences from the ARG-Annot database (Gupta et al.
2014) were aligned to the blast database using the Nucleotide
Blast algorithm (Camacho et al. 2009). Potential AMR genes were
excluded if the alignment length was <90% of the query se-
quence length, and the aligned sequences shared <90% se-
quence identity. Genomes were re-annotated with Prokka (See-
mann 2014), using default settings. Annotated AMR genes were
examined for proximity to mobile genetic elements, using cus-
tom Python scripts, and the Artemis genome viewer (Ruther-
ford et al. 2000). In addition, genomes were analysed for the
presence of genomic islands using the online tool IslandViewer
3 (Dhillon et al. 2015) and for plasmid sequences using Plas-
midFinder (Carattoli et al. 2014) and custom Python scripts.

Virulence factor identification

Haemolysin production

Isolates were streaked onto sheep blood agar and rainbow trout
blood agar. Plates were incubated at 22°C for 7 days and observed
daily for growth and zones of clearing. This experiment was car-
ried out at 10°C, 15°C, 22°C, 30°C and 37°C for isolates MOF25P
and BGARF1.

A microplate haemolysis assay was carried out as described
previously (Hogfors-Ronnholm and Wiklund 2010) with sheep
blood in Alsever’s solution (Oxoid), instead of rainbow trout
blood. Isolates were classed as haemolytic if they caused 20%
or more haemolysis using the following formula:

Experimental value — negative control

— - x 100.
Positive control — negative control

Iron acquisition and growth in iron-deprived media

Growth of Chryseobacterium spp. isolates MOF25P and BGARF1
in iron-deprived (100 uM 2,2/-bipyridyl amended) tryptone soy
broth was tested as previously described (Hirst, Hastings and
Ellis 1991). Aeromonas salmonicida isolate 96001 from the Ce-
fas culture collection was included as a positive control.
Siderophore indicator chrome azurol S (CAS) agar (Schwyn
and Neilands 1987) was inoculated with MOF25P or BGARF1
and monitored for growth and agar colouration for 10 days.
Aeromonas salmonicida isolates Cefas 96001 and Cefas 01190 were
used as positive and negative controls, respectively (Holzberg
and Artis 1983; Schwyn and Neilands 1987).

Challenge experiments

Experiments were undertaken to assess the potential virulence
of MOF25P and BGARF1 when injected intramuscularly into rain-
bow trout. For challenge experiments, cultures of MOF25P and
BGARF1 were grown in MVA broth at 15°C for 72 h, washed twice
in sterile phosphate-buffered saline (PBS) and resuspended in
sterile PBS. For the first experiment, three groups of six rainbow
trout (~3 g) were injected with of MOF25P at 5 x 10%, 5 x 10% and
5 x 10? cfu/fish. For the second experiment, two groups of 16 (~4
g) fish were each injected with either MOF25P or BGARF1 at 1.5
x 10° cfu/fish. Fish were maintained at 10°C -12°C in 10-L flow-
through tanks for up to 11 days. Moribund fish were removed
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Figure 1. Histogram distributions of MICs for 86 Flavobacteriaceae isolates against eight antimicrobials. MICy9, MICsy and MICg values are indicated.

from the tank and killed by terminal anaesthesia and destruc-
tion of the brain. Spleen and head kidney swabs were taken from
moribund fish, mortalities and fish killed at the end of the study.
In addition, samples of gill, kidney, spleen, intestine and liver
were fixed in neutral buffered formalin, processed to paraffin
blocks, sectioned and stained with haematoxylin and eosin for
assessment of pathological changes. Specific mortalities were
confirmed from the growth of swabs inoculated onto MVA. Inoc-
ulated plates were monitored daily for growth. All experiments
involving fish were performed at the University of Stirling under
the authority of the relevant UK Home Office Animals (Scien-
tific Procedures) Act 1986 Project Licenses and approved by the
University of Stirling Animal Welfare Ethical Review Body. All
regulated procedures were undertaken by staff holding A(SP)A
Personal Licenses for the particular techniques.

RESULTS
Antimicrobial susceptibility

Isolates tested covered a range of Flavobacteriaceae species
(Supplementary Table S1). In general, it can be stated that many
of the isolates had low susceptibility to the antimicrobials tested
(Fig. 1 and Supplementary Fig. S1, Supporting Information).
There were also no obvious temporal or geographical variations
in observed patterns of susceptibility observed. Many isolates
were able to grow in the presence of relatively high concentra-
tions of the main antimicrobials that are used to control bac-
terial diseases in farmed fish in the UK and elsewhere in the
world. For example, the MIC50 value for amoxicillin was >16
mg/L. MIC50 values for both oxytetracycline and florfenicol were
2 mg and their MIC10 values were >8 and 32 mg/L, respectively.
Although most isolates were highly susceptible to sulfamethox-
azole/trimethoprim (MICsp <0.5/9.5 mg/L), the MIC10 value was
>2/3 mg/L.

We also tested susceptibility to a range of other antimi-
crobials commonly used to treat bacterial diseases in hu-
mans and other animals (Fig. 1, Supplementary Fig. S1 and

35
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Figure 2. Proportions (%) of isolates showing low susceptibility to numbers
of different structural classes of antimicrobial. Isolates were defined as of
low susecptibility if they could grow in high concentrations of a represen-
tative aminoglycocide (=64 mg/L streptomycin), fluoroquinolone (>4 mg/L
enrofloxacin), macrolide (=20 mg/L tylosin tartrate), penicillin (>4 mg/L
amoxicillin), sulphonamide (>152 mg/L sulphadiazine), tetracycline (=8
mg/L oxytetracyclin), phenicol (=8 mg/L florfenicol) and third-generation
cephalosporin (>4 mg/L ceftiofur).

Supplementary Tables S2, S3, Supporting Information). Many
of the isolates could grow in high concentrations of third-
generation cephalosporins (e.g. the MICs for ceftiofur was >4
mg/L) and aminoglycosides (the MICs, for streptomycin was >32
mg/L). Most isolates were inhibited by low concentrations of
the fluoroquinolone enrofloxacin, although the MIC;, was still 1
mg/L. A total of 56 % of isolates were able to grow in high concen-
trations of four or more representatives of different structural
classes of antimicrobials (Fig. 2), suggesting intrinsic resistance
or acquired reduction in susceptibility to multiple antibiotics.
Out of the 86 isolates, 36 isolates that grew in the
highest florfenicol test concentration (4 mg/L) in the Trek
Sensititre Avian susceptibility plates were chosen for further
analysis (Supplementary Tables S2 and S3). As shown in Sup-
plementary Table S2, susceptibility to florfenicol in these 36 iso-
lates varied from 2 to 128 mg/L when re-tested using the custom



florfenocol testing panels. Susceptibility to a range of antimi-
crobials used to treat Gram-negative clinical infections was also
assessed (Supplementary Table S3). Many of the isolates able to
grow in >4 mg/L florfenicol also displayed low susceptibility to
first-, second- and third-generation cephalosporins, and other
classes of antimicrobials (Supplementary Table S3). Many grew
in the highest concentrations of antimicrobials tested in the
panels used. For instance, 32/36 isolates grew in >32 mg/L cef-
triaxone (a third-generation cephalosporin), 28/36 in > 32 mg/L
cefepime (a fourth-generation cephalosporin) and 27/36 in >64
mg/L nitrofurantoin (Supplementary Table S3). Isolates showed
most sensitivity to the two carbapenems tested, imipenem and
meropenem, although even here, 12 and 4 out of the 36 tested
isolates were able to grow in >4 mg/L of meropenem and
imipenem, respectively.

Resistance gene arrays

The 36 isolates that could grow in >4 mg/L florfenicol were ex-
amined by microarray for the presence of clinically important
resistance genes. No clinical resistance genes were identified by
microarray in any of the isolates, with exception of two of the
isolates: MOF25P and BGARF1. Both these isolates could grow
in high concentrations of florfenicol in vitro (MIC of 128 and 64
mg/L, respectively). These were strongly positive for the resis-
tance gene floR by microarray (values of 0.84 and 0.89, respec-
tively). The positive results by microarray were confirmed as floR
positive by PCR and whole genome sequencing (see below).

Draft whole genome sequencing of Chryseobacterium
isolates MOF25P and BGARF1

The total length of draft genomes of MOF25P and BGARF1 was
estimated at 4 661 207 bp and 4 675 015 bp, respectively. A to-
tal of 310 contigs were obtained from strain MOF25P and 260
contigs from BGARF1, with N50 values of 44 054 for MOF25P
and 71 571 bp for BGARF1. Minimum coverage was estimated
at more than 30-fold for both isolates. Using the RAST anno-
tation pipeline, a total of 4336 coding regions were found in
the genome of BGARF1, of which 1275 (29%) could be annotated
functionally. The functional comparison of genome sequences
available on the RAST server revealed the closest neighbours
of both MOF25P and BGARF1 to be Chryseobacterium gleum ATCC
35910 (score of 546). Similarity to a sequenced strain of Flavobac-
terium psychrophilum JIP 02/86 (Taxonomy ID: 402612) was 188.
Comparison of the (identical) near full-length 16S rRNA genes re-
covered from both BGARF1 and MOF25P with sequences derived
from other Chryseobacterium spp. showed the closest neighbours
to be C. piscium and C. bastulinum, but distinct from both (Fig. 3).

Analysis of the assembled contigs for genes that likely code
for AMR genes demonstrated the presence, in single contigs
from both isolates, of a region that contained the florfeni-
col resistance gene floR, a tet(X) tetracycline resistance gene,
a streptothricin resistance gene and a chloramphenicol resis-
tance gene of the chloramphenicol acetyltransferase (cat) family
(Fig. 4). In this structure, there is a putative relaxase/mobilisation
protein upstream of the floR and cat genes and a putative
transposase downstream of both genes (Fig. 4). In addition, an
~3-kb region containing the floR element and the putative trans-
posase in both strains had a markedly higher GC content (58%)
compared to the rest of the genomes (34%). When analysed by
BLASTRN, the high GC content region closely aligned (a single mis-
match and no gaps or insertions over the same 3395 compared
bases in each case) to parts of sequences derived from different
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Gram-negative bacteria and their associated plasmids (e.g. ac-
cession numbers CP014775, KU302354 and KF250428).

The area was identified as part of a possibly horizontally ac-
quired genomic region in both isolates by two different genomic
island prediction methods (SIGI-HMM (Waack et al. 2006) and
IslandPath-DIMOB (Langille, Hsiao and Brinkman 2008)) when
the draft genomes were analysed using IslandViewer3. Although
IslandViewer3 identified seven other regions that may have been
acquired by HGT, this was the only region identified by both
prediction methods (Supplementary Fig. S2, Supporting Infor-
mation). Furthermore, it was the only region with a markedly
different (higher) GC content to the rest of the genome (Supple-
mentary Fig. S2). In terms of other potential mobile elements,
no sequences of putative plasmid origin were identified in silico
in either draft genome. Putative AMR genes were also identified
in other regions of the two genomes by both CARD (McArthur
et al. 2013) and RAST (Aziz et al. 2008) (Supplementary Table S4).
Beta-lactamase genes and, in particular one ORF, were present
in both isolates (AB670.04238 in MOF-25P and AB671.02057 in
BGARF1; Supplementary Table S4) coded for a protein contain-
ing 292 amino acids with greater than 70% identity to previously
characterised Ambler Class A VEB-like ESBL recovered from
other Flavobacteriaceae (Bellais, Naas and Nordmann 2002b).
The presence of a number of ORFs with high identity to genes
encoding multidrug efflux pumps was also noted (Supplemen-
tary Table S3). Confirming the results of the microarray anal-
ysis, with the exception of floR, no clinically important resis-
tance gene sequences, which would hybridise with the probes
represented on the array, were detected in the draft genome se-
quences of either isolate. It is likely that the region containing
floR and catB in the two isolates was chromosomally located as
no DNA sequences with known plasmid-related functions were
detected on the two large contigs (70.5 and 144 kb, respectively)
that the region was present on. Furthermore, examination of all
the contigs containing putative AMR genes did not reveal any
with much greater than average read depth, which would have
been indicative of location on a multicopy plasmid.

PABN and ESBL assays

For isolates MOF25P and BGARF1, moxalactam, ciprofloxacin,
enrofloxacin, ofloxacin, oxolinic acid, florfenicol, chlorampheni-
col, erythromycin and cephalothin all gave increased inhibi-
tion zones in the presence of the efflux pump inhibitor PASN
(Fig. 5). No change in inhibition zone size was seen for ampi-
cillin, amoxicillin or oxytetracycline and a decreased inhibition
zone size was seen for gentamicin and streptomycin (Fig. 5). Iso-
late BGARF1 produced the same results, except for flumequine
which had a decreased inhibition zone size. The average inhi-
bition zone differences ranged from 4 to 17.5 mm and from 2
to 9.7 mm for isolates BGARF1 and MOF25P, respectively. For the
positive control, Pseudomonas aeruginosa, there was no inhibition
zone difference for ampicillin or amoxicillin, but there was an
increase for all other antimicrobial compounds tested (Fig. 5).
The difference in inhibition zone sizes in the presence and ab-
sence of the inhibitor ranged from 0 to 32.5 mm. The mean av-
erage inhibition zone difference was 15.2 mm.

The presence of the ESBL inhibitor clavulanate caused an in-
hibition zone increase for both sequenced Chryseobacterium spp.
isolates when using cefpodoxime and cefotaxime. The average
inhibition zone increase (across three experiments) for cefpo-
doxime was 3.5 and 4.7 mm for isolates MOF25P and BGARF1,
respectively. The average increase for cefotaxime was 10.1 and
12.4 mm for MOF25P and BGARF1, respectively.
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Figure 3. Phylogenetic relationships of partial 16S rRNA gene sequences derived from Chryseobacteria isolates to isolates BGARF1 and MOF25P. The evolutionary
distances were computed using the maximum composite likelihood method (Tamura et al. 2011). Evolutionary analyses were conducted in MEGAS.

In silico analysis of published Flavobacteriaceae
genomes for AMR genes and mobile elements

To further test the hypothesis that AMR genes and mobile el-
ements more commonly associated with Gram-negative bacte-
ria (particularly Proteobacteria) are not typically found within
Flavobacteriaceae, available genomes from this family of bac-
teria were examined in silico. A total of 377 genomes were ac-
cessed from publically available databases and examined for
the presence of both AMR genes and mobile elements. The se-
quenced genomes represented examples of a range of genera
and species from clinical and environmental sources (Supple-
mentary Datasheet 1). A total of 81/377 isolates had one or
more matches to resistance genes in the ARG-Annot database.
The most common resistance determinants identified (Supple-
mentary Datasheets 2-3, Supporting Information) were genes
coding for putative resistance to beta-lactams (65/377) and
tetracyclines (16/377). Genes coding for putative resistance to
macrolide/lincosamide/streptomycin G group antibiotics (4/377)

and phenicols (3/377) were also identified. The beta-lactamase
genes identified (Supplementary Data Sheet 3) were typically
those known as naturally occurring in Chryseobacteria and other
Flavobacteriaceae that code for Amber Class B and other en-
zymes, such as blag, blamus, blarus, blamp, blacex, blajoun and
blagog (Bellais et al. 2000; Woodford et al. 2000; Mammeri, Bel-
lais and Nordmann 2002; Bellais, Naas and Nordmann 2002a,b;
Naas, Bellais and Nordmann 2003; Gonzalez and Vila 2012.

In terms of well-characterised AMR genes typically associ-
ated with Gram-negative clinical and veterinary pathogens, only
floR and catB were identified. These were associated with plas-
mid elements found in isolates of the duck pathogen Riemerella
anatipestifer (Chen et al. 2012). The two tetracycline resistance
genes identified, tet(X) and tet(Q), are primarily associated with
Bacteroidetes group organisms (Shoemaker et al. 2001; Yanget al.
2004).

Search of the integral database (Moura et al. 2009) also re-
covered a limited number of matches to Flavobacteriaceae. For
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Figure 5. Average difference in inhibition zone size (across three experiments) for isolates MOF25P, BGARF and the control strain (P. aeruginosa NCTCC no 12903)
in the presence and absence of the efflux pump inhibitor PABN, when using the disc diffusion method to assess antimicrobial susceptibility (error bars given are
+ the standard error). AMP = ampicillin, AMX = amoxicillin, MOX = moxolactam, FLQ = flumequine, CPR = ciprofloxacin, ENO = enrofloxacin, OFL = ofloxacin,
OXA = oxolinic acid, FFL = florfenicol, CHL = chloramphenicol, OTC = oxytetracycline, GEN = gentomicin, STR = streptomycin, ERY = erythromycin, FUR = furazole,
COT = cotrimoxazole.

example, searches using the terms ‘Flavobacterium’ and ‘Eliz-
abethkingia’ returned no matches while ‘Chryseobacterium’
returned three accession numbers with sequences contain-
ing putative class 1 integrons (accession numbers: KM278188,
KJ561906, KM278184). All three deposited sequences were re-
portedly recovered from Chryseobacterium spp. isolated from Chi-
nese river water samples. The sequences all contained well-
characterised resistance gene cassettes (including dihydrofolate
reductase (drfA12), aminoglycoside adenyltransferase (aadA2,
aacA4) and rifampin ADP-ribosylating transferase (arr-3) genes.
Riemerella anatipestifer was different with a number of matches in
the integral database to well-characterised resistance gene cas-
settes and class 1 integrons. No matches to plasmid sequences
on PlasmidFinder database were found.

Additional phenotypic characterisation of
Chryseobacterium spp. isolates

Identification of other virulence factors

Both isolates were able to grow in iron restricted conditions.
They also produced siderophores when grown on CAS agar.
The isolates also produced haemolysins when grown on both
sheep and rainbow trout blood agar and in a microplate as-
say with sheep erythrocytes. Genome analysis identified a pu-
tative haemolysin-encoding gene in both isolates (Locus Tags
AB670.00278 and AB671.02880, Supplementary Table S4) and a
putative aerobactin-like siderophore (Locus Tags AB670.03217
and AB671.00904, Supplementary Table S4) in isolates MOF25P
and BGARF1.
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Figure 6. Cumulative % mortality in two groups of ten 4-g rainbow trout injected
intramuscularly with isolates MOF25P and BGARF1 (5 x 10° cfu/fish).

Challenge experiments

Injection of groups of six 4-g rainbow trout with doses of 5 x 10°
cfu/fish of both MOF25P and BGARF1 resulted in high mortali-
ties in both groups by day 11 postinfection (5/6 and 4/6, respec-
tively), when the experiment was terminated for welfare reasons
(Fig. 6). There were no mortalities in the groups of 3-g rainbow
trout injected with doses of MOF25P or BGARF1 at 5 x 10%,5 x 103
or 5 x10? cfu/fish. No consistent pathology was seen, although
renal haematopoietic tissue necrosis was present in one and two
fish infected with MOF25P or BGARF1, respectively. Bacteria were
not recovered by culture from affected tissues.

DISCUSSION

This study confirms the results of earlier reports that many of
the Flavobacteriaceae isolated from fish, the environment and
clinical samples have low susceptibility to a range of antimicro-
bials (Kirby et al. 2004; Michel et al. 2005). Despite high MICs to a
wide range of antimicrobials of different structural classes, anal-
ysis of 36 isolates using a microarray revealed that carriage of
clinically relevant AMR genes commonly found in other Gram-
negative bacteria was rare. Indeed, only two isolates were mi-
croarray positive for a single AMR gene, in both cases the flor-
fenicol resistance gene floR. Additional in silico analysis of 377
publically available genomes further demonstrated that such
clinical resistance genes were not widely distributed in this fam-
ily. Michel et al. (2005) analysed multidrug-resistant Chryseobac-
terium isolates recovered from fish species and did not detect any
clinically relevant AMR genes, including floR. This is in contrast
to previous studies of other Gram-negative bacterial pathogens
of fish (McIntosh et al. 2008; Verner-Jeffreys et al. 2009; Welch et al.
2009)

The results from the efflux pump inhibitor assays showed
that susceptibility to a range of antibiotics (including mox-
alactam, flumequine, ciprofloxacin, chloramphenicol, florfeni-
col, erythromycin, furazolidone, enrofloxacin, oflafloxacin and
oxolinic acid) increased in the presence of the inhibitor PASN
for both MOF25P and BGARF1 (Fig. 5). Genome analysis identi-
fied a number of putative multidrug efflux pumps in the Chry-
seobacterium spp. genomes (Supplementary Table S4). Results in
general therefore agree with Michel et al. (2005), who concluded
that low susceptibility to antimicrobials in these organisms is
largely intrinsic, particularly through expression of multidrug
efflux pumps. Other studies have also identified that multidrug
efflux pumps are widely distributed in this as in other groups of

bacteria, suggesting they have an ecological role related to sur-
vival in the aquatic environment (Piddock 2006b; Martinez et al.
2009), as well as potentially conferring resistance to antimicro-
bials in clinical and aquaculture settings (Van Bambeke, Balzi
and Tulkens 2000; Piddock 2006a; Poole 2007; Nikaido and Pages
2012). As well as efflux mechanisms, it is possible that other
mechanisms may also be important, including decreased per-
meability via porins (Pages, James and Winterhalter 2008).

Conversely, oxytetracycline, amoxicillin and ampicillin sus-
ceptibility was unaffected by PABN, which suggests that the
presence of different mechanisms is responsible for susceptibil-
ity to these antimicrobials in the Chryseobacterium spp. isolates
MOF25P and BGARF1. It is possible that point mutations to chro-
mosomal genes may have a role in lowered susceptibility, as has
been demonstrated for other Gram-negative bacteria to a num-
ber of antibiotics. These include quinolones (Shah et al. 2012),
sulphonamides (Vedantam et al. 1998) and beta-lactams (Zapun,
Contreras-Martel and Vernet 2008).

Beta-lactamase genes were detected in the organisms. The
isolates also appeared to demonstrate a degree of clavulanate
synergy for the two cephalosporins tested, as inferred via double
disc diffusion testing with ESBL inhibitors. Beta-lactamases, in-
cluding ESBLs, have been detected in a range of other Flavobac-
teriaceae, including Chryseobacterium spp. (Bellais et al. 2000; Bel-
lais, Naas and Nordmann 2002a, b; Yum et al. 2010). Further work
is needed to validate that the observed clavulanate synergy ob-
served was related to production of ESBLS by the two organisms.
In this regard, the potential role of a putative VEB-like ESBL (Lo-
cus tag AB670.04238; Supplementary Table S4) also needs to be
determined. Genes encoding tetracycline inactivating enzymes
(tet(X)) were also found, likely explaining the observed resistance
to oxytetracycline, even in the presence of the efflux pump in-
hibitor. It was noteworthy that susceptibility to florfenicol in vitro
was reduced in both isolates in the presence of the efflux pump
inhibitor, suggesting that the high MICs may result from a com-
bination of the effects of floR gene expression and efflux pumps.

An identical genomic region containing four AMR genes, in-
cluding floR, was found in the genomes of both Chryseobacterium
spp. isolates we sequenced: MOF25P and BGARF1 (Fig. 4). There is
evidence that a small part of this region, around 3 kb in size, was
introduced through horizontal transfer, given the close match
against plasmids (e.g. accession number KF787110.1) in other
bacterial species, such as Proteus mirabilis, Klebsiella pneumoniae
and Vibrio cholerae, with very few mismatches, or indels in the
alignment and the higher GC percentage across the same re-
gion. The remaining genes coding for antibiotic resistance, and
gene transfer, which fall outside of this 3-kb region, aligned less
well against published sequences, and had a lower GC percent-
age more typical for the genome as a whole. However, the ex-
tent to which the genes in this area are actively expressed and
functional in these organisms at high level is uncertain. Further
functional-genetic work will be necessary to determine if these
genes contribute to the antimicrobial susceptibility phenotypes
observed in these strains. Further work is also required to more
accurately assign isolates MOF25P and BGARF1 phylogenetically.
They may represent examples of a new Chryseobacterium species
(Fig. 3).

Additional in silico analysis of published Flavobacteriaceae
genomes was undertaken to determine whether such elements
are commonly associated with this group. Results suggest that
they are indeed relatively rare. The majority of the AMR genes
identified coded for beta-lactamase and tetracycline resistance
genes, known to be constitutively expressed in this group of
bacteria. There were also only limited records in the integral



database of integrase class 1 genes and resistance gene cas-
settes. An apparent exception to this general trend appears to
be the duck pathogen Riemerella anatipestifer, particularly iso-
lates that are circulating in farmed ducks in China (Chen et al.
2012; Sun et al. 2012). As well as a range of important clinical
resistance gene cassettes, floR, has also been isolated from this
pathogen. It is noteworthy that floR has only been identified to
date in Flavobacteriaceae from fish and livestock farming envi-
ronments, where it is likely that florfenicol and other veterinary
antibiotics are widely applied.

It is possible that transfer of clinically relevant resistance
genes between the Proteobacteria spp. that typically host such
elements and Flavobactericeae, and their subsequent active ex-
pression and maintenance, may be restricted due to genetic
incompatibility between these evolutionary distant groups of
bacteria. It has long been known that genetic manipulation of
bacteria of the phylum Bacteriodetes is problematical as the se-
lectable markers, cloning vectors, transposons and convenient
methods of gene transfer used for manipulation of Proteobac-
teria and other organisms do not tend to function in this group
(McBride and Baker 1996; Staroscik et al. 2008).

The two Chryseobacterium spp. isolates MOF25P and BGARF1
produced positive results in the CAS agar assay for produc-
tion of siderophores and all three haemolysis assays. This com-
plements the genome analysis, which identified a putative
haemolysin and an aerobactin-like siderophore encoding genes
in each genome (Supplementary Table S4). Siderophore produc-
tion has also been detected in Flavobacterium psychrophilum iso-
lates (Mgller et al. 2005). It is possible that the haemolysins pro-
duced by the Chryseobacterium spp. isolates are involved in dis-
ease progression, as they are likely to be in F. psychrophilum
(Secades, Alvarez and Guijarro 2003; Pérez-Pascual et al. 2011).

MOF25P and BGARF1 were recovered from rainbow trout
with disease symptoms. However, the challenge results were
equivocal, with high mortalities observed in groups of rain-
bow trout injected with high doses of the two bacteria, but
not in a group of rainbow trout injected with lower doses of
the organism, or in groups of Atlantic salmon challenged sep-
arately at Cefas Weymouth Laboratory (unpublished data). Chry-
seobacterium species, including Chryseobacterium piscium, that
isolates MOF25P and BGARF1 share a degree of genetic iden-
tity with have been strongly associated with disease in At-
lantic salmon and rainbow trout (Ilardi et al. 2010; Zamora et al.
2012). However, as with this study, other workers report that
reliable induction of disease symptoms following direct ex-
posure to these organisms is difficult to achieve (Ilardi et al.
2010). This suggests that these organisms may have a role in
disease only under certain circumstances (e.g. when animals
are stressed or otherwise compromised). Further work is re-
quired to determine, at a mechanistic level, potential barri-
ers to gene transfer and functional expression of antibiotic re-
sistance genes, such as floR, typically associated with other
groups of bacteria, e.g. Proteobacteria (Guglielmini et al. 2011)
into Flavobacteriaceae.

There is considerable interest in the role that aquatic and
other environmental organisms may have in the development,
acquisition, maintenance and spread of AMR (Taylor, Verner-
Jeffreys and Baker-Austin 2011). Particularly, how this may relate
to development of drug-resistant infections in humans and ani-
mals, including fish. Thus, a deeper understanding of the mech-
anisms that may restrict, as well as promote, the acquisition and
spread of AMR genes between environmental, clinical and vet-
erinary pathogens is required to inform robust risk assessments
in this highly important area.
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In summary, low susceptibility to antibiotics is common in
Flavobactericeae but this appears to be largely intrinsic and con-
ferred by genes/mechanisms different to those present in many
clinically relevant Gram-negative bacteria (e.g. Enterobacteri-
aceae). It is some respects it is reassuring that these bacteria do
not appear to be significant reservoirs of many of the AMR genes
that are causing problems in humans and terrestrial animals.
However, the demonstration that floR and tet(X) were likely ac-
quired in bacteria from this group via a horizontal transfer event
from an unrelated organism may represent a new risk for the
dissemination of resistance into the aquatic environment.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.

FUNDING

This work was funded by the UK’s Department for Environment,
Food and Rural Affairs. Project FB0O2.

Conflict of interest. None declared.

REFERENCES

Anacker R, Ordal E. Studies on the myxobacterium Chondrococcus
columnaris. 1. Serological typing. J Bacteriol 1959;78:25-32.
Altschul SF, Madden TL, Schéffer AA et al. Gapped BLAST and
PSI-BLAST: a new generation of protein database search pro-

grams. Nucleic Acids Res 1997;25:3389-402.

Andrews S. FastQC: A Quality Control Tool for High Throughput
Sequence Data, 2010. http://www.bioinformatics.babraham.
ac.uk/projects/fastqc (13 February 2017, date last accessed)

Aziz RK, Bartels D, Best AA et al. The RAST Server: rapid an-
notations using subsystems technology. BMC Genomics 2008;
9:75.

Bellais S, Naas T, Nordmann P. Genetic and biochemical
characterization of CGB-1, an ambler class B carbapenem-
hydrolyzing g-lactamase from Chryseobacterium gleum.
Antimicrob Agents Chemoth 2002a;46:2791-6.

Bellais S, Naas T, Nordmann P. Molecular and biochemi-
cal characterization of ambler class A extended-spectrum
B-lactamase CGA-1 from Chryseobacterium gleum. Antimicrob
Agents Chemoth 2002b;46:966-70.

Bellais S, Poirel L, Leotard S et al. Genetic diversity of
carbapenem-hydrolyzing metallo-beta-lactamases from
Chryseobacterium  (Flavobacterium) indologenes. Antimicrob
Agents Chemoth 2000;44:3028-34.

Bernardet J, Segers P, Eyt MV et al. Cutting a Gordian
knot: emended classification and description of the genus
Flavobacterium, emended description of the family Flavobac-
teriaceae, and proposal of Flavobacterium hydatis norn. nov.
(Basonym, Cytophaga aquatilis Strohl and Tait 1978). Int J Syst
Bacteriol 1996;46:128-48.

Bruun MS, Schmidt AS, Madsen L et al. Antimicrobial resistance
patterns in Danish isolates of Flavobacterium psychrophilum.
Aquaculture 2000;187:201-12.

Camacho C, Coulouris G, Avagyan V et al. BLAST+: architecture
and applications. BMC Bioinformatics 2009;10:421.

Carattoli A, Zankari E, Garcia-Fernandez A et al. PlasmidFinder
and pMLST: in silico detection and typing of plasmid. Antimi-
crob Agents Chemoth 2014;58:3895-903.

Card R, Zhang J, Das P et al. Evaluation of an expanded
microarray for detecting antibiotic resistance genes in a


https://academic.oup.com/femsec
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

10 | FEMS Microbiology Ecology, 2017, Vol. 93, No. 4

broad range of gram-negative bacterial pathogens. Antimi-
crob Agents Chemoth 2013;57:458-65.

Card RM, Mafura M, Hunt T et al. The impact of ciprofloxacin
and clindamycin administration on Gram-negative bacteria
isolated from healthy volunteers and characterizing the re-
sistance genes they harbour. Antimicrob Agents Chemoth 2015,
DOI: 10.1128/AAC.00068-15.

Carter MW, Oakton KJ, Warner M et al. Detection of extended-
spectrum beta-lactamases in Klebsiellae with the Oxoid
combination disk method. ] Clin Microbiol 2000;38:4228-32.

Chang J, Hsueh P, Wu ] et al. Antimicrobial susceptibility of
flavobacteria as determined by agar dilution and disk diffu-
sion methods. Antimicrob Agents Chemoth 1997;41:1301-6.

Chen YP, Lee SH, Chou CH et al. Detection of florfenicol resis-
tance genes in Riemerella anatipestifer isolated from ducks and
geese. Vet Microbiol 2012;154:325-31.

Clark SE, Jude BA, Danner GR et al. Identification of a multidrug
efflux pump in Flavobacterium johnsoniae. Vet Res 2009;40:55.

CLSI. Methods for Broth Dilution Susceptibility Testing of Bacteria Iso-
lated from Aquatic Animals; Proposed Guideline, M49-P. Wayne,
PA, USA, 2004.

Cole JR, Chai B, Farris R] et al. The Ribosomal Database Project
(RDP-II): sequences and tools for high-throughput rRNA
analysis. Nucleic Acids Res 2005;33, DOI: 10.1093/nar/gki038.

Dhillon BK, Laird MR, Shay JA et al. IslandViewer 3: more flexi-
ble, interactive genomic island discovery, visualization and
analysis. Nucleic Acids Res 2015;43:W104-8.

Gonzalez 1J, Vila AJ. Carbapenem resistance in mediated
by metallo-g-lactamase BlaB. Antimicrob Agents Chemoth
2012;56:1686-92.

Gordon A, Hannon GJ. Fastx-Toolkit. FASTQ/A Short-Reads Pre-
Processing Tools, 2010. http://www.hannonlab cshl edu/fastx_
toolkit ( 13 February 2016, date last accessed).

Guglielmini], Quintais L, Garcillan-Barcia MP et al. The repertoire
of ICE in prokaryotes underscores the unity, diversity, and
ubiquity of conjugation. PLoS Genet 2011;7, DOI: 10.1371/jour-
nal.pgen.1002222.

Gupta SK, Padmanabhan BR, Diene SM et al. ARG-annot, a new
bioinformatic tool to discover antibiotic resistance genes in
bacterial genomes. Antimicrob Agents Chemoth 2014;58:212—
20.

Henriquez-Nunez H, Evrard O, Kronvall G et al. Antimicrobial
susceptibility and plasmid profiles of Flavobacterium psy-
chrophilum strains isolated in Chile. Aquaculture 2012;354-
355:38-44.

Hesami S, Parkman J, MacInnes JI et al. Antimicrobial suscepti-
bility of Flavobacterium psychrophilum isolates from Ontario. J
Aquat Anim Health 2010;22:39-49.

Hirst ID, Hastings S, Ellis AE. Siderophore production by
Aeromonas salmonicida. ] Gen Microbiol 1991;137:1185-92.

Hogfors-Ronnholm E, Wiklund T. Hemolytic activity in Flavobac-
terium psychrophilum is a contact-dependent, two-step mech-
anism and differently expressed in smooth and rough phe-
notypes. Microb Pathog 2010;49:369-75.

Holt RA, Hovec JS, Fryer JL. Bacterial coldwater disease. In: Inglis
V, Roberts RJ, Bromage NR (eds). Bcaterial Diseases of Fish. New
York: Wiley-Blackwell, 1993, 3-22.

Holzberg M, Artis WM. Hydroxamate siderophore production by
opportunistic and systemic fungal pathogens. Infect Immun
1983;40:1134-9.

Ilardi P, Abad J, Rintamaki P et al. Phenotypic, serological and
molecular evidence of Chryseobacterium piscicola in farmed
Atlantic salmon, Salmo salar L., in Finland. ] Fish Dis
2010;33:179-81.

Jiang X, Wang D, Wang Y et al. Occurrence of antimicrobial
resistance genes suland dfrA12 in hospital environmental
isolates of Elizabethkingia meningoseptica. World ] Microb Biot
2012;28:3097-102.

Kirby JT, Sader HS, Walsh TR et al. Antimicrobial suscep-
tibility and epidemiology of a worldwide collection of
Chryseobacteriumspp: report from the SENTRY Antimicro-
bial Surveillance Program (1997-2001). J Clin Microbiol 2004;
42:445-8.

Langille MGI, Hsiao WWL, Brinkman FSL. Evaluation of genomic
island predictors using a comparative genomics approach.
BMC Bioinformatics 2008;9:329.

McArthur AG, Waglechner N, Nizam F et al. The comprehensive
antibiotic resistance database. Antimicrob Agents Chemoth
2013;57:3348-57.

McBride MJ, Baker SA. Development of techniques to geneti-
cally manipulate members of the genera Cytophaga, Flavobac-
terium, Flexibacter, and Sporocytophaga. Appl Environ Microb
1996;62:3017-22.

McIntosh D, Cunningham M, Baijing J et al. Transferable, mul-
tiple antibiotic and mercury resistance in Atlantic Cana-
dian isolates of Aeromonas salmonicida subsp. salmonicida is
associated with carriage of an IncA/C plasmid similar to
the Salmonella enterica plasmid pSN254. ] Antimicrob Chemoth
2008;61:1221-1228.

Madsen L, Mgller JD, Dalsgaard I. Flavobacterium psychrophilum
in rainbow trout, Oncorhynchus mykiss (Walbaum), hatcheries:
studies on broodstock, eggs, fry and environment. J Fish Dis
2005;28:3947.

Mammeri H, Bellais S, Nordmann P. Chromosome-encoded 8-
lactamases TUS-1 and MUS-1 from Myroides odoratus and My-
roides odoratimimus (formerly Flavobacterium odoratum), new
members of the lineage of molecular subclass B1 metalloen-
zymes. Antimicrob Agents Chemoth 2002;46:3561-7.

Martinez JL, Sanchez MB, Martinez-Solano L et al. Func-
tional role of bacterial multidrug efflux pumps in mi-
crobial natural ecosystems. FEMS Microbiol Rev 2009;33:
430-49.

Matsumoto T, Nagata M, Ishimine N et al. Characterization of
CIA-1, an Ambler class A extended-spectrum p-lactamase
from Chryseobacterium indologenes. Antimicrob Agents Chemoth
2012;56:588-90.

Michel C, Matte-Tailliez O, Kerouault B et al. Resistance pat-
tern and assessment of phenicol agents’ minimum in-
hibitory concentration in multiple drug resistant Chryseobac-
teriumisolates from fish and aquatic habitats. ] Appl Microbiol
2005;99:323-32.

Mgller JD, Ellis AE, Barnes AC et al. Iron acquisition mechanisms
of Flavobacterium psychrophilum. J Fish Dis 2005;28:391-8.

Moura A, Soares M, Pereira C et al. INTEGRALL: A database and
search engine for integrons, integrases and gene cassettes.
Bioinformatics 2009;25:1096-8.

Naas T, Bellais S, Nordmann P. Molecular and biochemical char-
acterization of a carbapenem-hydrolysing g lactamase from
Flavobacterium johnsoniae. ] Antimicrob Chemoth 2003;51:267-
73.

Nikaido H, Pagés JM. Broad-specificity efflux pumps and their
role in multidrug resistance of Gram-negative bacteria. FEMS
Microbiol Rev 2012;36:340-63.

Pages JM, James CE, Winterhalter M. The porin and the permeat-
ing antibiotic: a selective diffusion barrier in Gram-negative
bacteria. Nat Rev Microbiol 2008;6:893-903.

Pérez-Pascual D, Gémez E, Alvarez B et al. Comparative
analysis and mutation effects of fpp2-fppl tandem genes


http://www.hannonlab cshl edu/fastx_ toolkit
http://www.hannonlab cshl edu/fastx_ toolkit

encoding proteolytic extracellular enzymes of Flavobacterium
psychrophilum. Microbiology 2011;157:1196-204.

Piddock LJV. Clinically relevant chromosomally encoded mul-
tidrug resistance efflux pumps in bacteria. Clin Microbiol Rev
2006a;19:382-402.

Piddock LJV. Multidrug-resistance efflux pumps - not just for re-
sistance. Nat Rev Microbiol 2006b;4:629-36.

Poole K. Efflux pumps as antimicrobial resistance mechanisms.
Ann Med 2007;39:162-76.

Rangdale RE, Richards RH, Alderman DJ]. Minimum inhibitory
concentrations of selected antimicrobial compounds against
Flavobacterium psychrophilum the causal agent of rainbow
trout fry syndrome (RTFS). Aquaculture 1997;158:193-201.

Rutherford K, Parkhill J, Crook J et al. Artemis: sequence visual-
ization and annotation. Bioinformatics 2000;16:944-5.

Schwarz S, Silley P, Simjee S et al. Editorial: assessing the an-
timicrobial susceptibility of bacteria obtained from animals.
] Antimicrob Ch 2010;65:601-4.

Schwyn B, Neilands JB. Universal chemical assay for the de-
tection and determination of siderophores. Anal Biochem
1987;160:47-56.

Secades P, Alvarez B, Guijarro JA. Purification and properties
of a new psychrophilic metalloprotease (Fpp2) in the fish
pathogen Flavobacterium psychrophilum. FEMS Microbiol Lett
2003;226:273-9.

Seemann T. Prokka: rapid prokaryotic genome annotation. Bioin-
formatics 2014;30:2068-9.

Shah SQA, Nilsen H, Bottolfsen K et al. DNA gyrase and topoiso-
merase IV mutations in quinolone-resistant Flavobacterium
psychrophilum isolated from diseased salmonids in Norway.
Microb Drug Resist 2012;18:207-14.

Shoemaker NB, Vlamakis H, Hayes K et al. Evidence for extensive
resistance gene transfer among Bacteroides spp. and among
Bacteroides and other genera in the human colon. Appl Env-
iron Microb 2001;67:561-8.

Starliper C, Schill WB. Flavobacterial diseases: coldwater dis-
ease, columnaris disease, and bacterial gill diseases. In: Woo
PTK, Bruno DW (eds). Fish Diseases and Disorders Volume 3. Vi-
ral, Bacterial and Fungal Infections. Wallingford, UK: CABI, 2011,
606-31.

Staroscik AM, Hunnicutt DW, Archibald KE et al. Development
of methods for the genetic manipulation of Flavobacterium
columnare. BMC Microbiol 2008;8:115.

Sun N, Liu J, Yang F et al. Molecular characterization of the an-
timicrobial resistance of Riemerella anatipestifer isolated from
ducks. Vet Microbiol 2012;158:376-83.

Tamura K, Peterson D, Peterson N et al. MEGAS: Molecular evo-
lutionary genetics analysis using maximum likelihood, evo-
lutionary distance, and maximum parsimony methods. Mol
Biol Evol 2011;10:2731-9

Verner-Jeffreysetal. | 11

Taylor NGH, Verner-Jeffreys DW, Baker-Austin C. Aquatic sys-
tems: maintaining, mixing and mobilising antimicrobial re-
sistance? Trends Ecol Evol 2011;26:278-84.

Van Bambeke F, Balzi E, Tulkens PM. Antibiotic efflux pumps.
Biochem Pharmacol 2000;60:457-70.

Vedantam G, Guay GG, Austria NE et al. Characterization
of mutations contributing to sulfathiazole resistance in
Escherichia coli. Antimicrob Agents Chemoth 1998;42:88-93.

Verner-Jeffreys D, Taylor NGH. Review of Freshwater Treatments
Used in the Scottish Freshwater Rainbow Trout Aquaculture Indus-
try. Scottish Aquaculture Research Forum Report SARF100,
Pitlochry, Perthshire, Scotland: SARF. 2015, http://www.sarf.
org.uk/cms-assets/documents/208213-793666.sarf100.pdf.

Verner-Jeffreys DW, Welch TJ, Schwarz T et al. High preva-
lence of multidrug-tolerant bacteria and associated an-
timicrobial resistance genes isolated from ornamental
fish and their carriage water. PLoS ONE 2009;4:€8388.
doi:10.1371/journal.pone.0008388.

Waack S, Keller O, Asper R et al. Score-based prediction of ge-
nomic islands in prokaryotic genomes using hidden Markov
models. BMC Bioinformatics 2006;7:142.

Welch TJ, Evenhuis J, White DG et al. IncA/C plasmid-mediated
florfenicol resistance in the catfish pathogen Edwardsiella ic-
taluri. Antimicrob Agent Chemother 2008;53:845-846.

Welch TJ, Fricke WF, McDermott PF et al. Multiple antimicrobial
resistance in plague: an emerging public health risk. PLoS One
2007;2, DOI: 10.1371/journal.pone.0000309.

Wiklund T, Madsen L, Bruun MS et al. Detection of Flavobacterium
psychrophilum from fish tissue and water samples by PCR am-
plification. ] Appl Microbiol 2000;88:299-307.

Woodford N, Palepou MI, Babini GS et al. Carbapenemases
of Chryseobacterium (Flavobacterium) meningosepticum: distri-
bution of blaB and characterization of a novel metallo-
B -lactamase gene, blaB3, in the type strain, NCTC 10016. An-
timicrob Agents Chemoth 2000;44:1448-52.

Yang W, Moore IF, Koteva KP et al. TetX is a flavin-dependent
monooxygenase conferring resistance to tetracycline antibi-
otics. J Biol Chem 2004;279:52346-52.

Yum JH, Lee EY, Hur SH et al. Genetic diversity of chromoso-
mal metallo-g-lactamase genes in clinical isolates of Eliza-
bethkingia meningoseptica from Korea. ] Microbiol 2010;48:358-
64.

Zamora L, Vela Al, Palacios MA et al. Firstisolation and character-
ization of Chryseobacterium shigense from rainbow trout. BMC
Vet Res 2012;8:77.

Zapun A, Contreras-Martel C, Vernet T. Penicillin-binding
proteins and beta-lactam resistance. FEMS Microbiol Reu
2008;32:361-85.

Zerbino DR, Birney E. Velvet: Algorithms for de novo short read
assembly using de Bruijn graphs. Genome Res 2008;18:821-9.


http://www.sarf.org.uk/cms-assets/documents/208213-793666.sarf100.pdf
http://www.sarf.org.uk/cms-assets/documents/208213-793666.sarf100.pdf

