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Abstract

zebrafish infection- treatment model.

placebo treated control fish.

Background: The transfer of R plasmids between bacteria has been well studied under laboratory conditions and
the transfer frequency has been found to vary between plasmids and under various physical conditions. For the
first time, we here study the expression of the selected plasmid mobility genes traD, virB11 and virD4 in the 45 kb
IncU plasmid, pRAST, conferring resistance to tetracycline, trimethoprim and sulphonamide, using an in vivo

Results: Three days after oral infection of adult zebrafish with Aeromonas hydrophila harboring pRAST, elevated
expression of pro-inflammatory cytokine (TNF a, IL-18 and IL-8) and complement C3 genes in the intestine
coincided with disease symptoms. Tetracycline, trimethoprim and an ineffective concentration of flumequine given
48 h prior to sampling, strongly increased expression of plasmid mobility genes, whereas an effective dosage of
flumequine resulted in lower levels of MRNA copies of these genes relative to placebo treatment. Following
effective treatment with flumequine, and ineffective treatments with a low concentration of flumequine, with
trimethoprim or with sulphonamide, the intestinal expression of immune genes was strongly induced compared to

Conclusions: Treatment of zebrafish infected with an antibiotic resistant (Tc", Tm®, Su®) A. hydrophila with
ineffective concentrations of flumequine or the ineffective antimicrobials tetracycline and trimethoprim strongly
induced expression of genes mediating conjugative transfer of the R-plasmid pRAS1. Simultaneously, there was a
strong induction of selected inflammatory and immune response genes, which was again evident in fish subjected
to ineffective treatment protocols. Our findings point to the essential role of therapeutic practices in escalation or
control of antibiotic resistance transfer, and suggest that antibiotic substances, even in sub-inhibitory
concentrations, may stimulate innate defenses against bacterial infections.

Background

The zebrafish (Danio rerio) is a small tropical teleost
that bridges the phylogenetic evolutionary gap between
invertebrates and mammals in experimental biomedi-
cine. It is evolutionarily closer to humans than fruit flies
and nematodes, and is easier to work with and study
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than mice [1]. Recently, increased interest in using zeb-
rafish for studies of human diseases as disparate as can-
cer, microbial infections and immune-pathological
changes has evolved [2]. As an infection model, zebra-
fish have been employed for study of both human and
fish pathogens [1,3-6].

Aeromonas hydrophila is a ubiquitous Gram-negative
aquatic bacterium and opportunistic pathogen causing
fatal hemorrhagic septicemia in several fish species
including warm water and temperate aquaculture
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species [7-9]. In particular, A. hydrophila infections have
been repeatedly reported from zebrafish facilities causing
unusual [10] and sometimes high mortality rates [11].
Some strains of A. hydrophila have also been reported
to be important human pathogens [12].

Conjugative R plasmids assigned to the Incl incom-
patibility group are widespread in environmental and
fish pathogenic Aeromonas species worldwide [13]. An
IncU representative, pRAS1, was detected in Aeromonas
salmonicida from Norway [14]. This plasmid is very
similar to an InclU plasmid derived from a human urin-
ary tract pathogenic Escherichia coli in Eastern Germany
as early as the 1970’s [15]. The IncU pRAS1 has the
potential to transfer between bacteria of diverse environ-
mental compartments with high transfer frequency on
solid surfaces [16].

The variable drug resistance region of InclU R-plas-
mids may contain a heterogenic collection of drug resis-
tance genes and transfer systems that can mediate
recombination and acquisition of additional resistance
genes. In our study we used the 45 kb pRAS1 contain-
ing a class 1 integron, responsible for trimethoprim and
sulfonamide resistance caused by dfr16 and sull, respec-
tively. In addition there is a Tnl721 transposon encod-
ing tetracycline resistance by the Tet A determinant
[14]. A highly conserved DNA backbone structure with
a variable region encoding antibiotic resistance has been
postulated for Incl group members [14]. The IncU plas-
mid pFBAOT6 (84.749 bp) was sequenced [17] and
found to be almost identical with the Incl backbone of
another plasmid RA3 (45.909 bp) [18]. Functional analy-
sis of this broad-host-range Incll group of plasmids has
demonstrated their self-transfer, replication and stable
maintenance in alpha-, beta-, and gammaproteobacteria.
The genetic functional transfer block of pRA3 consists
of twenty-one different genes [18]. The mobility genes
traD, virB11 and virD4 were selected from this func-
tional block of the conjugative genetic system for analy-
sis in this study.

The expression of a wide number of genes responsible
for innate immune responses towards microbes in the
intestine of adult zebrafish has been evaluated [19-23].
A recent study demonstrated the distribution of impor-
tant innate antibacterial immunity mediators such as
peptidoglycan recognition protein (pglyrp) and a factor
that regulates neutrophilic cell densities and cytokines
in the entire intestine of healthy zebrafish [24]. The bac-
terial pathogen recognition receptors (Toll-like receptors
etc.) and signaling pathways activating the immune
response (pro-inflammatory cytokines, hepicidin and
heptoglobin etc.) are similar to those in mammals [25].

The aim of this study was, therefore, to assess the
expression of transfer genes of pRAS1 caused by a
pathogenic A. hydrophila in vivo in response to
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antibiotic treatments, while simultaneously monitoring
selected inflammatory and innate immune system
parameters.

Methods

Bacterial strains and growth conditions

Aeromonas salmonicida 718 (NVI 2402/89) originally
isolated from the head kidney of diseased Atlantic sal-
mon in 1989, harboring a 25-MDa conjugative Incl
plasmid, pRAS1, mediating resistance to oxytetracycline,
trimethoprim and sulfadiazine was used as the donor
strain. A. hydrophila strain (F315/10), originally isolated
from a skin ulcer of freshwater reared salmon was used
as the recipient strain, prior to zebrafish challenge. Both
strains were cultured at 22°C on 5% cattle blood agar
[blood agar base no 2, Difco] for 48 h (A. salmonicida)
or 24 h (A. hydrophila).

In vitro conjugation experiments

Conjugal transfer experiments were performed as
described by Schmidt et al. [26]. In brief, donor A. sal-
monicida 718 (carrying plasmid pRAS1) and recipient A.
hydrophila F315/10 strains were grown overnight in
Luria Broth (LB) with shaking at room temperature.
Overnight cultures were diluted in LB to approximately
10® CFU/ml. Volumes of 100 ul of donor and recipient
culture, respectively, were mixed and placed on the sur-
face of a sterile 0.45 um filter [Millipore] placed on the
surface of an LB agar plate and incubated for 24 h at
22°C. The resultant colonies were suspended by vortex-
ing the filter in 1 mL LB, pelleted and re-suspended in
100 ul of the same medium. Serial dilutions were then
spread onto selective Luria agar (LA) plates supplemen-
ted with tetracycline (10 pg/ml), trimethoprim (10 pg/
ml) and sulphonamide (200 pg/ml) for selection of
trans-conjugants after 24 h incubation at 28°C. In paral-
lel, the total number of recipients was estimated on LA
after 24 h incubation at 28°C, a temperature not permis-
sible for the donor strain. Conjugal transfer frequencies
were calculated by dividing the number of trans-conju-
gants by the number of A. hydrophila recipients. The
frequency of pRAS1 transfer was 1.8 x 107, Transfer of
the R plasmid pRAS1 was confirmed by plasmid profile
analyses and determination of the resistance pattern of
the trans-conjugants as described by Cantas et al. [27].

Plasmid isolation

The plasmids were isolated from trans-conjugants using
a QIAprep Spin Miniprep kit [Qiagen, Hilden, Ger-
many]. Plasmids were visualized under ultraviolet illumi-
nation following electrophoresis in 1% horizontal
agarose gels and staining with ethidium bromide. Plas-
mid size was determined using BAC-Track supercoiled
DNA markers [Epicentre].



Cantas et al. BMC Microbiology 2012, 12:37
http://www.biomedcentral.com/1471-2180/12/37

Zebrafish, challenge procedure and treatment

The zebrafish experiment was carried out at the experi-
mental animal unit of the Norwegian School of Veterin-
ary Science (NSVS), a facility licensed by the National
Animal Research Committee. The experiment was
approved by the same committee in accordance with
national Regulations on Animal Experimentation. Adult
zebrafish (> 6 months, TAB line) were supplied by the
Alestrom Zebrafish Lab (AZL), Oslo, Norway. The fish
were fed commercial dry feed (SDS400, Special Diet Ser-
vices, Witham, Essex, UK), twice daily according to AZL
standard operational procedures. Water temperature
was maintained at 22 + 1°C throughout the experiment.
Forty-two adult zebrafish of mixed gender (22 male,
mean weight 441 mg/20 female, mean weight 514 mg)
were allocated into 21 experimental units (sterile one-
liter lab bottles: 2 fish per unit x 3 replicates x 7 experi-
mental groups). All fish were starved for two days prior
to experimental infection. The fish were anesthetized by
immersion in benzocaine (ethyl p-aminobenzoate, 0.34
mg/ml) [Sigma-Aldrich]. Each fish was laid on its side
on a moisturized paper tissue and a 20 pl saline suspen-
sion of pRASI1 bearing A. hydrophila F315/10 (1.6 x 10°
CFU/ml) was administered into the stomach, using a
micropipette fitted with a sterile feline urinary tract
catheter (n = 18 units). The same volume of sterile phy-
siological saline solution (0.9% NaCI) was employed for
intubation of the uninfected control group (n = 3 units).
The fish were immediately returned to the respective
experimental unit and feeding resumed (every 12 h) to
evaluate the appetite during the post challenge period.
For the remaining part of the experiment, the fish were
kept under continuous visual monitoring, with absence
periods of less than 1 h. After 24 h the infected zebra-
fish were bath-treated with the following antibiotics
[Sigma-Aldrich] added to the water: tetracycline (20 pg/
ml), trimethoprim (20 pg/ml), sulphonamide (20 pg/ml)
and subtherapeutic (0.06 pg/ml) or therapeutic (2 pg/
ml) concentrations of flumequine, respectively. Distilled
sterile water (1 ml/L) was used as a placebo treatment
while the infection control groups were untreated.

Sampling and culturing

To avoid mortality caused by the A. hydrophila infection
prior to sampling, and to ensure maximum RNA preser-
vation in bacteria sampled from the intestinal tract and
in the intestinal tissue, fish from the challenged and
control groups were observed every hour for three days
following exposure. All fish were euthanized by decapi-
tation at the end of the experiment. The abdominal cav-
ity was opened by incision as described elsewhere
Cantas et al. [28]. Entire intestinal samples were trans-
versally sliced (< 0.5 cm) and immediately immersed in
RNAlater [Invitrogen] for bacterial and tissue RNA
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stabilization. Kidney samples from each sacrificed fish
were examined bacteriologically for the presence of sys-
temic infection. Specimens were streaked on 5% cattle
blood agar and Brocalin agar [Merck, Darmstadt, Ger-
many] as described by Cantas et al. [28].

Gene expression

Total RNA from RNAl/ater-stored tissue samples was
extracted using Trizol Reagent [Invitrogen, Carlsbad,
CA, USA]. Sterile 5 mm steel beads [Qiagen, Valencia,
CA] were added for complete bacterial lyses in a Qiagen
TissueLyser [Qiagen, Valencia, CA], run at 30 Hz for 5
min. Further processing was performed with the RNeasy
kit [Qiagen, Valencia, CA]. Complete removal of DNA
was achieved by treating the supernatant from the
RNeasy processed samples with RNase-Free DNase Set
[Qiagen, Valencia, CA]. Gel electrophoresis was used to
confirm that isolated RNA was intact while the concen-
tration and purity of the RNA were quantified using
NanoDrop®™ ND-1000 [NanoDrop Technologies, Dela-
ware, USA].

Reverse transcription was performed with Superscript
III Reverse Transcriptase [Invitrogen] following the
manufacturer’s instructions. cDNA amplifications were
performed using previously published and novel
designed specific primers [Table 1] by Primer 3 software

Table 1 Primers employed for Real-Time PCR

Target gene Sequence (5’ to 3') Reference or

GenBank
accession no.
E coli16S F GCAGGCCTAACACATGCAAGTC [30]
rDNA
R TGCTGCCTCCCGTAGGAGT
traD F ACGCCTCCTGTTCTGTTTCA [DQ401103.1]
R ATCAGCCCGGTCAGATTGT
virB11 F GGATCAACTCAGCCACAAAAA [DQ401103.1]
R CACCGTTCCGCTGTTCTATT
virD4 F GITGTCCAGGGTAGCAGCAG [DQ401103.1]
R TGGACAACCAGGAACAAGC
dfri6 F GACCTCATCCTCCGATGG [AJ517790.2]
R TGGTCGGAGATATGGGTATAGAA
a3 F CGGACGCTGACATCTACCAA [25]
R TCCAGGTCTGCTCTCCCAAG
IL-1B F ATCAAACCCCAATCCACAGAGT [25]
R GGCACTGAAGACACCACGTT
IL-8 F TGTTTTCCTGGCATTTCTGACC [24]
R TTTACAGTGTGGGCTTGGAGGG
TNF o F ACCAGGCCTTTTCTTCAGGT [10]
R TGCCCAGTCTGTCTCCTTCT
efloc F TGCCTTCGTCCCAATTTCAG [24]
R TACCCTCCTTGCGCTCAATC
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[29]. Each primer (0.5 pl, 10 uM) was mixed with 18 pl
of EXPRESS SYBR GreenER qPCR Supermix [Invitro-
gen]. Two pl template cDNA was used. Real-Time PCR
tests were performed in duplicate with a Stratagene
detection system [Stratagene, La Jolla, CA, USA] using
optical grade 96-well plates, at the following conditions:
50°C for 2 min, 95°C for 2-10 min, 40 cycles of 95°C for
10-15 s and 55-60°C for 30-60 s. To determine the spe-
cificity of amplification, analysis of the product melting
curve was performed after the last cycle of each amplifi-
cation. Data was captured using Stratagene MxPro
Mx3005P QPCR software.

Amplification efficiencies were measured with the
formula of E = 10°*!°P®) by two-fold dilutions of
c¢DNA as described by Bogerd et al. [31]. Expression of
the plasmid target genes was normalized to dfrl6, esti-
mated to be the most stable endogenous reference
gene on the plasmid for our in vivo experiment. The
function describing the relationship between C,
(threshold cycle) and x (log copy number) for dfrl6
was: C; - -3.45x + 13.98; R? = 0.99. The comparative
CT method [2%¢T method] was used to determine the
expression level of analyzed genes [30]. The resultant
fold units were calculated by dividing the normalized
expression values with the placebo treated controls.
Expression of the zebrafish inflammatory and immune
response related target genes was normalized against
expression of the housekeeping gene elongation factor
1 alpha (efla) [24] in challenged fish relative to sterile
physiological saline solution intubated and placebo
treated controls.

For absolute quantification of the total bacterial popu-
lation of the gut, standard curves of 16S rDNA copy
number were constructed using a PCR product of the
16S rRNA gene of Escherichia coli. The functions
describing the relationship between C, (threshold cycle)
and x (log copy number) for total bacteria was: C; -
-3.19x + 53.66; R? = 0.99, as used by Castillo et al. [32].

To better address the activity of the innate immune
response in zebrafish during the A. hydrophila infection,
the transcription levels of the immune mediators: TNF
o, IL-1p and IL-8 (pro-inflammatory cytokines) and C3
(complement system, acute phase protein) were evalu-
ated. Fold changes in mRNA levels post-challenge and
treatment were calculated in relation to the average
mRNA levels of placebo treated fish.

Statistical analysis

The effect of treatment on selected gene expression level
was analyzed with Student’s ¢-test as described by [33].
The results were expressed as mean + SEM (standard
error of the mean), based on variation between 6 adults
per treatment group. Differences were considered signif-
icant at (*) p < 0.05, (**) p < 0.01 and (*** p < 0.001).
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Results

Clinical symptoms and re-isolation of A. hydrophila

No fish died within 3 days of the intubation challenge. All
A. hydrophila inoculated zebrafish showed changes in
external body color (pale, reddish coloration around gill
covers), abnormal positioning in the aquarium (at the
surface or near the bottom), increased gill ventilation fre-
quency or lack of appetite within 24 h, while no such
symptoms were seen in the uninfected control group. On
termination of the experiment after 3 days, macroscopi-
cally visible ascites was observed in both the placebo
treated fish and groups treated with ineffective antibio-
tics, whereas reduced clinical symptoms were noted in
the group that had received effective treatment. Moderate
to heavy growth of A. hydrophila in pure culture was
detected from kidney samples of groups receiving pla-
cebo or ineffective treatments, whereas very low levels of
A. hydrophila were isolated from groups of zebrafish
exposed to effective antibiotic treatment [Figure 1].

Immune response of zebrafish to A. hydrophila
Compared to uninfected fish the transcription patterns
of the innate immune response genes in placebo treated
fish [Figure 2] were clearly raised and the transcription
patterns of IL-1f (108 fold) and IL-8 (45 fold) genes
were found to be substantially higher than TNF o (8
fold) and C3 (3 fold).

Comparing the gut microbiota related 16S rRNA gene
copy number under different antibiotic treatments

The copy numbers of 16S rRNA genes in the digestive
tract significantly decreased following treatment with
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Figure 1 Growth level median counts of A. hydrophila isolated
from kidney samples of experimentally infected zebrafish, 48 h
post antibiotic treatment (6 different treatment groups). Axis
scale: absent = 0, very few = 1, few = 2, moderate = 3, rich = 4 and
very rich = 5. Error bars represent + SEM (6 adults per treatment
group). Differences were considered significant at (**) p < 0.01 for
total growth degree of placebo vs. other antibiotic treated zebrafish
in each intestinal tissue analyzed.
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Figure 2 Relative pro-inflammatory cytokine and complement
C3 genes expression levels across the entire intestine of A.
hydrophila infected and placebo treated adult zebrafish after
harvesting 3 days post-challenge. Expression levels are reported
as fold change compared to average expression levels of uninfected
(sterile physiological saline solution inoculated) control groups. Error
bars represent + SEM (based on variation between 6 adults per
treatment group).

inhibitory doses of flumequine. The copy numbers
obtained from ineffective antibiotic treatment groups
were similar to those observed in the placebo treated
group [Figure 3].

Impact of antibiotic exposure on expression of the tra
genes of pRAS1

The expression of traD, virB11 and virD4 was strongly
induced by ineffective treatment (tetracycline, trimetho-
prim and sub-inhibitory levels of flumequine) and
strongly reduced by treatment with effective concentra-
tions of flumequine [Figure 4]. However, ineffective sul-
phonamide slightly reduced the expression of these
genes.

Immune responses following effective and ineffective
treatments

Our results revealed a strong up-regulation of all four
analyzed immune related genes after effective flume-
quine treatment. An induction of some of these genes
was observed even after ineffective treatment with tri-
methoprim, sulphonamide and a sub-lethal level of flu-
mequine, whereas ineffective tetracycline treatment
apparently suppressed two of the innate immune
response mediators [Figure 5].

Discussion

In this study, we have for the first time employed an
experimental zebrafish infection- treatment model to
mimic the conditions under which antibiotic resistance
(mediated by a naturally occurring R-plasmid) transfer
takes place in the intestinal microbiota during an infec-
tion caused by a resistant pathogen treated with effective
or ineffective antibiotic treatments.
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We were able to establish an infection with A. hydro-
phila resulting in disease symptoms similar to those pre-
viously described [10,11] but with no mortality 3 days
post- infection, as intended in our study design. Rodri-
guez et al. [10] and Pullium et al. [11] observed per-
acute cases of A. hydrophila infection with high mortal-
ity rates within a few hours possibly related to intraperi-
toneal injection of bacterial extracellular toxins and/or
enzymes. In our study, re-isolation of the challenge
organism from the kidneys of exposed fish supported
the clinical findings and confirmed systemic infection. It
has also been shown that A. hydrophila produces an
array of virulence factors that induce strong inflamma-
tory responses [34-36]. The induction kinetics of some
of the zebrafish intestinal immune system genes revealed
an Acute Phase Response (APR), that is the immediate
host inflammatory reaction which counteract challenges
such as tissue injury and infection [37]. In the current
study A. hydrophila infection resulted in a clear increase
in expression of the genes encoding the pro-inflamma-
tory cytokines TNF o, IL-1p and IL-8. These cytokines
are important inducers of APR resulting in increased
production of Acute Phase Proteins (APPs) [38], such as
C3. C3 is central in elimination of bacterial threats [39].
A systematic study of APR in zebrafish has shown strik-
ing similarities with mammals in function and induction
of involved genes [25]. The fact that 1 IL-1f and IL-8
are highly induced while C3 remains moderately
expressed is consistent with the expected expression
profile at the early stages of infection (3 days in our
case).

The composition of the zebrafish intestinal bacterial
microbiota and its interaction with the host and the
environment has previously been studied by cultivation
and culture-independent methods [28,40]. In the present
study this microflora and the experimentally introduced
pRAS1 harboring A. hydrophila were impacted by var-
ious antibiotic treatments. Recent studies have shown
that Real-Time PCR with species-specific or universal
probes is an accurate and sensitive method for quantifi-
cation of total bacterial populations as well as individual
species from the intestinal contents [41-45].

In our study a broad spectrum of 16S rDNA primers
were used since bacteria can have different genome
sizes and different rrn operon copy numbers. There are
different concepts for considering the rrn operon num-
bers in quantitative 16S rDNA-based experimental sys-
tems [43,44,46]. Ott et al. [47], have provided accurate
and stable figures of similar bacterial concentrations in
clinical samples with application of universal primers
and specific probes. In the present study, 16S rDNA
gene copy numbers were significantly decreased after
effective flumequine treatment, whereas sub-lethal flu-
mequine or the clinically relevant ineffective tetracycline,
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Figure 3 Quantification of total gut microbiota in intestinal samples of experimentally infected and subsequently treated zebrafish
based on 16S rDNA copy numbers. Error bars reflect + SEM (based on variation between 6 adults per treatment group). Differences were
considered significant at (***) p < 0.001 for total 16S rDNA copy numbers of placebo vs. other antibiotic treated zebrafish in each intestinal

tissue analyzed.

trimethoprim and sulphonamide treatments caused
minimal change. The reduction in 16S rDNA gene copy
number following treatment with flumequine might be
the result of killing of pathogenic A. hydrophila and a
disturbed and reduced commensal flora. In mammals
and humans, it is well known that antibiotics can
change the composition of the bacterial populations in
the intestines [48-50]. Studies concerning the distribu-
tion of antibiotic resistant bacterial isolates in zebrafish
facilities are, however, limited. Previous studies per-
formed in our laboratory Cantas et al. [28], have shown
a relatively low level of tetracycline (12-20%), trimetho-
prim (25-32%), sulphonamide (28-36%) and quinolone
(0.5-4.8%) antibiotic resistant bacteria in the Gram nega-
tive cultivable gut flora in four different zebrafish

facilities, one of which supplied the zebrafish for the
present study. This would leave potential recipient flora
for plasmid transfer in all treatment groups.

The minimal change in total 16S rDNA copy number
following treatment with clinically relevant levels of tet-
racycline, trimethoprim and sulphonamide may be
explained by multiplication of the resistant A. hydro-
phila pathogen due to the decreased competition follow-
ing killing of the susceptible part of the normal
intestinal microbiota.

The active involvement of the selected tra-genes in
the DNA conjugation process is described [18]. The
traD gene encodes an inner membrane protein with
putative ATPase activity for DNA transport during bac-
terial conjugation. This protein forms a ring-shaped
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Figure 4 Expression of three pRAS1 plasmid mobility genes in intestinal samples from adult zebrafish 48 h post treatment (72 h post
experimental infection) relative to placebo treatment. Error bars represent + SEM (based on variation between 6 adults per treatment
group). Differences were considered significant at (¥) p < 0.05, (**) p < 0.01 and (***) p < 0.001 for mobility gene expression levels of tetracycline
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Figure 5 Expression of selected inflammatory and immune response genes in the entire intestine of experimentally infected zebrafish
48 h post antibiotic treatment, relative to the expression in placebo treated fish (ref. Figure 2). Error bars represent + SEM (based on
variation between 6 adults per treatment group). Differences were considered significant at (*) p < 0.05, (**) p < 0.01 and (***) p < 0.001 for
immune response levels of tetracycline vs. other antibiotic treated zebrafish in each intestinal tissue analyzed.
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structure in the inner membrane through which DNA is
passed to the transferosome [18,51]. However, it has
been shown that the virB4 and virD11 genes may, in
addition, mediate conjugative transfer via a C-terminal
ATPase function during pili assembly which is more
efficient on surfaces than in liquids [52,53]. pRAS1 is
transferred approximately 1000x faster on solid surfaces
compared to the frequency in liquid media [Kruse and
Serum 1994, unpublished data]

The genes of the conjugative transfer system studied i.
e. traD, virB11 and virD4, were found to be differently
expressed between the treatment groups. The expression
of transfer genes was found to be low following sulpho-
namide and flumequine treatment, whereas treatment
with a sub-inhibitory level of flumequine, clinical rele-
vant levels of tetracycline and trimethoprim resulted in
increased expression. Several factors have been proposed
that could explain these differences; i) the susceptible
gut microbiota was reduced in number leaving behind a
variable number of potential conjugation recipients [54],
ii) the donor potential and the genetic advantages/disad-
vantages of the specific plasmid in conjugating to the
available recipient population [55], iii) the antibiotic
itself might regulate the higher or lower expression
levels of pPRAS1 mobility genes resulting in possible dif-
ferent transfer frequencies. An increased transfer fre-
quency induced by antibiotic exposures (tetracycline and
trimethoprim) has been demonstrated for conjugal
transfer of pRAS1 plasmid in sediment microcosm
experiments [56].

A most remarkable result of the current study was the
strongly increased expression levels of the selected plas-
mid transfer genes in the intestinal microbiota following
treatment with tetracycline, trimethoprim (plasmid
encoded resistance) and ineffective concentrations of

flumequine. The low concentration of the quinolone flu-
mequine was chosen to mimic the low concentration in
the intestinal lumen when administering the drug intra-
muscularly or intravenously for treatment purposes, in
in-appetent animals offered in-feed antibiotics, or by
exposure to environmental residues from the water
[55,57,58]. It has been shown that administration of
sub-therapeutic levels can interfere with DNA replica-
tion (e.g. quinolones) [59,60], folic acid synthesis (e.g.
trimethoprim) [61], protein synthesis (e.g. tetracycline)
[62] as well as cell wall synthesis (e.g. f-lactams) [63]
and may induce the so-called SOS response [64] which
can promote acquisition and dissemination of antibiotic
resistance genes [57,65]. Thus, our results reinforce the
need for great caution in the use of SOS-inducing anti-
biotics to avoid induction of resistance transfer follow-
ing antibiotic therapy. It is known that the LexA protein
as part of the SOS response binds to the LexA box pre-
ceding the intI gene and thereby increasing the tran-
scription rate of the intl gene resulting in an increased
gene cassette exchange rate in the integron [66]. There
is no recognized LexA box found close to the promoters
of the traD, virB11 and virD4 genes of the pRASI plas-
mid sequence (data not shown). However, the occur-
rence of LexA targets in promoter sequence areas in
vivo without the existence of a putative LexA box in the
DNA sequence has been demonstrated. This indicates
the assistance by an additional unknown factor in regu-
lation of LexA gene expression in vivo [67].

An equally remarkable finding was the impact of anti-
biotic treatments on the expression of innate immunity
genes. The decreased TNF o and C3 expression in the
zebrafish’s intestine after non-effective tetracycline treat-
ment is in accordance with earlier reports [68,69] relating
tetracyclines to posttranscriptional blockage of cytokine
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production [70]. Whereas, sulphonamide and trimetho-
prim treatments that have no impact on the growth of
pathogenic A. hydrophila had little impact on IL-1p and
IL-8, as expected. In contrast, the sub-inhibitory level of
flumequine caused 40 and 20 fold increases in the expres-
sions of IL-1B and IL-8, respectively. In addition effective
flumequine treatment caused 200 and 100 times higher
expressions of those genes, respectively. Hypothetically,
this may be related to the immunomodulatory properties
of those drugs [71,72] and in the diminished number
(killed) of pathogenic A. hydrophila that can no longer
depress the immune system by its virulence factors when
the effective flumequine treatment was employed [73,74].

We have for the first time termed this clear, aggres-
sive, immunological activity at the molecular level as
‘Charged Immune Attack, (CIA)’, which describes the
inevitably strong revenge of the innate immune response
against the weakened bacterial infection, as mediated by
a short period with an effective antimicrobial treatment.
The reason for this bias is not known, but both human
and veterinary medical practitioners have observed that
a single dose of antibiotics, sometimes surprisingly, may
cure an infection. We think that the current results pro-
vide a glance into subtle and immediate effects of che-
motherapy on the host’s innate immune system that
may be responsible for such outcomes. Further studies
are needed to shed new light on the current findings
and to clarify the underlying mechanisms.

For methodological reasons, most studies of in vivo
conjugal plasmid transfer have been performed by add-
ing donors and limited numbers of recipients in germ
free animals [75,76] or by challenging conventional fish
with genetically tagged bacteria [77]. To the best of our
knowledge, this is the first report on the effect of anti-
biotic treatment of an infection on the expression of the
tra genes of an R-plasmid harbored by the infecting
pathogen and the early immune signals in a host model.
Real-Time PCR technology offers a fast and reliable
quantification of the mRNA production of any target
sequence in a sample [78]. The results add information
to our knowledge about development of antibiotic resis-
tance in infected hosts including the clinical infection
treatment and control scenario.

Conclusions

As expected the control of the A. hydrophila infection
of zebrafish failed when tetracycline, trimethoprim and
sulphonamide were used due to the R-plasmid (pRASI)
harbored by the pathogen. The same result was identi-
fied as expected when sub-inhibitory levels of flume-
quine were employed, whereas an effective dosage of
flumequine reduced the clinical symptoms and con-
trolled the pathogen and transfer of pRAS1. At the
same time, the ineffective therapeutants tetracycline,
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trimethoprim and sub-inhibitory concentrations of flu-
mequine increased the expression levels of plasmid
mobility genes. The results should be taken into account
by physicians and veterinarians when prescribing anti-
biotic drugs, underscoring the need to avoid risk for
augmenting the transfer of genetic drug resistance ele-
ments to commensal microbiota.

This is the first combined in vivo study of antibiotic
treatment on the innate immune system of the host and
the conjugative activity of an R plasmid. A particularly
valuable observation relates to the increased activity of
the innate immune system caused by antibiotic expo-
sure, even with ineffective drugs (R-plasmids) and at
sub-therapeutic levels.

Acknowledgements

This study was supported by Norwegian School of Veterinary Science. We
thank Hanne Nilsen for donating Aeromonas hydrophila (F315/10) and the
National Veterinary Institute, Norway for donating Aeromonas salmonicida
718 (NVI 2402/89). We also thank Samuel Duodu and Stine Braaen for
technical support for quantitative Real-Time PCR assays. Finally we extend
our thanks to Duncan Colquhoun and Arve Lund, for helpful support in
reviewing the manuscript.

Disclosure statement

No competing financial interests exist.

Author details

"Department of Food Safety and Infection Biology, Norwegian School of
Veterinary Science, Ullevalsveien 72, P.O. 8146, 0033 Oslo, Norway.
“Norwegian Veterinary Alliance (veterinaryalliance.no), Reierstad, 2040 Klafta,
Norway. 3Departmem of Basic Sciences and Aquamedicine, Norwegian
School of Veterinary Science, Ullevélsveien 72, P.O. 8146, 0033 Oslo, Norway.

Authors’ contributions

LC conceived the idea for the study, formulated the research hypothesis,
designed the experiment, performed the fish infection studies, performed
the sampling and data collection, carried out all bacteriological laboratory
work including the quantitative Real-Time PCR tests, performed the statistical
analysis and interpretation of the data, formulated the underlying causes
and drafted the manuscript. PJM contributed to the study design and in vivo
protocol, and supervised the zebrafish experimental infection trial. HS
contributed to acquisition of funds, provided guidance to the formulation of
the underlying hypothesis, supervision of the laboratory work and the
interpretation of the data. All authors discussed the results, revised and
adopted the manuscript.

Received: 18 November 2011 Accepted: 19 March 2012
Published: 19 March 2012

References

1. van der Sar AM, Musters RJ, van Eeden FJ, Appelmelk BJ, Vandenbroucke-
Grauls CM, Bitter W: Zebrafish embryos as a model host for the real time
analysis of Salmonella typhimurium infections. Cell Microbiol 2003,
5:601-611.

2. Westerfield M: A guide for the laboratory use of zebrafish (Danio rerio).
University of Oregon Press; 2000.

3. Davis JM, Clay H, Lewis JL, Ghori N, Herbomel P, Ramakrishnan L: Real-time
visualization of Mycobacterium macrophage interactions leading to
initiation of granuloma formation in zebrafish embryos. Immunity 2002,
17:693-702.

4. Neely MN, Pfeifer JD, Caparon M: Streptococcus zebrafish model of
bacterial pathogenesis. Infect Immun 2000, 70:3904-3914.

5. Pressley ME, Phelan PE, Witten PE, Mellon MT, Kim CH: Pathogenesis and
inflammatory response to Edwardsiella tarda infection in the zebrafish.
Dev Comp Immunol 2005, 29:501-513.


http://www.ncbi.nlm.nih.gov/pubmed/12925130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12925130?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12479816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12479816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12479816?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752547?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752547?dopt=Abstract

Cantas et al. BMC Microbiology 2012, 12:37
http://www.biomedcentral.com/1471-2180/12/37

20.

21.

22.

23.

24.

25.

26.

27.

van der Sar AM, Appelmelk BJ, Vandenbroucke-Grauls CM, Bitter W: A star
with stripes: zebrafish as an infection model. Trends Microbiol 2004,
12:451-457.

Del Corral F, Shotts EB Jr, Brown J: Adherence, haemagglutination, and
cell surface characteristics of motile aeromonads virulent for fish. J Fish
Dis 1990, 13:255-268.

Paniagua C, Rivero O, Anguita J, Naharro G: Pathogenicity factors and
virulence for rainbow trout (Salmo gairdneri) of motile Aeromonas spp.
isolated from a river. J Clin Microbiol 1990, 28:350-355.

Handfield M, Simard P, Couillard M, Letarte R: Aeromonas hydrophila
isolated from food and drinking water: hemagglutination, hemolysis,
and cytotoxicity for a human intestinal cell line (HT-29). Appl Environ
Microbiol 1996, 62:3459-3461.

Rodriguez |, Novoa B, Figueras A: Immune response of zebrafish (Danio
rerio) against a newly isolated bacterial pathogen Aeromonas hydrophila.
Fish and Shellfish Immun 2008, 25:239-249.

Pullium JK, Dillehay DL, Webb S: High mortality in Zebrafish (Danio rerio).
Contemp Top Lab Anim Sci 1999, 38:80-83.

Janda JM, Abbott SL: Evolving concepts regarding the genus Aeromonas:
an expanding panorama of species, disease presentations, and
unanswered questions. Clin Infect Dis 1998, 27:332-244.

Cattoir V, Poirel L, Aubert C, Soussy CJ, Nordmann P: Unexpected
occurrence of plasmid-mediated quinolone resistance determinants in
environmental Aeromonas spp. Emerg Infect Dis 2008, 14:231-237.

Serum H, L'Abée-Lund TM, Solberg A, Wold A: Integron-containing IncU R
plasmids pRAS1 and pAr-32 from the fish pathogen Aeromonas
salmonicida. Antimicrob Agents Chemother 2003, 47:1285-1290.

Tschdpe H, Tietze E, Koch C: Characterization of conjugative R plasmids
belonging to the new Incompatibility group IncU. J Gener Microbiol 1981,
127:155-160.

Kruse H, Serum H: Transfer of multiple drug resistance plasmids between
bacteria of diverse origins in natural microenvironments. Appl Environ
Microbiol 1994, 60:4015-4021.

Rhodes G, Parkhill J, Bird C, Ambrose K, Jones MC, Huys G, Swings J,
Pickup RW: Complete nucleotide sequence of the conjugative
tetracycline resistance plasmid pFBAOT6, a member of a group of IncU
plasmids with global ubiquity. App/ Environ Microbiol 2004, 70:7497-7510.
Kulinska A, Czeredys M, Hayes F, Jagura-Burdzy G: Genomic and functional
characterization of the modular Broad-Host-Range RA3 plasmid, the
Archetype of the IncU group. Appl Environ Microbiol 2008, 74:4119-4132.
Chang MX, Nie P, Wei LL: Short and long peptidoglycan recognition
proteins (PGRPs) in zebrafish, with findings of multiple PGRP homologs
in teleost fish. Mol Immunol 2007, 44:3005-3023.

Cho S, Zhang J: Zebrafish ribonucleases are bactericidal: implications for
the origin of the vertebrate RNase A superfamily. Mol Biol Evol 2007,
24:1259-1268.

Flores MV, Hall CJ, Davidson AJ, Singh PP, Mahagaonkar AA, Zon LI,
Crosier KE, Crosier PS: Intestinal differentiation in zebrafish requires
Cdx1b, a functional equivalent of mammalian Cdx2. Gastroenterology
2008, 135(5):1665-1675.

Li X, Wang S, Qi J, Echtenkamp SF, Chatterjee R, Wang M, Boons GJ,
Dziarski R, Gupta D: Zebrafish peptidoglycan recognition proteins are
bactericidal amidases essential for defense against bacterial infections.
Immunity 2007, 27:518-529.

Lieschke GJ, Trede NS: Fish immunology. Curr Biol 2009, 19:678-682.
Oehlers SH, Flores MV, Chen T, Chris JH, Crosier KE, Crosier PS:
Topographical distribution of antimicrobial genes in the zebrafish
intestine. Develop Comp Immun 2011, 35:385-391.

Lin B, Chen S, Cao Z, Lin Y, Mo D, Zhang H, et al- Acute phase response in
zebrafish upon Aeromonas salmonicida and Staphylococcus aureus
infection: Striking similarities and obvious differences with mammals.
Mol Immunol 2007, 44:295-301.

Schmidt AS, Bruun MS, Larsen JL, Dalsgaard I: Characterisation of class 1
integrons associated with R-plasmids in clinical Aeromonas salmonicida
isolates from various geographic areas. J Antimicrob Chemother 2001,
47:735-743.

Cantas L, Fraser TWK, Fjelldal PG, Mayer I, Serum H: The culturable
intestinal microbiota of triploid and diploid juvenile Atlantic salmon
(Salmo salar) - a comparison of composition and drug resistance. BMC
Vet Res 2011, 7:71.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

Page 9 of 10

Cantas L, Serby JRT, Alestrom P, Serum H: Culturable gut microbiota
diversity in Zebrafish. Zebrafish 2012, 9(1):26-37.

Rozen S, Skaletsky H: Primer3 on the WWW for general users and for
biologist programmers. Methods Mol Biol 2000, 132:365-386.

Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2[-Delta Delta C[T]] method. Methods
2001, 25:402-408.

Bogerd J, Blomenrohr M, Andersson E, van der Putten HHAGM, Tensen CP,
Vischer HF: Discrepancy between molecular structure and ligand
selectivity of a testicular follicle-stimulating hormone receptor of the
African catfish (Clarias gariepinus). Biological Reproduction 2001,
64:1633-1643.

Castillo M, Martin-Orue SM, Manzanilla EG, Badiola I, Martin M, Gasa J:
Quantification of total bacteria, enterobacteria and lactobacilli
populations in pig digesta by real-time PCR. Vet Microbiol 2006,
114:165-170.

Yuan JS, Reed A, Chen F, Stewart JCN: Statistical analysis of real-time PCR
data. BMC Bioinfor 2006, 7:85.

Chopra AK, Xu X, Ribardo D, Gonzalez M, Kuhl K, Peterson JW, et al: The
cytotoxic enterotoxin of Aeromonas hydrophila induces proinflammatory
cytokine production and activates arachidonic acid metabolism in
macrophages. Infect Immun 2000, 68:2808-2818.

Ribardo DA, Kuhl KR, Boldogh |, Peterson JW, Houston CW, Chopra AK:
Early cell signaling by the cytotoxic enterotoxin of Aeromonas
hydrophila in macrophages. Microb Pathog 2002, 32:149-163.

Galindo CL, Sha J, Ribardo DA, Fadl AA, Pillai L, Chopra AK: Identification of
Aeromonas hydrophila cytotoxic enterotoxin-induced genes in
macrophages using microarrays. J Biol Chem 2003, 278:40198-40212.
Uhlar CM, Whitehead AS: Serum amyloid A, the major vertebrate acute-
phase reactant. Fur J Biochem 1999, 265:501-523.

Morgan BP, Marchbank KJ, Longhi MP, Harris CL, Gallimore AM:
Complement: central to innate immunity and bridging to adaptive
responses. Immunol Lett 2005, 97:171-179.

Sahu A, Lambris JD: Structure and biology of complement protein C3, a
connecting link between innate and acquired immunity. /Immunol Rev
2001, 180:35-48.

Rawls JF, Mahowald MA, Ley RE, Jeffrey IG: Reciprocal gut microbiota
transplants from zebrafish and mice to germ-free recipients reveal host
habitat selection. Cell 2006, 127:423-433.

Corless CE, Guiver M, Borrow R, Edwards-Jones V, Kaczmarski EB, Fox AJ:
Contamination and sensitivity issues with a real-time universal 16S rRNA
PCR. J Clin Microbiol 2000, 38:1747-1752.

Guiver M, Borrow R, Marsh J, Gray SJ, Kaczmarski EB, Howells D, Boseley P,
Fox AJ: Evaluation of the Applied Biosystems automated Tagman
polymerase chain reaction system for the detection of meningococcal
DNA. FEMS Immunol Med Microbiol 2000, 28:173-179.

Lyons SR, Griffen AL, Leys EJ: Quantitative real-time PCR for
Porphyromonas gingivalis and total bacteria. J Clin Microbiol 2000,
38:2362-2365.

Nadkarni MA, Martin FE, Jacques NA, Hunter N: Determination of bacterial
load by real-time PCR using a broad-range [universal] probe and
primers set. Microbiol 2002, 148:257-266.

Sen K: Rapid identification of Yersinia enterocolitica in blood by the 5’
nuclease PCR assay. J Clin Microbiol 2000, 38:1953-1958.

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, Britton H,
Moran T, Karaliuskas R, Duerr RH, Achkar JP, Brant SR, Bayless TM,

Kirschner BS, Hanauer SB, Nunez G, Cho JH: A frameshift mutation in NOD2
associated with susceptibility to Crohn'’s disease. Nature 2001, 411:603-606.
Ott SJ, Musfeldt M, Ullmann U, Hampe J, Schreiber S: Quantification of
intestinal bacterial populations by Real-Time PCR with a universal primer
set and minor groove binder probes: a global approach to the enteric
flora. J Clin Microb 2004, 42:2566-2572.

Finegold SM: Intestinal microbial changes and disease as a result of
antimicrobial use. Pediatr Infect Dis 1986, 5:88-90.

Gronvold AM, L'Abée-Lund TM, Strand E, Serum H, Yannarell AC, Mackie RI:
Fecal microbiota of horses in the clinical setting: potential effects of
penicillin and general anesthesia. FEMS Microbiol Ecol 2009, 71:313-326.
Gronvold AM, L'Abée-Lund TM, Serum H, Skancke E, Yannarell AC,

Mackie RI: Changes in fecal microbiota of healthy dogs administered
amoxicillin. Vet Microbiol 2010, 145:366-372.


http://www.ncbi.nlm.nih.gov/pubmed/15381194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15381194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2312678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2312678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2312678?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8795237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8795237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8795237?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12086431?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9709884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9709884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9709884?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18258115?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18258115?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18258115?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654659?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654659?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12654659?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11865872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11865872?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15574953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15574953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15574953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18502921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18502921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18502921?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17296228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17296228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17296228?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17347156?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18804112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18804112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17892854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17892854?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16630661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16630661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16630661?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11389105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11389105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11389105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22094054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22094054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/22094054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10547847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10547847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16384658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16384658?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10768977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10768977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10768977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10768977?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12079405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12079405?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12824169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12824169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12824169?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10504381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10504381?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15752555?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11414361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11414361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17055441?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10790092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10790092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10799809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10799809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10799809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10835003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10835003?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10790127?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10790127?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11385577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11385577?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20002181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20002181?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20434851?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20434851?dopt=Abstract

Cantas et al. BMC Microbiology 2012, 12:37
http://www.biomedcentral.com/1471-2180/12/37

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Lu J, Wong JJ, Edwards RA, Manchak J, Frost LS, Glover JN: Structural basis
of specific Tra-Tra recognition during F plasmid-mediated bacterial
conjugation. Mol Microbiol 2008, 70:39-99.

Lin TX, Kado CI: The virD gene is required for virulence while virD3 and
orf5 are not required for virulence of Agrobacterium tumefaciens. Mol
Microbiol 1993, 9:803-812.

Porter SG, Yanofsky MF, Nester EW: Molecular characterization of the virD
operon from Agrobacterium tumefaciens. Nucleic Acids Res 1987,
15:7503-7517.

Feld L, Schjerring S, Hammer K, Licht TR, Danielsen M, Krogfelt K, Wilcks A:
Selective pressure affects transfer and establishment of a Lactobacillus
plantarum resistance plasmid in the gastrointestinal environment.

J Antimicrob Chemother 2008, 61:845-852.

Licht TR, Wilcks A: Conjugative gene transfer in the gastrointestinal
environment. Adv Appl Microbiol 2006, 58:77-95.

Sandaa RA, Enger @: Transfer in marine sediments of naturally occurring
plasmid pRAS1 encoding multiple antibiotic resistance. App! Environ
Microbiol 1994, 60:4234-4238.

Licht TR, Struve C, Christensen BB, Poulsen RL, Molin S, Krogfelt KA:
Evidence of increased spread and establishment of plasmid RP4 in the
intestine under sub-inhibitory tetracycline concentrations. FEMS Microbiol
Ecol 2003, 44:217-223.

Sasaki Y, Taketomo N, Sasaki T: Factors affecting transfer frequency of
pAM beta 1 from Streptococcus faecalis to Lactobacillus plantarum.

J Bacteriol 1988, 170:5939-5942.

Cirz RT, Chin JK, Andes DR, de Crécy-Lagard V, Craig WA, Romesberg F:
Inhibition of mutation and combating the evolution of antibiotic
resistance. PLoS Biol 2005, 3:176.

Mesak LR, Miao V, Davies J: Effects of subinhibitory concentrations of
antibiotics on SOS and DNA repair gene expression in Staphylococcus
aureus. Antimicrob Agents Chemother 2008, 8:3394-3397.

Yao J, Moellering RJ: Antibacterial agents. In Manual of Clinical
Microbiology. Edited by: Murray PR, Baron EJ, Jorgensen JH, Pfaller MA,
Yolken RH. Washington, DC: ASM Press; 2003:1039-1073.

Skavronskaia AG, Aleshkin Gl, Tiganova IG, Rusina O, Andreeva IV: SOS-
induction of the RP4 plasmid tet-determinant. Mol Gen Mikrobiol Virusol
1988, 8:17-23.

Miller C, Thomsen LE, Gaggero C, Mosseri R, Ingmer H, et al: SOS response
induction by Beta-Lactams and bacterial defense against antibiotic
lethality. Science 2004, 305:1629-1631.

Michel B: After 30 years of study, the bacterial SOS response still
surprises us. PLoS Biol 2005, 3:255.

Salyers AA, Shoemaker NB: Resistance gene transfer in anaerobes: new
insights, new problems. Clin Infect Dis 1996, 23:36-43.

Guerin E, Cambray G, Sanchez-Alberola N, Campoy S, Erill |, Da Re S,
Gonzalez-Zorn B, Barbé J, Ploy MC, Mazel D: The SOS response controls
integron recombination. Science 2009, 324:1034.

Wade JT, Reppas NB, Church GM, Struhl K: Genomic analysis of LexA
binding reveals the permissive nature of the Escherichia coli genome
and identifies unconventional target sites. Genes Dev 2005, 19:2619-2630.
Rijkers GT, Teunissen AG, van Oostreom R, van Muiswinkel WB: The
immune system of cyprinid fish: The immunosuppressive effect of
antibiotic oxytetracycline in carp. Aquaculture 1980, 19:177-189.

Grondel JL, Nouws JFM, van Muiswinkel WB: The influence of antibiotics
on the immune system: Immuno-pharmocokinetic investigations on the
primary anti-SRBC response in carp, Cyprinus carpio L., after
oxytetracycline injection. J Fish Dis 1987, 10:35-43.

Shapira L, Soskolne WA, Houri Y, Barak V, Halabi A, Stabholz A: Protection
against endotoxic shock and lipopolysaccharide-induced local
inflammation by tetracycline: Correlation with inhibition of cytokine
secretion. Infect Immun 1996, 64:825-828.

van der Heijden MHT, Booms GHR, Tanck MWT, Romboutb JHWM,

Boona JH: Influence of flumequine on in vivo mitogen responses of
European eel (Anguilla anguilla L., 1758) lymphoid cells. Vet Immun
Immunopat 1995, 47:143-152.

Lu Y, Pan ZJH, He S: A study on the effect of enrofloxacin on the
immune cells of experimental mice. Journal of Foshan University , Natural
Science 2009.

Zipfel PF, Wurzner R, Skerka C: Complement evasion of pathogens:
common strategies are shared by diverse organisms. Mol Immun 2007,
44:3850-3857.

Page 10 of 10

74. Roberts IS: The biochemistry and genetics of capsular polysaccharide
production in bacteria. Ann Rev Microbiol 1996, 50:285-315.

75. Bahl MI, Sgrensen SJ, Hansen LH, Licht TR: Effect of tetracycline on
transfer and establishment of the tetracycline-inducible conjugative
transposon Tn917 in the guts of gnotobiotic rats. Appl Environ Microbiol
2004, 70:758-764.

76.  Bahl MI, Hansen LH, Licht TR, Sgrensen SJ: Conjugative transfer facilitates
stable maintenance of IncP- plasmid pKJK5 in Escherichia coli cells
colonizing the gastrointestinal tract of the germfree rat. Appl Environ
Microbiol 2007, 73:341-343.

77. Bello-Lopez JM, Fernandez-Rendon E, Curiel-Quesada E: In vivo transfer of
plasmid pRAS1 between Aeromonas salmonicida and Aeromonas
hydrophila in artificially infected Cyprinus carpio L. J Fish Dis 2010,
33:251-259.

78.  Burgos JS, Ramirez C, Tenorio R, Sastre |, Bullido MJ: Influence of reagents
formulation on real-time PCR parameters. Mol Cell Probe 2002, 16:257-260.

doi:10.1186/1471-2180-12-37

Cite this article as: Cantas et al: Impact of antibiotic treatments on the
expression of the R plasmid tra genes and on the host innate immune
activity during pRAS1 bearing Aeromonas hydrophila infection in
zebrafish (Danio rerio). BMC Microbiology 2012 12:37.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVied Central



http://www.ncbi.nlm.nih.gov/pubmed/18717787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18717787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18717787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8231811?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8231811?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3658701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3658701?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18238887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18238887?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16509443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16509443?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16349453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16349453?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19719638?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19719638?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3142863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3142863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2848194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2848194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19460999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19460999?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16264194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16264194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16264194?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8641787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8641787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8641787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8641787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14766552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14766552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14766552?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17085707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17085707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17085707?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20059637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20059637?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20059637?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial strains and growth conditions
	In vitro conjugation experiments
	Plasmid isolation
	Zebrafish, challenge procedure and treatment
	Sampling and culturing
	Gene expression
	Statistical analysis

	Results
	Clinical symptoms and re-isolation of A. hydrophila
	Immune response of zebrafish to A. hydrophila
	Comparing the gut microbiota related 16S rRNA gene copy number under different antibiotic treatments
	Impact of antibiotic exposure on expression of the tra genes of pRAS1
	Immune responses following effective and ineffective treatments

	Discussion
	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


