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ANTIMICROBIAL RESISTANCE-TRANSDUCING BACTERIOPHAGES
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In the past, the horizontal transfer of antimicrobial resistance genes was mainly associated with conjugative plasmids or trans-
posons, whereas transduction by bacteriophages was thought to be a rare event. In order to analyze the likelihood of transduction of
antimicrobial resistance in the field of clinical veterinary medicine, we isolated phages from Escherichia coli from a surgery suite
of an equine clinic. In a pilot study, the surgery suite of a horse clinic was sampled directly after surgery and subsequently sampled
after cleaning and disinfection following a sampling plan based on hygiene, surgery, and anesthesia. In total, 31 surface sampling
sites were defined and sampled. At 24 of these 31 surface sampling sites, coliphages were isolated. At 12 sites, coliphages were
found after cleaning and disinfection. Randomly selected phages were tested for their ability of antimicrobial resistance transduc-
tion. Ten of 31 phages were detected to transfer antimicrobial resistance. These phages most often transduced resistance to strepto-
mycin, encoded by the addA1 gene (n =9), followed by resistance to chloramphenicol by cmiA4 (n = 3) and ampicillin (n = 1). This is,
to the best of our knowledge, the first report on antimicrobial resistance-transferring bacteriophages that have been isolated at
equine veterinary clinics.
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Introduction multi-resistant E. coli can be a major problem [2, 4—6]. For

example, in recent years, the increase of extended-spec-

Nosocomial infections in horse clinics, caused by multi-
resistant pathogens, have dramatically increased. Hence,
action must be taken to ensure safety and infection con-
trol, e.g., the implementation of targeted prevention pro-
grams, including cleaning and disinfection [1]. The inci-
dence of infections at surgery sites is frequently a cause
of morbidity, and Escherichia coli is one of these relevant
pathogens [2]. Next to the constitution of the patient and to
surgery techniques, surgery room contamination has been
defined as an important risk factor for E. coli nosocomial
infection [2, 3]. For treating these nosocomial infections,

trum B-lactamase (ESBL)-producing E. coli, isolated from
horses, has been of importance [4]. Antimicrobial resis-
tance in bacteria is in general a global and growing threat
to public health. This emphasizes the need for monitoring
of resistance, as well as highlights the need for responsible
antimicrobial stewardship and appropriate antimicrobial
usage [7]. Next to a clonal spread of resistant bacteria, the
horizontal transmission of antimicrobial resistance genes
is of upper importance and has been associated mainly
with conjugative plasmids or transposons, and only to a
minor extent to transduction by bacteriophages [8, 9].
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Nevertheless, recent studies show that bacteriophages
may play a significant role in horizontal gene transfer in
nature [10, 11]. Moreover, the frequent presence of antimi-
crobial resistance-transferring phages on food has already
been documented [12, 13].

Nonetheless, there are high expectations from phage
therapy to defeat multi-resistant pathogens and from the
use of phage cocktails in prophylaxis [14, 15]. A possible
transduction of antimicrobial resistance genes by these
phages has not been a matter of concern in medicine so
far. To analyze the possibility of antimicrobial resistance
transduction by phages in equine surgery suites, we inves-
tigated the occurrence of bacteriophages at selected sam-
pling sites and we determined their potential to transduce
antimicrobial resistance.

Materials and methods

Sample collection and preparation

In 2016, sampling sites were defined by previous inspec-
tions with an on-site team of experts in hygiene, surgery,
and anesthesia (7able 2).

Within 10 min following patient removal from the sur-
gery suit, 31 surface samples from these sites were col-
lected, using sterile swabs or sponges (Medical Wire &
Equipment, Corsham, Wiltshire, England). Figure I shows
an overview of the surgery room, with important sampling
sites.

A second batch of 31 samples was collected from the
same sampling sites after cleaning and disinfection. Each

Table 1. Primers used for detection of antimicrobial resistance genes

Gen Primer forward Primer reverse T,(°C)  Ref.
strd 5" CCAATCGCAGATAGAAGGCAAG 3" 5" ATCAACTGGCAGGAGGAACAGG 3’ 65 [22]
addAl 5" AACGACCTTTTGGAAACTTCGG 3’ 5" TTCGCTCATCGCCAGCCCAG 3’ 61 [22]
blaTEM 5" CAGCGGTAAGATCCTTGAGA 3’ 5" ACTCCCCGTCGTGTAGATAA 3’ 55 [23]
cmlA 5" CCGCCACGGTGTTGTTGTTATC 3’ 5" CACCTTGCCTGCCCATCATTAG 3’ 54 [24]

e by
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Fig. 1. Overview of the equine surgery suite, where samples were taken. Important sampling sites are tagged by circles with
numbers. 1, Respiration apparatus; 2, surgery table surface; 3, drain on floor; 4, floor under surgery table; 5, floor in front of

respiratory apparatus; 6, floor in front of entrance door

European Journal of Microbiology and Immunology



298

M. Hilbert et al.

swab and sponge was separately sampled in a sterile plas-
tic jar and overlaid with 2 ml sterile NaCl (0.9%) and
sponges with 10 ml sterile NaCl (0.9%).

After manual shaking and kneading, the sample solu-
tions were used to isolate bacteriophages.

Isolation of bacteriophages and preparation of lysates

Three milliliters of ssMSA (semi solid Modified Schol-
tens’ Agar, prepared as given in ISO 10705 [16]) with 18
ul CaCl, was heated up to 45 °C and kept liquid. E. coli
ATCC 13706 was grown to an optical density of McFar-
land 0.5. After adding 1 ml of this culture and 1 ml of
the sample solution (prepared as described under sample
collection and preparation), the suspension was vortexed
and overlaid on a pre-warmed MSA (semi-solid Modified
Scholtens’ Agar) plate. After incubation of 15 h at 37 °C
overnight, the plates were evaluated for visible plaques
(Fig. 2). Up to five single plaques were isolated (ran-
domly) using a sterile pipette tip, transferred into a tube
with 300 pl MSB (Modified Scholtens’ Broth), and the
gel was manually cracked into small pieces. These tubes
were incubated at 30 °C for 90 min. The lysate was filtered
through a sterile 0.2 um filter which was pre-moistened
with MSB. Chloroform was added to a final concentration
of 5% v/v, and the lysate was stored at 4 °C.

Fig. 2. A plaque isolation plate, as described in section Materials
and methods with typical plaques visible on host strain ATCC
13706

Cleaning and disinfection procedure at sampling sites

In this study, surgery rooms were cleaned and disinfected
after each surgery with the cleaning agent Hexaquart® plus
(B. Braun Melsungen AG, Melsungen, Germany). The ac-
tive ingredients of this surface disinfectant are didecyldi-
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methylammonium chloride and N, N-bis(3-aminopropyl)
dodecylamine. The detergent is used in accordance with
the manufacturer’s instructions as a 2% solution (sprayed
directly onto all surfaces as foam and, after an exposure
time of 15 to 20 min, rinsed with water). Some sensitive
areas, such as hobbles or air filters, cannot be cleaned and
are replaced at regular intervals.

Transduction

From every sample point, one phage was tested for an-
timicrobial resistance transduction into ATCC 13706.
Transduced bacteria were selected against resistance
to ampicillin (35 pg/ml Amp®), tetracycline (20 pg/ml
Tet®), streptomycin (30 pg/ml Str®), and chloramphenicol
(35 pg/ml Cm®). Transduction was performed as previous-
ly described [12]. In brief, an overnight culture from E. coli
ATCC 13706 was grown in 30 ml LB (Lysogeny broth)
media containing 5 mM CaCl, and 100 mM MgSO,. A di-
lution of 1:100 in the same media was grown to an optical
density of 0.8 at 600 nm, 8 ml was centrifuged at 6000 g,
and the pellet was dissolved by vortexing in 2 ml of LB
containing 5 mM CaCl, and 100 mM MgSO,; 750 ul was
added to 40 pl of the lysate (preparation is described under
phage isolation and preparation above) and incubated at
37 °C. After 30 min, 800 pl of trisodium citrate (pH 5.5)
was added. After homogenization, 4 ml of LB media was
added and the batch was incubated again at 37 °C while
shaking it. After centrifugation of the cells at 6000 g for
5 min, the supernatant was removed, except 400 ul. An
amount of 100 ul of the resuspended pellet was streaked
on LB plates containing the respective antimicrobial sub-
stance. After incubation at 37 °C overnight, colonies were
selected for antimicrobial resistance testing.

Identification of resistance genes

Resistance genes in transduced E. coli isolates were de-
tected by PCR, using primers given in Table 1. DNA was
extracted using a DNA Mini Kit (Qiagen GmbH, Hilden,
Germany). The PCRs were carried out in a 25-ul reaction
mixture containing 30 ng DNA, 12.5 pl Kapa2G poly-
merase from a Fast hot start kit (Kapa Biosystems, Wilm-
ington, MA, USA), 2 ul MgCl, (25 mM), and 0.25 pl each
primer (100 mM).

Characterization of coliphage

The DNA of a single phage was extracted by phenol/chlo-
roform using a titered (10° pfu/ml) lysate, as described
previously, but without using a caesium chloride gradient
centrifugation [17]. The DNA was quantified and restrict-
ed with enzyme Pvull (Roche Diagnostics GmbH, Vienna,
Austria), a rare cutter, using manufacturer’s protocol and
separated on a 1% agarose gel.
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Minimal inhibitory concentration (MIC)

With antimicrobial-resistant transduced bacteria obtained,
MICs were carried out to determine the degree of resis-
tance, using microdilution procedure and epidemiologi-
cal cut-offs defined by EUCAST [18]. For this purpose,
the transduced bacterial isolates were incubated in Miil-
ler Hinton nutrient broth, with different concentrations
(2 mg/1 to 256 mg/l) of the respective antimicrobial sub-
stance for 24 h at 35 °C.

Results

Resistance-transducing phages isolated
from equine surgery units

Coliphages were detected at 19 sampling sites after surgery
and at 12 sampling sites after cleaning and disinfection re-
spectively. Of 31 isolated and tested phages, 10 were able
to transduce one or more of the tested antimicrobial resis-
tances (Tet®, Amp®, Str®, Cm®) to E. coli ATCC 13706.
These antimicrobial substances were selected based on lead
substances, stability in the environment, treatment options,

and resistance situation in Austria. Thus, a total of 32% of
all phages could transduce one or more antimicrobial re-
sistances. Resistance to streptomycin was transduced most
frequently (n = 9). Three phages were able to transduce
resistance against chloramphenicol. Two of these phages
transduced chloramphenicol and streptomycin resistance.
Another phage transduced ampicillin resistance as well as
streptomycin resistance. Isolation sites of phages and an-
timicrobial resistance-transducing phages can be seen in
Table 2. Antimicrobial resistance-transducing phages were
found at seven locations before cleaning and disinfection
(at the main-door handle outside and inside, in the drain,
on the floor under the surgery table, in front of the washing
room, and in front of the respiration apparatus, on the sur-
gery table surface) and at three locations after cleaning and
disinfection (on the floor in front of the entrance door, on
the surface of the recovery room door, and on the surface
of the preparation table).

Coliphage characterization

As this was a pilot study, the antimicrobial resistance-
transducing phages were only briefly characterized via an

Table 2. Sampling sites, total number of isolated phages, and transduction of antimicrobial resistance

Category Sampling site Total number of ~ Number of ana-  Antimicrobial resistance
detected phages lyzed phages transduced by phages
Respiration apparatus 0 0
Surgical table surface >10° 1 Str®, Amp"®
Surgical table leg 1-5 1
Site with patient Surgical table edges >10" 1
contact
Hobbles >10* 2
Hobble fixers 0 0
Surgical gloves 0 0
Respiration apparatus monitor frame 0 0
Crane remote control 1-5" 1
Anesthesia unit drawer >10¥ 2
Surgical light grasp 0 0
Site with human Surgical light switch 1-5 1
contact Chair seat 1-5F 1
Soap dispenser 1-5" 1
Door handle to recovery room 0 0
Main-door handle outside 1-5° 1 Str®
Main-door handle inside 1-5 1 Str®
Drain on floor >10* 2 Str®
Control panel for electronic equipment >10* 2
Difficult to clean Venetians opener s )
Particulate air filter >10¥ 2
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Table 2. (cont’d)

Category Sampling site Total number of Number of ana-  Antimicrobial resistance
detected phages lyzed phages transduced by phages
Floor in front of washing room 1-5 1 Str¥, Cm®
Floor under surgery table 1-5 1 Str®
Floor in front of respiration apparatus >10" 1 Str®
Floor in front of entrance door 1-5* 2 Cm*
Surface of recovery room door 1-5* 2 Str®
Surfaces Surface of respiration apparatus 1-5° 1
Table legs of preparation table 1-5° 1
Surface of preparation table 1-5° 1 Str®, Cm®
Wall over preparation table 1-5" 1
Surgical light surface 0 0
"Before
TAfter

*Before and after cleaning and disinfection

enzymatic restriction using Pvull. In Fig. 3, three phages
isolated from one sampling site have been analyzed. Two
profiles gave the same restriction pattern, whereas one
phage differed from the others.

Detection of resistance genes in transduced E. coli

The addA1 gene fragment could be amplified in five trans-
duced streptomycin-resistant E. coli isolates. The cmlA
fragment was found in one chloramphenicol-resistant
E. coli isolate. For all other isolates, no resistance gene
was detected by PCR.

Minimal inhibitory concentration

All transduced E. coli were analyzed for their minimal
inhibitory concentration to selected antimicrobial sub-
stances. Streptomycin-resistant isolates derived a minimal
inhibitory concentration of 256 mg/l or higher. The chlor-
amphenicol-resistant E. coli with a positive PCR for cmlA
showed a MIC of 256 mg/I and the ampicillin-resistant iso-
late displayed a MIC of 64 mg/1.

Discussion

Nosocomial infections and surgery site infections in horse
are frequently seen to be caused by E. coli as a pathogen.
Isgren et al. [2] identified E. coli in 59.5% of surgery
site infections. These pathogens are often multi-resistant
against commonly used antimicrobial therapeutics. Sur-
gery suite contamination by this pathogen is relevant, but
strategies in cleaning and disinfection of surgery rooms are
not always effective to limit or reduce the high incidence
of cases, even though prevention programs may have been
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Fig. 3. Restriction with Pvull of DNA from three different E. coli
phage isolates from one sampling site, drain on floor (Table 2).
From left to right: slot 1, phage number 2; slot 2, phage number 3;
slot 3, phage number 5; slot 4, control phage; slot 5, molecular
weight marker. Phage numbers 2 and 3 gave the same restriction
pattern, and phage number 5 differs from those two
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implemented [1]. The spread of antimicrobial resistance in
this pathogen is especially of high concern. Bacteria can
have either a natural (intrinsic) resistance to antimicrobial
substances, or they can acquire resistance by mutation or
gene transfer. Here, we show that transduction by phages
can play a role in the distribution of antimicrobial resis-
tance genes in bacteria in clinical veterinary medicine. The
isolation of antimicrobial resistance transducing phage,
both before and after cleaning and disinfection at critical
points in a surgery suite, provides evidence that phages
might be a risk for horizontal antimicrobial resistance gene
transfer. Prior to cleaning, at 19 of 31 surface sampling
sites, E. coli phages were isolated and after cleaning and
disinfection, phages from 12 sampling sites could be iso-
lated. Animal clinics are always places with high selection
pressure for the spread of antimicrobial-resistant bacteria
because of an imminent pressure caused by the use of anti-
microbial substances and by patients harboring and spread-
ing these bacteria [7, 8, 19]. Cleaning and disinfection are
attributed to primarily eliminate bacteria [20], but whether
these measures are effective in eliminating viruses, like
bacteriophages, is not defined for most regimes. The resis-
tance of phages to disinfectants has not yet been explored
in detail, since transduction has been considered to be of
little importance for the spread of antimicrobial resistance
and phage has no pathogenic effect on eukaryotes. In pre-
liminary experiments that have already been carried out,
it became obvious that certain phages can survive a vari-
ety of different disinfectants, e.g., they are highly stable
to alcoholic agents such as 70% ethanol, but are greatly
reduced by 0.28% sodium hypochlorite [21]. The results
of this work show, for the first time, that phages, able to
transduce antimicrobial resistance, can be isolated in the
clinical environment. Bacteriophages of E. coli can be iso-
lated from 50% of all sampling sites in a clinical surgery
room and that 32% of the phages isolated and analyzed
were able to transduce antimicrobial resistance against
one or more of the four antimicrobial substances tested. In
previously published data on transduction of antimicrobial
resistance of coliphages found on food, phages from this
clinical environment were able to transduce resistance to
a comparable percentage (24.7% of coliphages of poultry
meat transduced antimicrobial resistance) [12]. According
to the results of these experiments, it is not sufficient to
restrict cleaning and disinfection to bacteria, but incorpo-
rate viruses (phages) into cleaning regimes to reduce or
overcome the spread of antimicrobial resistance in clinical
veterinary medicine.

According to the results of this study, transduction via
bacteriophages should not be neglected for the spread of
antimicrobial resistance. Obviously, bacteriophages may
not always be reduced with standard surface disinfecting
agents. To ensure the effective use of antimicrobial sub-
stances, more data have to be assessed about transduction
of antimicrobial resistance in clinical environments to find
useful strategies to fight the spread of antimicrobial resis-
tance, e.g., to use appropriate disinfectants with virucidal
activity in critical areas, such as surgery suites and clinics.
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