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Abstract

Campylobacteriosis is currently the most frequent foodborne zoonosis in many countries. One main source is poultry.
The aim of this study was to enhance the knowledge about the potential of bacteriophages in reducing colonization of
broilers with Campylobacter , as there are only a few in vivo studies published. Commercial broilers were inoculated
with 104 CFU/bird of a Campylobacter jejuni field strain. Groups of 88 birds each were subsequently treated with a
single phage or a four-phage cocktail (107 PFU/bird in CaCO3 buffered SM-Buffer). Control birds received the solvent
only. Afterwards, subgroups of eleven birds each were examined for their loads with phages and Campylobacter on
day 1, 3, 7, 14, 21, 28, 35 and 42 after phage application. The susceptibility of the Campylobacter population to
phage infection was determined using ten isolates per bird. In total 4180 re-isolates were examined. The study
demonstrated that the deployed phages persisted over the whole investigation period. The Campylobacter load was
permanently reduced by the phage-cocktail as well as by the single phage. The reduction was significant between
one and four weeks after treatment and reached a maximum of log10 2.8 CFU/g cecal contents. Phage resistance
rates of initially up to 43% in the single phage treated group and 24% in the cocktail treated group later stabilized at
low levels. The occurrence of phage resistance influenced but did not override the Campylobacter reducing effect.
Regarding the reduction potential, the cocktail treatment had only a small advantage over the singe phage treatment
directly after phage administration. However, the cocktail moderated and delayed the emergence of phage
resistance.
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Introduction

Human campylobacteriosis is presently the most frequent
foodborne zoonosis in the EU with stable rates of about 53
confirmed cases per 100 000 population and year during
2006-09 [1]. Campylobacteriosis is a diarrheal disease with
symptoms of severe abdominal pain, watery and/or bloody
diarrhea and fever, after an incubation period of 2–5 days.
Usually the disease is self-limiting, but it occasionally results in
hospitalization. Antimicrobial therapy is seldom needed.
Campylobacter infection has been associated with sequelae
such as joint inflammation and Guillain-Barré- and its variant
Miller-Fisher-syndrome [2]. The most frequently reported
Campylobacter (C.) species are C. jejuni, C. coli and C. lari [1].
Campylobacter spp. can only multiply in warm blooded animals
such as poultry, cattle, pigs, wild birds and wild mammals and
are excreted into the environment. One main cause of human

campylobacteriosis is handling, preparation and consumption
of broiler meat, which may account for 20% to 30 percent of
human infections with Campylobacter. A total of 50% to 80
percent of human infections are thought to be attributed to
chicken farming [3]. A reduction of intestinal colonization of
broilers would lead to a considerable decline of human
campylobacteriosis [4]. A risk assessment showed that a
reduction of log10 2 of Campylobacter counts on broiler
carcasses leads to a 30-fold decline in human
campylobacteriosis caused by consuming chickens [5].
Currently available conventional pre-harvest strategies to
reduce Campylobacter contamination in poultry production are
not sufficient [6]. These pre-harvest strategies include the
application of on-farm biosecurity measures, the
decontamination of litter, and the supplementation of feed with
compounds inhibiting Campylobacter and the treatment of
drinking water. Moreover, novel strategies, specifically
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targeting Campylobacter control at pre-harvest level, are in
progress, including administration of probiotics, vaccination,
antibiotics, changes in feed structure and antimicrobial
alternatives, i.e. bacteriophages (phages) and bacteriocins
[7,8]. Bacteriophages are ubiquitous in the environment and
appear naturally on food for human consumption along with
their target bacteria [9–12]. A reduction of Campylobacter
counts by an average of log10 2 and a maximum of log10 5 was
demonstrated by using phages in several in vivo studies
[13–16]. Phages are very specific to their target host having
little impact on the remaining microorganisms. Thus, phages
are a promising supplementary tool for the production of safe
poultry food products [17].

The usage of phages for farm animals is of particular interest
because it may help to reduce the administration of antibiotics.
Antibiotic medication only leads to a temporary reduction, but
not to an elimination of Campylobacter [18] and attracts long-
lasting public criticism regarding increasing bacterial
resistance. Unsurprisingly, after phage treatment, the
development of phage resistant Campylobacter strains has
been observed. Resistance rates from 2% [9] up to 13% [8]
have been found. Loc Carrillo et al. [13] observed that a phage
resistant Campylobacter isolate had a significantly reduced
ability to colonize the broiler intestine compared to the original
susceptible strain. Carvalho et al. [8] did not observe the same
effect. Questions remain concerning the preservation of
resistance during further intestinal passage, which may lead to
loss of the resistant phenotype. In order to avoid the
accumulation of phage resistant Campylobacter strains in the
environment Goode et al. [19] suggested limiting the use of
phages to the slaughter house as an epidemiological endpoint.
In contrast, Wagenaar et al. [15] considered the release of
phages in the environment to be acceptable and proposed a
rotating use of different phages in order to deal with resistance
problems.

We tested phage bio-control under controlled conditions in
broilers over six weeks with particular regard to the
development of resistances against the phages, comparing a
four-phage cocktail and a single phage treatment.

Materials and Methods

Ethical statement on bird experiment
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The use
of animals in this study was approved by the Animal Welfare
Officer of the University of Veterinary Medicine, Foundation,
Hannover, whose tasks include the scrutiny of animal welfare,
ethics and handling, and then announced to the Lower Saxony
State Office for Consumer Protection and Food Safety in
accordance with §8a(1,2) of the German Animal Health and
Welfare Act. The Lower Saxony State Office for Consumer
Protection and Food Safety approved the work on this study
under permit number 33.9-42502-05-11A153. The study was
notifiable but not subject to approval according to §8(7) Nr. 2 of
the German Animal Health and Welfare Act. The
accomplishment of the experiment was supervised by a

competent person in accordance with the §9 of the German
Animal Health and Welfare Act to ensure the compliance of §9
and §9a of the German Animal Health and Welfare Act and all
efforts were made to minimize animal suffering.

Bacteriophages
General information.  The phages 1, 2, 5 and 13 (table 1)

from the British phage typing scheme were used for this study.
Propagation of phages and determining concentration of phage
suspensions were performed as previously described [20].
Phage suspensions were stored at 4°C.

Phage treatment.  Phage suspensions of each phage were
diluted in SM-buffer (5.8g NaCl, 2.0g MgSO4x7H2O, 50ml 1M
Tris (Sigma) pH 7.5, 5ml 2% gelatine, filled up with distilled
water to 1000ml) to approximately 107 PFU/ml, mixed in equal
parts for the cocktail application and supplemented with 33%
(w/v) CaCO3 (Roth, 6230.1). Subsequently 1 ml of the
suspension was administered directly into the crop of each
broiler.

Isolation of phages from cecal contents.  1g of cecal
contents was mixed thoroughly 1:10 with the SM- buffer and
shaken overnight at 4°C. Chloroform (Sigma-Aldrich, 366919)
was added to the sample at a concentration of 5% (v/v), which
was then shaken at 300rpm for 15 min and subsequently
centrifuged at 13,000 x g for 20 min. The phage containing
supernatant was filtered through a 0.22 µm filter (Roth, P668.1)
to eliminate bacterial compounds and then serially diluted in
the SM- buffer for determining the phage concentration.

Campylobacter
General information.  All Campylobacter strains were

cultured and stored in several aliquots at -70°C to serve as a
master seed before studies commenced. Laboratory
Campylobacter strains, used for propagating phage strains and
determining phage concentration are listed in table 1.
Campylobacter jejuni 1474-06 was used as the model field
strain for all experiments.

Campylobacter was always cultivated under microaerobic
conditions (Oxoid Gas Pak System, Campygen) at 42±0.5°C.

Mc-Farland-Standards (McFSt.) of Campylobacter strains
were prepared for propagating phages or determining phage
concentrations as well as for susceptibility and resistance
testing of Campylobacter isolates. A single colony of the
required strain or respective isolate was plated on Mueller-

Table 1. Phage strains and their Campylobacter host
strains.

No of Phage strains  Campylobacter strains (NCTC1-No.)

Phage NCTC1  propagation determination of concentration
1 12673  12661 12662
2 12674  12661 12662
5 12678  12664 12662
13 12672  12660 12662

1. National Collection of Type Cultures
doi: 10.1371/journal.pone.0078543.t001
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Hinton-Agar (Oxoid) and incubated for 16h. The bacteria were
then harvested with a sterile cotton swab, dispensed in 10
mmol MgSO4 solution and adjusted to the McFSt. needed for
the particular application in a Densimat (Biomerieux SA
France, IDN 013615).

Model organism.  The model organism C. jejuni strain
1474-06 was isolated in an abattoir from poultry pectoral
muscles in 2006. This strain is representative for a collection of
well characterized Campylobacter field strains and susceptible
to all phages used in the United Kingdom Typing Scheme
except phage 12 (NCTC12677) [21].

For inoculation of broilers Campylobacter 1474-06 was
propagated in Standard 1 nutrient broth (Merck) for 48h and
subsequently diluted to approximately 106 CFU/ml. Reisolation
was performed on Karmali Agar (Oxoid). For this, serial
dilutions of 1g of cecal contents per broiler were made in
phosphate buffered saline (8g NaCl, 2g KH2PO4, 2.9g
Na2HPO4, H2O ad 1l, adjusted to pH 7.4 with HCl/NaOH).
Aliquots of 100µl were plated on Karmali Agar, from each
dilution two separate plates were made. The colonies counted
after two days incubation allowed the calculation of the CFU/g
cecal contents.

Susceptibility testing.  The susceptibility of the re-isolated
Campylobacter 1474-06 strains for each single phage and for
the cocktail was tested as previously described [20]. This test
distinguishes between isolates that are as susceptible as the
original strain and those, that have reduced susceptibility or are
resistant.

Resistance testing.  Resistance of Campylobacter 1474-06
and re-isolated strains against the phages was examined using
the conventional agar overlay plate assay: a suspension of
each Campylobacter strain was adjusted to McFSt. 3. NZCYM-
overlay-agar (NZCYM broth 22g/l, Roth X974.1, Agar-agar 7g/l,
Roth 2266.3) was liquefied in tubes and kept molten at
48±0.5°C in a block heater (Roth, Rotalibo-Block-Heater
H250). 100µl of the Campylobacter suspension and 100µl of
the test phage-suspension, containing 104 PFU/ml, were added
to 5ml NZCYM-overlay-agar, mixed thoroughly and poured into
a petri dish containing 20 ml NZCYM-base (NZCYM-broth
22g/l, Agaragar 15 g/l). After the overlay had solidified, plates
were inverted and incubated at 42±0.5°C for 24 hours.

Housing and care of laboratory animals
Broilers were used as an animal model, due to the fact that

the study was aimed at reducing Campylobacter in commercial
broiler production. Each group of birds was placed in separate
units of the clinic-affiliated isolation facility as day-old chicks
and each was cared for separately by one specialized animal
keeper to avoid any environmental and cross contamination.
The birds received commercial complete feed and water from
the municipal water supply in bell drinkers ad libitum. The
broilers were kept on wood shavings approximately 2kg/m2.
The temperature was in accordance with commercial rearing
conditions. The stocking density was 13 individual birds per
square meter at the beginning and reduced by the taking of
broilers for necropsy to 1.6 birds/m² at the end of the
experiment.

Trial design
General experimental setup.  92 Commercial broilers per

group were housed as day-old chicks. On day six of life, four
birds per group were sacrificed in order to confirm the birds
were Campylobacter negative via culture. The other birds
received 1ml of Campylobacter suspension, adjusted to 104

CFU/ml, directly into the crop. After three days of
Campylobacter colonization (day nine of life), each bird of the
treatment groups received 1 ml CaCO3-buffered phage
suspension, containing 107 PFU/ml, directly into the crop. The
phage cocktail was composed of phages 1, 2, 5 and 13 in
equal parts. On day 10, 12, 16, 23, 30, 37, 44 and 51 of life,
eleven birds per group were sacrificed. Before the dissection
the birds were weighed. Ceca were removed aseptically and
immediately processed within the clinic-affiliated laboratories.
Approximately 1 g of cecal contents from each bird was
weighed out twice. The first sample was diluted 1:10 in PBS,
the second in SM-buffer then both were mixed thoroughly.
Serial dilutions of these suspensions were made in order to
determine the concentration of Campylobacter and phages as
described above. Single Campylobacter colonies were picked
for examination of phage susceptibility.

Trial I.  The treatment group received the buffered phage
cocktail. The control group received the buffer suspension only.
Ten re-isolated Campylobacter colonies per bird were tested
for phage susceptibility. Thus, one hundred colonies from ten
birds were investigated at each examination date from the
treatment and the control group, respectively. These isolates
were identified as belonging to the species C. jejuni by testing
one Campylobacter colony from each broiler by PCR [22].
However, testing one colony from one bird cannot confirm that
the bird did not harbour other Campylobacter spp.. The PCR
was thought as a supplementary tool for controlling the
biosecurity measures: If a Campylobacter strain enters a flock,
it rapidly spreads across the flock. Therefore, we regarded
each group as one unit, which enhanced the significance.

Trial II.  The first treatment group received the buffered
phage cocktail. The second treatment group received a
buffered suspension, containing phage 1 only. The control
group received the phage free buffered suspension medium
only. Ten re-isolated Campylobacter colonies per bird were
tested for phage resistance as described above. Colonies from
the cocktail treated group were tested for resistance against
each single phage separately and against the phage cocktail.
Colonies from the single phage treated group were tested for
resistance against phage 1 and also against the phage
cocktail. Colonies from the control group were tested for
resistance against the cocktail only.

Data handling/Calculations
Data evaluation.  Data evaluation and figure preparation

were performed in Microsoft Excel 2010. Significances were
calculated using T-Test and Man-Withney Rank Sum Test in
Sigma Stat 3.1.

SMean.  A susceptibility approximate value, in the following
named susceptibility mean (SMean) was calculated for each
Campylobacter colony (SMeanC), examined for susceptibility or
resistance, in order to allow a broad comparison of the groups
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with the two different phage treatments as well as susceptibility
test procedures. The SMean subserves the analysis of
interrelations between the phage susceptibility of the
Campylobacter population on the one hand and the
colonization level of Campylobacter on the other hand.

SMeanC = sum of efficacious phages / sum of phages tested
Campylobacter isolates from trial I were examined for their

susceptibility to each single phage and additionally the phage
cocktail in the Microplate-Test. Therefore, isolates which were
as susceptible as the original strain were entered as
“susceptible” into the calculation, whereas reduced susceptible
or resistant isolates were not entered. For trial I a SMeanC of
“1” was assigned for Camylobacter isolates, which were as
susceptible as the original strain to each phage. A SMeanC of
“0” was assigned for Campylobacter isolates with reduced
susceptibility to each phage.

Accordingly, the SMean was determined for Campylobacter
isolates from trial II, which were examined for resistance in the
conventional agar overlay plate assay. Here, reduced
susceptible isolates were not separately detected and entered
as “susceptible” in the calculation. Therefore, an SMeanC of “1”
means, that the appropriate isolate has no resistance against
any phage and an SMeanC of “0” means, that the isolate is fully
resistant to each phage examined.

SMeans, used in this paper, were always calculated for the
whole Campylobacter population of each single broiler
(SMeanB), whereby the Campylobacter population was
represented by ten colonies from each bird examined for
susceptibility or resistance.

Therefore, for both trials the general interpretation on bird
level of SMeanB of “1” is: no resistance against any phage in
any isolate from this bird was found. An SMeanB of “0” means:
all ten isolates from this bird showed at least reduced
susceptibility or were even resistant to each phage.

Ratio of susceptible and less susceptible/resistant
subpopulation.  For each individual bird “B”, the extent of the
susceptible Campylobacter subpopulation was calculated,
multiplying the Campylobacter load “LB” and the corresponding
SMeanB.

extent of susceptible subpopulation (CFU/g) = LB (CFU/g) x
SMeanB

The extent of the less susceptible (trial I) or resistant (trial II)
Campylobacter subpopulation of any bird was calculated,
subtracting its susceptible Campylobacter population from its
total Campylobacter load.

extent of resistant subpopulation (CFU/g) = LB (CFU/g) - ( LB

(CFU/g) x SMeanB )
Significance of the interpretation of SMean.  As the rate

of resistant or less susceptible isolates was unknown when the
experiments were planned, we carefully considered the costs
and benefits of the amount of isolates for investigations and
decided to examine ten isolates per bird: If all ten isolates from
one bird are susceptible we can say that this bird harbors less
than 20% resistant isolates with a safety level of 90%.
Regarding the dissection group as one unit under the same
conditions we can approximately say that the group harbored
fewer than 2% resistant isolates.

Results

Phage load
Treatment groups.  The phage counts in cecal contents

were determined for each bird. The rate of phage positive birds
from each treatment group and the chronological sequence of
the mean phage count from these phage positive birds are
shown in Figure 1.

All broilers (100%) in trial I were positive for phages in their
cecal contents (Figure 1a). In trial II, treated with the same
phage cocktail, five broilers tested negative towards the end of
the examination period resulting in a carrier rate of 92%. In the
group treated with 1 phage in trial II at least one individual was
found to be negative for phages at nearly every examination,
leading to a rate of 87% phage-positive birds.

The mean phage titers and standard deviations of the phage
treated groups during the course of the experimental trials are
shown in Figure 1b: Although all groups were inoculated with
log10 7.0 PFU per bird, the cocktail treated groups evolved a
mean titer of log10 6.1 (trial I) and log10 5.0 (trial II) PFU/g one
day after application in contrast to the single phage treated
group, which showed a drop to log10 2.7 PFU/g after one day.
From day three after phage application onwards the mean
phage titers in all three treated groups altered between log10

3.2 and log10 5.2 PFU/g and all groups leveled off at about log10

4 PFU/g towards the end of the examination period.
The phage counts from the cocktail treated group of trial I,

amounting to log10 4.9 PFU/g cecal contents in the mean were
higher compared to the counts of the cocktail treated group of
trial II, which resulted in log10 3.8 PFU/g. The mean phage
count of the phage 1 treated group totaled log10 3.4 PFU/g.

The mean phage titer of all phage treated birds was log10

4.05 PFU/g cecal contents. The highest phage count per bird of
log10 7.1 PFU/g was found in the single phage treated group.
The highest count per bird in the cocktail treated groups
accounted for log10 6.7 PFU/g.

Infected control group of trial I.  Phages were isolated
from the untreated control group of trial I. The grey line in
Figure 2 shows the mean phage counts. The highest count of
log10 1.2 PFU/g in the mean value was found in week four
(highest count per bird: 1.9 PFU/g ), but did not reach the
phage level found in the treatment groups during the
investigation period. The mean phage count of the positive
birds remained stable at about log10 1 PFU/g, altogether only
32% of all birds were positive. Therefore, the height of the grey
line mirrors the proportion of these phage positive birds at the
different time points. Once phages were isolated from single
birds, the whole group was excluded as control. The control
group of trial II could be utilized instead, since the experimental
setup was identical in both trials.

Campylobacter load
All re-isolated colonies examined by PCR belonged to the

species Campylobacter jejuni. The chronological sequence of
the mean Campylobacter counts from each group is presented
separately for trial I (Figure 3a) and trial II (Figure 3b). The
Campylobacter level in the cecal contents from the individual
birds of both trials varied considerably from log10 3.4 CFU/g to
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log10 9.5 CFU/g. Altogether, the mean Campylobacter load of
all phage treated birds in this study was log10 5.9 CFU/g cecal
contents and is therefore significantly (p<0.001) below the
Campylobacter load of the phage free control birds from trial II,
which was in mean log10 7.2 CFU/g. Both the cocktail and the
single phage treatment resulted in an average reduction of
log10 1.3 CFU/g in trial II.

In trial I the phage-treatment led to a significantly (p< 0.001)
reduced Campylobacter load up to three days after phage
application (Figure 3a). Subsequently, there was no significant
difference between the treatment group and the control along
with an infection of the control by low numbers of phages and
the following decrease of Campylobacter counts in that group
(grey and black line in Figure 2). Therefore, only the first
measurements are expedient for a solid evaluation of phage
treatment efficiency. In trial II, the Campylobacter level of both
treated groups is generally below the level of the control,
except day three after application of the single phage (Figure
3b). The difference is significant (p< 0.001 - 0.036) from 7 days
to 35 days after application for both treatment groups. The
largest reduction of log10 2.8 CFU/g cecal contents was
measured on day 21.

Resistant and less susceptible Campylobacter
subpopulation

Scope of investigations.  A total of 1,540 Campylobacter
isolates from trial I were tested for their phage susceptibility to
each phage and the phage cocktail. 2,640 isolates from trial II
were tested for resistance to the phage cocktail generally and
additionally to the individual phages they were subjected to.

Progression of reduced phage susceptibility.  In all
phage treated groups a similar course of the emergence of less
susceptible or resistant isolates was observed. Generally,
phage susceptibility decreased first and subsequently
increased towards the end of the investigation period (Figure
4a-c). One day after phage application, there were only slight
changes in phage susceptibility of the Campylobacter
population in all treated groups. Then, phage susceptibility
decreased over two weeks after application of the phage
cocktail (Figure 4a+b), but only three days after treatment with
the single phage (Figure 4c). Towards the end of examinations,
the proportion of the phage susceptible Campylobacter
population increased again and reached 98% (cocktail) or 94%
(phage 1), respectively.

In trial I up to ninety percent of the isolates from the cocktail
treated group were less susceptible or resistant two weeks
after phage application (Figure 4a). For this time point, the
results for phage 5 are not given, due to technical faults. The
susceptibility for the cocktail followed the same course as
observed for the single phages. Only loss of susceptibility for
phage 13 started faster and decreased slower.

In the cocktail treated group of trial II (Figure 4b), the course
of resistance to phages 1, 2 and 5 was nearly identical and
correlated well with the course observed in trial I. Resistance to
phage 13 stayed at about 50% towards the end. Resistance to
the cocktail was less common than resistance to the individual
phages.

In the single phage treated group (Figure 4c) resistance to
phage 1 arose earlier reaching 43 %, then dropped back earlier
but finally resulted in the same level compared to the cocktail

Figure 1.  Reisolation of phages.  Part A shows the percentage of phage positive birds for each treated group.
Part B shows the mean phage count (log10) of the positive birds for each treated group.
dpa = days post phage application.
doi: 10.1371/journal.pone.0078543.g001
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treated groups. Also cross-resistance to the phage cocktail was
observed, following a similar trend observed in the cocktail
treated groups. From day 21 after phage application the course
of resistance to phage 1 and the cocktail were nearly identical
in that group.

The phage infected control group of trial I showed a similar
emergence of a less susceptible Campylobacter subpopulation
as seen in the treatment group (bars in Figure 2). In contrast,
only loss of susceptibility for phages 1, 2 and 5 was observed,
phage 13 remained fully efficacious with all examined isolates.
The highest occurrence of less susceptible isolates was
approximately 70%. The following decline of the less
susceptible part of the Campylobacter population was lower as
observed in the treatment group. The emergence of a less
susceptible subpopulation correlated with the detection of
phages and the decline of the Campylobacter counts in that
group.

Total resistance to the single phages and the phage
cocktail, considering the different treatments.  Table 2
shows for each group how many Campylobacter isolates were
less susceptible (trial I) or resistant (trial II) in total for the
several phages during the investigation period.

Loss of susceptibility or increase of resistance was the most
pronounced for phage 13 and the least pronounced for phage
5, regarding the individual phages; the cocktail was generally
less affected.

The phages which infected the control group of trial I induced
a stronger loss of susceptibility for phages 1, 2 and 5 than the
experimentally administered phage cocktail, but no loss of
susceptibility for phage 13.

The cocktail treatment in trial II induced marginally more
resistance to phage 1 and the cocktail than treatment with only
phage 1 did.

Only two out of 880 Campylobacter isolates from the phage
free control group of trial II showed spontaneous resistance to
the phage cocktail. Both were isolated from one bird.

Impact on Campylobacter colonization level
The interrelation between the degree of resistance of one

bird´s Campylobacter population and its Campylobacter
colonization level is presented in figures 5 and 6.

A good correlation (Figure 5) exists between the proportion
of the resistant Campylobacter subpopulation, measured as
“Susceptibility Mean” (SMean), and the Campylobacter
colonization level. Birds whose Campylobacter population was
categorized into the lowest susceptible group of SMean=0 were
colonized the most at log10 7.5 CFU/g on average. The
Campylobacter colonization level decreased continuously with
rising susceptibility and reached log10 5.6 CFU/g at an SMean
of 1.

Therefore, the Campylobacter colonization level in phage
treated birds, harboring a resistant or less susceptible

Figure 2.  Campylobacter counts, phage counts and bacterial phage susceptibility of the unintentional phage infected
control group of trial I.  The bars show the percentage of Campylobacter isolates that were less susceptible to the represented
phages. The lines show the corresponding Campylobacter counts and the unwanted phage infection. The detection of phages
coincided with loss of phage susceptibility and a decrease of Campylobacter counts in the control group of trial I.
doi: 10.1371/journal.pone.0078543.g002
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Figure 3.  Campylobacter counts in ceca.  Part A shows the mean Campylobacter counts observed in the groups of trial I.
Part B shows the mean Campylobacter counts observed in the groups of trial II.
dpi = days post Campylobacter-inoculation dpa = days post phage application.
doi: 10.1371/journal.pone.0078543.g003
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Figure 4.  Emergence of less susceptible/resistant Campylobacter isolates.  Part A shows the percentage of isolates from the
cocktail treated group of trial I with reduced susceptibility against the individual phages and the cocktail. Data for phage 5 on day 14
after treatment are lacking.
Part B shows the percentage of isolates from the cocktail treated group of trial II that are resistant to infection by the individual
phages and the cocktail.
Part C shows the percentage of isolates from the single phage treated group of trial II that are resistant to infection by phage 1 or
the cocktail. Resistance for phages 2, 5 and 13 was not separately tested for this group.
doi: 10.1371/journal.pone.0078543.g004
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Campylobacter subpopulation, was higher (log10 6.16 CFU/g
cecal contents on average; Figure 6) compared to the level of
phage treated birds harboring a pure susceptible
Campylobacter population (log10 5.56 CFU/g cecal contents),
but did not reach the colonization level of the phage free
control birds (log10 7.15 CFU/g cecal contents). After deducting
the subpopulation showing resistance or reduced susceptibility,
a colonization level of log10 5.65 CFU/g for the susceptible
Campylobacter subpopulation of mixed colonized birds
resulted. Therefore, the mean colonization level, reached by a
susceptible Campylobacter population was about log10 5.61
CFU/g. The mean increase caused by the Campylobacter
subpopulation showing resistance or reduced susceptibility was
estimated to be about log10 0.51 CFU/g.

Table 2. Percentage of all Campylobacter isolates
examined that are less susceptible (trial I) or resistant (trial
II) to the individual phages and the cocktail.

trial group phage 1 phage 2 phage 5 phage 13 cocktail
trial I cocktail 20.83 29.34 16.43 43.33 20.58
 infected control 24.86 35.06 33.87 0.00 0.13
trial II cocktail 18.66 21.40 16.49 30.25 8.98
 phage 1 15.61 - - - 7.73
 control - - - - 0.23

doi: 10.1371/journal.pone.0078543.t002

Discussion

Current framework conditions
Neither the overall prevalence of Campylobacter in chicken

retail products, nor the number of reported poultry meat
consumption-related human campylobacteriosis cases have
been reduced in recent years [23,24]. It is difficult to keep
broiler farms free from Campylobacter colonization because
small numbers of the ubiquitous and well adapted bacteria
suffice to colonize the birds´ intestine [25]. Campylobacter
enters the food chain continuously on a farm level and survives
all stages from ´farm to fork` [5,26,27]. Therefore, all stages
from enhanced prevention measures at farm level to improved
consumer information have been considered and evaluated for
their suitability as critical control points to reduce the risk of
human campylobacteriosis [4–7,28–31]. Reduction of
contamination at broiler farms is considered to be efficient, but
a major decrease of infections at a farm level is not expected in
the short term [30] as there is still no effective, reliable and
practical intervention measure available to prevent or to reduce
Campylobacter colonization in poultry [6,32]. Three general
strategies have been proposed to control Campylobacter in
poultry at farm level: i) reduction of environmental exposure, ii)
an increase in poultry’s host resistance to reduce
Campylobacter carriage in the gut, and iii) the use of
antimicrobial alternatives to reduce and even eradicate
Campylobacter from colonized chickens [32]. Regarding the
growing number of organic and free range flocks having a very

Figure 5.  Campylobacter counts of birds harboring different amounts of phage resistant bacteria.  All birds from the treated
groups were categorized into four groups, depending on the amount of phage resistant Campylobacter isolates in their ceca
(measured as SMean).
doi: 10.1371/journal.pone.0078543.g005
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high risk of becoming Campylobacter positive by contamination
with bacteria from the environment [33], the bacterial load
reducing measures including bacteriophages are becoming
increasingly important.

Phage load
Phages are found in high numbers, provided that their hosts

occur, in seawater as well as on food [34]. Just a few studies
have evaluated the natural incidence of Campylobacter phages
in poultry and on poultry products. Phages could be isolated
from 3% up to 51% of the samples examined, whereby free
range husbandries were more frequently affected compared to
indoor systems [10,12,35–38]. A wide range of bacteriophage
titers from log10 1.5 to log10 6.9 PFU/g cecal contents of the
individual birds were recovered in these studies [10,12]. Also,
several studies concerning the experimental phage treatment
of Campylobacter in broilers and considering the phage titers
were conducted [13–16]. All the treatments of Campylobacter
colonized chickens resulted in the bacteriophages persisting
and replicating in the chickens` intestinal tract. Wagenaar et al.
[15] found opposing highs and lows of Campylobacter and
phage counts after several repeated phage applications and
interpreted this as alternating shifts in amplification of bacteria
and phages. The mean phage counts of Campylobacter
colonized birds ranged from log10 5 to log10 8 PFU/g faeces,
whereby the counts tended to decrease after the end of the

treatment. Loc Carillo et al. [16] recovered phage titers ranging
from log10 3.2 to log10 6.5 PFU/g cecal contents which did not
correlate with simple dilutions of the different input doses
(log10 5, 7 and 9 PFU/bird), implying that viral replication
occurred within 24 h of administration. El Shibiny et al. [14]
likewise found that irrespective of the initial phage dose
administered, the mean phage counts stabilized at certain
levels between log10 4 and log10 5.9 PFU/g intestinal contents
depending on the intestinal segment. Carvalho et al. [13] found
different mean phage counts after administering the same
phage cocktail to Campylobacter jejuni (log10 5.3 PFU/g feces)
and to Campylobacter coli (log10 3.4 PFU/g feces) colonized
birds. Nevertheless, these phage counts remained constant
throughout the experimental period of seven days within both
groups. The mean phage titers, obtained in our experiments
ranging from log10 2.7 PFU/g to log10 6.1 PFU/g are in
accordance with previously reported phage counts of naturally
occurring and experimentally administered phages in the birds´
intestine. We also found the bacteriophages replicating and
existing at stable levels at about log10 4 PFU/g over the whole
investigation period of six weeks (Figure 1), which is in
accordance with other studies [13–16]. It seems that the
present Campylobacter and phage strain combinations result in
a clear natural balance. In contrast to the previously reported
initial high phage titers, we found a remarkably low level of
phage 1 one day after application. This might be explained by a

Figure 6.  Influence of phage resistant bacteria on the reduction potential of phages.  Comparison of the mean
Campylobacter level of i) treated birds harboring a pure susceptible Campylobacter population ii) treated birds harboring resistant
isolates and iii) untreated birds.
For the birds harbouring resistant isolates (ii) two mean counts were calculated: the mean of the Campylobacter counts, including
the resistant isolates and the mean of the Campylobacter counts after deducting the resistant subpopulation.
doi: 10.1371/journal.pone.0078543.g006
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low pH tolerance of the phage, which has been reported for
several other phages [14,39]. Furthermore, this could also
explain why the phages did not reach the intestine of some
birds and why the phages excreted by the phage positive birds
did not suffice to allow self-treatment after orally intaking of
excrements over at least six weeks.

Campylobacter load and reduction
The considerable variation of Campylobacter titers from the

individual birds was previously described [40]. Different studies
revealed the effect of phages on the Campylobacter counts in
chickens [10–16,41]. The presence of phages in various
commercial flocks resulted in an on average statistically
significant log10 1.8 CFU/g lower Campylobacter load
compared to the phage free flocks in that study [10]. Different
treatment designs including water and feed treatment, different
dosages, preventive and therapeutic applications, single and
repeated administration, using different phage and
Campylobacter strains have been tested for their potential to
reduce Campylobacter in chickens. These studies are inter alia
reviewed by Connerton et al. [42]. Reductions of the
Campylobacter load up to log10 5.6 CFU/g intestinal contents
have been found. Preventive gavage of phages delayed the
colonization of Campylobacter. Uptake of phages incorporated
in feed resulted in earlier reduction of Campylobacter
compared to oral gavage. Several times a prominent initial drop
of the Campylobacter load, followed by a re-increase of the
Campylobacter level, resulting in a poor reduction level
compared to the controls, was detected [15,16]. Therefore, a
treatment of the flocks shortly before slaughter has been
suggested [13]. In contrast to that, our results show an initial
low reduction, followed by a four-week period of significant
reduction and ending again with low reduction levels (Figure
3b). Therefore, an adequate timeframe of between one and
four weeks before slaughter would be reasonable.
Nevertheless, the treatment shortly before slaughter would be
more practical, since Campylobacter can enter the flock
towards the very end of fattening. An early phage gavage
would then be useless, since phages can only persist and
replicate in the intestine in presence of their host [15].

Phage cocktails were assembled in order to enlarge the host
range. In addition, we looked for benefits of the cocktail
concerning the reduction potential and emergence of
resistance. In trial II the cocktail administration resulted in a
basic reduction, whereas the administration of the single phage
could not maintain the usually observed reduction on day three
after treatment (Figure 3b). This coincided with the early short
term emergence of the highest resistance rate of the
Campylobacter population (Figure 4c, phage 1 bar). The
combination with three further phages resulted in a delayed
and lower emergence of isolates resistant to the applied
cocktail (Figure 4b, cocktail bar). Here, we compare resistance
to phage 1 in the single phage group and resistance to the
cocktail in the cocktail group since the resistance to the entity
of the applied and therapeutically active phages is decisive for
the efficiency of the treatment.

Resistances
Impact of phage resistance on Campylobacter

colonization level.  Resistances are seen as a possible
obstacle for short- and long-term phage treatment efficiency.
When phages were previously used to reduce Campylobacter
counts in the intestine of poultry, phage resistant
Campylobacter isolates were observed. Resistance rates from
2% [14] up to 13% [13] were reported. Even the impact of
resistant Campylobacter isolates to the following phage
treatment was examined. Loc Carrillo et al. [16] found a
significantly reduced capability of a phage resistant isolate to
colonize the broiler intestine compared to the susceptible
original strain, whereas Carvalho et al. [13] could not confirm
such a difference in comparable studies. The findings of
investigations concerning the preservation of resistance during
a further intestinal passage differ highly. The percentage of
isolates, which lost their resistant phenotype, was specified by
the mentioned authors as being between 54% and 97%. In
order to avoid an accumulation of phage resistant
Campylobacter strains in the farm environment it has been
proposed to limit the use of phages to the abattoirs [19].

It seems that the phages used in this study kept the
colonization level of the susceptible Campylobacter 1474-06
population at approximately 5.6 CFU/g (Figure 6). Once
resistant subpopulations occurred they were not subjected to
the reduction by phages and increased the total Campylobacter
load without reaching the colonization level of the phage free
control birds when considering the trials as a whole. However,
the greater amount of the resistant Campylobacter population
of some birds correlated with higher Campylobacter loads
(Figure 5). The inability of the resistant subpopulation to
maintain the colonization level of the control birds over time
might be due to a reduced colonization capability of the
resistant isolates, which is described as accompanying
resistance [16].

Regarding these findings and especially the increase and
decrease of the phage resistant subpopulation, we assume that
the previously described different outcomes not only depend on
different phage-bacteria combinations but also on the different
time points of investigations (Figure 4). Furthermore, our
findings suggest that long term efficiency is not seriously
compromised by the emergence of resistance. Therefore, we
agree with Wagenaar et al. [15], who consider the release of
phages into the environment to be acceptable. Nevertheless,
this must be validated for more phage bacteria combinations,
considering additionally the resistance mechanisms in order to
develop well designed phage bio-control strategies for the
enhancement of food safety.

Cross-resistances in the single phage treated group.  In
the single phage treated group first resistance to the deployed
phage arose, followed by resistance to the whole phage
cocktail (Figure 4c). Therefore, it seems that different
resistance mechanisms occurred, first a phage 1 specific
mechanism and afterwards a more basic mechanism, perhaps
changing the structure required for phage bacteria interaction,
resulting in cross resistance to the three other phages tested.
The resistance mechanism should be specified in further
studies. At the moment, this underlines the importance of well-
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founded knowledge about phage bacteria interactions in order
to combine different acting phages to wide ranging and
resistance avoiding cocktails.

Spontaneous resistance in the control group of trial
II.  Spontaneous resistance of Campylobacter 1474-06 to the
four phages in vitro was not observed in already published
examinations [20]. Nevertheless, after colonization in the
broiler gut two spontaneous resistant isolates were recovered
(table 2). Carvalho et al. [13] observed 6% resistant
Campylobacter jejuni isolates from untreated chickens
inoculated with a susceptible Campylobacter strain as well. The
amount of bacteria and the multiplication frequency is
considerably higher in the gut environment compared to the in
vitro environment. Therefore, it was not surprising that the
naturally occurring resistant strains [43] were recovered from
the cecal and not from the in vitro samples.

Infected control group
This group was included in this paper despite infection in

order to offer the data from a fresh natural phage infection. We
assumed an infection by one or more unknown phages from
the environment due to the different susceptibility pattern:
Significant lower phage levels compared to the treatment
groups were found, which may be the strongest indication for
an infection by an unknown phage. Furthermore, no loss of
susceptibility for phage 13 was observed, in contrast to
development of cross-resistance to all phages, including phage
13 in the single phage treated group of trial II. Therefore, an
infection by phage 1 is unlikely, but we cannot obviously rule
out that phages 2, 5 or 13 were transferred.

Conclusion

Bacteriophages are able to reduce the Campylobacter load
in chicken sustainably. We could show for the first time that
resistances of Campylobacter against phages stabilized at a
low level after an initial increase, which could be moderated
and delayed by the use of more than one phage. Considering
our own and previously described findings [10–16] we believe
that phage bio-control could play a promising role in combating
Campylobacter at farm level and thus in reducing human
campylobacteriosis. Intelligent combinations of different phages
could contribute to the success of phage bio-control by
reaching a broad host range and keeping resistances under
control. For this, further studies are required in order to gain
sufficient knowledge of phage-bacteria interactions of all
phages intended for future commercial use.
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