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Bacteriophage biocontrol
of Listeria monocytogenes on soft ripened
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Soft-ripened cheeses belong to the type of food most often contaminated with Listeria monocytogenes, and they have
been implicated in several outbreaks of listeriosis. Bacteriophages represent an attractive way to combat foodborne
pathogens without affecting other properties of the food. We used the broad host range, virulent Listeria phage A511
for control of L. monocytogenes during the production and ripening phases of both types of soft-ripened cheeses, white
mold (Camembert-type) cheese, as well as washed-rind cheese with a red-smear surface (Limburger-type). The surfaces
of young, unripened cheese were inoculated with 10'-10° cfu/cm? L. monocytogenes strains Scott A (serovar 4b) or CNL
103/2005 (serovar 1/2a). Phage was applied at defined time points thereafter, in single or repeated treatments, at 3 x 108
or 1 x 10° pfu/cm?. With Scott A (10% cfu/cm?) and a single dose of A511 (3 x 108 pfu/cm?) on camembert-type cheese, viable
counts dropped 2.5 logs at the end of the 21 day ripening period. Repeated phage application did not further inhibit the
bacteria, whereas a single higher dose (1 x 10° pfu/cm?) was found to be more effective. On red-smear cheese ripened
for 22 days, Listeria counts were down by more than 3 logs. Repeated application of A511 further delayed re-growth of
Listeria, but did not affect bacterial counts after 22 days. With lower initial Listeria contamination (10'-10? cfu/cm?), viable
counts dropped below the limit of detection, corresponding to more than 6 logs reduction compared to the control. Our

data clearly demonstrate the potential of bacteriophage for biocontrol of L. monocytogenes in soft cheese.

Introduction

Cheese is considered to be one of the foods most frequently con-
taminated with Listeria monocytogenes. About 30% of the major
food related outbreaks of L. monocytogenes can be traced back
to contaminated cheeses.! The incidence of L. monocytogenes
on cheese was found to be in a range from 1% and 22%, with
an average contamination frequency of 7.4%.%'° Softripened
cheeses seem to be more frequently contaminated than semi-hard

9,11

or hard cheeses,”!! although there are some contrary reports.® Soft

cheeses provide appropriate growth conditions for Listeria,'>"
not only because of the psychrotrophic and halotolerant nature
of the organism,' but also because they are commonly consumed
as they are, i.e., without any bactericidal treatment (cooking,
heating) to eliminate contaminations introduced throughout the
production and ripening period. The significant pH increase dur-
ing the surface ripening of these dairy products also strongly sup-
ports growth of Listeria species. Therefore, appropriate control of
L. monocytogenes on these products is very important, and new
strategies to achieve this goal are highly desirable.

The application of bacteriophages for specific killing of
undesirable contaminants such as Listeria represent a promis-
ing approach to enhance food safety. Phages offer an extreme
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specificity for their hosts, are widely distributed in the environ-
ment, and form part of the natural microbiological flora found
in foods.”" This renders them ideal candidates for the control
of pathogens without interfering with the resident microflora or
starter culture organisms required for production of fermented
foods. Listeria phage A511 is a large, virulent (i.e., obligately
lytic) SPOI-like phage from the Myoviridae taxonomic group.”
Phage A511 has a broad host range within the genus Listeria and
is strictly specific for this genus.?® The aim of this work was to
evaluate usefulness of A511 for the control of L. monocytogenes
during the entire 3-week ripening phases of both white-mold and
washed-rind type soft cheeses. Our data demonstrate the poten-
tial of phage as ideal candidates to significantly decrease develop-
ment of the pathogen in the cheese surfaces.

Results

Two different soft-ripened cheese models were established in the
laboratory in order to evaluate the potential of A511 for con-
trolling L. monocytogenes on the cheese surfaces. The surface
pH changes were monitored and found characteristic for the
ripening processes of white mold cheeses and washed rind, red-
smear cheeses, respectively."*** White mold cheeses featured an

Volume 1 Issue 2



A 107 : , : : , . 8
105 L
105 L
17
NE 10 L
(3] I
2 10%¢ =
3]
16
102 ¢
101 L
n.d. 5
B 107 8
106 L
105 L
17
NE 104 L
o I
2 10°¢ “
3]
16
102 &
101 L
n.d. 5
C 107 8
106 L
105 L
17
NE 104 +
o I
- 103 ¢ =
o
16
102 L
10"¢
n.d. ; . . ; . . 5
0 3 6 9 12 15 18 21
days
Figure 1. Effect of phage A511 on growth of L. monocytogenes strain
Scott A on white mold soft cheese, using different phage application
protocols. Cheeses were spiked with 1 x 10% cfu/cm? on day 0, and
phage A511 was applied to the test samples: 3 x 108 pfu/cm? after 1 h
(A), 3 x 108 pfu/cm? after 1 h and 20 h (B), 1 x 10° pfu/cm? after 1 h (C).
Cheeses were ripened for 10 days at 12-13°C and 95% relative humidity
of the air, and then stored for another 10 days at 6°C (closed circles,
control; closed triangles, with phage A511; open diamonds and dotted
line, surface pH).

initial pH of 5.6 + 0.2, which increased after 3 days and reached
a maximum of pH 7.6 + 0.2 after 20 days. On the red-smear
cheeses, the initial pH (5.4 + 0.1) increased to pH 7.8 + 0.2 at
the end of the ripening period of 22 days. The population of
Listeria Scott A and CNL 103/2005 on the non-phage treated
control cheeses closely reflected the pH changes: growth started
when the pH rose above 6.0. After 20 days, counts of strain Scott
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A reached approximately 10° cfu/cm? on white mold cheese,
(Fig. 1), whereas red-smear cheeses supported growth up to 107
cfu Listeria per cm? (Figs. 2 and 3). Interestingly, strain CNL
103/2005 yielded significantly higher counts (up to 10% cfu/cm?)
on red-smear cheese surfaces (Fig. 2B).

To confirm that phage A511 added to the smear brine would
not affect the added starter and ripening microflora consisting
of Gram-positive bacteria, yeasts and molds, total aerobic plate
counts were determined over one entire red-smear cheese ripen-
ing trial. We found no differences between phage-treated and
control cheeses (data not shown).

Addition of 3 x 10* pfu/cm? A511 on white mold soft cheese
contaminated with Listeria Scott A resulted in a decrease of
viable counts by more than 2 orders of magnitude (logs) during
the first 68 days of production (Fig. 1A). However, re-growth
of Listeria occurred when the cheese surface pH rose above 6.5.
Nevertheless, compared to the controls, Listeria growth on the
phage-treated samples was significantly slower. Repeated appli-
cation of phage at 3 x 10° pfu/cm? (Fig. 1B), or a single higher
dose application of 1 x 10° pfu/cm? (Fig. 1C) further reduced
the Listeria population during the initial 8-10 day period, by
approximately 90% compared to the single lower dose treatment
(Fig. 1A). Considering final counts obtained at the end of the 3
week ripening periods, the single high dose application (Fig. 1C)
yielded the largest difference (3.1 log, p < 0.05) between phage-
treated cheeses and the controls, compared to using less phage in
a single (Fig. 1A) or repeat application scheme (Fig. 1B) (2.5 to
2.6 logs difference; p < 0.05).

On the rind-washed, red-smear soft cheeses, the effects
obtained by single or repeated phage challenge were similar.
Viable Listeria counts decreased by approximately 2 orders of
magnitude within the first 6 days after A511 application at 3 x
10® pfu/cm? (Fig. 2A and B). Thereafter, re-growth occurred
and approximately 10 cfu/cm? bacteria were present at the end
of the ripening phase on day 22. Compared to the controls,
reduction was 3.1 log for Scott A (Fig. 2A), and 3.6 log for CNL
103/2005 (Fig. 2B). To further improve the killing efficacy of
phage, additional trials were performed: application of 3 x 108
pfu/cm? of A511 twice during the rind-washing process (smeat-
ing) on days 0 and 6 resulted in a lower bacterial counts between
days 6-12 (Fig. 2C), compared to the single dose treatment.
When A511 was added at three time points (day 0, 3, 6), signifi-
cantly lower Listeria numbers were observed between days 8-19
(Fig. 2D). However, final counts obtained after 22 days by the
3 phage application protocols were not significantly different (p
> 0.05).

Additional experiments were performed to determine the role
of the initial contamination level on the efficacy of phage treat-
ment of the cheese surfaces (Fig. 3). When cheeses received 1
x 10° cfu/cm? Scott A (Fig. 3A), application of phage resulted
in an approximately 3 log difference after 22 days. When lower
numbers were used 1 x 10% cfu/cm? (Fig. 3B) and 1 x 10' cfu/
cm? (Fig. 3C), differences in cell counts of more than 6 logs were
achieved, and no viable cells could be recovered by direct plat-
ing after day 6 (detection limit 1 cfu/cm?). Thus, inital killing
efficacy of the phage and the final difference in viable cell count
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Figure 2. Effect of phage A511 on growth of L. monocytogenes strain CNL 103/2005 (B) and Scott A (A, C and D) on red-smear soft cheese, using differ-
ent phage application protocols. Cheeses were spiked with 1 x 10% cfu/cm? on day 0, and phage A511 (3 x 10® pfu/cm?) was applied to the test samples:
after 1 h (A and B), after 1 h and 6 d (C), and after 1 h, 3d and 6 d (D) (indicated by arrows). Cheeses were ripened for 11 days at 12-13°C and 95% relative
humidity of the air, and then stored for another 11 days at 6°C (closed circles, control; closed triangles, with phage A511; open diamonds and dotted

was significant better when the target cell concentration was 1 x
10? cfu/cm? or below.

By the end of the trial periods, the number of infective A511
particles on the surface of the white mold soft cheeses dropped by
approximately 1.5 log pfu/cm?, whereas phage infectivity was less
affected (less than 1 log reduction) on the surface of red-smear
soft cheeses.

Listeria clones recovered from phage-treated cheeses were
also tested for possible development or selection of insensitivity/
resistance to A511. While all 10 Scott A isolates remained fully
sensitive to A511 infection, three out of ten (30%) of the CNL
103/2005 clones recovered from day 22 cheese samples that
received A511 showed a phage-insensitive phenotype.

Discussion

Because of the relevance of soft-ripened cheeses in sporadic or
epidemic cases of listeriosis, phage application for control of L.
monocytogenes during processing and ripening of these prod-
ucts represents an attractive alternative to increase food safety.
To ensure that the cheese models set up in the laboratory prop-
erly reflect the characteristic steps during the different ripening
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processes, several parameters were monitored. In all trials, the
changes in surface pH were found typical for the ripening of
white mold cheeses and red-smear cheeses, respectively."*?
Addition of phage had no influence on total aerobic plate counts
and cheeses that received phage were indistinguishable from the
controls regarding odor, texture and general appearance, and
they were overall comparable to commercially available products.

Not surprisingly, the onset of growth of Listeria Scott A
and CNL 103/2005 on the cheese surfaces closely reflected
the changes in surface pH, which is the major limiting fac-
tor for growth of the organism in these environments."'>2224
Interestingly, we noted that Scott A grew significantly slower
than CNL 103/2005. The latter had been isolated in 2005 from
a listeriosis outbreak in Switzerland, involving white mold soft
cheese.” Thus, it appears to be better adapted to this specific
environment than strain Scott A, which is a clinical isolate,?
and had been held under laboratory conditions for many years.
Similar observations regarding L. monocytogenes strain-specific
growth differences have been reported for other cheese models
and related studies.'?!3:21:22:24.27

Our data indicate that application of phage A511 is able to
eradicate L. monocytogenes cells from the cheese surfaces to levels
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Figure 3. Effect of phage A511 on growth of L. monocytogenes strain
Scott A on red-smear soft cheese at different initial contamination
levels. Cheeses were spiked on day 0 with 1 x 10% cfu/cm? (A), 1 x 102
cfu/cm? (B), 1 x 10 cfu/cm? (C) and phage A511 (3 x 102 pfu/cm?) was
applied after 1 h to the test samples. Cheeses were ripened for 11 days
at 12-13°C and 95% relative humidity of the air, and then stored for an-
other 11 days at 6°C (closed circles, control; closed triangles, with phage
A511; open diamonds and dotted line, surface pH).

below 1 cfu/g, when the contamination rate at the beginning of
the ripening phase was at 100 cfu/cm? or below. At a higher level
(10° cfu/cm?), a still very significant reduction of approx. 3 logs
was observed on red-smear and white mold soft cheeses. This
correlates well with earlier reports where a single higher dose of
Listeria phage P100 (6 x 107 pfu/cm?) was sufficient to eliminate
an initial contamination of 2 x 10" cfu/cm? L. monocytogenes from
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the surface of red-smear soft cheese,? whereas repeated applica-
tion of lower doses (2 x 10° pfu/cm?) resulted in a reduction of
2-3 logs. Altogether, these findings again underline the impor-
tant role of phage concentration for efficacy of using phage in
foods.?® This is especially true for foods featuring a large, uneven
and moisture-absorbing surface (such as cheese), which severely
limits free diffusion of the virus particles in a thin water film.
Our results also correlate well with other studies using phage to
target food-borne bacteria.??!

Efficacy of phage treatment appears to be highest at target
cell concentrations at or below 100 cfu/cm?. However, it should
be realized that this finding does not diminish its effectivity or
affect its applicability in commercial cheese production, since the
initial contamination levels actually found on soft-ripened cheese
are usually very low.%’ Nevertheless, it is also important to note
that phage application during soft cheese production and ripen-
ing must be precisely timed to correlate with the possible time
point(s) of Listeria entry into the product. If phage would only
be applied late in the ripening phase, i.e., after bacterial growth
has been initiated (after day 3 to 6), the bacterial population may
have reached higher cell densities which might reduce efficacy of
phage treatment. Critical consideration should also be given to
optimal distribution of the phage on the cheese surface, in order
to provide highest probability for contact between virus and tar-
get bacteria. Clearly, this is dependent on the surface properties
and matrix of the cheeses. Mature soft cheese features a highly
complex flora in a thick multilayered biofilm-like structure
consisting of bacteria, mold mycelium, cheese proteins, lipids
and approximately 2—4% NaCl. The target bacteria embedded
within this matrix are at least partially shielded from diffusing
liquid, and therefore are also protected from phage. Such lim-
ited accessibility explains the finding that repeated application of
phages did not improve overall killing efficacy.

Stability of phage is another parameter which may be impor-
tant for success of phage application. Infectivity of phage A511
particles was less affected on red-smear cheese than on the white
mold cheese surface, which might have contributed to the some-
what lesser efficacy of A511 on the latter product. It is likely that
proteolytic activity of starter and ripening culture microorgan-
isms could affect integrity and infectivity of the phage particles.
Similar observations have been made for enteroviruses,* and this
effect is also assumed to be responsible for deactivation of bac-
teriocin activity on cheese surfaces.”” Although this effect may
not be generalized for all foods and application schemes, phage
stability and infectivity is an important consideration regarding
its use in industrial processes.

Several studies exist on biocontrol of L. monocytogenes in
Camembert_likez3,33,34 21,22,24,35-38 In
most cases, however, not phages but “anti-Listeria cultures” or
bacteriocins were used, and the different experimental setups and
various types of cheeses employed make it difficult to compare
these data. Important parameters which affect the results include
the Listeria strain(s) and contamination levels used, type of phage
or bacteriocin applied, time point of application, type of cheese,

and red-smear soft cheeses.

ripening conditions and packaging conditions. Nevertheless, it
can be concluded that control of Listeria contamination by phage
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A511 generally yielded satisfactory results that seem superior to
most other approaches.

One of the most critical issues regarding the phage-against-
pathogens concept is the possible emergence of phage resistance.
In our hands, none of the strain Scott A clones re-isolated from
cheeses treated with phage AS511 revealed resistance against
the phage. However, with strain CNL 103/2005, some phage
insensitive clones could be recovered at the end of the ripen-
ing period after 22 days. Although the precise reasons for this
phenotype are not clear, it is likely that the bacteria modified
the specific surface carbohydrates responsible for phage attach-
ment (Huber T and Loessner MJ, unpublished data). In other
studies, no phage resistant Listeria emerged on phage-treated
ready-to-eat foods over 6 to 13 days,* or red-smear cheese over
3 weeks.?* Resistance to a specific phage added to food was also
not observed with Salmonella Enteritidis on fresh-cut fruit dur-
ing a 7 day period,” or Campylobacter jejuni on chicken skin
after 10 days.”” However, some phage-insensitive Brochothrix
thermosphacta emerged on pork adipose tissue 8 days after
phage was added." Altogether, the available data indicate that
development of phage resistance on foods seems to be variable
and hard to predict, but the probability and frequency seems
to be relatively low. If there are no negative effects on fitness
or growth rate, resistant bacteria might gain an advantage over
non-resistant bacteria during the period that phage is present,
and may eventually dominate the bacterial population on phage
treated foods. However, if maintenance costs for phage resis-
tance are high, such cells may persist only as a minor fraction
of the entire population, in line with what has been observed for
CNL 103/2005 in this study. Similar explanations were offered
as a result of in vitro models.”> Moreover, a phage resistance-
phenotype is also likely to revert without the selective pressure,
i.e., in the absence of phage.*

In conclusion, biocontrol by phage represents a promising
“green” strategy against contamination of soft cheese by Listeria
monocytogenes. Phage application must be integrated into a specif-
ically tailored hygiene concept, and its success will depend on sev-
eral factors: (i) the initial phage concentration must be sufficiently
high (in the range of 10® pfu/cm?), and will have to be optimized
for each product and its particular production scheme; (ii) phage
needs to be applied at an early stage, to prevent development of
L. monocytogenes above a certain threshold (approximately 100
cfu/cm?) which might reduce efficacy of phage treatment; (iii)
to avoid the emergence of phage-resistant bacteria, phage-treated
products should not be allowed to re-enter the production cycle.
This may not be valid for white-mold cheeses. However, with
respect to red-smear soft cheese production, this requirement will
specifically exclude the traditional practice of “old-young smear-
ing”, where the rind microflora from mature cheeses is used to
wash the young, “green” cheeses. This procedure has long been
recognized as being responsible for the recycling of Listeria con-
tamination on these products.? Instead, it appears necessary to
install appropriate production schemes using separate, strictly
controlled, pathogen-free batches of cheeses whose surface flora
is exclusively used to inoculate the young cheeses and therefore
minimizes initial pathogen contamination.
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Materials and Methods

Microorganisms. Listeria monocytogenes Scott A (serovar 4b)
and CNL 103/2005 (serovar 1/2a), and L. ivanovii WSLC 3009
(serovar 5) were grown in half-concentrated (0.5x) brain heart-
infusion medium (BHI 1/2) (Biolife) at 30°C, for 16 h. Strain
CNL 103/2005 was isolated from a swiss white-mold soft cheese
(“Tomme”) which caused a listeriosis outbreak.” For phage indi-
cator strain L. ivanovii WSLC 3009 cm’, chloramphenicol (7.5
pg/ml) (Sigma) was added to the media. Phage A511 lysates were
prepared and purified as previously described in reference 31. In
brief, the phage was amplified on log-phase cells of WSLC 3009
in liquid culture, with shaking at 30°C. Following complete lysis
of the host cells, bacterial debris was removed by centrifugation,
and phage concentrated and washed using tangential-flow ultra-
filtration. Final concentration of the phage suspension was 3 x
10" pfu/ml, and it was stored at 4°C until use.

Ripening of soft cheeses. Unripened white mold soft cheeses
and red-smear soft cheeses (22 cm diameter, 1.7 kg weight, 55%
fat in dry matter), were obtained immediately post-brining from a
large cheese producer in Switzerland, and transported to the lab-
oratory. Samples of the unripened cheeses were tested for occur-
rence of Listeria spp. according to IDF-Standard 143A:1995.%
The cheeses were then subjected to appropriate ripening condi-
tions as described previously in reference 21 and 34. For this,
the whole cheeses were divided into 12 equal pieces, which were
further cut horizontally in half, to yield samples of approximately
80 g each with surface area (on each flat side) of approximately
24 cm?. Cheeses were then placed on stainless steel racks in large
glass desiccators, and relative humidity inside the chambers was
adjusted to 95% by addition of 7.95% (w/v) sodium chloride
solution into the bottom of the desiccators.

Listeria contamination and phage application. Overnight
cultures of L. monocytogenes strains were diluted 1:5 in fresh
medium, incubated for 2—3 h at 30°C until an OD,, of approxi-
mately 0.4 was reached, and diluted in PBS (100 mM NaCl, 20
mM Na,HPO,, pH 7.4) to the desired concentrations. Using ster-
ile nitrile gloves, cheeses were surface-inoculated with L. monocy-
togenes to yield final concentrations of 1 x 10", 1 x 10% or 1 x 10°
cfu/cm?, on a total treated surface of approximately 24 cm?. This
procedure was developed empirically and checked in every case
by preparation of a sample and surface plating as described below.
Treated cheeses were placed in the desiccators and stored for 1 h
at 12-13°C. Then, phage A511 was applied in the same fashion to
the white mold cheese samples subjected to phage treatement, in 3
different application schemes: (i) after 1 h asa single dose of 3 x 108
pfu/cm?; (i) after 1 h and 20 h at two single doses of 3 x 10% pfu/
cm? each; (iii) after 1 h as a single dose of 3 x 10° pfu/cm?. With
the red-smear cheeses, phage A511 was added to the smear brine
used to wash the cheese rind, containing NaCl (3.0% w/v), and
a commercially used culture mix containing Brevibacterium casei,
Brevibacterium linens, Debaryomyces hansenii, Candida utilis, and
Geotrichum candidum at approximately 3 x 107 cfu/ml (OFRY,
Danisco, Denmark). Red-smear cheeses were then washed (sus-
pension manually rubbed in using sterile nitrile gloves) a total of
three times (day 0, 3 and 6). Phage A511 was applied at 3 x 10°
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pfu/cm?, either (i) once (1 h after contamination with Listeria),
(ii) twice (1 h after the contamination and on day 6) or (iii) three
times (1 h after contamination, on day 3, and on day 6). Cheeses
were ripened in the desiccators for 11 days at 12°C. Then, they
were aseptically removed, packed in aluminum foil and stored at
6°C for another 11 days until the end of the ripening period.

The cheese surface pH was monitored over the entire ripening
periods, at 3—5 different spots on each cheese, using a surface pH
electrode (Mettler Toledo).

Quantitative determination of listeria and bacteriophage.
Listeria viable plate counts (cfu/ml) and A511 phage counts (pfu/
ml) were determined after each treatment of the cheeses, and at
regular time intervals thereafter. For this purpose, 20 g samples
were removed from the cheese surfaces with the aid of a ster-
ile knife, placed in sterile polypropylene bags and homogenized
in 180 ml citrate buffer using a stomacher laboratory blender
(Seward Medical). For quantitative determination of Listeria
counts below 10° cfu/cm?, pour plates (Oxford agar) were used
with 10 ml aliquots of the homogenates, and surface plating was
performed on 145 mm Oxford agar plates with 1 ml aliquots of
the homogenates. For quantitative viable counts above 10° cfu/
cm?, 0.1 ml aliquots of decimal dilutions of the homogenates
were plated on 90 mm plates of Oxford agar. All plating was per-
formed in duplicates, and plates were incubated for 48 h at 35°C
until typical Listeria colonies could be enumerated. Infective
phage recovered from the foods were enumerated as described
earlier in reference 31, employing a chloramphenicol-resistant
L. ivanovii (WSLC 3009 cm’) as phage indicator to enable direct
plating and prevent contamination of the plates by other bacteria.

To determine the possible emergence and frequency of phage-
resistant bacteria in the challenged food samples, Listeria clones
recovered from phage-treated red smear cheeses via selective agar
plates were tested for A511 susceptibility. For this purpose, ten
colonies of each of the Listeria strains were randomly picked from
the day 22 plates, and streaked on non-selective BHI agar. Broth
cultures prepared from single colonies (0.2 ml aliquots) were
then mixed with 4 ml of molten soft agar to prepare double layer
soft agar plates. After solidifying, ten pl drops of different A511
dilutions (10°, 10° and 10* pfu/ml) were placed on the soft agar
surface, and the plates were incubated at 30°C for 16-20 h until
plaques could be seen.

Statistics. For each measurement and time point, three cheese
samples were analyzed. The bacterial and phage counts were
determined by duplicate plating. Results are presented as means,
and standard deviation of the means is indicated by error bars.
Student’s t-test (unpaired, two-tailed, heteroscedastic) was used
to determine the significance of cell count differences between
controls and phage treated samples, based on an alpha-level of

5% (p < 0.05).
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