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1. Introduction

Microorganisms have been empirically used since ancestral times to produce fermented
dairy products from milk. In the actual dairy industry, milk is subjected to large scale
fermentation processes that involve microorganisms mostly belonging to the Lactic Acid
Bacteria (LAB) group. Bacteriophages that infect LAB have been claimed as one of the
principal sources of fermentation failure (spoilage or delay) on the manufacture of many
dairy products (Briissow et al., 1998; Josephsen & Neve, 1998; Garneau & Moineau, 2011).
Some estimates assume that virulent phages are the primary direct responsible of the
largest-economic loss of dairy factories, since they affect negatively up to the 10% of all milk
fermentations (Moineau & Levesque, 2005).

Starter cultures consisting in selected bacterial strains are added to the fermentation vats to
enhance the fermentative process and also to improve or influence the flavor and texture of
the cultured products. The starter culture population grows through the fermentation
process and reaches high levels inside the industrial vat. This is the perfect environment
where bacteriophages can infect sensitive bacteria. The lysis of the infected host-bacteria can
decrease several folds the total number of starter cells with consequences ranging from the
delay of the acidification with quality changes of the final product, to the total failure of the
fermentation.

Even with frequent cleaning, disinfestations and sterilization of all the facilities, the total
absence of phages in the dairy plants is a utopia. The number and types of phages that are
introduced within the system, presumably as a consequence of the constant supply of wild
phages, is very variable and different subpopulations can prevalence as soon as a
susceptible strain is introduced in the fermentation scheme (Neve et al., 1995; Bruttin et al.,
1997; Chibani-Chennoufi et al., 2004; Kleppen et al., 2011). In fact, bacteriophages have been
detected in variable titer in the milk, appliances of the factory, additives and starter cultures.

Since dairy bacteriophages are one of the mayor dairy threats, great research efforts have
been made to reduce its load on dairy plants and to design new monitoring methods for
their early detection (Magadan et al., 2009; Garneau & Moineau, 2011). Classical
microbiological assays are routinely used on dairy plants to test the presence of
bacteriophages. The spot/plaque assay and the turbidity/growth test are the two methods
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82 Bacteriophages

more frequently employed (Svensson & Christiansson, 1991; Neve et al., 1995; Capra et al,,
2006, 2009; Atamer et al., 2009). These microbiological assays are based on the inhibitory
effect of the bacteriophages in the host strain growth. The culture activity is measured in
such a way that the presence of a bacteriophage in the tested sample inhibits the growth of
the host strain and also decreases the production of lactic acid.

Although the microbiological detection methods are economically accessible, they have
undesirable features such us the long processing time, since they take at least 24 hours to be
completed. In addition, bacteriophages are extremely host-specific, so one phage can only
infect one or few strains of bacteria, forcing to maintain a big collection of LAB strains that
can be tested. Furthermore, a negative result on the spot/plaque assay or the
turbidity / growth test does not guarantee the sample is phage-free, but it could also indicate
that the host strain chosen is not sensitive to the bacteriophage on the sample.

Due to all these disadvantages, classical microbiological methods have being ousted by
more sensitive, faster, and accurate genetic tools as the polymerase chain reaction (PCR).
This is a specific and sensitive technology used to detect and identify (traditional PCR), and
also to quantify (quantitative PCR) minimal amounts of bacteriophage DNA from samples
of different dairy sources. Therefore, the PCR is a fast and reliable approach to screen a great
number of samples for phage DNA. In most cases, low quantities of the sample (milk, whey,
yogurt, etc) can be directly checked for bacteriophage presence by PCR.

Since the traditional PCR generates DNA fragments of specific size, different protocols have
been designed not only to detect but to identify, by fragment size discrimination,
bacteriophages that infect the main dairy LAB species used in the dairy industry such as
Lactobacillus casei/paracasei, Lactobacillus delbrueckii, Lactobacillus helveticus, Streptococcus
thermophilus, and Lactococcus lactis (Labrie & Moineau, 2000; Binetti et al., 2005; Quiberoni et
al., 2006, 2010; Zago et al., 2006, 2008; del Rio et al., 2007). One of the advantages of the PCR-
based methods is that they can be applied in the raw milk received in the fermentation plant
and within hours, each milk batch can be classified for its phage type content and it could be
rapidly distributed. For example, if Lb. delbrueckii phages are detected in the raw milk, the
batch cannot be used for the elaboration of yoghurt but the milk could be redirected to
elaborate cheese, buttermilk, bottled to drink milk or dried to skim milk, thus allowing for
an efficient distribution of the raw material. PCR-based approaches have been also applied
for routine checking of lysogenic strains in starter cultures, which contain hidden temperate
bacteriophages that have the potential to become lytic and compromise the fermentation
process (Martin et al., 2006).

A step forward is the use of the quantitative real-time PCR (qPCR), which allows the
quantification of phage particles in the sample, is faster and more sensitive than the
traditional PCR. Additionally, the use of different fluorochromes enables the identification
of multiple bacteriophage species in the same reaction (del Rio et al., 2008; Martin et al.,
2008; Verreault et al., 2011).

The detection by PCR-based methods might be easily incorporated into dairy industry
routines to monitor the presence of phages and be included as part of the prevention
strategy for controlling phage contamination. This methodology allows the detection of
bacteriophages directly in a small input volume of industrial samples. It also reduces the
screening time, since the sample can be directly checked for bacteriophages, avoiding
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previous enrichment steps with the sensitive host, needed for most of the microbiological
methods. The correct and rapid identification and quantification of bacteriophages
potentially able to attack starter cultures allows for rapid decisions with regard to the
destination of contaminated milk that can be used for elaboration processes in which the
phages detected do not constitute a threat. The possibility to reduce the milk storage time
plays an important strategic role with economic implications for the dairy industry.

2. Traditional PCR

The PCR (polymerase chain reaction) is a broadly used molecular biology technique
developed in 1983 by Kary Mullis and collaborators (Saiki et al., 1985; Mullis & Faloona,
1987), in which a single or a few copies of a specific DNA fragment present in a sample are
amplified by a DNA polymerase in a thermal cycler to produce up to 235 copies in few
hours. At the end of the amplification reaction, the product is analyzed on an agarose gel
and the DNA fragments are separated by size. To ensure the specificity of the reaction, both
the target DNA sequence and the flanking primers are chosen in such a way that only
samples containing the specific DNA are PCR-positives and yield DNA fragments of known
size. Fig. 1 shows a graphic representation of the process to detect and identify
bacteriophages that infect different LAB species from dairy samples by PCR amplification
and subsequent size discrimination on agarose gel.

During the last fifteen years, the PCR-based methodology has been applied in several stages
of dairy product manufacturing to rapid detect, identify and characterize different
bacteriophages that infect LAB strains (e.g. S. thermophilus, Lactobacillus sp. and Lb.
casei/paracasei). The technique has been adapted to detect phages in milk samples (Binetti et
al., 2005; Dupont et al., 2005; del Rio et al., 2007), in cheese whey (Briissow et al., 1994; Labrie
and Moineau, 2000), in the equipment within the factory (Verreault et al., 2011, Kleppen et
al., 2011) or even from air samples (Verrault et al., 2011) with a detection limit of 103-104
phage particles per milliliter.

([coooo)
V ]
Milk tank - =
: -
-
N
10%“
Samples PCR mix PCR cycling Agarose analysis

Fig. 1. Detection of bacteriophages in dairy samples by PCR. A variety of dairy samples can
be checked for bacteriophage presence. The sample is loaded in a tube with the PCR mix
and subjected to amplification in a thermocycler. At the end of the process, the amplified
DNA is analyzed in an agarose gel and the bacteriophage is identified by the fragment size.
Lane 1: S. thermophilus phage (750 bp), Lane 2: Lb. delbrueckii phage (650 bp), Lane 3: Lc. lactis
phage (300 bp).
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84 Bacteriophages

S. thermophilus bacteriophages have been identified in industry milk fermentation samples
as yogurt and cheese whey, after phage DNA extraction and subsequent PCR (Briissow et
al., 1994) or by direct PCR of milk (Binetti et al., 2005; Dupont et al., 2005, del Rio et al,,
2007). A PCR protocol to detect Lb. casei/paracasei bacteriophages from milk and other
commercial samples as fermented milk and cheese whey was also designed (Binetti et al.,
2008). In addition, Lb. delbrueckii bacteriophages have been detected in milk and yogurt
samples (del Rio et al., 2007). Moreover, several protocols have been published to detect and
identify the three species of Lc. lactis bacteriophages most frequently found in milk plants
(c2, 936 and 335), in cheese whey samples (Labrie & Moineau, 2000; Dupont et al., 2005;
Deveau et al., 2006; Szczepanska et al., 2007; Suarez et al., 2008; Kleppen et al., 2011), milk
(del Rio et al., 2007) and even in the factory equipment (Verreault et al., 2011; Kleppen et al.,
2011) or air samples (Verrault et al., 2011).

2.1 Multiplex PCR

The manufacture of a great number of cultured milk products implies the addition of starter
cultures. The composition of modern dairy starter cultures is increasing on complexity and
they are actually made of a variety of strains. This variety of strains raises the total number
of different bacteriophage species that might affect the starter culture and therefore the
quality of the final product. Usually, one PCR protocol is designed to specifically amplify
and detect only one species of bacteriophage in a sample, so more than one PCR would be
needed to detect all the phage types that could be present in a sample of a product
manufactured with a complex starter culture.

An elegant and efficient solution for such a problem has been proposed by different authors
who have developed multiplex PCR assays to check for more than one phage species in a
single reaction. There are different multiplex assays towards multi-type bacteriophage
detection in the literature (Labrie & Moineau, 2000; Quiberoni et al., 2006; del Rio et al.,
2007). In 2000, Labrie and Moineau designed a multiplex PCR method to detect in a single
reaction the presence of the three Lc. lactis phages species considered as problematic in dairy
companies, namely 936, c2, and P335. The assay was optimized for detection and
identification of the three phage types from whey samples. Later on, del Rio et al. (2007)
extended the PCR for the detection of two additional phage groups: bacteriophages
infecting S. thermophilus and Lb. delbrueckii, starters of common use for the elaboration of
yoghurt. This simple and rapid multiplex PCR method detects the presence of
bacteriophages infecting LAB species most commonly used as starters in dairy
fermentations: the three genetically distinct groups of Lc. lactis phages species (P335, 936 and
c2) plus phages infecting S. thermophilus and Lb. delbrueckii.

2.2 PCR-detection of lysogenic strains in starter cultures

Phages are ubiquitous organisms, in the particular case of dairy fermentations, the main
source of phages is the raw milk, from where they spread and contaminate the dairy
facilities. Other external sources of phage contamination that must be considered are the
starter strains that carry prophages into their genome. The analysis of bacterial genomes
revealed that prophages are more widespread than previously thought (Canchaya et al.,
2003; Mercanti et al., 2011).
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Numerous LAB belonging to different genera are lysogenic bacteria, meaning that carry one
or several inducible prophages integrated into their genomes. Functional prophages has
been identified in species usually used in dairy fermentations such as Lc. lactis subsp. lactis,
Lc. lactis subsp. cremoris, S. thermophilus, Lb. delbrueckii, Lb. casei, Lactobacillus rhamnosus or
Bifidobacterium longum (Chopin et al., 2001; Desiere et al., 2002; Proux et al., 2002; Ventura et
al., 2006, 2007, 2009; Zago et al., 2007; Durmaz et al., 2008).

The lysogenic strains are introduced and maintained in fermentation vats for extended
periods of time where they are subjected to the stressful fermentation conditions. This
environment may induce prophages into lytic cycle and release the viral. The risk for
prophage induction and its consequences on the final product quality must be carefully
evaluated when developing industrial fermentation processes thorough the selection of
suitable prophage-free strains as starters.

Ideally, bacterial strains should be tested in conditions that mimic industrial fermentation
processes for the induction of putative prophages. In this context, PCR can be used as a tool
for the rapid screening towards the identification of lysogenic strains in large culture
collections (Martin et al., 2006). The potential lysogenic strains should be further tested for
their capacity to release phage particles. In fact, PCR methods could, overcome frequent
problems of prophage induction assays such as lack of detection of the bacteriophages
released due to a low viral production, the high sensitivity of the screened strain to the
induction agent or the lack of a suitable host strain for the phage.

The cells can be tested by a direct phage-specific PCR assay. If no amplification is obtained,
the problem strains can be tagged as phage-free. However, if the strain gives positive PCR
result, it can be further assayed for prophage induction by using a known induction agent as
mitomycin C (MitC). The presence of viral particles in the cell-free supernatant can be
evaluated again with the same phage-specific PCR assay. Only those strains able to liberate
functional phage particles would result in a positive PCR amplification and consequently
should be discarded as starter strains (Fig. 2).
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Fig. 2. PCR evaluation of putative lysogenic strain cultures induced with mitomycin C
(MitC) (adapted from Martin et al., 2006). The optical density was measured in a control
culture and in a culture induced with MitC after 4 hour. The Cells were PCR tested for the
presence of prophages in the genome (c), and cleared supernatants of the induced cultures
were also PCR tested (s). (A) Strain with no prophages. (B) Strain with no inducible
prophages but inhibited by MitC. (C) Strain with inducible prophages.
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Those strains carrying not inducible prophages could be used as starters, although their use
it is not recommended since they could constitute a pool of genes that can be transferred to
incoming lytic phages by homologous recombination, thus expanding their host range
(Bouchard & Moineau, 2000; Durmaz & Klaenhammer, 2000).

2.3 Bacteriophages typification by PCR and amplicon sequencing

The rotation of starter cultures that share similar technological properties but with a different
pattern of phage susceptibility is the usual and most successful strategy to reduce the impact
of phage attacks in dairy industries (Edmon & Moineau, 2007; Kleppen et al., 2011). Therefore,
the establishment of a system that allows not only to detect, but to classify the detected phages
based on their host range would permit a rational modification of the strain rotation scheme.

In some detection methods, once a sample is confirmed for bacteriophage presence by PCR
amplification, it is possible to get additional information from the amplicon nucleotide
sequence. In this sense it has been described a PCR assay that correlates the host range of a
bacteriophage and the nucleotide sequence of the amplified fragment (Binetti et al., 2005).
This test is based on the amplification of the VR2 variable region of orf18, the antireceptor
gene of S. thermophilus phages that was claimed as responsible for host specificity (Duplessis
& Moineau, 2001). The sequence of the VR2 variable sequence can be used to classify the
detected phages within a host range and consequently to establish a rational rotation of the
available starter cultures.

When a phage is detected by PCR the obtained sequence will classify it in a VR2 type (Binetti
et al., 2005; Guglielmotti et al., 2009). This VR2 type would indicate those strains that are
sensitive and those that are resistant to that phage in particular. The susceptible strains cannot
be introduced in the elaboration routine and should be substituted for other similar strains that
are not included in the same VR2 type thus being resistant to that particular phage. In other
words, it is possible to know which strains are susceptible to be infected by the detected
phages. This is a very useful tool for the dairy industry, since it allows preventing phage attack
by designing a rational starter rotation system based on the phage types detected.

3. Quantitative PCR

Even though the PCR-based technology is a fast and sensitive approach to detect
bacteriophages, traditional PCR has an important disadvantage since it is a qualitative but
not a quantitative method for bacteriophage screening. In this sense it is important to note
that 105 phage particles per millilitre of milk has been estimated as the threat threshold
(Neve & Teuber, 1991; Emond & Moineau, 2007; Magadan et al., 2009). Therefore, the mere
presence of phage particles might be not enough to guaranty the useless of the material and
quantitative approaches would avoid the disposal of milk that could still be useful.

The traditional PCR methodology is being changed towards a faster, more sensitive and useful
technique, the quantitative PCR (qQPCR). This is a new technology based on the traditional PCR
that not only adds specificity, accuracy and speed to former PCR screening methods, but also
allows the quantification of the number of copies of the target DNA, in this case bacteriophage
particles in a dairy sample. Additionally, the qPCR collects the data in real time throughout
the reaction and not just at the end point as the conventional PCR. This feature could be of
great value for the dairy industry since it saves time and speed up the decision towards the
use of the analyzed material, in case it is contaminated with bacteriophages.
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The qPCR technology monitors the increase of fluorescence emitted during the synthesis of
the newly synthesized DNA fragment in each cycle. The reactions are characterized by the
cycle in which the amplification of a target DNA results in a fluorescent signal that reaches
the detection level of the equipment; this cycle is namely the threshold cycle (Ct) and it is
directly proportional to the initial copies of target DNA in the sample (Logan et al., 2001).
Absolute numbers are obtained by comparing the sample Ct value against a standard curve
that is prepared with templates carrying a known titer of bacteriophages (Fig. 3).
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Fig. 3. qPCR analysis of 10-fold dilutions of milk artificially infected with a Lb. delbrueckii
bacteriophage (YAB phage) (adapted from Martin et al., 2008). (A) Amplification plot of
bacteriophage DNA in serial diluted samples starting at 10 PFU/sample. (B) A linear
correlation is established between the Ct value and the logarithm of the number of phage
particles on the sample.
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To detect the amplified DNA, non-specific fluorescent dyes that bind to any double-
stranded DNA (e.g. SYBR® Green) or specific DNA probes (e.g. TagMan® probes) could be
used. The non-specific fluorescent dyes are flexible, inexpensive and accurate, but the
formation of primers dimmers could led to detect false positives and the use of an internal
positive control is not possible. Compare to DNA binding dyes, the fluorescence probe
technology provides an additional level of specificity to the reaction, since in addition to the
PCR primers a third oligonucleotide labeled with a fluorochrome (the probe) is added.
Other significant advantage of using probe chemistry is that different probes can be labeled
with different reporter dyes and be combined in a single reaction (multiplex gPCR). As each
fluorescent signal is individually detected, the qPCR technology could be used as a
qualitative tool to identify different bacteriophage species present in a sample. In addition, it
allows the addition of an internal positive control to the PCR mix which is especially useful
in dairy sample analysis, since in some food matrixes as milk many PCR inhibitors can be
present and some screened samples could be annotated as false negatives (for a review see
Martinez et al., 2011).

Several qPCR protocols based on DNA fluorescent probes have been described to detect,
quantify and identify bacteriophages present in dairy samples. Martin et al. (2008)
developed a qPCR method to quantify Lb. delbrueckii bacteriophages present in milk
samples. The assay combines two different TagMan MGB probes, one which identify the
phage and another for an internal positive control that is added to all the samples. The assay
allows the quantification of 102 Lb. delbrueckii bacteriophage particles per reaction and it
could be also applied to test other dairy niches such as starter cultures and fermented milks.

As was described above, a multiplex qPCR assay has been applied to identify in a single
reaction more than one different bacteriophage type. In this context, del Rio et al. (2008)
designed a multiplex assay to detect two types of S. thermophilus bacteriophages (cos and
pac) in milk samples combining three probes individually labeled with different
fluorochromes (one for each bacteriophage and another one for the internal control). The
assay shown to be highly specific, since no false-positive or false-negative results were
obtained even when the analyzed milk samples were artificially contaminated with Lb.
delbrueckii or Lc. lactis bacteriophages.

Concerning to Lc. lactis phages, Verreault et al. (2011) recently developed a qPCR method
using the SYBR green fluorescence technology to quantify bacteriophages belonging to the
936 and c2 groups in aerosol and surface samples of a typical cheese manufacturing plant.

Even though the qPCR technology has shown to be a great platform to detect and quantify
virulent phages in dairy plants, further advancements are needed in order to improve the
automation of the process, the sensitivity of the detection in dairy samples susceptible of
contain PCR inhibitors and to expand the possibility to target simultaneously a bigger
number of different bacteriophages in a single reaction.

4. Discussion/conclusions

Bacteriophages that attack bacteria used as starters cause great economic losses to global
dairy industry. Even though strict sanitation programs and rigorous culture handling are
established on the dairy plants, the bacteriophage presence is ubiquitous in all the facilities
in variable titer. PCR-based methods for early and fast detection and quantification of
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bacteriophage that might jeopardize the survival of the culture starters are shown to be
effective and might be incorporated as routine control of bacteriophages in the dairy industry.

The machinery, surfaces and aerosols within the facilities of the dairy plant can be checked
to ensure the absence or at least the low titer of bacteriophages that otherwise would be
incorporated on the fermentative process. Surely, PCR can be applied to determine the
potential uses of a batch of milk, but also could be applied to samples collected all through
the fermentative process, starting with the raw milk and ending with the final product.
Since PCR protocols are much faster than traditional microbiological methods, the raw milk
can be checked for bacteriophages in an acceptable time, allowing decisions for the better
use of contaminated material, which could be diverted toward procedures in which
bacteriophages are deactivated or do not require a fermentative step with LAB starters. In
consequence, whole tanks of raw milk are not kept for big periods of time and also the
subsequent fermentative process is not on risk.

The presence of PCR inhibitors such calcium ions, plasmin, proteins, fat..., is a fact that
should be taken into account in the design of PCR protocols to analyze dairy products.
Special care must be taken when dairy samples are used directly as templates, because the
presence of inhibitors may interfere with the PCR amplification and leads false negative
results (Wilson, 1997; Ercolini et al., 2004). Magnetic capture hybridization (Dupont et al.,
2005) or a previous DNA isolation from the sample, as is described for detecting pathogens
in dairy samples (Cremonesi et al., 2007), are some of the additional steps that could be
included in the PCR methods to remove PCR inhibitors and/or reduce the effect of the
components of the dairy matrix.

Given that some qPCR-based protocols can confirm the bacteriophage presence in just 30
minutes, they are a great tool for fast detection of bacteriophage breakouts in a failed
fermentative process and may help in the substitution of starter strain for another resistant
to the detected phage. The qPCR methods save performing time compared to the traditional
PCR, since the post-amplification processing is not generally needed. However, when the
SYBR® Green is the qPCR technology of choice, a further processing of the amplicon
(melting point or dissociation curve analysis) is essential in order to detect non-specific
amplifications or primer-dimmers. The SYBR® Green chemistry could be the cheapest option
for the screening of a large number of samples, but requires an extensive optimization of the
protocols designed and also the complete analysis of the samples would take longer than the
probe-based methods.

Both, traditional and real-time PCR techniques are extremely specific and their reliability
depends on the design of the protocol to specifically target one bacteriophage species.
However, a critical point and a potential limitation to design new specific PCR protocols, is
the need of some prior information about the nucleotide sequence of the bacteriophage
target gene. In this context, the new sequencing techniques are a valuable tool to
characterize new bacteriophages isolated from the raw milk or within the facilities and
hence, to increase the available phage genomic data. qPCR protocols should be updated
with the new sequences as they become available.

The fact that a sample can be quickly assessed for bacteriophage presence by a qPCR assay
do not necessary implies its classification as infective or non-infective for the starter cultures
used in a particular dairy plant. The host range of bacteriophages is usually defined by
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traditional microbiological tests, using a collection of potential bacterial host. That process is
cost- and time-inefficient for the dairy industry. Nevertheless, traditional PCR and amplicon
sequencing have been successfully applied in dairy phages infecting S. thermophilus (Binetti
et al., 2005) and Lc. lactis (Stuer-Lauridsen et al., 2003; Dupont et al., 2004), to correlate a
specific nucleotide sequence with the host range of each phage. qPCR and PCR methods can
be sequentially combined, applying first the JPCR method for a fast screening of a large
batch of samples, followed by a traditional PCR in which the host range of the phage could
be assessed and the potential host strains identified and discarded as starters for
fermentative processes.

Continuous efforts are being made in order to improve the PCR-based protocols for the
detection and quantification of bacteriophages from samples of any origin within the dairy
plant. PCR-based methods could be included in the Hazard Analysis and Critical Control
Points (HACCP) protocol to prevent phage accumulation niches and reduce their impact in
dairy fermentations.
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