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ABSTRACT Erwinia amylovora is the causative agent of fire blight, a devastating
plant disease affecting members of the Rosaceae. Alternatives to antibiotics for con-
trol of fire blight symptoms and outbreaks are highly desirable, due to increasing
drug resistance and tight regulatory restrictions. Moreover, the available diagnostic
methods either lack sensitivity, lack speed, or are unable to discriminate between
live and dead bacteria. Owing to their extreme biological specificity, bacteriophages
are promising alternatives for both aims. In this study, the virulent broad-host-range
E. amylovora virus Y2 was engineered to enhance its killing activity and for use
as a luciferase reporter phage, respectively. Toward these aims, a depolymerase
gene of E. amylovora virus L1 (dpoL1-C) or a bacterial luxAB fusion was intro-
duced into the genome of Y2 by homologous recombination. The genes were
placed downstream of the major capsid protein orf68, under the control of the
native promoter. The modifications did not affect viability of infectivity of the re-
combinant viruses. Phage Y2::dpoL1-C demonstrated synergistic activity between
the depolymerase degrading the exopolysaccharide capsule and phage infection,
which greatly enhanced bacterial killing. It also significantly reduced the ability
of E. amylovora to colonize the surface of detached flowers. The reporter phage
Y2::luxAB transduced bacterial luciferase into host cells and induced synthesis of
large amounts of a LuxAB luciferase fusion. After the addition of aldehyde sub-
strate, bioluminescence could be readily monitored, and this enabled rapid and
specific detection of low numbers of viable bacteria, without enrichment, both in
vitro and in plant material.

IMPORTANCE Fire blight, caused by Erwinia amylovora, is the major threat to global
pome fruit production, with high economic losses every year. Bacteriophages repre-
sent promising alternatives to not only control the disease, but also for rapid diag-
nostics. To enhance biocontrol efficacy, we combined the desired properties of two
phages, Y2 (broad host range) and L1 (depolymerase for capsule degradation) in a
single recombinant phage. This phage showed enhanced biocontrol and could re-
duce E. amylovora on flowers. Phage Y2 was also genetically engineered into a lucif-
erase reporter phage, which transduces bacterial bioluminescence into infected cells
and allows detection of low numbers of viable target bacteria. The combination of
speed, sensitivity, and specificity is superior to previously used diagnostic methods.
In conclusion, genetic engineering could improve the properties of phage Y2 toward
better killing efficacy and sensitive detection of E. amylovora cells.
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Fire blight, caused by Erwinia amylovora, is a devastating plant disease. The Gram-
negative pathogen can infect several species within the Rosaceae, representing a

global threat to commercial apple and pear production, with significant economic
impact due to control measures and compensation costs for plants that need to be
destroyed (1–3). Therefore, reliable diagnostics and effective control measures are
paramount to minimize loss and prevent spread of the disease.

Effective disease-control may be achieved by application of antibiotics (e.g., strep-
tomycin) during the flowering period. However, regulatory restrictions, public health
concerns, and the development of resistant strains demand alternative control mea-
sures (4, 5). Diagnostics of E. amylovora include cultural, molecular, and immunological
tests (6). A rapid lateral flow immunosorbent assay (Ea AgriStrip), which detects �5 �

105 CFU/ml within 15 min, was developed for the latter (7). However, such antibody-
based assays often lack the required sensitivity. A preenrichment step may compensate
for low sensitivity to avoid false-negative results, which, however, compromises the
speed of this method (6). Other tests are either time-consuming (cultures) or do not
discriminate between live and dead bacteria (PCR). A detection system, which com-
bines the desirable 4S properties (simplicity, speed, sensitivity, and specificity), would
improve the management of fire blight infections and outbreaks.

Bacteriophages are ubiquitous bacterial viruses, representing the most abundant
group of biological entities on Earth (8). In general, they infect only a specific range of
host bacteria, which renders them useful and environmentally friendly alternatives for
both detection and control of bacterial pathogens. Their specificity avoids infection of
commensal environmental bacteria and reduces the risk of false-positive diagnostic
results. Virulent phages are preferred, since they generally feature a much broader host
range within a species or genus, and, in contrast to temperate phages, they are mostly
unable to transduce host DNA (9). Phage-based control of pathogens has been shown
a promising alternative for several plant diseases (10).

Using genetic engineering, properties of phages may be specifically tailored toward
certain goals, such as enhanced killing or use as a reporter phage. The efficacy of
Escherichia coli virus T7 to disperse biofilms could be increased by introduction of
dspB, which encodes an enzyme for biofilm degradation (11). Molecular engineering
can also be used to alter the host specificity of bacteriophages. The introduction or
exchange of tail-associated genes enabled E. coli viruses T2 and T7 to infect a broader
range of host bacteria (12–14). Likewise, the tail fiber gene of Pseudomonas virus PaP1
was replaced by the one of phage JG004, which caused a change in host specificity (15).
For detection purposes, reporter phages induce production of an easily traceable
enzyme or protein. Common reporters are luciferases from bacteria or insects, fluores-
cent proteins, glycosidases, and others (16). Reporter phages have been designed for
specific detection of various Gram-negative and Gram-positive species, such as E. coli
(17–20), Salmonella (21, 22), Yersinia pestis (23), Shigella spp. (24), Listeria monocytogenes
(25, 26), Bacillus anthracis (27, 28), and Mycobacterium spp. (29, 30). Recent reviews
summarized both pathogen detection with bioluminescent reporter phages and the
various described phage-based detection methods (16, 31). The first luciferase reporter
phage for detection of a plant pathogen (Pseudomonas cannabina pv. alisalensis),
PBSPCA1::luxAB, was described by Schofield et al. (32). PBSPCA1::luxAB could detect P.
cannabina pv. alisalensis in plant material and differentiate it from Pseudomonas
syringae pv. maculicola, causing a less severe disease (32).

The availability of genome sequences is a prerequisite for phage engineering, and
completely sequenced E. amylovora viruses permit construction of recombinant phages
for improvement of biocontrol and rapid diagnostics, respectively. In this study, we
aimed to introduce different heterologous genes into the virulent E. amylovora phage
Y2 (33), to enhance its killing activity, and to create a bioluminescent reporter phage,
respectively. Y2 is a perfect candidate for both purposes, due to its broad host range
and high specificity for E. amylovora. The first approach is based on our observations
that the exopolysaccharide (EPS) capsule of E. amylovora impedes Y2 infection, which
could be overcome by supplementation with a recombinant depolymerase enzyme
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from phage L1 (34). Here, we report insertion of depolymerase dpoL1 gene into the
genome of Y2 and demonstrate its EPS-degrading properties and its positive effect on
phage infection and killing. With respect to the reporter phage, the reporter of choice
was a bacterial luciferase from Vibrio harveyi, provided as a luxAB fusion. The recom-
binant reporter phage allowed rapid, specific, and sensitive bioluminescent detection
of viable E. amylovora cells.

RESULTS
Recombinant phage Y2::dpoL1-C produces functional DpoL1. The synergistic

activity between the broad host range of phage Y2 and the depolymerase enzyme of
phage L1 was combined in a single recombinant phage. Here, an N-terminally trun-
cated version of the depolymerase gene (dpoL1-C) was introduced into the genome of
phage Y2 by homologous recombination during infection of E. amylovora 4/82 carrying
pBlue::Y2-dpoL1-C. Screening of phage lysate enabled identification of plaques pro-
duced by recombinant phage Y2::dpoL1-C. Expanding haloes indicated the activity of
depolymerase released from lysed bacterial hosts (Fig. 1). In addition, Y2::dpoL1-C produced
clearer plaques than the parental phage. In total, two plaques with a surrounding halo
could be identified among approximately 15,000 plaques screened, corresponding to a
recombination rate of approximately 1:7,500 or 1.3 � 10�4. PCR amplification of the
region encompassing orf68 and dpoL1-C confirmed correct integration into the Y2
genome. The PCR product generated with the Y2-ctrl primers was of the expected size
(2,296 bp), �2 kbp larger than the wild-type (wt) fragment (349 bp) (Fig. 2A). Sequenc-
ing confirmed the 1,947-bp sequence introduced and that no deletions, insertions, or
frameshifts had occurred. In conclusion, dpoL1-C preceded by an artificial ribosome-
binding site (RBS) region was introduced at the expected locus (nucleotide [nt] 35636).

Introduction of additional sequence did not cause loss of other information.
Restriction fragment length polymorphism analysis was applied to confirm the inte-
gration of the heterologous gene and to determine whether other regions of the
genome, particularly the genome ends, were affected. Comparison of the restriction
patterns (Fig. 2B) confirmed the presence of additional DNA stretches in the genome of
Y2::dpoL1-C. All VspI fragments but one were the same size. The fragments bearing
orf68 (Y2, 3,365 bp; Y2::dpoL1-C, 5,312 bp) differed by the number of nucleotides
integrated into the phage genome. The terminal fragments (2,745 and 11,580 bp)
remained unchanged.

Y2::dpoL1-C features an identical host range and a similar latency period, but
differs in burst size from native Y2. The host range of the recombinant phage was
identical to the parental phage Y2 (see Table S1 in the supplemental material). In a
one-step growth experiment, phage-infected E. amylovora cells began releasing Y2::
dpoL1-C progeny approximately 30 min after infection, which is very similar to the
latency period of the parental phage (Fig. 3). The calculated burst size of Y2::dpoL1-C
was 10 phage per cell. This is lower than the burst size of Y2, which produces an
average of 18 progeny per infected cell.

Y2::dpoL1-C features enhanced infectivity and killing efficacy. Infection experi-
ments were performed to test whether Y2::dpoL1-C has an increased potential to lyse

FIG 1 Plaques of Y2 (left) and Y2::dpoL1-C (right) on a lawn of E. amylovora CFBP 1430. The depolymerase
produces a distinct halo surrounding the plaques of Y2::dpoL1-C and gives them a clearer appearance.
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E. amylovora cultures. It is important to note that bacterial growth was not affected by
treatment with DpoL1-C alone (Fig. 4). We show that efficacy of phage Y2 could be
strongly increased by the external addition of DpoL1-C. The phage/enzyme cocktail
reduced the number of viable cells by almost 4 log10 within 2 h. The enhanced killing
efficacy of the recombinant Y2::dpoL1-C compared to the parental phage became
apparent during longer incubation periods. Although the reduction of bacteria was
similar within the first 8 h of postinfection, viable cell counts continued in opposite
directions between 8 and 24 h of postinfection. After 24 h, the number of cells infected
by Y2::dpoL1-C dropped by �3 log10 compared to wild-type Y2. Interestingly, the final
cell counts in cultures treated with either separate phage and enzyme (Y2/DpoL1-C) or
enzyme-producing recombinant Y2::dpoL1-C were similar.

Y2::dpoL1-C reduces E. amylovora contamination on flowers. Detached flowers
were used as an in planta model to study the biocontrol efficacy of Y2::dpoL1-C. Bacteria

FIG 2 Genomic analyses of the recombinant phages and comparison to the parental phage. (A) PCR
analysis of the genome region, where the heterologous genes were integrated. (B) VspI restriction
digestion of phage DNA. Lanes: 1, Y2; 2, Y2::dpoL1-C; 3, Y2::luxAB. The sizes are indicated.

FIG 3 One-step growth curves of phages Y2 and Y2::dpoL1-C.
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could readily grow on the plant surfaces. After 48 h, bacterial counts in the untreated
control groups were as high as 8.8 � 107, 2.2 � 108, and 4.1 � 108 CFU/flower,
respectively, depending on the inoculation levels (Fig. 5). Viable bacteria were reduced
by Y2::dpoL1-C in an inoculum-dependent manner. On flowers inoculated with 102

CFU/ml, Y2::dpoL1-C caused a reduction of the final cell number by �6 logs. It needs to
be highlighted that no bacteria could be recovered from 95% of the flower samples of
this group. The efficacy of Y2::dpoL1-C was lower on flowers inoculated with higher
bacterial numbers, where the average bacterial concentrations reached 5.4 � 104

CFU/flower (inoculum, 104 CFU/ml) and 5.1 � 105 CFU/flower (106 CFU/ml). This
corresponded to reductions of 3.6 and 2.9 log10, respectively, compared to the un-
treated controls. Again, the average cell numbers were strongly affected by outliers. No
viable cells were recovered from 81% of the phage-treated flowers inoculated with 104

CFU/ml, whereas this rate was different on flowers inoculated with 106 CFU/ml, where
only 19% were apparently free of E. amylovora cells. These findings indicate a critical
threshold in the bacterium/phage ratio, above which the efficacy of phage drops
significantly.

FIG 4 In vitro phage infection of E. amylovora CFBP 1430. Bacteria were treated with phage and/or
DpoL1-C, and the numbers of viable cells were monitored over time. Means of three experiments
performed in triplicate � the standard deviations (SD) are shown.

FIG 5 Activity of Y2::dpoL1-C on detached flowers. Flowers were inoculated with various concentrations
of E. amylovora CFBP 1430 NalR (as indicated) and treated with Y2::dpoL1-C. Cells were enumerated at 48
h postinfection. Bars represent means plus the SD of triplicate experiments, which were repeated twice.
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Construction, isolation, and characterization of Y2::luxAB. The luxAB fusion gene
was introduced into the genome of Y2 to generate a reporter phage Y2::luxAB. Y2::luxAB
construction followed the same strategy as for Y2::dpoL1-C. Because plaque morphol-
ogy of Y2::luxAB is identical to Y2, screening and isolation were performed by using
luciferase production and bioluminescence of cells infected by putative luciferase-
encoding phages as a read-out. For this, phage particles were extracted from semicon-
fluent lysed agar plates, and subsequent measuring of relative light unit (RLU) values
in diluted samples was performed. Those samples producing RLU values above the
background were used to produce new lysis plates, with continuously lower numbers
of plaques per plate until single plaques could be tested by PCR.

After isolation and propagation of identified luciferase-transducing phages, correct
integration of luxAB into the Y2 genome was confirmed by PCR. Y2-ctrl primers
generated a PCR product of the expected size (2,404 bp) (Fig. 2A), and sequencing
confirmed integration of 2,055 bp at the expected site without deletions, insertions,
or frameshifts. The insertion site of luxAB preceded by an artificial RBS region was
located at position 35636, directly downstream of the major capsid gene (orf68) to
achieve high expression of luxAB from the promoter of orf68.

Fragment analysis of VspI-digested DNA confirmed that the fragment of Y2::luxAB
bearing orf68 was larger (5,420 bp) than that of Y2 (3,365 bp) (Fig. 2B) and that the
physical genome termini did not change, i.e., the fragments were the same sizes (2,745
and 11,580 bp).

As expected, the host ranges of Y2::luxAB and the parental phage were identical.
Additional Gram-negative bacteria were tested and found to be resistant to infection by
Y2::luxAB (see Table S1 in the supplemental material).

Luciferase expression is increased in DpoL1-treated cells. Luciferase expression
and bioluminescence signal emission from Y2::luxAB-infected cells was dependent
on the incubation temperature and peaked at 70 min at 17°C and at 50 min (22°C)
and 40 min (27°C) postinfection (Fig. 6A). Thereafter, the reporter signal generally
decreased rapidly, probably due to cell lysis. The values were highest at 22°C. Although
the addition of DpoL1 did not cause a temporal shift of light emission, the luciferase
expression was generally higher when the cells were exposed to the depolymerase
enzyme. DpoL1-treated cultures expressed 25% (17°C), 12% (22°C), and 18% (27°C)
higher peak luciferase activities, respectively, than the untreated cultures.

Y2::luxAB detects low numbers of viable E. amylovora cells. Serial dilutions of a
E. amylovora culture were infected with the luciferase reporter phage to determine the
lower detection limit. A concentration of 3.8 � 103 CFU/ml was the lowest to directly
produce RLU values that were significantly higher than the controls (P � 0.05; Student
t test) (Fig. 6B). Above this limit, numbers of infected cells and light outputs was directly
correlated over approximately 4 orders of magnitude. Thus, RLU values may also be
used to estimate the concentration of E. amylovora cells in an unknown sample. Again,
the application of external DpoL1 enzyme for the removal of the EPS capsule material
slightly increased the overall sensitivity of the assay and further reduced the detection
limit.

Y2::luxAB for the detection of E. amylovora in field samples. Y2::luxAB was used
to detect viable E. amylovora cells in excised plant material displaying fire blight
symptoms. Light emission from all samples (n � 24) was significantly higher than from
the control (P � 0.05; Student t test) (Fig. 7). The RLU values of several samples
exceeded the values determined for the samples with the highest contamination rate
in the spiking experiment (see Fig. 6), indicating that the sampled plant material was
heavily infected. This finding was further confirmed by using an Ea AgriStrip detection
system, which is less sensitive and features a detection limit of 5.0 � 105 CFU/ml (7).
Here, this enzyme-linked immunosorbent assay (ELISA)-based method gave positive
results for all 24 samples. The presence of E. amylovora was further confirmed by
plating on King’s B agar, where typical E. amylovora colonies could be identified in
every case.
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DISCUSSION

The broad-host-range, virulent, and yet host-specific E. amylovora phage Y2 was
modified for enhanced biocontrol and rapid diagnostics by the introduction of a
dpoL1-C depolymerase or a luxAB luciferase gene, respectively. Infection and killing by

FIG 6 Expression of luciferase by Y2::luxAB-infected E. amylovora CFBP 1430 cells grown under different
conditions. (A) Temperature and time dependency. Cells of E. amylovora CFBP 1430 were grown in LB broth
(�) or LB broth supplemented with depolymerase (Œ) and infected with Y2::luxAB. The expression of
luciferase was measured at regular intervals, and the mean values of three independent experiments � the
SD are displayed. (B) Sensitivity of Y2::luxAB-based detection. A dilution series of E. amylovora CFBP 1430
was infected with Y2::luxAB, and the light emission was measured after 50 min. Mean values of three
independent experiments � the SD are displayed and are compared to controls with bacteria only. The
background levels were generally around 100 RLU (horizontal line), and asterisks indicate a significant
increase compared to the uninfected control (P � 0.05; Student t test).

FIG 7 Detection of E. amylovora in plant tissue samples by Y2::luxAB. Values indicate means of two
measurements. The minus (“�”) indicates the negative control.
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recombinant phage Y2::dpoL1-C is no longer impeded by an EPS capsule, as is the case
for Y2, and infection by Y2::luxAB enables rapid and sensitive detection of viable cells
of E. amylovora in �1 h.

The genes of interest dpoL1-C and luxAB should be expressed at the highest possible
levels. Therefore, we followed a strategy we have used earlier for the construction of
recombinant Listeria phage (26) and inserted them immediately downstream of the
major capsid protein orf68. The expression of dpoL1-C and luxAB in Y2::dpoL1-C and
Y2::luxAB, respectively, is now under the control of a strong, late promoter. However,
the introduction of new genetic material into a phage genome without removing any
other sequence may potentially exceed the limitations dictated by the capsid size and
lead to the uncontrolled loss of other genes and possibly reduce the infectivity or even
compromise the viability of the phage. Analyses of the recombinant phages produced
here confirmed not only that the heterologous genes were introduced at the target
position but also, more importantly, that no sequence information was lost.

The introduction of dpoL1-C into the genome of Y2 combined the synergistic activity
of the phage and the capsule-degrading enzyme in a single agent. This strategy was
postulated earlier for disruption of bacterial biofilms (35, 36). In an elegant approach,
Escherichia coli phage T7 was equipped with a biofilm-degrading enzyme (dspB) for
an enhanced dispersion of biofilms (11). However, dspB is not of phage origin, in
contrast to dpoL1-C. To our knowledge, the approach used here to achieve syner-
gism by combination of the activities of a phage and a heterologous enzyme encoded
by another phage from a different morphotype (Y2 myovirus and L1 podovirus) is
novel.

It is also noteworthy that the enhanced infection and killing efficacy of Y2::dpoL1-C
should be considered a secondary effect, since DpoL1-C is not present as a structural
component of the recombinant phage. In fact, the depolymerase was not present when
bacteria are first infected by Y2::dpoL1-C but was expressed only during this first round
of infection, and the enzyme is released only after the cells begin to lyse. Then, its
activity facilitates the subsequent infection of any remaining bacterial cells. Thus, while
the effect mediated by the enzyme is somewhat delayed, we have shown here that it
is nonetheless sufficient to significantly improve the potential to infect encapsulated E.
amylovora host cells. The EPS of E. amylovora is at least partially removed by the
enzyme and no longer acts as a barrier, enhancing the exposure of bacterial cells to
phage attack.

The efficacy of phage-based pathogen control on detached flowers was found to be
dependent on the starting inoculum. Above a certain threshold, the efficacy of Y2::
dpoL1-C was drastically reduced. It is likely that the majority of bacteria were infected
immediately after phage application. However, the remaining (uninfected) cells may
have been able to regrow because the diffusion of phage particles as a major deter-
minant of phage infection is hampered on plant surfaces. Under natural environmental
conditions, UV inactivation may also complicate phage-based biocontrol (37, 38).
Therefore, an early intervention before the bacteria reach a critical in vivo concentration
might be the best strategy, and repeated application of phage is expected to further
increase efficacy.

E. amylovora cells could rapidly be detected by measuring the bacterial luciferase
activity transduced by Y2::luxAB. The temperature dependency was in agreement with
the growth characteristics of the host bacteria. The highest RLU values were reached
earliest at 27°C, which is close to the optimal temperature for E. amylovora growth (39).
At this temperature, the peak was observed after 40 min, which seems faster than with
most other luxAB reporter phages (23, 26–28, 32, 40, 41). Temperatures higher than
27°C were not tested because of the inherent instability of the fusion enzyme at
elevated temperatures (26, 42). The rapid decline of the RLU values at all temperatures
(flash-type bioluminescence) is most likely due to the limited supply of FMNH2, which
is also caused by phage-mediated cell lysis (26).

The limit for direct detection (without enrichment) of E. amylovora cells following
infection with Y2::luxAB was found to be as low as 3.8 � 103 CFU/ml. Detection limits
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of other luciferase reporter phages ranged from a few cells per milliliter to approxi-
mately 103 to 104 CFU/ml (23, 24, 26, 27, 32, 40, 41). Of these, systems including
temperate phages were shown to have lowest detection limits based upon long-term
continuous production of the reporter protein (20, 27, 40). However, Y2::luxAB is a
virulent phage, and temperate E. amylovora viruses have not yet been found (43).
Therefore, the best option to increase sensitivity of the Y2::luxAB assay is a preenrich-
ment step, which not only increases the number of bacteria to detectable numbers but
also enables metabolic recovery of the target cells. This is in line with earlier studies,
which also demonstrated the utility of an enrichment step prior to detection with
reporter phage (26, 44).

Bioluminescence was found directly correlated to bacterial cell numbers. Interest-
ingly, the light emission of cells treated with DpoL1 was higher in every case. Since cell
counts in DpoL1-treated and -untreated samples were identical, this finding suggests
that in the presence of DpoL1 the infection by Y2::luxAB is more effective. A certain
fraction of wild-type (untreated) cells may remain uninfected due to their extensive EPS
capsule, which acts as a barrier against phages not featuring a depolymerase, such as
wild-type Y2. The addition of exogenous recombinant DpoL1 is one way to assist
phages without a depolymerase for both the detection and the control of E. amylovora.
However, we demonstrate here that this cumbersome approach may be circumvented
by modification of the phage to express their own soluble depolymerase.

Y2::luxAB was highly efficient and accurate in the detection of E. amylovora from
actual field samples, and phage activity was unaffected by other microorganisms
present on the tissue or plant extracts. The experiments demonstrated that random
wild-type E. amylovora field isolates are all sensitive to Y2::luxAB infection, which is
attributed to the broad host range of Y2, and minimizes possible false-negative results.
Because of the extreme host specificity of Y2, the risk for false-positive assays is also
extremely low. Furthermore, the sensitivity of the Y2::luxAB assay appears generally
sufficient for in vivo detection purposes. Although the field samples tested here were
heavily infected (�5.0 � 105 CFU/ml), the bacterial load on average symptomatic field
samples usually lies in the range of 105 to 106 CFU/g (6). Altogether, luciferase reporter
phage Y2::luxAB offers a useful combination of viable cell specificity, high sensitivity,
and speed and appears to be superior to ELISA-based tests.

In conclusion, the desired properties of E. amylovora phage Y2 could be further
improved in two directions by introducing heterologous genes. Both recombinant
phages combine the amenities of the parental phage with an additional benefit.
Recombinant Y2::dpoL1-C induces the production and the release of an EPS depoly-
merase, which renders other host cells more accessible to phage attack and collateral
damage. In addition, the phage origin of dpoL1-C renders Y2::dpoL1-C a hybrid rather
than a transgenic phage particle, a potentially important argument for legislation of
phage application in agriculture. The Y2::luxAB reporter phage represents an ideal tool
for rapid diagnosis of fire blight in plant material. It specifically detects E. amylovora and
discriminates between live and dead cells, in contrast to molecular methods or immu-
nological assays. The assay is faster than any culture-based method. Although the
assay’s sensitivity is already better than that of a conventional ELISA, its detection limit
can be further reduced by introducing an enrichment step.

MATERIALS AND METHODS
Vector pBlue::Y2-dpoL1-C for site-specific integration into phage Y2. The native dpoL1 gene of

phage L1 was modified for insertion into the intergenic region between orf68 and orf69 (nt 35636) of the
Y2 genome, where transcriptional control is provided by the strong promoter upstream of the major
capsid gene. Since the depolymerase would not constitute a structural component of Y2::dpoL1-C, the
N-terminal domain not required for enzyme activity (34) was omitted. An artificial ribosome-binding site
(RBS; GGAGGT), a spacer of 6 nt, and a start codon preceding dpoL1-C were introduced for proper
translation. The final sequence at the integration site of the recombinant phage was 5=-TAAGTTGATG
GAGGTGAATCTATG-3= (underlined, stop and start codons of orf68 and dpoL1-C, respectively; boldfacing,
RBS). The dpoL1-C (ΔN1–180) sequence was amplified from L1-DNA using the primer pair Y2-Dpo-C/D
(Table 1), and the upstream and downstream regions of the targeted insertion site were amplified with
the primer pairs Y2-Dpo-A/B and Y2-Dpo-E/F using Y2-DNA as the template. Primers B/C and D/E
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contained complementary sequences for the subsequent overlap PCR. Primer C introduced the artificial
RBS region and the start codon. Primer F introduced a BamHI restriction site. A native EcoRI restriction
site is located 7 nt downstream of the annealing region (3= end) of primer A. PCRs were performed using
the Phusion high-fidelity DNA polymerase (Finnzymes Oy, Vantaa, Finland) according to the manufact-
urer’s instructions, and the fragments were purified by gel extraction (QIAquick gel extraction kit; Qiagen,
Hilden, Germany). The final PCR product was generated through extension overlap PCR, using primers
Y2-Dpo-A and Y2-Dpo-F and the three fragments (AB, CD, and EF) as the templates. In the first five cycles,
the annealing of the overlapping regions was ensured through a touchdown of the annealing temper-
ature (initial, 64°C; final, 60°C; 1 cycle each). The correct length PCR product was excised from an
electrophoresis gel and purified by gel extraction (QIAquick gel extraction kit). It was composed of
dpoL1-C with the translation signals as described above (total size, 1,947 bp) and flanking regions
upstream (304 bp) and downstream (278 bp) complementary to the genome of phage Y2 (Fig. 8). The
sequence and the cloning vector pBluescript II SK(�) (Agilent Technologies, Santa Clara, CA) were
prepared for ligation by restriction digestion with the HF endonucleases EcoRI and BamHI (New England
BioLabs, Ipswich, MA). Ligation was performed using T4 ligase (Fermentas, St. Leon-Rot, Germany),
resulting in pBlue::Y2-dpoL1-C.

pBlue::Y2-luxAB for recombination of bacterial luciferase. Bacterial luciferase from V. harveyi was
constructed for integration at the same locus as described above for dpoL1-C. The native bacterial lux
operon consists of five genes (luxCDABE). Although the luciferase itself is a heterodimer, composed of an
� subunit (LuxA) and a � subunit (LuxB), the luxCDE genes encode fatty acid reductases required for
production of the long-chain aldehyde (45). Due to space limitations in the capsid of Y2 and the need
for a strong signal following phage infection, a luxAB fusion gene was used (26). The pBlue::Y2-luxAB
vector was constructed using the Y2-lux primers listed in Table 1 according to the protocol described
above, with modifications in the extension overlap PCR. Fragments AB and CD, as well as fragments CD
and EF, were separately linked together prior to the final overlap PCR. No touchdown of the annealing
temperature was required due to the large overlaps of fragments AD and CF. The final fragment AF
encompassed the luxAB gene, preceded by the same RBS (total size, 2,055 bp) and flanked by the Y2
complementary regions described above (Fig. 8).

The sequence at the insertion site of the recombinant phage was 5=-TAAGTTGATGGAGGTGAA
TCTATG-3= (underlining, stop and start codons of orf68 and luxAB, respectively; boldfacing, RBS). AF

TABLE 1 Primers used for the construction and confirmation of recombinant phages Y2::dpoL1-C and Y2::luxAB

Name Sequencea

Y2-Dpo-A CCA GTC TGA CAT GAC CAT CCT GCA ATT CTT CAT TGC
Y2-Dpo-B CAT AGA TTC ACC TCC ATC AAC TTA GAT ACC TGA GTT GAT AG
Y2-Dpo-C CTA AGT TGA TGG AGG TGA ATC TAT GAT TGG CGG CTA CAT CTC GTT TG
Y2-Dpo-D GCT TTC ACC CGC CGA CAT TTA TCC TTG TGA AGA TAC AGA ACC
Y2-Dpo-E ATG TCG GCG GGT GAA AGC CCG CCT CAG
Y2-Dpo-F GAT CGG ATC CGG ACA TTC TTC TTA TCC ATC TGG
Y2-lux-A CCA GTC TGA CAT GAC CAT CCT GCA ATT CTT CAT TGC
Y2-lux-B TTT CAT AGA TTC ACC TCC ATC AAC TTA GAT ACC TGA GTT GAT AG
Y2-lux-C AGT TGA TGG AGG TGA ATC TAT GAA ATT TGG AAA CTT CCT TCT CAC TTA TCA GCC ACC
Y2-lux-D TTT CAC CCG CCG ACA TTT ACG AGT GGT ATT TGA CG
Y2-lux-E GTA AAT GTC GGC GGG TGA AAG CCC GCC TCA G
Y2-lux-F GAT CGG ATC CGG ACA TTC TTC TTA TCC ATC TGG
Y2-lux-seq2 CTG GTC AAC CAA AAT GTA GAT GG
Y2-lux-seq3 TTT GAA CAG GTT AAC CAC TTT GG
Y2-ctrl-fw GTT ATC TGC CGT ACT GTT AAT GG
Y2-ctrl-rev GTC ATC CAG TTC AAC AGT TGC
aBoldfacing indicates annealing regions, italics indicate overlap regions, single underlining indicates artificial ribosome-binding sites, and double underlining indicates
restriction sites.

FIG 8 Schematic representation of the construct generated by overlap PCR for cloning into pBluescript
and subsequent homologous recombination with Y2 genomic DNA. Annealing regions of the primers are
depicted by small black arrows, and the restriction sites of EcoRI and BamHI, as well as the RBS (thick
vertical line), are indicated. The image is not drawn to scale.
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was subsequently cloned into pBluescript II SK(�) via BamHI and EcoRI restriction sites to yield
pBlue::Y2-luxAB.

Transformation. Electrocompetent E. amylovora 4/82 cells were transformed with pBlue::Y2-dpoL1-C
or pBlue::Y2-luxAB by electroporation (GenePulser [Bio-Rad, Hercules, CA]; settings: 2.5 kV, 25 �F, and 200
	). After the addition of 1 ml of SOC medium and 1 h of incubation at 30°C, a dilution series was plated
on Luria-Bertani (LB) plates containing ampicillin (100 �g/ml), which were incubated overnight at 27°C.
Insert-bearing clones were identified by PCR, and the constructs were sequenced.

Homologous recombination. Portions (25 ml) of LB medium supplemented with ampicillin (100
�g/ml) were inoculated with E. amylovora 4/82 carrying the construct pBlue::Y2-dpoL1-C or pBlue::Y2-
luxAB, followed by incubation under constant shaking at 30°C. At an optical density at 600 nm of 0.1
(�1.5 � 108 CFU/ml), phage Y2 was added to a final concentration of 1.5 � 106 PFU/ml (MOI � 0.01),
and the cultures were further incubated at 30°C. After 24 h, the remaining bacterial cells and debris were
removed by centrifugation (10,000 � g, 10 min) and filtration (0.2-�m-pore-size filter; Sarstedt, Nüm-
brecht, Germany), and the lysate was stored at 4°C.

Screening and identification of recombinant phages. The recombinant phages Y2::dpoL1-C and
Y2::luxAB were identified using the depolymerase or luciferase functions as convenient readouts in
specifically adapted soft-agar overlay assays. Phage lysates (10 �l of an appropriate dilution) were mixed
with 100 �l of a fresh overnight culture of E. amylovora CFBP 1430 (Y2::dpoL1-C) or 4/82 (Y2::luxAB) in 4
ml of molten and tempered (47.5°C) LB soft agar (LB medium supplemented with 10 mM CaCl2 and 2 mM
MgSO4 on 0.4% agar). The mixture was then poured onto agar plates (Y2::dpoL1-C, LB agar with 1%
glucose; Y2::luxAB, LB agar). After overnight incubation at 27°C, plaques (ca. 300 per plate) produced by
wild type and recombinant Y2::dpoL1-C were visually screened for surrounding halo formation, the
hallmark of Dpo-producing phages. The use of strain CFBP 1430 instead of strain 4/82 facilitated the
screening because the former produces larger amounts of EPS. Clear single plaques with a halo could
then be isolated using a Pasteur pipette and resuspended in 500 �l of SM buffer (50 mM Tris, 100 mM
NaCl, 8 mM MgSO4 [pH 7.4]). This step was repeated at least twice to ensure the purity of the phage
isolate. For Y2::luxAB screening and isolation, 5-ml portions of SM buffer were poured onto plates
showing a semiconfluent lysis (approximately 500 to 1,000 PFU/plate) following initial plating of the
phage mixture. The SM buffer was collected after 2 h, and the luciferase activity was expressed in RLU
was measured immediately after the injection of 50 �l of aldehyde substrate (0.25% [vol/vol] nonanal in
70% ethanol) into 1-ml samples, using a tube luminometer with a programmable injector (Lumat LB9501;
Berthold Technologies GmbH, Regensdorf, Switzerland), as described earlier (26). Samples with an RLU
of �250 were considered positive, and the presence of Y2::luxAB was demonstrated by PCR using the
primer pair Y2-lux-seq2/3 (Table 1). The primers annealed in the luxAB gene and in the Y2 backbone,
respectively, enabling the detection of the recombinant phage and avoiding false-positive results, i.e.,
detection of wild-type phage or the pBlue::Y2-luxAB recombination plasmid. The SM buffer from a plate
with a positive PCR result was used for further rounds of enrichment and testing. Plates with fewer PFU
were produced and screened by the same method. By doing so, the ratio between recombinant and
wild-type phage was continuously increased during several rounds of plating. At a ratio of �1:50, single
plaques were picked as described above and tested by PCR. Finally, the purity of the phage was
guaranteed by three consecutive single plaque isolations. The integrations of dpoL1-C and luxAB,
respectively, were analyzed by PCR with the primer pair Y2-ctrl-fw/rev (Table 1), annealing up- and
downstream of the integrated DNA (Fig. 8). The PCR products were sequenced for confirmation. Finally,
the phages were propagated to a high titer and purified with CsCl step gradients, and phage genomic
DNA was isolated through phenol-chloroform extractions, as described previously (33). Restriction
digestions were performed according to the manufacturer’s instructions.

Host range analysis. Host ranges of the recombinant phages were tested as described previously
(33), using the spot-on-the-lawn technique on agar plates.

One-step growth curves. The growth parameters of phage Y2::dpoL1-C were determined by a
classical one-step growth curve. To this end, LB broth supplemented with CaCl2 (10 mM) and MgSO4 (2
mM) was inoculated with E. amylovora CFBP 1430. The culture was grown under constant shaking at 27°C
until an optical density of 0.5 had been reached. Ten milliliters of the culture was transferred to a
prewarmed (27°C) 50-ml centrifuge tube, and phage was added to a final concentration of 5 � 105

PFU/ml. The tube was allowed to stand for 5 min at 27°C for phage adsorption. Thereafter, 1 ml of the
culture was centrifuged (1 min, 7,000 � g), and the supernatant containing unadsorbed phage was
removed. The pellet was resuspended in 10 ml of fresh prewarmed (27°C) LB broth containing CaCl2 (10
mM) and MgSO4 (2 mM), and the culture was further incubated at 27°C with shaking at regular intervals.
The phage concentration was determined every 10 min by using soft agar overlays. The experiment was
repeated twice.

In vitro activity of Y2::dpoL1-C. The efficacy of the phages Y2 and Y2::dpoL1-C, as well as DpoL1-C
and a phage/enzyme cocktail to control E. amylovora, was tested in vitro as described previously (34).
Briefly, E. amylovora CFBP 1430 (105 CFU/ml) was infected with 108 PFU/ml and/or 5 �g/ml enzyme. The
cultures were incubated at 30°C under constant shaking, and the cell numbers were monitored over
time. Each experiment consisted of three technical replicates per treatment and was independently
repeated twice.

Killing efficacy of Y2::dpoL1-C on flower leaf surfaces. Experiments on detached flowers were
performed to determine the biocontrol efficacy of Y2::dpoL1-C as a function of the initial cell numbers.
Newly opened apple flowers of the cultivar ‘Galaxy’ were collected and stored in 1% (wt/vol) sucrose
medium. The flowers were spray inoculated with different concentrations of bacteria (102, 104, and 106

CFU/ml, respectively, E. amylovora CFBP 1430 Nalr in PBS plus 0.01% [vol/vol] Tween 20). After 1 h,
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phages (3.0 � 108 PFU/ml in SM plus 0.01% [vol/vol] Tween 20) were applied by spraying. The flowers
were incubated in plastic boxes at 20°C. The boxes were equipped with wet paper towels to ensure a
constant high humidity. After 48 h, the petals and peduncles were removed, the flowers were placed in
1 ml of phosphate-buffered saline/Tween 20 to wash off the bacterial cells, and the cell numbers were
determined on LB plates containing nalidixic acid (50 �g/ml) and cycloheximide (50 �g/ml). The
experiment was performed in groups of seven flowers each and independently repeated twice.

Parameters for luciferase expression. The time-dependent expression of luciferase by E. amy-
lovora cells infected with Y2::luxAB was investigated at three different temperatures (17, 22, and
27°C). E. amylovora strain CFBP 1430 was grown in LB broth or LB broth supplemented with DpoL1
at 5 �g/ml to a concentration of approximately 108 CFU/ml. The culture was infected with 3.0 � 108

PFU/ml of Y2::luxAB, mixed, and immediately split into aliquots of 1 ml. The RLU were measured
using a luminometer at t0 and in 10-min intervals for 90 min. Two additional measurements were
made after 120 and 150 min. The experiments consisted of three technical replicates and were
independently repeated twice.

Detection limit using Y2::luxAB reporter phage. Experiments with various cell concentrations were
carried out to determine the sensitivity of Y2::luxAB. E. amylovora CFBP 1430 was grown in LB broth or
in LB broth supplemented with DpoL1 (5 �g/ml) at 22°C to an approximate concentration of 108 CFU/ml.
A 1:10-dilution series in a total volume of 5 ml was infected with Y2::luxAB (3.0 � 108 PFU/ml) and further
incubated at 22°C. The RLU of 1-ml aliquots were measured 50 min after infection. The background RLU
level was measured in controls with phage or bacteria only, and the CFU/ml of uninfected cultures were
determined. The experiments were carried out three times in three replicates.

Detection of E. amylovora in field isolates. Tissue samples displaying putative fire blight symptoms
(necrosis, ooze) were collected from a Swiss apple orchard. Flowers with peduncles and small fruits
(samples 1 to 10), leaves (samples 11 to 20), and twigs (samples 21 to 24) were cut into pieces and
macerated with 5 ml PBS per gram of plant tissue for 15 min in centrifuge tubes. PBS samples (500 �l)
were mixed with the same volume of 2� LB broth containing 6.0 � 108 PFU/ml of phage Y2::luxAB and
10 �g/ml DpoL1. The RLU were measured after 50 min of incubation at 22°C. Control samples did not
contain phage. For comparison, the same PBS samples were analyzed with an Ea AgriStrip (7) and by
plating a dilution series on King’s B medium (46) containing 100 �g/ml cycloheximide.
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