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ABSTRACT A viability quantitative PCR (v-qPCR) assay was developed for the un-
ambiguous detection and quantification of Lactobacillus plantarum PM411 viable
cells in aerial plant surfaces. A 972-bp region of a PM411 predicted prophage with
mosaic architecture enabled the identification of a PM411 strain-specific molecular
marker. Three primer sets with different amplicon lengths (92, 188, and 317 bp) and
one TaqMan probe were designed. All the qPCR assays showed good linearity over a
4-log range and good efficiencies but differed in sensitivity. The nucleic acid-binding
dye PEMAX was used to selectively detect and enumerate viable bacteria by v-qPCR.
The primer set amplifying a 188-bp DNA fragment was selected as the most suitable
for v-qPCR. The performance of the method was assessed on apple blossoms, pear,
strawberry, and kiwifruit leaves in potted plants under controlled environmental
conditions, as well as pear and apple blossoms under field conditions, by comparing
v-qPCR population estimations to those obtained by qPCR and specific plate count-
ing on de Man-Rogosa-Sharpe (MRS)-rifampin. The population estimation did not
differ significantly between methods when conditions were conducive to bacterial
survival. However, under stressful conditions, differences between methods were ob-
served due to cell death or viable-but-nonculturable state induction. While qPCR
overestimated the population level, plate counting underestimated this value in
comparison to v-qPCR. PM411 attained stable population levels of viable cells on the
flower environment under high relative humidity. However, the unfavorable condi-
tions on the leaf surface and the relatively dryness in the field caused an important
decrease in the viable population.

IMPORTANCE The v-qPCR method in combination with plate counting and qPCR is
a powerful tool for studies of colonization and survival under field conditions, to im-
prove formulations and delivery strategies of PM411, and to optimize the dose and
timing of spray schedules. It is expected that PEMAX v-qPCR could also be devel-
oped for monitoring other strains on plant surfaces not only as biological control
agents but also beneficial bacteria useful in the sustainable management of crop
production.
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The development of new biological control agents (BCA) to prevent crop diseases is
receiving considerable attention. The use of BCA is in agreement with the principles

and benefits of integrated pest management (IPM), reducing the application of con-
ventional plant protection products. In this context, lactic acid bacteria (LAB), which
have been extensively reported as food biopreservatives (1–4), show several features
that make them candidate BCA of foliar bacterial plant diseases. Several LAB strains are
antagonists of many plant-pathogenic bacteria and fungi (5–7) due to a wide diversity
of mechanisms of action, such as the production of organic acids, bacteriocins, and
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other inhibitory bioactive compounds, or to the competition for nutrients or coloniza-
tion sites (8). Moreover, some LAB strains have been qualified as generally regarded as
safe (GRAS) by the U.S. Food and Drug Administration (FDA) and as having a qualified
presumption of safety (QPS) by the European Food Safety Authority (EFSA). Concretely,
the Lactobacillus plantarum PM411 strain has been selected in our laboratory as
potential BCA due to its broad in vitro antagonistic activity against several plant-
pathogenic bacteria. This strain synthesizes antimicrobial compounds, such as plantar-
icins EF and JK, and produces lactic acid, efficiently controlling fire blight disease of pear
and apple plants (5, 9).

It is necessary to develop strain-specific quantitative methods for monitoring strain
PM411 in the environment in order to study its ecological fitness and to optimize
formulations and application strategies in the phyllosphere of plants (10–12). Metag-
enomic studies in apple trees have revealed the presence of Lactobacillus spp. as
components of the phyllosphere (13, 14). Therefore, the monitoring method has to be
able to discriminate strain PM411 from other inhabitants of the same species in plants.
In addition, since the performance of a BCA requires its colonization and survival on
plant surfaces, the development of methods capable of quantifying only viable cells is
needed.

Several monitoring methods are commonly used to detect and quantify BCA at the
strain level in environmental samples, but in most cases, they are unable to estimate
only the viable or culturable population. Culture-based techniques combined with the
use of an antibiotic-resistant mutant allow the quantification of a specific strain (11) but
may underestimate (ca. 2 or 3 log units) the population size of the BCA under
nonconducive conditions (15, 16). This is because some bacteria, including LAB species,
such as L. plantarum, may enter in a viable-but-nonculturable state (VBNC) as a survival
strategy to cope with environmental stress (17–19). VBNC cells retain some metabolic
activity and intact membranes, despite minor changes in their composition (18, 20). In
contrast, the population level may be overestimated if monitoring methods based on
nucleic acid targets, such as real-time PCR (qPCR), are used, since DNA from viable and
dead cells can be indifferently amplified (15, 21, 22). The viability quantitative PCR
(v-qPCR) constitutes a method that allows the quantification of only viable cells. The
method has been shown to be useful for quantification of viable foodborne
pathogenic microorganisms, such as Listeria monocytogenes (23), Escherichia coli
O157:H7 (23, 24), Campylobacter spp. (25, 26), and Salmonella spp. (23, 27) in different
food matrices (e.g., fresh-cut vegetables, ground beef, chicken, and cooked ham).
Viability assessment of LAB has also been studied to enumerate probiotic and starter
strains in milk and dairy products (28, 29). Moreover, this methodology has been used
to monitor a BCA strain of Pantoea agglomerans in citrus fruit (21).

For the development of a strain-specific v-qPCR assay, first, it is necessary to find a
specific molecular marker in the strain that can be identified by comparative genomic
analysis or even by fingerprinting techniques, such as randomly amplified polymorphic
DNA-PCR (RADP-PCR) or amplified fragment length polymorphisms (AFLP) (30–32). In
addition, for selectively detecting and enumerating viable bacteria, different nucleic
acid-binding dyes such as propidium monoazide (PMA) or ethidium monoazide (EMA)
are used in combination with qPCR (33–35). EMA and PMA can penetrate damaged
cellular membranes and intercalate into DNA. Light activation of these DNA-bound
molecules results in a covalent linkage preventing PCR amplification of the modified
DNA. However, both dyes have some limitations. EMA can cross intact cell membranes
of some bacterial species and cause, to some extent, inhibition of PCR amplification of
viable cells (33). While PMA is highly selective in penetrating only compromised
membranes, it is unable to avoid PCR amplification of nonviable cells with unaltered
membranes. A new approach, the PEMAX reagent, has been developed recently to
improve the v-qPCR and extend the concept of viability PCR to cells with intact cell
membrane structure but also with active metabolism. This new approach consists of
using an adequate level of EMA (�10 �M) mixed with PMA (�20 �M) (36–38). Low
levels of EMA can cross intact membranes and are accumulated in cells that lack the
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metabolic ability to offset its uptake. However, EMA is thrown out from metabolically
active cells (36). The combination of EMA with PMA increases the strength of the DNA
neutralization when samples contain high levels of dead cells with damaged mem-
branes, but it also avoids amplification of DNA of cells with undamaged membranes
and inactive metabolism. After the treatment of the bacterial suspension with PEMAX,
DNA from viable cells with intact membrane structure and active metabolism (whether
culturable or VBNC) will be free of labeling and then detected by qPCR (37).

To our knowledge, the application of the PEMAX reagent in the v-qPCR approach
has been recently used in viability assessment studies for monitoring bacterial patho-
gens (e.g., Legionella and Salmonella) (39, 40) but not for the specific quantification of
beneficial bacteria in plant environments.

The aim of the present work was to develop a strain-specific v-qPCR assay using the
PEMAX system to detect and quantify viable cells of L. plantarum PM411 in aerial plant
surfaces. The method has allowed monitoring of the survival of PM411 after artificial
inoculation to plant material under different conditions and plant hosts, in comparison
to qPCR and plate counting techniques.

RESULTS
Identification of an L. plantarum PM411-specific molecular marker. A discrimi-

natory band (520 bp) was found in the PM411 strain by the RAPD-PCR method using
the primer XD9 (described in Materials and Methods). Its sequence shared 86% identity
with the Lactobacillus phage Sha1 (GenBank accession number HQ141411) and 81%
identity with 32 L. plantarum strains available in the NCBI database. Detection for
prophage DNA sequences within the PM411 genome using PHAST indicated three
regions that were predicted to represent prophages. One of these regions with 69.6 kb
(GenBank accession number MG788324) contained the RAPD sequence and was iden-
tified as the putative prophage Lactob_PLE3 (GenBank accession number NC_031125)
with a score of 150 and with 80 coding DNA sequences (CDS) (see Table S1 in the
supplemental material). In particular, the 520-bp sequence (found by RAPD-PCR) was
located in the CDS 75 and 76 of the putative phage. Figure 1 shows a 972-bp fragment
(from CDS positions 65376 to 66348), which includes the RAPD sequence, with mosaic
architecture that contain homologous and nonhomologous sequences to strains avail-
able in the NCBI database. Its specificity was confirmed in silico since the whole 972-bp
fragment was not found in any strain available in the database. The fragment contained
homologous sequences, such as 665 bp that shared 79% identity with 32 L. plantarum

FIG 1 Description of the PM411 sequence (972 bp) in which strain-specific qPCR assays were designed. The
sequence was located in the putative prophage (GenBank accession number MG788324) and revealed
mosaic architecture. Black boxes show a 665-bp region with 79% identity with 32 L. plantarum strains,
encoding a tail fiber and a hypothetical protein. The striped box shows a 90-bp region with �85% identity
with 7 L. plantarum strains, encoding a tail fiber. The dotted box shows a 162-bp region with 80% identity
with L. plantarum HFC8, encoding a hypothetical protein. White boxes show nonhomologous sequences.
The primers and TaqMan probe and the region corresponding to RAPD fragment are indicated.
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strains, partially encoding a tail fiber and a hypothetical protein, 90 bp that shared
�85% identity with 7 L. plantarum strains, partially encoding a tail fiber, and 162 bp
that shared 80% identity with L. plantarum HFC8, partially encoding a hypothetical
protein. However, the presence of the nonhomologous sequences enabled the iden-
tification of a strain-specific molecular marker. The strain specificity of the marker was
confirmed by PCR using PM411-for and PM411C-rev primers (Table 1). With this
approach, no amplification was obtained for any of the strains listed in Table 2, except
for PM314 and PM340, which were confirmed to be clones of PM411 by repetitive
element sequence-based PCR (rep-PCR) fingerprinting. L. plantarum PM411, PM314,
and PM340 strains showed an identical banding pattern (data not shown). This com-
mon banding pattern was clearly different from other L. plantarum strains tested
(CM450, FC248, TC92, and WCFS1).

Strain-specific qPCR designs. Departing from the PM411 strain-specific marker,
TaqMan-based qPCR assays were developed. Three qPCR assays producing different
amplicon lengths (92, 188, and 317 bp) were designed in the polymorphic region and
checked (A, B, and C) in order to study their suitability in v-qPCR (Fig. 1). The shared
forward primer (PM411-for) annealed with the sequence homologous to L. plantarum
HFC8, the TaqMan probe (PM411-pr) with the sequence without homology, and the
reverse primers (PM411A-rev, PM411B-rev, and PM411C-rev) with the region homolo-
gous to several L. plantarum strains (HFC8 nonincluded).

Specificity, sensitivity, and amplification efficiency of qPCR assays. At 4 ng of
genomic DNA per qPCR (approximately 106 CFU or genomic equivalents), successful
amplification of PM411 was achieved, with cycle threshold (CT) values from 16.5 to 23
by the three strain-specific TaqMan-based qPCR assays developed. No amplification
was observed with DNA from pure cultures of the large collection of strains of different
species and genera (LAB and non-LAB bacteria) listed in Table 2. Only random fluores-
cence signals were observed at CT values higher than 38 in 7 LAB strains and in some
plant material washings without PM411 cells. Hence, the three qPCR assays were
considered to be specific at the strain level.

TABLE 1 Primers and TaqMan probes used for RAPD-PCR, rep-PCR, and qPCR analysis

Oligonucleotide, primer,
or probe by analysis
typea Sequence (5=–3=)b

Amplicon
length
(bp)b

Reference
or source

RAPD-PCR
P3 CTGCTGGGAC — 72
P4 CCGCAGCGTT — 73
P7 AGCAGCGTGG — 73
M13 GAGGGTGGCGGTTCT — 73
Inva1 GTGAAATTATCGCCACGTTCGGCAA — 74
512Fb GATGCAGTCGACAATGTGGATGCT — 75
XD9 GAAGTCGTCC — 76

rep-PCR
ERIC1R ATGTAAGCTCCTGGGGATTCAC — 70
ERIC2 AAGTAAGTGACTGGGGTGAGCG
REP-1R IIIICGICGICATCIGGC —
REP-2 ICGICTTATCIGGCCTAC
BOXA1R CTACGGCAAGGCGACGCTGACG —
GTG5 GTGGTGGTGGTGGTG —

qPCR
PM411-for AGATGCCAGCACTGGATTAAGC This work
PM411-pr FAM-TGCACGGCACAACTCAGGCGATT-TAMRA
PM411A-rev TTCATAGTAATCCCAGTGGTTTGG 92
PM411B-rev CCTTGTCGATACCAAAGTTAGCTATG 188
PM411C-rev CGGCGGCACCACCTT 317

aERIC, enterobacterial repetitive intergenic consensus sequence; REP, repetitive extragenic palindromic
sequence; BOX, BOX sequence; GTG5, polytrinucleotide (GTG)5 sequence.

b—, variable size. Amplicon sizes listed are amplification products obtained by qPCR using PM411-for primer,
PM411-pr TaqMan probe, and the corresponding reverse primer (PM411A-rev, PM411B-rev, or PM411C-rev).
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Standard curves of the three qPCR assays, which were prepared in flower washings,
showed good linearity over a 4-log range (from 1 � 103 to 1 � 107 CFU · ml�1, R2 �

0.99), and the lowest limit of detection was 1 � 102 CFU · ml�1. The equations of
regression curves for the A, B, and C designs were CT � �3.3 log CFU · ml�1 � 39.7 (for
A), CT � �3.3 log CFU · ml�1 � 42.8 (for B), CT � �3.4 log CFU · ml�1 � 47.6 (for C).
The corresponding amplification efficiencies (E) were 99.9% (A), 98.7% (B), and 98.9%
(C). However, the three assays differed in sensitivity. The A design (92 bp) was the most
sensitive, followed by the B design (188 bp), with the C design (317 bp) being the least
sensitive. The comparison between the three standard curves led to the selection of the
A and B assays for further experiments.

v-qPCR. The effect of different PEMAX concentrations and qPCR assay (different
amplicon length) on the signal reduction (SR) (difference of CT value [ΔCT] between
non-PEMAX-treated and PEMAX-treated samples) was determined on dead and viable
cells (Fig. 2). On dead cells, significant differences of SR between concentrations of
PEMAX were observed, and the highest SR in both qPCR assays (A and B) was obtained
using 50 �M PEMAX. However, on viable cells, the different PEMAX concentrations did
not show significant differences. Based on these results, the PEMAX concentration of 50
�M was chosen for further experiments.

TABLE 2 Bacterial strains used in this study

Species Code straina

LAB
Lactobacillus brevis CECT 4669
Lactobacillus buchneri CECT 4111b

Lactobacillus collinoides CECT 922b

Lactobacillus dextrinicus CECT 4791b

Lactobacillus pentosus 10 strains isolated from plant sourcesc

Lactobacillus plantarum PM411, PM314, PM340, TC54, TC92, FC248,
CM450, CM466, RC526, FC534, 35 strains
isolated from plant sourcesc

CECT 221, CECT 223, CECT 748b, CECT 749,
CECT 4185, CECT 4308, CECT 4528, CECT
4645, CECT 5785, WCFS1 (syn. of LMG
9211), ATCC 8014

Lactobacillus sakei CECT 980
Lactococcus lactis 3 strains isolated from plant sources,c

CECT 539, CECT 984, CECT 4433
Leuconostoc citreum 1 strain isolated from plant sourcesc

Leuconostoc fallax CECT 4701
Leuconostoc mesenteroides 12 strains isolated from plant sources,c

CECT 219b

Pediococcus acidilactici LMG 6411
Pediococcus parvulus CECT 7350
Pediococcus pentosaceus LMG 10740
Weissella cibaria 3 strains isolated from plant sourcesc

Non-LAB
Bacillus subtilis EPS201
Erwinia amylovora PMV 6076
Escherichia coli ATCC 5954
Pantoea agglomerans EPS125
Pantoea vagans 7 EPS strains, C9-1d

Pseudomonas fluorescens 10 EPS strains, EPS62e
Pseudomonas syringae 7 EPS strains, EPS94
Staphylococcus aureus ATCC 9144
Xanthomonas axonopodis pv. vesicatoria 2133-2

aCECT, Colección Española de Cultivos Tipo; BCCM/LMG, The Belgian Coordinated Collections of
Microorganisms/Laboratory of Microbiology, Ghent University; ATCC, American Type Culture Collection; PMV,
Laboratoire de Pathologie Moléculaire et Végétale, INRA/INA-PG, Paris, France; EPS, Escola Politècnica
Superior-UdG, Spain; IVIA, Instituto Valenciano de Investigaciones Agrarias, Spain.

bType strain.
cTrias et al. (4) and Roselló et al. (5).
dStrain provided by F. Rezzonico.
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When A and B qPCR assays were compared, on dead cells, a significantly higher SR
was obtained by the B assay, with an amplicon length of 188 bp, than by the A assay,
with an amplicon length of 92 bp, for all PEMAX concentrations (Fig. 2). On viable cells,
only a significant higher SR was obtained with the B than the A assay using 100 �M
PEMAX, whereas when using 50 and 75 �M PEMAX, no significant differences between
assays were observed. The B assay was finally chosen.

Standard curves were developed in flower washings to check the v-qPCR method as
a specific bacterial detection and quantification tool (Fig. 3). On viable cells, standard
curves (each obtained in three independent experiments) were generated using the B
assay, with or without PEMAX treatment. The correlation coefficient values (R2 � 0.99)
and the amplification efficiencies (83.5% with PEMAX and 86.2% without PEMAX) were
comparable. The standard curves were linear over the range of 1 � 103 to 1 � 107 CFU ·
ml�1, with and without PEMAX treatment. However, in the presence of PEMAX
treatment, a shift of 2 cycles was observed regarding the nontreated samples. On dead
cells treated with PEMAX, CT values higher than 38 were obtained over the range from
1 � 103 to 1 � 107 CFU · ml�1, meaning that the amplification was inhibited (Fig. 3).
In mixtures of viable cells (from 1 � 103 to 1 � 107 CFU · ml�1) and a fixed quantity
of dead cells (1 � 106 CFU · ml�1) treated with PEMAX, the standard curves (each
obtained in two independent experiments) achieved a high correlation coefficient
(R2 � 0.98), with an amplification efficiency of 96.9% (Fig. 3). However, the CT values of
this standard curve obtained with the presence of dead cells in the sample were slightly
smaller than those from only viable cells, especially when the concentrations of viable
cells were low. Without PEMAX treatment, the qPCR assay was unable to differentiate
between DNA from viable and dead cells.

Quantification of viable L. plantarum PM411 in aerial plant surfaces. PM411 was
monitored on inoculated apple blossoms and leaves of pear, strawberry, and kiwifruit
plants under controlled environment conditions (25°C, high or low relative humidity
[rH]) by qPCR, v-qPCR, and plate counting (pc) (Fig. 4 and 5).

On apple blossoms, in both experiments performed, there were significant differ-
ences between qPCR (total cells) and the other two quantification methods, v-qPCR

FIG 2 Signal reduction (SR) in viable (black) or dead (gray) cell suspensions with different concentrations of
PEMAX reagent (50, 75, and 100 �M). SR is the difference between cycle threshold values (ΔCT) of
non-PEMAX and PEMAX-treated samples. TaqMan-based qPCR assays designated A (92 bp) and B (188 bp)
were carried out. The results are shown as means from three independent replicates, and error bars
represent standard deviations of the mean. Different capital letters (letters without apostrophe in viable cell
suspensions and letters with apostrophe in dead cell suspensions) show significant differences between
qPCR assays for each concentration of PEMAX (P � 0.05), according to the Tukey test. Different lowercase
letters (letters without apostrophe in viable cell suspensions and letters with apostrophe in dead cell
suspensions) in the same panel indicate significant differences between concentrations of PEMAX reagent
(P � 0.05), according to the Tukey test.
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(viable cells) and pc (culturable cells), at some steps throughout the experiments (Fig.
4). After inoculation, the total population size decreased approximately 1 log unit
between the 1st and 8th days, whereas the viable and culturable population decreased
up to 3 log units. In particular, after a reduction of 1.5 log units during the first 24 h,
the viable population remained stable throughout the following 2 days, at around 106

to 107 CFU per blossom, without significant differences compared to the total and
cultivable populations. However, after this period, the amounts of viable and culturable
cells were significantly lower than total cells. Under these conditions, there was a linear
relationship between culturable (pc) and viable (v-qPCR) population levels (y � 0.95x �

0.12; R2 � 0.93; P � 0.001).
On pear, strawberry, and kiwifruit leaves, significant differences between the three

quantification methods (qPCR, v-qPCR, and pc) were observed at some steps through-
out the experiments (Fig. 5). Total population level (qPCR) was significantly higher than
viable (v-qPCR) and culturable (pc) population levels almost in all sampling days
throughout the experiments. Interestingly, significant differences were also observed
between the viable and culturable populations, with the quantification of viable cells

FIG 3 Cycle threshold (CT) values obtained by TaqMan-based v-qPCR assay (B design) for a range of
concentrations from 1 � 103 to 1 � 107 CFU · ml�1. The experiment was performed with (i) only viable
cells, (ii) only dead cells, and (iii) viable cells in the presence of 1 � 106 CFU · ml�1 of dead cells. Cells
were treated with PEMAX reagent (black symbols) or not (white symbols) prior to DNA extraction. Three
independent experiments represented by circle, triangle, and square symbols were carried out. The
striped background represents the detection limit at CT values of �38.
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being significantly higher than the culturable cells, especially after 2 to 3 days under
high rH and after only 1 day under low rH. In all the experiments, the total population
decreased approximately 1 to 1.5 log units between the 1st and 6th days, whereas
culturable and viable cells declined more, from 2 to 4 log units, depending on plant
species and rH conditions. While on pear and strawberry leaves at high rH, the
population reduction of viable and culturable cells was 3 to 4 log units, on kiwifruit
leaves, it was 2 to 2.5 log units. Under low rH, the population decrease of viable and
culturable cells on kiwifruit leaves during the 3 days postinoculation (2 to 2.5 log units
for viable cells and 3 to 3.5 log units for culturable cells) was higher than under high
rH (1 log unit for viable cells and 1.5 log units for culturable cells).

The population levels of PM411 were also monitored on apple and pear blossoms
under field conditions, which were relatively dry (moderate temperatures and low
humidity) with one single rainfall event in the pear tree assay (Fig. 6). Total population
size differed significantly from viable and culturable population levels at some steps
throughout the experiments, both on apple and pear blossoms. Two days following
field inoculation (first or single spray), viable cells of PM411 decreased to steady-state
values (103 to 105 CFU per blossom) both on apple and pear, without significant
differences from culturable cells on apple flowers. However, on pear blossoms, the
viable population was significantly higher than the culturable population after 1 to 2
days of PM411 inoculation. When a second spray of PM411 was applied, the three
quantification methods (qPCR, v-qPCR, and pc) estimated the same population only
immediately after the spray. After 1 day, PM411 population decreased, and significant
differences in total population compared to viable and culturable populations were
also observed both on pear and apple plants. However, only on pear blossoms was the
viable population significantly higher than the culturable population after the second
spray. From the different types of plant material and environmental conditions studied,
it can be concluded that the populations of viable and culturable cells did not differ
significantly under environmental conditions conducive for bacterial survival (on flow-
ers under high rH), but they were different under harsh conditions, especially on leaves
under low rH.

DISCUSSION

Monitoring the persistence and traceability of L. plantarum PM411 in plants is a key
task for understanding its behavior in the crop environment and to improve formula-

FIG 4 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and
plate counting (culturable) (e) on apple blossoms under controlled-environment conditions (25°C and high
rH). Cells were sprayed onto the plant material at 108 CFU · ml�1. The experiment was performed two times.
Values are the means of three replicates, and error bars represent the standard deviation of the mean. *,
significant differences between qPCR and v-qPCR/pc; #, significant differences between qPCR and pc,
according to the Tukey test. Exp., experiment.
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tions and delivery strategies for biological control of plant diseases. The fate and
persistence of target microorganisms in the environment have been traditionally
assessed with a variety of culture-dependent and independent methods (6–8, 10, 11).
Among the various approaches used, PCR-based methods have been the most popular
because they are very sensitive and specific to properly identify the inoculated strains,
distinguishing them from the resident population. In the present study, we have
developed a viability qPCR assay using PEMAX reagent for the unambiguous detection
and quantification of L. plantarum PM411 viable cells in aerial plant surfaces. This
method has two main advantages: to be specific at the strain level and to allow the
quantification of only viable cells, whether culturable or VBNC.

In order to identify a strain-specific marker, a putative PM411-specific DNA region
was identified using the RAPD-PCR technique that showed homology with part of the
sequence of Lactobacillus phage Sha1 (41). However, this region was not sufficiently
specific to PM411, since it was shared by 32 L. plantarum strains of the NCBI database.
The RAPD sequence was located in one of the three prophage regions in the PM411
genome that was predicted to represent the Lactob_PLE3 phage (42). The occurrence
of prophage DNA within bacterial genomes is common in LAB, such as Lactobacillus
spp. (43–45). This putative prophage in the PM411 genome has mosaic architecture
with homologous sequences to L. plantarum strains and also to Lactobacillus, Strepto-
coccus, Bacillus, Enterococcus, and Listeria phages (Table S1), which are alternated with
nonhomologous sequences. This polymorphic structure allowed the identification of
sequences to design a strain-specific marker. Prophages exhibit a high degree of

FIG 5 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and plate counting (culturable) (e) on leaves
of pear, strawberry, and kiwifruit plants under controlled-environment conditions (25°C with high or low rH). Cells were sprayed onto the plant
material at 108 CFU · ml�1. The experiments were performed two times, except for strawberry and kiwifruit plants under high rH. Values are the
means of three replicates, and error bars represent the standard deviation of the mean. *, significant differences between qPCR and v-qPCR/pc;
#, significant differences between qPCR and pc; †, significant differences between qPCR, v-qPCR, and pc; ¤, significant differences between
qPCR/v-qPCR and pc, according to the Tukey test.
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mosaicism (46) and have been found to contribute to interstrain genetic variability in
bacteria (47, 48). Therefore, polymorphic sites within prophage sequences or prophage
junction fragments in the genome can be used as indicators of genomic diversity. The
presence of homologous phage genes spread in different bacterial strains might reflect
phylogeny and suggests horizontal gene transfer between these related species (42).
Several studies included the use of phage-related sequences as genomic markers. For
example, regions of Lc-Nu and A2 phage sequences were used for strain-specific PCR
primer design to identify Lactobacillus rhamnosus strains (49, 50). Moreover, the use of

FIG 6 Population dynamics of L. plantarum PM411 estimated by qPCR (total) (Œ), v-qPCR (viable) (�), and plate
counting (culturable) (e) on apple and pear blossoms under field conditions. Cells were sprayed onto the plant
material at 108 CFU · ml�1. One single spray or two sprays were performed both in pear and apple blossom
experiments. Values are the mean of three replicates, and error bars represent the standard deviation of the mean.
*, significant differences between qPCR and v-qPCR/pc; #, significant differences between qPCR and pc; †,
significant differences between qPCR, v-qPCR and pc; ¤, significant differences between qPCR/v-qPCR and pc,
according to the Tukey test. Mean daily temperature (black line), amount of rainfall (black bars), and relative
humidity (dotted line) were monitored during the trials.
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prophage junction fragments as indicators of genomic diversity was already reported
in other taxa, such as Salmonella and Listeria (47, 51).

The specificity of the PM411 marker was first confirmed in silico and by the absence
of amplification signal by PCR in all the L. plantarum strains tested (except for PM314
and PM340, which were deemed to be clones of PM411), other plant-associated
bacterial genera, and plant material washings from field samples. Since other strains of
L. plantarum may be present in the crop environment (52), this specificity is a key factor
in monitoring PM411. Although random amplifications with high CT values (higher than
38) were observed for some nontarget strains and plant material washings, this
phenomenon was previously described in the literature as a background no-template
control (15), being irrelevant if remaining outside the range used to generate the
standard curve, as occurred in the present study.

The sensitivity and reliability of the three qPCR assays with different amplicon
lengths were evaluated mimicking conditions of field sampling by amending plant
material washings with different concentrations of PM411, in order to ensure compa-
rable qPCR efficiencies (53, 54). All the qPCR assays fulfill the requirements for satis-
factory amplification. Moreover, the values obtained were similar to those reported in
other qPCR assays designed to quantify several biological control agents (15, 32, 55).

The use of EMA and PMA coupled with qPCR is an efficient technique to distinguish
between viable and dead cells in plant samples (25, 33). These systems have been used
to detect foodborne pathogens in lettuce (56) and in fresh-cut vegetables (23), as well
as to detect biological control agents in postharvest fruits (21). The new approach
based on a double-dye reagent, PEMAX, improves the v-qPCR scope (36–38). In the
present study, PEMAX was used to set up a viability qPCR method specific for PM411,
and after PEMAX treatment of plant material washings, only DNA from PM411 cells with
undamaged membrane and active metabolism was detected by qPCR.

In our work, the effect of PEMAX concentration was optimized to selectively detect
viable PM411 cells, avoiding the amplification of heat-killed cells in plant material
washings, in accordance with other reports that used PMA dye on different microor-
ganisms (23, 27). According to our study, 50 �M PEMAX in a dead cell suspension in
flower washings allowed the inhibition of DNA amplification, while viable cell suspen-
sions were not affected.

In order to choose the best assay for v-qPCR, two designs of different amplicon
lengths were compared, taking into account the inactivation of amplification in dead
cells, while preserving the performance of qPCR (sensitivity, linearity, and efficiency).
Our results showed that the best performance was obtained using the longer amplicon
(188 bp). Although the optimal amplicon length for qPCR assays to guarantee method
efficiency is less than 100 bp (57), in v-qPCR, longer DNA sequences are necessary (27).
As reported, the probability of dye (EMA/PMA) binding in the target region of dead
bacteria increases with the length of the DNA fragment (58). Since amplification
efficiency and sensitivity of the reaction diminish when amplicon length increases, the
reliability of the developed viability qPCR method (using the 188-bp amplicon and
PEMAX) was evaluated on viable, dead, and a mixture of viable/dead cells of PM411.
The quantification method developed was linear over the range of 1 � 103 to 1 � 107

CFU · ml�1, and the obtained standard curves, using CT values from three independent
experiments, showed high correlation coefficient values and amplification efficiencies.
Taking into account that the quantification limit was determined in the presence of a
high level of dead cells, this sensitivity is similar to those reported in other methods
developed to detect and quantify biological control agents (15, 21, 59). The slight
increase in CT values of PEMAX-treated samples compared to nontreated ones was
previously reported in studies using PMA as a dye (24, 26). Considering that the
PEMAX-qPCR method allowed the quantification of viable cells in the presence of 1 �

106 CFU · ml�1 of dead cells with high amplification efficiency, the methodology was
suitable to monitor viable PM411 cells in plant samples.

The performance of the method was studied by comparing v-qPCR population
estimation to those obtained by qPCR and specific plate counting on de Man-Rogosa-
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Sharpe (MRS)-rifampin. Since L. plantarum PM411 is a biological control agent of fire
blight of apple and pear (5, 9) and is capable of controlling other bacterial plant
diseases, such as bacterial canker of kiwifruit and angular leaf spot of strawberry, plant
species, like pear, apple, strawberry, and kiwifruit, were used for further experiments to
evaluate the method. In addition, different environmental conditions for the BCA, such
as blossoms or leaves, under controlled (high and low rH) or field conditions were
analyzed. No significant differences were observed between the three methods when
the conditions were conducive for bacterial survival. However, under harsh conditions,
qPCR quantification overestimated the population level of PM411 (until 4 log units),
indicating the presence of nondegraded DNA released from dead cells, and plate
counting underestimated the population of the strain (until 2 log units), indicating
induction of the VBNC state. Therefore, v-qPCR enabled the most accurate quantifica-
tion of PM411 viable cells, whether culturable or VBNC, to monitor survival on aerial
plant surfaces.

On flowers, under controlled-environment conditions of high rH, PM411 showed a
transient drop in population level upon inoculation, probably due to the stressful
conditions of the spray. However, after this initial decrease, PM411 attained stable
population levels of viable cells for the following 2 days, reaching values from 106 to
107 CFU per blossom. In this period, viable population levels were not significantly
different from those estimated by qPCR or plate counting. The usefulness of qPCR or
plate counting as monitoring tools of BCA after delivery on plants was also confirmed
in the BCA Pseudomonas fluorescens EPS62e that showed efficient colonization of
blossoms (15, 60). This result is consistent with the fact that the flower environment is
favorable for bacterial survival and colonization because of a high level of nutrients.
Sugars, such as glucose and fructose, and amino acids, such as proline, asparagine,
glutamic acid, and glutamine, are predominant in apple and pear flowers (61). It is
expected that L. plantarum can reach stable populations in the flower environment,
since it has the capacity to use a broad range of carbohydrates and amino acids (62).
After 5 days on the flower surface, the population of PM411 clearly decreased, coin-
ciding with the end of the life span of flowers. This survival reduction may be attributed
to the nonconducive conditions as a result of the senescence of the tissues (13). At this
period, population was overestimated by qPCR, indicating the presence of nonde-
graded DNA being released from dead cells. Studies conducted by other authors
monitoring bacteria on plant surfaces confirmed the differences in population estima-
tion between qPCR and plate counting (15, 21). Interestingly, all viable cells were
culturable probably because conditions were not enough stressful to induce a VBNC
state.

On the leaf surface, the PM411 population decreased more than on flowers after
inoculation. The leaf environment is poor in carbon-containing nutrients and more
exposed to fluctuations in temperature, UV radiation, and especially water availability
(relative humidity and leaf wetness) (63, 64). Under these stress conditions, the induc-
tion of a VBNC state and cell death may explain significant differences between v-qPCR,
qPCR, and plate counting. However, these differences were observed in leaf experi-
ments both under high and low rH, probably meaning that the lack of nutrients is one
of the most important limiting factors for PM411 survival. As reported in other bacteria,
including LAB, stressful conditions (e.g., desiccation and starvation) can promote cells
to enter in a VBNC state (17, 20). Consequently, VBNC cells were not quantified by plate
counting, and the viable PM411 population was underestimated, as reported in other
BCA monitoring studies under different stress conditions (15, 16, 65). As VBNC cells are
still metabolically active and preserve membrane integrity, they should be considered
the effective population of BCA since they can become culturable again when better
conditions arrive (20). On flowers under field conditions, the viable population of
PM411 dropped to around 103 to 105 CFU per blossom immediately after the spray
(both in the single- or two-spray experiments). Although the nutritional conditions in
flowers are expected to be optimal, the harsh environment, such as periods of low
relative humidity (�70%) combined with UV radiation exposition, probably caused this
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decrease in population. Interestingly, in a pear orchard, differences between v-qPCR
and plate counting were observed, presumptively due to the induction of the VBNC
state as an adaptive stress response of cells against suboptimal environmental condi-
tions. It was reported in previous studies that L. plantarum PM411 increased transcript
levels of stress-related genes under desiccation (66). However, in an apple orchard,
similar populations of viable and culturable PM411 cells were observed. Therefore,
differences in morphology and physicochemical environment between pear and apple
flowers, as well as weather conditions registered in the field, may explain how a
discrepancy between viable and culturable populations was only observed in apple
flowers.

In our study, the unfavorable environmental conditions on the leaf surface and the
relatively dry field conditions during the experiments seem to induce a VBNC state in
PM411 cells.

Finally, we have developed a method for the specific detection and quantification of
viable PM411 that has been evaluated and validated. The method is expected to be a
reliable monitoring tool to estimate the viable population of the strain in aerial plant
surfaces, and it will allow further studies of colonization and survival under field
conditions, as well as improvements in formulations and delivery strategies. Data
obtained from v-qPCR monitoring may indicate when PM411 should be released in the
field to achieve the population required for biocontrol, since the decrease in the viable
population can compromise the BCA efficacy. It is expected that PEMAX v-qPCR could
also be developed for monitoring other bacterial strains on plant surfaces, not only
biological control agents, but also other beneficial bacteria (e.g., biofertilizers and
biostimulants) useful in the sustainable management of crop production.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and DNA extraction. The bacterial strains used in this study

are listed in Table 2. LAB strains were grown on de Man-Rogosa-Sharpe (MRS) agar (Oxoid, Basingstoke,
Hampshire, UK) at 23°C for 48 h. Non-LAB strains were grown on Luria-Bertani (LB) agar at 25°C for 24
h. Escherichia coli DH5� calcium competent cells were used for cloning procedures and were grown in
LB medium at 37°C. A spontaneous mutant of wild-type L. plantarum PM411 resistant to rifampin,
obtained as previously described (5), was used in this study. All strains were stored in 20% glycerol at
�80°C. DNA was extracted according to the method described by Llop et al. (67) from pure bacterial
suspensions (Table 2).

Strategy to identify a strain-specific molecular marker for L. plantarum PM411. All primers, PCR
mixtures, and PCR conditions used in this study are described in Tables 1 and 3, and amplified fragments
were analyzed using standard methods.

RAPD-PCR analysis was carried out to identify a PM411 strain-specific molecular marker. Seven
primers were tested in strain PM411 and other selected L. plantarum strains (ATCC 8014, CECT 223, CECT
4528, CECT 5785, TC54, TC92, and WCFS1) by PCR. A potential PM411 strain-specific RAPD band was
excised from the agarose gel, purified with a QIAquick gel extraction kit (Qiagen, Hilden, Germany),
cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA), and transformed into E. coli DH5�

calcium competent cells. Cells were selected by antibiotic resistance in LB agar supplemented with 100
�g · ml�1 ampicillin (Sigma, MO, USA), and a PCR analysis with the universal primers T7 and Sp6 was
done to confirm the insertion. The RAPD-PCR fragment was sequenced (Macrogen, Seoul, South Korea)
and analyzed using the FinchTV 1.4.0 software (Geospiza, Seattle, WA, USA) and Multalin software (68).
The specificity was ensured in silico using the BLAST program at the NCBI database (http://www.ncbi
.nlm.nih.gov/BLAST).

As the fragment identified by RAPD-PCR showed similarity with a prophage, raw data of sequenced
L. plantarum PM411 genome were used for prophage region search and annotation using a phage
finding tool (PHAge Search Tool [PHAST] [69]). The corresponding putative phage sequence was
deposited in the GenBank database (accession number MG788324). The RAPD sequence was located in
the putative prophage of L. plantarum PM411, and a 972-bp region (region from positions 65376 to
66348 of accession number MG788324) was checked in silico for specificity. This region was used in order
to design a primer pair (PM411-for and PM411C-rev) using Primer-BLAST (Table 1). The primers were
designed in the PM411-specific region. The specificity of the primers was tested using strains described
in Table 2. The rep-PCR amplifications of PM411 and other L. plantarum strains listed in Table 2 (CM450,
FC248, PM314, PM340, TC92, and WCFS1) were carried out for clone detection with the repetitive
sequence-based oligonucleotides corresponding to ERIC, REP, BOXA1R, and GTG5 (Table 1) (70).

Strain-specific qPCR designs and specificity, sensitivity, and amplification efficiency evalua-
tion. Three TaqMan-based qPCR assays were designed (Table 1) within the strain-specific marker (region
from positions 65376 to 66348 of accession number MG788324) to obtain three amplicons with different
lengths. All of them shared the same forward primer (PM411-for) and probe (PM411-pr), but they had
three different reverse primers (PM411A-ref, PM411B-rev, and PM411C-rev). Probes were labeled with the
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6-carboxyfluorescein (FAM) reporter dye at the 5= end and with the 6-carboxytetramethylrhodamine
(TAMRA) quencher dye at the 3= end. Primers and TaqMan probes were designed using the Primer
Express 3.0 software (Applied Biosystems, Foster City, CA, USA).

The specificity of the qPCR designs was tested after optimization of the concentrations of the primers
and probe using bacteria listed in Table 2. A no-template control (NTC), using water instead of genomic
DNA, and positive control with PM411 DNA were included in all PCR runs. All reactions were performed
in triplicate and were carried out in a 7500 real-time PCR system (Applied Biosystems, Foster City, CA,
USA).

Standard curves were developed to check the sensitivity and efficiency of the qPCR assays by mixing
several concentrations of PM411 cells with plant material washings. To obtain plant material washings,
open blossoms of apple (cv. Golden Smoothee) and pear (cv. Comice) and leaves from potted plants of
pear (cv. Conference), strawberry (cv. Darselect), and kiwifruit (cv. Hayward) were used. Two blossoms or
three leaves were infused with 30 ml of 50 mM sterile phosphate buffer (PBS; pH 7.0) and 0.1% peptone
in a 100-ml bottle and mixed in an orbital shaker (KS501 digital; IKA Labortechnik, Staufen, Germany) at
130 rpm for 30 min on ice (15, 60). Cell suspensions of PM411 were prepared in sterile distilled water at
high concentration (109 CFU · ml�1) and diluted to appropriate concentrations with plant material
washings. The cell concentration of the first serial decimal dilution was checked by a measure of the
optical density at 600 nm (OD600), considering that 0.25 corresponds to 108 CFU · ml�1, and this was
confirmed by colony counts. The tested concentrations covered a 5-log range, from 1 � 103 to 1 � 108

CFU · ml�1. An aliquot of plant material washings without PM411 cells was kept as a no-template control
(NTC) sample.

DNA was isolated according to the method described by Schmidt et al. (71), with some modifications.
Briefly, 1 ml of sample was centrifuged at 13,200 � g for 10 min, and the pellet was resuspended in 400
�l of TES buffer (50 mM Tris-HCl, 1 mM EDTA, 6.7% glucose). Cells were incubated with 100 �l of
lysozyme at 20 mg · ml�1 (Sigma) and 6 �l of mutanolysin at 5,000 U · ml�1 (Sigma) for 1 h at 37°C with
shaking (ThermoMixer F1.5; Eppendorf, Hamburg, Germany). After adding 15 �l of proteinase K at 20 mg ·
ml�1 (Qiagen) and 40 �l of 20% sodium dodecyl sulfate (SDS), samples were incubated at 60°C for 1 h.
Then, mechanical disruption was performed transferring the sample into a 2-ml safe-seal microcentrifuge
tube with 70 mg of acid-washed glass beads (Sigma) and using a TissueLyzer II instrument (Qiagen) at
a frequency of 30 s�1 for 10 min. Glass beads and cell debris were removed by centrifugation at 12,000
� g for 10 min, and the supernatant was purified adding 1 volume of phenol-chloroform-isoamyl alcohol
(25:24:1) (Sigma) and mixed by vortexing for 5 s. Phases were separated by centrifugation at 16,000 �
g for 5 min. The aqueous phase was mixed with 2 volumes of ice-cold ethanol and 0.1 volume of 4 M
sodium acetate, and DNA was precipitated overnight at �20°C. DNA was collected by centrifugation at
16,000 � g for 30 min, and the pellet was washed in ice-cold 70% ethanol, dried, resuspended in 50 �l
of water, and stored at �20°C until analyzed. The amount and purity of DNA samples were determined
spectrophotometrically (NanoDrop ND-1000 spectrophotometer; Thermo Fisher Scientific, USA).

TABLE 3 Amplification mixture and PCR conditions

PCR
approach Amplification mixturea PCR conditionsb

RAPD-PCR 1� PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 200 nM
each primer, 3.75 U Taq, and 100 ng DNA (reaction
vol, 50 �l)

For M13: 94°C for 3 min; 35 cycles of 94°C for 1 min, 40°C
for 20 s, ramp to 72°C at 0.6°C/s for 20 min; elongation
at 72°C for 2 min

For P3 and P4: 94°C for 3 min; 30 cycles of 94°C for 1
min, 36°C for 2 min, 72°C for 2 min; and elongation at
72°C for 2 min

For P7, Inva1, 512Fb, and XD9: 94°C for 4 min; 45 cycles
of 94°C for 1 min, 35°C for 1 min, 72°C for 1 min; and
elongation at 72°C for 5 min

pGEM-T insert
amplification

1� PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 200 nM
primers T7 and Sp6, 1.875 U Taq, and 2 �l
recombinant vector (reaction vol, 25 �l)

98°C for 2 min; 35 cycles of 98°C for 10 s, 45°C for 30 s,
72°C for 30 s; and elongation at 72°C for 12 min

PCR 1� PCR buffer, 3 mM MgCl2, 0.2 mM dNTPs, 200 nM
PM411-for and PM411C-rev, 1.75 U Taq, and 25 ng
DNA (reaction vol, 25 �l)

95°C for 5 min; 30 cycles of 95°C for 45 s, 60°C for 40 s,
for 72°C 40 s; and elongation at 72°C for 10 min

rep-PCR 1� PCR buffer, 1.5 mM MgCl2, 0.2 mM dNTPs, 1.6
mg/ml BSA, 10% DMSO, 500 nM each forward and
reverse primer for rep-PCR and ERIC-PCR or of the
single primer for BOX-PCR and GTG5-PCR, 2.5 U Taq,
and 50 ng DNA (reaction vol, 25 �l)

95°C for 7 min; 30 cycles of 94°C for 1 min, 52°C for 1
min for ERIC- and BOX-PCR or 42°C 1 min for REP- and
GTG5-PCR, and 65°C for 8 min; and elongation at 65°C
for 16 min

qPCR 1� TaqMan universal PCR master mix, 500 nM each
forward and reverse primer, 200 nM GP probe or
250 nM RP1 or RP2 probe, and 20 ng DNA or 4 �l
DNA sample (reaction vol, 20 �l)

50°C for 2 min; 95°C for 10 min; 50 cycles of 95°C for 15 s
and 60°C for 1 min

adNTPs, dinucleoside triphosphates; BSA, bovine serum albumin; DMSO, dimethyl sulfoxide; Taq, Taq DNA polymerase (Invitrogen). TaqMan Universal PCR master mix
is manufactured by Invitrogen.

bPCR was carried out in a GeneAmp PCR system 9700 (Applied Biosystems) and qPCR in a 7500 real-time PCR system (Applied Biosystems).
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qPCR was performed, and two no-template controls (NTC) were included in all PCR runs: (i) one using
water instead of genomic DNA, and (ii) one using DNA isolated from plant material washings without
PM411 cells. All reactions were performed in triplicate as described above. CT values were plotted against
the logarithm of the initial number of CFU · ml�1, and standard curves were generated by a linear
regression of the plotted points. Slopes were used to determine the amplification efficiency of each
design using the equation E (%) � (10�1/slope � 1) � 100.

v-qPCR. (i) PEMAX concentration optimization. PEMAX reagent (GenIUL, Terrassa, Spain) was
diluted in 500 �l of sterile bidistilled water to obtain a stock solution of 2,000 �M that was stored at
�20°C in the dark until needed. To determine the optimal concentration of PEMAX (50, 75, and 100 �M),
an appropriate volume of PEMAX stock solution (25, 37.5, or 50 �l) was added into 1 ml of viable or dead
PM411 cell suspension, both adjusted to 1 � 106 CFU · ml�1 in apple flower washings. Dead cells were
obtained by heating a cell suspension at 100°C for 15 min (10, 26) (ThermoMixer F1.5; Eppendorf). The
loss of cell viability was checked by plating on MRS agar, followed by incubation for 48 h at 30°C. Then,
samples were thoroughly mixed and incubated for 30 min in the dark at room temperature in an orbital
shaker KS501 digital (IKA Labortechnik) at 130 rpm. Immediately, samples were photoactivated for 15
min with the PhAST Blue photoactivation system (GenIUL, Barcelona, Spain) set to 100% and transferred
into DNA low-binding 1.5-ml tubes (Sarstedt, Nümbrecht, Germany). PEMAX-treated cells (viable and
dead) were collected by centrifugation at 13,200 � g for 10 min and washed with 50 mM sterile PBS (pH
7.0) under the same centrifugation conditions. Samples of viable and dead cells, adjusted to 1 � 106 CFU ·
ml�1 in apple flower washings and without being treated with PEMAX were also used. DNA extraction
of PEMAX-treated and non-PEMAX-treated samples was performed as described in the previous para-
graph. Each experimental condition was assayed in two independent experiments.

(ii) Amplicon length effect. To study the influence of amplicon length in the effectiveness of the
PEMAX treatment to suppress PCR amplification of dead cells, two independent qPCR assays (A and B)
were performed. One unique forward primer (PM411-for) and probe (PM411-pr) and two reverse primers
(PM411A-rev and PM411B-rev) were used to obtain two amplicons with different lengths (Table 1). qPCR
was performed as described previously, and a no-template control (NTC) was included in each PCR run.
All reactions were performed in triplicate.

The effect of PEMAX at different concentrations on DNA amplification suppression by qPCR assays A
and B was tested in viable and dead cells and expressed as “signal reduction.” Signal reduction was
calculated by subtracting CT values between non-PEMAX-treated and PEMAX-treated samples. Three
independent experiments were performed.

(iii) Standard curve. To check the v-qPCR method as a specific bacterial detection and quantification
tool, the sensitivity and amplification efficiency of the v-qPCR B design were evaluated by developing
standard curves. Cell suspensions were prepared using viable, dead, or mixtures of PM411 cells in apple
flower washings. Samples were prepared from covering a 5-log range (from 1 � 103 to 1 � 108 CFU ·
ml�1) of viable or dead cells, obtained as described, and mixing the same concentration range of viable
PM411 cells with a constant number of dead cells (1 � 106 CFU · ml�1). From each sample, 1 ml was
treated with PEMAX at 50 �M according to the procedure described previously. An aliquot of each
sample without being treated with PEMAX was also used. DNA extraction was performed in PEMAX-
treated and non-PEMAX-treated samples as described above. qPCR was performed using the B design
(PM411-for, PM411-pr, and PM411B-rev), obtaining an amplicon size of 188 bp. qPCR was performed as
described previously, including the two negative controls (NTC) mentioned above. All reactions were
performed in triplicate. Standard curves were generated as described above. Three independent exper-
iments were carried out.

Quantification of L. plantarum PM411 on plant material. Greenhouse experiments were per-
formed in different plant materials, such as apple blossoms and pear, strawberry, and kiwifruit leaves.
Two field trials on apple and pear blooming trees at the Mas Badia Agricultural Experimental Station
(Girona, Spain) were also included.

Greenhouse experiments on leaves were conducted in potted plants (10-cm-diameter plastic pots) of
pear (cv. Conference), strawberry (cv. Darselect), and kiwifruit (cv. Hayward). Plants were used when they
were 30 to 40 cm in length, with 6 young leaves per shoot in pear plants, 10 to 15 young leaves in
kiwifruit plants, and 5 to 8 leaves per crown in strawberry plants. Open blossoms of the Golden
Smoothee apple cultivar were obtained from a commercial orchard near Girona (Spain). Flowery
branches were collected and transported to the greenhouse under refrigeration, and the lower end of
the branches was kept submerged in a 5% sucrose solution. To inoculate PM411, the plant material was
sprayed to runoff (10 ml per pear plant, 6 ml per strawberry plant, 20 ml per kiwifruit plant, and 3 ml per
open blossom) with the bacterial suspension at 108 CFU · ml�1. All plant material was kept at 25°C, with
a 16-h fluorescent light/8-h dark photoperiod. Treated flowery branches and potted plants were covered
with plastic bags to reach high-rH conditions. A group of kiwifruit plants was maintained at low rH (70%)
in controlled-environment chambers (SGC097.PFX.F; Fitotron, Sanyo Gallenkamp plc, UK). The experi-
mental design consisted of three replicates of four pear potted plants, three strawberry and kiwifruit
plants, or five flowery branches containing 15 blossoms in total. Experiments were carried out twice,
except for strawberry and kiwifruit plants at high rH, which were performed once. Sampling for
monitoring the PM411 population was performed immediately or at 12 h after inoculation and over six
(plant assays) or eight (flower assays) days. Two blossoms, three leaflets of strawberry plants, and three
leaves of pear or kiwifruit plants were taken from each replicate and sampling date.

Field experiments were conducted in plots of cv. Golden Smoothie apple and cv. Comice pear trees
during the blooming period. Three replicates of 7 trees per replicate were used. In each tree, two
branches containing blossoms were tagged. Two strategies were assayed in independent experiments:
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one doing a single application of PM411 to trees (day 0), and a second strategy with two applications
(days 0 and 5). Open blossoms from tagged branches were spray inoculated until near runoff with the
bacterial suspension at 108 CFU · ml�1 using a handheld 5-ml sprayer (3 ml per blossom). Temperature,
rH, and rainfall were measured with a weather station located in the experimental field (Mas Badia, La
Tallada d’Empordà, Girona, Spain). Sample collection for monitoring PM411 levels was performed at 0, 1,
2, 5, 6, and 7 days. Samples of two blossoms (4 to 6 flowers and accompanying leaves) were taken from
each replicate and sampling date.

Plant material washings were obtained as described above by homogenizing blossoms and leaves
with 30 ml of 50 mM sterile PBS (pH 7.0) and 0.1% peptone at 130 rpm for 30 min on ice bath. Plant
material washings from field experiments were 10-fold concentrated by centrifugation at 10,000 � g for
10 min of 20 ml of plant extract and resuspended in 2 ml of sterile PBS and 0.1% peptone. The population
levels of PM411 on blossoms and leaves were determined using qPCR, v-qPCR, and plate counting.

For qPCR, DNA was isolated from 1 ml of each plant material washing, as explained above. DNA was
evaluated in triplicate using the TaqMan-based qPCR assay B (PM411-for, PM411-pr, and PM411B-rev, 188
bp). The quantification was performed by means of a standard curve of the corresponding plant material
washing (apple or pear blossoms or strawberry, kiwifruit, or pear leaves) specifically developed (linear
range of 1 � 103 to 1 � 107 CFU · ml�1, R2 � 0.99, E �80%), and used in each plate run. The amount
of total cells by qPCR was obtained by interpolating the CT values from the unknown samples against the
corresponding developed standard curve and expressed as log10 CFU per blossom or leaf.

For v-qPCR, previously to DNA isolation, 1 ml of sample was treated with PEMAX at 50 �M, according
to the procedure described above. DNA extraction, qPCR assay, and quantification, using the corre-
sponding standard curve with PEMAX treatment (linear range of 1 � 103 to 1 � 107 CFU · ml�1, R2 �
0.99, and E �80%), were carried out as described above.

For plate counting, plant material washings were serially diluted, and appropriate dilutions were
seeded using a spiral plater (Eddy Jet; IUL Instruments, Barcelona, Spain) onto MRS agar plates
supplemented with 50 �g · ml�1 rifampin (Sigma) to counterselect PM411 and 10 �g · ml�1 econazole
nitrate salt (Sigma) to avoid fungal growth. Plates were incubated at 30°C for 48 h, and colonies were
counted using an automatic counter system (Countermat Flash; IUL Instruments). The culturable popu-
lation level of PM411 was expressed as the log10 CFU per blossom or leaf.

Statistical analysis. To test the significance of the effect of PEMAX concentration and qPCR design
in the suppression of DNA amplification (signal reduction) on dead and viable cells of PM411, a two-way
analysis of variance (ANOVA) was performed. To test the effect of the quantification method to estimate
the PM411 population on plant surfaces for each sampling date, ANOVA was performed. Means of the
ΔCT (signal reduction) or CFU · blossom�1 or CFU · leaf�1 (population) were separated according to the
Tukey’s test at a P value of �0.05. The statistical analyses were performed using GLM procedure of
the PC-SAS (version 9.1; SAS Institute, Inc., Cary, NC).

Accession number(s). The putative phage sequence of L. plantarum strain PM411 has been
deposited in the GenBank database under the accession number MG788324.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00107-18.

SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
Funding was provided by AGL2015-69876-C2-1-R (Spain Ministerio de Economía y

Competitividad and FEDER of the European Union), by FP7-KBBE.2013.1.2-04 613678
DROPSA of the European Union, and by grant MPCUdG2016 from the University of
Girona. N. Daranas was the recipient of research grant 2015 FI_B00515 (Secretaria
d’Universitats i Recerca, Departament d’Economia i Coneixement, Generalitat de Cata-
lunya, Spain, European Union).

The research group is accredited by SGR 2014-697 and TECNIO net from Departa-
ment d’Economia i Coneixement–ACCIÓ Catalonia.

REFERENCES
1. Cheong EYL, Sandhu A, Jayabalan J, Le TTK, Nhiep NT, Ho THM, Zwieleh-

ner J, Bansal N, Turner MS. 2014. Isolation of lactic acid bacteria with
antifungal activity against the common cheese spoilage mould Penicil-
lium commune and their potential as biopreservatives in cheese. Food
Control 46:91–97. https://doi.org/10.1016/j.foodcont.2014.05.011.

2. Di Gioia D, Mazzola G, Nikodinoska I, Aloisio I, Langerholc T, Rossi M,
Raimondi S, Melero B, Rovira J. 2016. Lactic acid bacteria as protective
cultures in fermented pork meat to prevent Clostridium spp. growth. Int J
Food Microbiol 235:53–59. https://doi.org/10.1016/j.ijfoodmicro.2016.06.019.

3. Gómez-Sala B, Herranz C, Díaz-Freitas B, Hernández PE, Sala A, Cintas

LM. 2016. Strategies to increase the hygienic and economic value of
fresh fish: biopreservation using lactic acid bacteria of marine origin.
Int J Food Microbiol 223:41– 49. https://doi.org/10.1016/j.ijfoodmicro
.2016.02.005.

4. Trias R, Bañeras L, Badosa E, Montesinos E. 2008. Bioprotection of golden
delicious apples and iceberg lettuce against foodborne bacterial patho-
gens by lactic acid bacteria. Int J Food Microbiol 123:50 – 60. https://doi
.org/10.1016/j.ijfoodmicro.2007.11.065.

5. Roselló G, Bonaterra A, Francés J, Montesinos L, Badosa E, Montesinos E.
2013. Biological control of fire blight of apple and pear with antagonistic

Daranas et al. Applied and Environmental Microbiology

May 2018 Volume 84 Issue 10 e00107-18 aem.asm.org 16

https://www.ncbi.nlm.nih.gov/nuccore/MG788324
https://doi.org/10.1128/AEM.00107-18
https://doi.org/10.1128/AEM.00107-18
https://doi.org/10.1016/j.foodcont.2014.05.011
https://doi.org/10.1016/j.ijfoodmicro.2016.06.019
https://doi.org/10.1016/j.ijfoodmicro.2016.02.005
https://doi.org/10.1016/j.ijfoodmicro.2016.02.005
https://doi.org/10.1016/j.ijfoodmicro.2007.11.065
https://doi.org/10.1016/j.ijfoodmicro.2007.11.065
http://aem.asm.org


Lactobacillus plantarum. Eur J Plant Pathol 137:621– 633. https://doi.org/
10.1007/s10658-013-0275-7.

6. Trias R, Bañeras L, Montesinos E, Badosa E. 2008. Lactic acid bacteria
from fresh fruit and vegetables as biocontrol agents of phytopathogenic
bacteria and fungi. Int Microbiol 11:231–236.

7. Tsuda K, Tsuji G, Higashiyama M, Ogiyama H, Umemura K, Mitomi M,
Kubo Y, Kosaka Y. 2016. Biological control of bacterial soft rot in Chinese
cabbage by Lactobacillus plantarum strain BY under field conditions. Biol
Control 100:63– 69. https://doi.org/10.1016/j.biocontrol.2016.05.010.

8. Reis JA, Paula AT, Casarotti SN, Penna ALB. 2012. Lactic acid bacteria
antimicrobial compounds: characteristics and applications. Food Eng
Rev 4:124 –140. https://doi.org/10.1007/s12393-012-9051-2.

9. Roselló G, Francés J, Daranas N, Montesinos E, Bonaterra A. 2017. Control
of fire blight of pear trees with mixed inocula of two Lactobacillus
plantarum strains and lactic acid. J Plant Pathol 99:111–120.

10. Martini M, Moruzzi S, Ermacora P, Loi N, Firrao G. 2015. Quantitative
real-time PCR and high-resolution melting (HRM) analysis for strain-
specific monitoring of fluorescent pseudomonads used as biocontrol
agents against soil-borne pathogens of food crops. Trends Food Sci
Technol 46:277–285. https://doi.org/10.1016/j.tifs.2015.10.017.

11. Montesinos E. 2003. Development, registration and commercializa-
tion of microbial pesticides for plant protection. Int Microbiol
6:245–252. https://doi.org/10.1007/s10123-003-0144-x.

12. Bonaterra A, Badosa E, Cabrefiga J, Francés J, Montesinos E. 2012.
Prospects and limitations of microbial pesticides for control of bacterial
and fungal pomefruit tree diseases. Trees 26:215–226. https://doi.org/
10.1007/s00468-011-0626-y.

13. Shade A, McManus PS, Handelsman J. 2013. Unexpected diversity during
community succession in the apple flower microbiome. mBio 4:e00602-12.
https://doi.org/10.1128/mBio.00602-12.

14. Yashiro E, McManus PS. 2012. Effect of streptomycin treatment on
bacterial community structure in the apple phyllosphere. PLoS One
7:e37131. https://doi.org/10.1371/journal.pone.0037131.

15. Pujol M, Badosa E, Manceau C, Montesinos E. 2006. Assessment of the
environmental fate of the biological control agent of fire blight, Pseu-
domonas fluorescens EPS62e, on apple by culture and real-time PCR
methods. Appl Environ Microbiol 72:2421–2427. https://doi.org/10.1128/
AEM.72.4.2421-2427.2006.

16. Soto-Muñoz L, Torres R, Usall J, Viñas I, Solsona C, Teixidó N. 2015.
DNA-based methodologies for the quantification of live and dead
cells in formulated biocontrol products based on Pantoea agglomer-
ans CPA-2. Int J Food Microbiol 210:79 – 83. https://doi.org/10.1016/
j.ijfoodmicro.2015.06.013.

17. Papadimitriou K, Alegría Á Bron PA, de Angelis M, Gobbetti M, Kleere-
bezem M, Lemos JA, Linares DM, Ross P, Stanton C, Turroni F, van
Sinderen D, Varmanen P, Ventura M, Zúñiga M, Tsakalidou E, Kok J. 2016.
Stress physiology of lactic acid bacteria. Microbiol Mol Biol Rev 80:
837– 890. https://doi.org/10.1128/MMBR.00076-15.

18. Oliver JD. 2005. The viable but nonculturable state in bacteria. J Micro-
biol 43:93–100.

19. Liu J, Deng Y, Peters BM, Li L, Li B, Chen L, Xu Z, Shirtliff ME. 2016.
Transcriptomic analysis on the formation of the viable putative non-
culturable state of beer-spoilage Lactobacillus acetotolerans. Sci Rep
6:36753. https://doi.org/10.1038/srep36753.

20. Pinto D, Santos MA, Chambel L. 2015. Thirty years of viable but noncul-
turable state research: unsolved molecular mechanisms. Crit Rev Micro-
biol 41:61–76. https://doi.org/10.3109/1040841X.2013.794127.

21. Soto-Muñoz L, Teixidó N, Usall J, Viñas I, Abadias M, Torres R. 2015.
Molecular tools applied to identify and quantify the biocontrol agent
Pantoea agglomerans CPA-2 in postharvest treatments on oranges. Post-
harvest Biol Technol 100:151–159. https://doi.org/10.1016/j.postharvbio
.2014.10.004.

22. Josephson KL, Gerba CP, Pepper IL. 1993. Polymerase chain reaction
detection of nonviable bacterial pathogens. Appl Environ Microbiol
59:3513–3515.

23. Elizaquível P, Sánchez G, Aznar R. 2012. Quantitative detection of viable
foodborne E. coli O157:H7, Listeria monocytogenes and Salmonella in
fresh-cut vegetables combining propidium monoazide and real-time
PCR. Food Control 25:704 –708. https://doi.org/10.1016/j.foodcont.2011
.12.003.

24. Liu Y, Mustapha A. 2014. Detection of viable Escherichia coli O157:H7 in
ground beef by propidium monoazide real-time PCR. Int J Food Micro-
biol 170:48 –54. https://doi.org/10.1016/j.ijfoodmicro.2013.10.026.

25. Rudi K, Moen B, Drømtorp SM, Holck AL. 2005. Use of ethidium monoa-

zide and PCR in combination for quantification of viable and dead cells
in complex samples. Appl Environ Microbiol 71:1018 –1024. https://doi
.org/10.1128/AEM.71.2.1018-1024.2005.

26. Seinige D, Krischek C, Klein G, Kehrenberg C. 2014. Comparative analysis
and limitations of ethidium monoazide and propidium monoazide treat-
ments for the differentiation of viable and nonviable Campylobacter
cells. Appl Environ Microbiol 80:2186 –2192. https://doi.org/10.1128/
AEM.03962-13.

27. Martin B, Raurich S, Garriga M, Aymerich T. 2013. Effect of amplicon
length in propidium monoazide quantitative PCR for the enumeration of
viable cells of Salmonella in cooked ham. Food Anal Methods 6:683– 690.
https://doi.org/10.1007/s12161-012-9460-0.

28. Villarreal MLM, Padilha M, Vieira ADS, Franco BD, Martinez RCR, Saad
SMI. 2013. Advantageous direct quantification of viable closely related
probiotics in Petit-Suisse cheeses under in vitro gastrointestinal condi-
tions by propidium monoazide-qPCR. PLoS One 8:e82102. https://doi
.org/10.1371/journal.pone.0082102.

29. Desfossés-Foucault E, Dussault-Lepage V, Le Boucher C, Savard P,
Lapointe G, Roy D. 2012. Assessment of probiotic viability during Ched-
dar cheese manufacture and ripening using propidium monoazide-PCR
quantification. Front Microbiol 3:350. https://doi.org/10.3389/fmicb.2012
.00350.

30. Felici C, Vettori L, Toffanin A, Nuti M. 2008. Development of a strain-
specific genomic marker for monitoring a Bacillus subtilis biocontrol
strain in the rhizosphere of tomato. FEMS Microbiol Ecol 65:289 –298.
https://doi.org/10.1111/j.1574-6941.2008.00489.x.

31. Sisto A, De Bellis P, Visconti A, Morelli L, Lavermicocca P. 2009. Devel-
opment of a PCR assay for the strain-specific identification of probiotic
strain Lactobacillus paracasei IMPC2.1. Int J Food Microbiol 136:59 – 65.
https://doi.org/10.1016/j.ijfoodmicro.2009.09.017.

32. Braun-Kiewnick A, Lehmann A, Rezzonico F, Wend C, Smits THM, Duffy
B. 2012. Development of species-, strain- and antibiotic biosynthesis-
specific quantitative PCR assays for Pantoea agglomerans as tools for
biocontrol monitoring. J Microbiol Methods 90:315–320. https://doi.org/
10.1016/j.mimet.2012.06.004.

33. Nocker A, Cheung C-Y, Camper AK. 2006. Comparison of propidium
monoazide with ethidium monoazide for differentiation of live vs. dead
bacteria by selective removal of DNA from dead cells. J Microbiol
Methods 67:310 –320. https://doi.org/10.1016/j.mimet.2006.04.015.

34. Fittipaldi M, Nocker A, Codony F. 2012. Progress in understanding
preferential detection of live cells using viability dyes in combination
with DNA amplification. J Microbiol Methods 91:276 –289. https://doi
.org/10.1016/j.mimet.2012.08.007.

35. Elizaquível P, Aznar R, Sánchez G. 2014. Recent developments in the use
of viability dyes and quantitative PCR in the food microbiology field. J
Appl Microbiol 116:1–13. https://doi.org/10.1111/jam.12365.

36. Codony F, Agustí G, Allué-Guardia A. 2015. Cell membrane integrity and
distinguishing between metabolically active and inactive cells as a
means of improving viability PCR. Mol Cell Probes 29:190 –192. https://
doi.org/10.1016/j.mcp.2015.03.003.

37. Agustí G, Fittipaldi M, Codony F. 2017. False-positive viability PCR results:
an association with microtubes. Curr Microbiol 74:377–380. https://doi
.org/10.1007/s00284-016-1189-3.

38. Codony F. 2014. Procedimiento para la detección de células vivas, con
las membranas celulares íntegras y funcionales, mediante técnicas de
amplificación de ácidos nucleicos. Spanish patent ES2568527B1.

39. Lizana X, López A, Benito S, Agustí G, Ríos M, Piqué N, Marqués AM,
Codony F. 2017. Viability qPCR, a new tool for Legionella risk manage-
ment. Int J Hyg Environ Health 220:1318 –1324. https://doi.org/10.1016/
j.ijheh.2017.08.007.

40. Dinh Thanh M, Agustí G, Mader A, Appel B, Codony F. 2017. Improved
sample treatment protocol for accurate detection of live Salmonella spp.
in food samples by viability PCR. PLoS One 12:e0189302. https://doi.org/
10.1371/journal.pone.0189302.

41. Yoon BH, Jang SH, Chang H-I. 2011. Sequence analysis of the Lactoba-
cillus temperate phage Sha1. Arch Virol 156:1681–1684. https://doi.org/
10.1007/s00705-011-1048-2.

42. Dieterle ME, Fina Martin J, Durán R, Nemirovsky SI, Sanchez Rivas C,
Bowman C, Russell D, Hatfull GF, Cambillau C, Piuri M. 2016. Character-
ization of prophages containing “evolved” Dit/Tal modules in the ge-
nome of Lactobacillus casei BL23. Appl Microbiol Biotechnol 100:
9201–9215. https://doi.org/10.1007/s00253-016-7727-x.

43. Villion M, Moineau S. 2009. Bacteriophages of Lactobacillus. Front Biosci
14:1661–1683. https://doi.org/10.2741/3332.

Strain-Specific Viability qPCR of L. plantarum Applied and Environmental Microbiology

May 2018 Volume 84 Issue 10 e00107-18 aem.asm.org 17

https://doi.org/10.1007/s10658-013-0275-7
https://doi.org/10.1007/s10658-013-0275-7
https://doi.org/10.1016/j.biocontrol.2016.05.010
https://doi.org/10.1007/s12393-012-9051-2
https://doi.org/10.1016/j.tifs.2015.10.017
https://doi.org/10.1007/s10123-003-0144-x
https://doi.org/10.1007/s00468-011-0626-y
https://doi.org/10.1007/s00468-011-0626-y
https://doi.org/10.1128/mBio.00602-12
https://doi.org/10.1371/journal.pone.0037131
https://doi.org/10.1128/AEM.72.4.2421-2427.2006
https://doi.org/10.1128/AEM.72.4.2421-2427.2006
https://doi.org/10.1016/j.ijfoodmicro.2015.06.013
https://doi.org/10.1016/j.ijfoodmicro.2015.06.013
https://doi.org/10.1128/MMBR.00076-15
https://doi.org/10.1038/srep36753
https://doi.org/10.3109/1040841X.2013.794127
https://doi.org/10.1016/j.postharvbio.2014.10.004
https://doi.org/10.1016/j.postharvbio.2014.10.004
https://doi.org/10.1016/j.foodcont.2011.12.003
https://doi.org/10.1016/j.foodcont.2011.12.003
https://doi.org/10.1016/j.ijfoodmicro.2013.10.026
https://doi.org/10.1128/AEM.71.2.1018-1024.2005
https://doi.org/10.1128/AEM.71.2.1018-1024.2005
https://doi.org/10.1128/AEM.03962-13
https://doi.org/10.1128/AEM.03962-13
https://doi.org/10.1007/s12161-012-9460-0
https://doi.org/10.1371/journal.pone.0082102
https://doi.org/10.1371/journal.pone.0082102
https://doi.org/10.3389/fmicb.2012.00350
https://doi.org/10.3389/fmicb.2012.00350
https://doi.org/10.1111/j.1574-6941.2008.00489.x
https://doi.org/10.1016/j.ijfoodmicro.2009.09.017
https://doi.org/10.1016/j.mimet.2012.06.004
https://doi.org/10.1016/j.mimet.2012.06.004
https://doi.org/10.1016/j.mimet.2006.04.015
https://doi.org/10.1016/j.mimet.2012.08.007
https://doi.org/10.1016/j.mimet.2012.08.007
https://doi.org/10.1111/jam.12365
https://doi.org/10.1016/j.mcp.2015.03.003
https://doi.org/10.1016/j.mcp.2015.03.003
https://doi.org/10.1007/s00284-016-1189-3
https://doi.org/10.1007/s00284-016-1189-3
https://doi.org/10.1016/j.ijheh.2017.08.007
https://doi.org/10.1016/j.ijheh.2017.08.007
https://doi.org/10.1371/journal.pone.0189302
https://doi.org/10.1371/journal.pone.0189302
https://doi.org/10.1007/s00705-011-1048-2
https://doi.org/10.1007/s00705-011-1048-2
https://doi.org/10.1007/s00253-016-7727-x
https://doi.org/10.2741/3332
http://aem.asm.org


44. Abriouel H, Montoro BP, Del M, Casado Muñoz C, Knapp CW, Gálvez
A, Benomar N. 2017. In silico genomic insights into aspects of food
safety and defense mechanisms of a potentially probiotic Lactobacil-
lus pentosus MP-10 isolated from brines of naturally fermented
Aloreña green table olives. PLoS One 12:e0176801. https://doi.org/
10.1371/journal.pone.0176801.

45. Liu C-J, Wang R, Gong F-M, Liu X-F, Zheng H-J, Luo Y-Y, Li X-R. 2015.
Complete genome sequences and comparative genome analysis of
Lactobacillus plantarum strain 5-2 isolated from fermented soybean.
Genomics 106:404 – 411. https://doi.org/10.1016/j.ygeno.2015.07.007.

46. Morgan GJ, Pitts WB. 2008. Evolution without species: the case of mosaic
bacteriophages. Br J Philos Sci 59:745–765. https://doi.org/10.1093/bjps/
axn038.

47. Colavecchio A, D’Souza Y, Tompkins E, Jeukens J, Freschi L, Emond-
Rheault J-G, Kukavica-Ibrulj I, Boyle B, Bekal S, Tamber S, Levesque RC,
Goodridge LD. 2017. Prophage integrase typing is a useful indicator of
genomic diversity in Salmonella enterica. Front Microbiol 8:1283 1–11.
https://doi.org/10.3389/fmicb.2017.01283.

48. Brandt K, Tilsala-Timisjärvi A, Alatossava T. 2001. Phage-related DNA
polymorphism in dairy and probiotic Lactobacillus. Micron 32:59 – 65.
https://doi.org/10.1016/S0968-4328(00)00030-5.

49. Brandt K, Alatossava T. 2003. Specific identification of certain probiotic
Lactobacillus rhamnosus strains with PCR primers based on phage-
related sequences. Int J Food Microbiol 84:189 –196. https://doi.org/10
.1016/S0168-1605(02)00419-1.

50. Coudeyras S, Marchandin H, Fajon C, Forestier C. 2008. Taxonomic and
strain-specific identification of the probiotic strain Lactobacillus rham-
nosus 35 within the Lactobacillus casei group. Appl Environ Microbiol
74:2679 –2689. https://doi.org/10.1128/AEM.02286-07.

51. Verghese B, Lok M, Wen J, Alessandria V, Chen Y, Kathariou S, Knabel S.
2011. comK prophage junction fragments as markers for Listeria mono-
cytogenes genotypes unique to individual meat and poultry processing
plants and a model for rapid niche-specific adaptation, biofilm forma-
tion, and persistence. Appl Environ Microbiol 77:3279 –3292. https://doi
.org/10.1128/AEM.00546-11.

52. Di Cagno R, Surico RF, Siragusa S, De Angelis M, Paradiso A, Minervini F,
De Gara L, Gobbetti M. 2008. Selection and use of autochthonous mixed
starter for lactic acid fermentation of carrots, French beans or marrows.
Int J Food Microbiol 127:220 –228. https://doi.org/10.1016/j.ijfoodmicro
.2008.07.010.

53. Sattler VA, Mohnl M, Klose V. 2014. Development of a strain-specific
real-time PCR assay for enumeration of a probiotic Lactobacillus reuteri in
chicken feed and intestine. PLoS One 9:e90208. https://doi.org/10.1371/
journal.pone.0090208.

54. Fibi S, Klose V, Mohnl M, Weber B, Haslberger AG, Sattler VA. 2016.
Suppression subtractive hybridisation and real-time PCR for strain-
specific quantification of the probiotic Bifidobacterium animalis BAN in
broiler feed. J Microbiol Methods 123:94 –100. https://doi.org/10.1016/j
.mimet.2016.02.011.

55. Rotolo C, De Miccolis Angelini RM, Pollastro S, Faretra F. 2016. A TaqMan-
based qPCR assay for quantitative detection of the biocontrol agents
Bacillus subtilis strain QST713 and Bacillus amyloliquefaciens subsp. plan-
tarum strain D747 BioControl 61:91–101.

56. Liang N, Dong J, Luo L, Li Y. 2011. Detection of viable Salmonella in
lettuce by propidium monoazide real-time PCR. J Food Sci 76:
M234 –M237. https://doi.org/10.1111/j.1750-3841.2011.02123.x.

57. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller
R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J, Wittwer CT. 2009. The
MIQE guidelines: minimum information for publication of quantitative
real-time PCR experiments. Clin Chem 55:611– 622. https://doi.org/10
.1373/clinchem.2008.112797.

58. Contreras PJ, Urrutia H, Sossa K, Nocker A. 2011. Effect of PCR amplicon
length on suppressing signals from membrane-compromised cells by
propidium monoazide treatment. J Microbiol Methods 87:89 –95. https://
doi.org/10.1016/j.mimet.2011.07.016.

59. Soto-Muñoz L, Teixidó N, Usall J, Viñas I, Torres R. 2014. Detection and
quantification by PCR assay of the biocontrol agent Pantoea agglomer-
ans CPA-2 on apples. Int J Food Microbiol 175:45–52. https://doi.org/10
.1016/j.ijfoodmicro.2014.01.014.

60. Pujol M, Badosa E, Montesinos E. 2007. Epiphytic fitness of a biological
control agent of fire blight in apple and pear orchards under Mediter-
ranean weather conditions. FEMS Microbiol Ecol 59:186 –193. https://doi
.org/10.1111/j.1574-6941.2006.00227.x.

61. Pusey PL, Rudell DR, Curry EA, Mattheis JP. 2008. Characterization of
stigma exudates in aqueous extracts from apple and pear flowers.
HortScience 43:1471–1478.

62. Siezen RJ, Tzeneva VA, Castioni A, Wels M, Phan HTK, Rademaker JLW,
Starrenburg MJC, Kleerebezem M, Molenaar D, van Hylckama Vlieg JET.
2010. Phenotypic and genomic diversity of Lactobacillus plantarum
strains isolated from various environmental niches. Environ Microbiol
12:758 –773. https://doi.org/10.1111/j.1462-2920.2009.02119.x.

63. Lindow SE, Brandl MT. 2003. Microbiology of the phyllosphere. Appl
Environ Microbiol 69:1875–1883. https://doi.org/10.1128/AEM.69.4.1875
-1883.2003.

64. Redford AJ, Bowers RM, Knight R, Linhart Y, Fierer N. 2010. The ecology
of the phyllosphere: geographic and phylogenetic variability in the
distribution of bacteria on tree leaves. Environ Microbiol 12:2885–2893.
https://doi.org/10.1111/j.1462-2920.2010.02258.x.

65. Rezzonico F, Moënne-Loccoz Y, Défago G. 2003. Effect of stress on the
ability of a phlA-based quantitative competitive PCR assay to monitor
biocontrol strain Pseudomonas fluorescens CHA0. Appl Environ Microbiol
69:686 – 690. https://doi.org/10.1128/AEM.69.1.686-690.2003.

66. Daranas N, Badosa E, Francés J, Montesinos E, Bonaterra A. 2018. En-
hancing water stress tolerance improves fitness in biological control
strains of Lactobacillus plantarum in plant environments. PLoS One
13:e0190931. https://doi.org/10.1371/journal.pone.0190931.

67. Llop P, Caruso P, Cubero J, Morente C, López MM. 1999. A simple
extraction procedure for efficient routine detection of pathogenic bac-
teria in plant material by polymerase chain reaction. J Microbiol Meth-
ods 37:23–31. https://doi.org/10.1016/S0167-7012(99)00033-0.

68. Corpet F. 1988. Multiple sequence alignment with hierarchical cluster-
ing. Nucleic Acids Res 16:10881–10890. https://doi.org/10.1093/nar/16
.22.10881.

69. Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast
phage search tool. Nucleic Acids Res 39:W347–W352. https://doi.org/10
.1093/nar/gkr485.

70. Versalovic J, Schneider M, de Bruijn FJ, Lupski JR. 1994. Genomic finger-
printing of bacteria using repetitive sequence-based polymerase chain
reaction. Methods Mol Cell Biol 5:25– 40.

71. Schmidt RJ, Emara MG, Kung L, Jr. 2008. The use of a quantitative
real-time polymerase chain reaction assay for identification and enumer-
ation of Lactobacillus buchneri in silage. J Appl Microbiol 105:920 –929.
https://doi.org/10.1111/j.1365-2672.2008.03834.x.

72. Tailliez P, Tremblay J, Dusko Ehrlich S, Chopin A. 1998. Molecular diver-
sity and relationship within Lactococcus lactis, as revealed by randomly
amplified polymorphic DNA (RAPD). Syst Appl Microbiol 21:530 –538.
https://doi.org/10.1016/S0723-2020(98)80065-9.

73. Di Cagno R, Minervini G, Sgarbi E, Lazzi C, Bernini V, Neviani E,
Gobbetti M. 2010. Comparison of phenotypic (Biolog System) and
genotypic (random amplified polymorphic DNA-polymerase chain
reaction, RAPD-PCR, and amplified fragment length polymorphism,
AFLP) methods for typing Lactobacillus plantarum isolates from raw
vegetables and fruit. Int J Food Microbiol 143:246 –253. https://doi
.org/10.1016/j.ijfoodmicro.2010.08.018.

74. Rahn K, De Grandis SA, Clarke RC, McEwen SA, Galán JE, Ginocchio C,
Curtiss R, III, Gyles CL. 1992. Amplification of an invA gene sequence of
Salmonella Typhimurium by polymerase chain reaction as a specific
method of detection of Salmonella. Mol Cell Probes 6:271–279. https://
doi.org/10.1016/0890-8508(92)90002-F.

75. Holt SM, Cote GL. 1998. Differentiation of dextran-producing Leuconos-
toc strains by a modified randomly amplified polymorphic DNA protocol.
Appl Environ Microbiol 64:3096 –3098.

76. Moschetti G, Blaiotta G, Aponte M, Catzeddu P, Villani F, Deiana P,
Coppola S. 1998. Random amplified polymorphic DNA and amplified
ribosomal DNA spacer polymorphism: powerful methods to differentiate
Streptococcus thermophilus strains. J Appl Microbiol 85:25–36. https://doi
.org/10.1046/j.1365-2672.1998.00461.x.

Daranas et al. Applied and Environmental Microbiology

May 2018 Volume 84 Issue 10 e00107-18 aem.asm.org 18

https://doi.org/10.1371/journal.pone.0176801
https://doi.org/10.1371/journal.pone.0176801
https://doi.org/10.1016/j.ygeno.2015.07.007
https://doi.org/10.1093/bjps/axn038
https://doi.org/10.1093/bjps/axn038
https://doi.org/10.3389/fmicb.2017.01283
https://doi.org/10.1016/S0968-4328(00)00030-5
https://doi.org/10.1016/S0168-1605(02)00419-1
https://doi.org/10.1016/S0168-1605(02)00419-1
https://doi.org/10.1128/AEM.02286-07
https://doi.org/10.1128/AEM.00546-11
https://doi.org/10.1128/AEM.00546-11
https://doi.org/10.1016/j.ijfoodmicro.2008.07.010
https://doi.org/10.1016/j.ijfoodmicro.2008.07.010
https://doi.org/10.1371/journal.pone.0090208
https://doi.org/10.1371/journal.pone.0090208
https://doi.org/10.1016/j.mimet.2016.02.011
https://doi.org/10.1016/j.mimet.2016.02.011
https://doi.org/10.1111/j.1750-3841.2011.02123.x
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1016/j.mimet.2011.07.016
https://doi.org/10.1016/j.mimet.2011.07.016
https://doi.org/10.1016/j.ijfoodmicro.2014.01.014
https://doi.org/10.1016/j.ijfoodmicro.2014.01.014
https://doi.org/10.1111/j.1574-6941.2006.00227.x
https://doi.org/10.1111/j.1574-6941.2006.00227.x
https://doi.org/10.1111/j.1462-2920.2009.02119.x
https://doi.org/10.1128/AEM.69.4.1875-1883.2003
https://doi.org/10.1128/AEM.69.4.1875-1883.2003
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.1128/AEM.69.1.686-690.2003
https://doi.org/10.1371/journal.pone.0190931
https://doi.org/10.1016/S0167-7012(99)00033-0
https://doi.org/10.1093/nar/16.22.10881
https://doi.org/10.1093/nar/16.22.10881
https://doi.org/10.1093/nar/gkr485
https://doi.org/10.1093/nar/gkr485
https://doi.org/10.1111/j.1365-2672.2008.03834.x
https://doi.org/10.1016/S0723-2020(98)80065-9
https://doi.org/10.1016/j.ijfoodmicro.2010.08.018
https://doi.org/10.1016/j.ijfoodmicro.2010.08.018
https://doi.org/10.1016/0890-8508(92)90002-F
https://doi.org/10.1016/0890-8508(92)90002-F
https://doi.org/10.1046/j.1365-2672.1998.00461.x
https://doi.org/10.1046/j.1365-2672.1998.00461.x
http://aem.asm.org

	RESULTS
	Identification of an L. plantarum PM411-specific molecular marker. 
	Strain-specific qPCR designs. 
	Specificity, sensitivity, and amplification efficiency of qPCR assays. 
	v-qPCR. 
	Quantification of viable L. plantarum PM411 in aerial plant surfaces. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains, growth conditions, and DNA extraction. 
	Strategy to identify a strain-specific molecular marker for L. plantarum PM411. 
	Strain-specific qPCR designs and specificity, sensitivity, and amplification efficiency evaluation. 
	v-qPCR. (i) PEMAX concentration optimization. 
	(ii) Amplicon length effect. 
	(iii) Standard curve. 
	Quantification of L. plantarum PM411 on plant material. 
	Statistical analysis. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

