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Abstract

Xanthomonas arboricola pv. pruni (Xap) is the causal agent of bacterial spot of stone fruits and almond (Prunus spp).
Detection of Xap is typically carried out using quantitative real-time PCR (QPCR) combined with culture-based isolation.
However, gPCR does not differentiate between viable and dead cells, potentially leading to an overestimation of the infective
population in a sample. Such overestimation could result in unnecessary phytosanitary measures. The present study aims to
develop a specific protocol ideally targeting to detection of only live Xap bacterial cells. To address this challenge, the viable
quantitative PCR (v-qPCR) method was evaluated using three nucleic acid-binding dyes: propidium monoazide (PMA), a
combination of PMA and ethidium monoazide (EMA), and PMAxx™, an improved version of PMA. PMAxx™ proved to
be the most suitable dye for the detection and quantification of living bacterial cells. This methodology was also evaluated
in infected plant material over time and can be considered a rapid and reliable alternative to PCR methods for detecting only
those putative infective Xap that may pose a risk for Prunus crops.

Key points

® Protocol to detect biofilm and planktonic viable X. arboricola pv. pruni cells.
e Host validated protocol.

® Benefits, reduction of chemicals in disease control.

Keywords Cut-off Ct - LOD - Viable cell detection - Xanthomonas arboricola pv. pruni - V-qPCR - Intercalating dye

Introduction

Bacterial spot disease of stone fruits and almond, caused
by Xanthomonas arboricola pv. pruni (Xap), affects a wide
range of cultivated and ornamental Prunus species world-
wide (EPPO 2024). Recognized as one of the most important
bacterial pathogens affecting Prunus spp., it is listed as a
regulated pest in the European Union, and it is considered
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a quarantine pathogen in other several countries around the
world (Anonymous 2019). Symptoms can be observed on
leaves, twigs, branches, trunks, and young and fully devel-
oped fruits; infected fruits of almond either drop prematurely
or mummify and remain on the trees after harvest (EPPO
2021). The economic impact of bacterial spot is attributed
to the reduction of crop yield, dismissed marketability of
fruits, and increased costs of nursery productions. Accord-
ing to Stefani (2010), an epidemic in a commercial plum
orchard in northern Italy affecting 30% of the fruits, could
result in estimated economic loss as high as 11,200 € per
ha for susceptible cultivars. In the USA, 25-75% of the
fruits were damaged in neglected peach orchards (Dunegan
1932) and, in recent years, the disease incidence reached
100% on susceptible peach cultivars in some orchards in
the middle reach of the Yangtze River in China (Luo et al.
2021). Regarding almonds, losses in production of up to 46%
have been reported in Spain (EFSA 2014; Palacio-Bielsa
et al. 2014); incidences of about 70-80% of affected fruits
have been reported in Italy (Gerin et al. 2019), and around
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90% in Hungary (Kolozsvériné Nagy et al. 2019). In the
Netherlands, bacterial spot is a significant issue in nurseries
producing ornamental cherry laurel (Prunus laurocerasus),
which are primarily destined for export (Tjou-Tam-Sin et al.
2012).

Diagnosis and detection of bacterial diseases are crucial
tools for their control, as they help prevent their introduction
and spread. Quantitative real-time PCR (qPCR) techniques
are commonly used due to their rapidity, sensitivity, specific-
ity, and ability to quantitatively detect pathogens. However, a
limitation of qPCR is the potential overestimation of viable
cells. Since PCR can detect non-viable cells, because intact
target nucleic acid sequences persist for an extended period
after cell death, positive amplification products do not neces-
sarily indicate the viability of target organisms (Josephson
et al. 1993).

The use of DNA-intercalating dyes combined with gPCR
protocols potentially enables the quantification of only
viable cells (v-qPCR). Generally, the dyes used are eth-
idium monoazide (EMA), propidium monoazide (PMA),
its improved version PMAxx™, or a mix of some of them.
These chemicals can penetrate bacterial cells with damaged
membranes and covalently bind to double-stranded DNA
upon photoactivation. The bounded DNA cannot be ampli-
fied in v-qPCR, ideally resulting in the amplification of only
viable cells (Nocker et al. 2006; Nogva et al. 2003). EMA
and PMA differ with respect to their permeation through cell
membranes, with the latter proving to be more selective due
to a higher charge of the molecule (Nocker et al. 2006) and
enabling more specific penetration into membrane-compro-
mised dead cells. Han et al. (2018) reported that PMAxx™
demonstrates higher sensitivity in discriminating viable and
dead cells of Clavibacter michiganensis (formerly Clavibac-
ter michiganensis subsp. michiganensis) with less false bind-
ing of the DNA of viable cells compared to PMA. v-qPCR
with different nucleic acid-binding dyes have been used for
quantification of viable cells for human pathogens (Pedrosa
de Macena et al. 2022), biocontrol agents such as Lactoba-
cillus plantarum (Daranas et al. 2018) or Pantoea agglomer-
ans (Soto-Muifioz et al. 2015) and, in a lesser extent, for plant
pathogens, such as the aforementioned C. michiganensis
(Han et al. 2018), Xanthomonas fragariae (Wang and Ture-
chek 2020) and Xyella fastidiosa (Baré et al. 2020; Sicard
et al. 2019). Moreover, a recent paper presented a strategy
for Xap detection (Panth et al. 2024). Despite the success
of the v-qPCR technique, some practical limitations have
been identified, especially when applied to complex matrix
samples that can affect the efficiency of v-qPCR. Such limi-
tations can be partially minimized by selecting experimental
parameters and conditions suitable for a particular sample
(Fittipaldi et al. 2012).

The aim of the present study is to develop a v-qPCR
assay, implemented with a suitable dye agent, for a selective
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detection of viable Xap cells using the specific primers
designed on the virulence-associated xopE3 gene (Garita-
Cambronero et al. 2017) that is regularly used and adopted
by organisms such the European and Mediterranean Plant
Protection Organization (EPPO) (EPPO 2021). Parameters
such as type and concentration of the DNA intercalating
dyes and concentration of the microorganism have been
carefully optimized and validated in Xap inoculated plants.

Materials and methods

Preparation of viable and dead cell suspensions
from planktonic and aggregated bacteria

Xap strain CITA 33 (deposited at the publicly accessible cul-
ture collection International Centre of Microbial Resource
— French Collection for Plant-Associated Bacteria. INRAE,
CIRM-CFBP, with the reference number CFBP 9272), iso-
lated from almond (Prunus amygdalus) (cv. Guara), was
used in all the assays (Cuesta-Morrondo et al. 2022; Garita-
Cambronero et al. 2014). The strain CITA 33 was routinely
grown at 27 °C for 72 h in Luria—Bertani (LB) agar plates
(per L: 10 g tryptone, 5 g yeast extract, 5 g sodium chloride
and 1.5% agar, pH 7.2 +0.2). A bacterial suspension was
prepared from a single colony grown in LB broth, incubated
overnight at 27 °C in a rotatory shaker, and then adjusted
by spectrophotometer to 10% colony forming units (cfu)/mL.

Viable planktonic bacteria were obtained from 5 mL of
this overnight 10® cfu/mL suspension incubated for 24, 48,
72, 96, or 144 h in a rotatory shaker at 27 °C. To produce
bacterial biofilms, aliquots of 150 pL of an overnight Xap
suspension, prepared as above, were deposited into plastic
containers and incubated at 27 °C under static conditions for
72 h. Supernatants were then carefully removed and bacte-
rial pellets were incubated for an additional 24, 48, 72, 96,
or 144 h at 27 °C in static and dried conditions. Bacterial
cells adhered to the container surface were recovered after
adding 2 mL of phosphate-buffered saline (PBS) buffer and
30 min shaking (100 rpm).

Dead cells were obtained by heat treatment from plank-
tonic bacterial suspension or from the bacterial suspension
recovered from biofilms. The bacterial suspensions (400 uL)
were inactivated on a heat block at 95 °C for 10 and 20 min,
or at 100 °C for 15 min.

Assessment of the viability of Xap cells

Cellular viability was confirmed by three methods: (i) plating
onto LB agar medium and incubation at 27 °C for 48-72 h;
(i1) evaluation of the cellular respiratory activity; and (iii)
visualization of cellular membrane integrity. To evaluate
respiratory activity, alamarBlue™ Cell Viability Reagent
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(Bio-Rad Laboratories Inc., Hercules, CA, USA) was used
according to the manufacturer’s instructions. Briefly, 10 uL
of alamarBlue™ reagent was added to each of a polypropyl-
ene 96-well plate containing 100 puL of inactivated or living
bacterial suspensions from planktonic and biofilm samples.
The samples were incubated in darkness at 27 °C for 48 h
after adding the reagent. Samples that turned from blue to
pink, indicating respiratory activity, were considered posi-
tive. To verify bacterial membrane integrity, LIVE/DEAD
BacLight™ Bacterial Viability Kit (Invitrogen, Carlsband,
CA, USA) was used following manufacturer’s instructions.
Images from stained bacteria were visualized with a micros-
copy (Leica SP5C) (Leica Microsystems, Wetzlar, Germany)
with a x40 objective lens and excitation/emission light of
485/498 nm. Red cells were considered dead while green
cells were considered alive, and the double-staining cells
were considered an intermediate state of membrane-compro-
mised cells. Three independent repetitions with five techni-
cal replicates each were performed for the assays (i) and (ii),
whereas two replicates were done for assay (iii).

PMA, PMAXxx™, and EMA treatment

Three photoreactive DNA-binding dyes were assayed at dif-
ferent concentrations and incubation conditions: propidium
monoazide (PMA), its improved version PMAxx™, and
ethidium monoazide bromide (EMA) (Biotium, Fremont,
CA, USA). For the assays, 400 pL of live and heat-treated
Xap CITA 33 suspensions were supplemented with PMA
or PMAxx™ to obtain a final dye concentration of 10, 50,
75, 100, 150, and 200 pM. A mixture of EMA/PMA with
final dye concentrations of 10 pM/75 pM was tested accord-
ing to a previous report (Truchado et al. 2020). In addition,
higher concentrations of both agents 35 puM/100 pM were
also assayed. After dye addition, samples were gently mixed
and shaken at 100 rpm in darkness at room temperature, or at
40 °C for 10, 30, or 40 min. Samples treated and non-treated
with DNA-binding dyes were subsequently exposed to blue-
light photolysis for 15 min with a PMA Lite™ LED pho-
tolysis Device (Biotium, Fremont, CA, USA). Bacterial cells
were concentrated by centrifugation (20,000 g) for 10 min
at 22 °C and pellets were stored at — 20 °C for further DNA
extraction and amplification.

The effect of photoactivation process and toxicity of inter-
calating dyes were checked by growing serial dilution of
bacterial suspension from 1 to 10® cfu/mL on LB plates.

Bacterial DNA extraction for v-qPCR reactions

Bacterial DNA extraction was performed using QiAmp®
DNA Mini Kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s protocol. Briefly, proteinase K was added
to the bacterial pellet suspended in the tissue lysis buffer

and incubated at 56 °C for 90 min. For complete cell lysis,
samples were incubated with RNase at room temperature for
2 min, followed by incubation with lysis buffer at 70 °C for
10 min, and then mixed with 100% ethanol. Samples were
deposited in a QlAamp column and centrifuged (20,000 g)
for 3 min. Purified DNA was eluted in 200 pL of elution
buffer. DNA concentration and purity were measured in a
NanoDrop™ ND-2000 UV-Vis spectrophotometer (Thermo
Fisher Scientific, Whaltham, MA, USA). Extracted DNA
was stored at —20 °C until used as a template in v-qPCR
reactions.

v-qPCR conditions

The effect of photoreactive dyes on the PCR amplifica-
tion of DNA from Xap CITA 33, and their ability to sup-
press amplification from dead cells, were assessed through
v-qPCR analyses. For PCR, DNA extracted from bacterial
culture, obtained as described above, was used as a tem-
plate. v-qPCR amplifications were performed using prim-
ers and probe targeting a sequence within the virulence
effector gene xopE3 (EPPO 2021; Garita-Cambronero et al.
2017) in 25 pL reaction volume containing: 12.5 pL of 2X
GoTagR Probe qPCR master mix (Promega Biotech Ibérica
S.L., Madrid, Spain), 0.4 uM final concentrations of each
primer, 150 mM TaqMan probe, and 5 pL of template DNA.
Amplification reactions were conducted with the following
cycling conditions: one cycle of 5 min at 95 °C, followed by
40 cycles of denaturation at 95 °C for 1 min, and extension
and annealing at 59 °C for 1 min.

Cut-off value and limit of detection (LOD)

The cut-off value, i.e., the PCR threshold cycle number
(Ct) above which signals were not considered positive, was
determined with the receiver operating characteristic (ROC)
method that combines both sensitivity and 1-specificity
(Nutz et al. 2011). Sensitivity was defined as the probabil-
ity of detecting low levels of target DNA (true positives).
Specificity was defined as the probability to detect true nega-
tive rate, then 1-specificity gave the false positive rate. For
each cycle of the v-qPCR run, both sensitivity and speci-
ficity were calculated and plotted with IBM SPSS Statis-
tics version 22 program (SPSS, Chicago, IL, USA) with a
confidence level of 95%. The Ct cut-off value was selected
according to the point on the curve where 1 — specificity and
sensitivity were the closest to 0 and 1, respectively, and then
confirmed by the maximal Youden index J (Youden 1950).
DNA sample yielding a Ct value higher than the determined
cut-off value was considered negative (dead bacterial cells).
The analysis was performed with alive cells, positive sta-
tus (35 samples), and with dead bacteria (24 samples). The
limit of detection (LOD) is defined as the lowest amount of
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analyte (measurand) in a sample that can be detected with
stated probability, although perhaps not quantified as an
exact value (Forootan et al. 2017). The analytical sensitiv-
ity of v-qPCR for the effector gene xopE3 was estimated by
determining the concentration at which there is a 95% prob-
ability of detection (LOD 95%), considering the established
cut-off value. The experiment was repeated at least twice.

Validation of the v-qPCR in planta

Once determined PMAxx™ as the most suitable dye for the
discrimination of viable and dead Xap cells, its effect on
v-qPCR amplification of viable cells and its ability to sup-
press amplification of dead cells were evaluated in planta.
To prepare the bacterium inoculum, Xap strain CITA 33
was grown on YPGA medium (Ridé 1969) (per L: 5 g yeast
extract, 5 g bacteriological peptone, 10 g glucose, and 20 g
agar pH 7.0 to 7.2) for 3 to 4 days at 26 °C. As above, bacte-
rial suspensions were prepared from a single colony grown
in LB broth and adjusted to 10® cfu/mL.

Two-year-old almond (Prunus dulcis) plants (cv. Aylés),
grown in pots filled with a peat and sand mix and without
any fertilization, were used for Xap inoculation. Prior to
inoculation, the plants were enclosed for 24 h at 30 °C under
transparent plastic to create a humid chamber and facilitate
stomatal opening (da Silva Vasconcellos et al. 2014). The
bacterial inoculum was then infiltrated into the underside of
each young leaf at two sites using a 1-mL syringe without a
needle. Two leaves on three almond plants were inoculated
with the bacterium, while mock inoculations (PBS) were
conducted under the same conditions on two leaves of one
plant. The inoculated plants were then incubated at 26 °C
during a 16-h daytime period and at 22 °C for an 8-h night
period. To evaluate bacterial populations, portions of leaves
containing the inoculated area (1 cm wide X 1 cm length)
were comminuted in 1 mL PBS amended with 2% poly-
vinylpyrrolidone (PVP) 40 T (Agdia, Elkhart, IN, USA),
vortexed for 30 s and then introduced in 50-mL Falcon
tubes containing 1.9 mL of PBS amended with 2% PVP
40. Tenfold serially diluted aliquots of each sample were
spread onto YPGA medium and typical yellow colonies
were counted and identified by qPCR (Garita-Cambronero
et al. 2017). Subsequently, each sample was subdivided into
six 400 pL aliquots which were submitted to different treat-
ments: (i) heat-treatment (20 min at 95 °C) and 100 uM of
PMAxx™ (two aliquots); (ii) room temperature and 100 uM
of PMAxx™ (two aliquots); and (iii) room temperature and
no addition of PMAxx™ (two aliquots). All treated sam-
ples were processed as described above. Moreover, after heat
treatment, and prior to the addition of PMAxx™, aliquots of
these samples were plated onto YPGA medium to confirm
Xap inactivation (absence of bacterial growth).
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DNA extraction of samples was performed with DNeasy®
Plant Mini kit (QIAGEN, Hilden Germany) according to the
manufacturer’s instructions, and its concentration and purity
were determined by spectrophotometric measurement as pre-
viously described. Extracted DNA was stored at —20 °C until
used as a template in v-qPCR reactions with the cycling condi-
tions detailed above.

To generate calibration curves for bacterial quantifica-
tion purposes, portions (1 cm widex 1 cm length) leaves of
GF-677 (hybrid rootstock P. dulcis x Prunus persica) were
comminuted and spiked with decreasing concentrations of Xap
CITA 33, ranging from 107 to 10? cfu/mL. Aliquots of these
samples were amended with 100 uM PMAxx™ or with PBS.
DNA from the serial dilution was extracted (DNeasy® Plant
Mini Kit, QIAGEN, Hilden, Germany), and v-qPCR reactions
were performed as above. Linear regression curves, plotting
the Ct values of each reaction against the logarithmic values
of Xap CITA 33 DNA concentrations, were constructed from
two independent repetitions with duplicated serial dilutions
and three v-qPCR runs for each bacterial concentration. Cali-
bration curves, both with and without the use of PMAxx™,
were generated to estimate bacterial abundance in leaves of
inoculated almond plants at 7 and 30 days of post-inoculation
(dpi). The determination coefficient (R?) for each curve was
calculated from the DNA concentrations extracted from each
bacterial dilution series.

Statistical data analyses

Statistical analyses for cut-off value and limit of detection
study were performed with IBM SPSS software, version 22
(SPSS, Chicago, IL, USA). The normality of the data was
verified with the Kolmogorov—Smirnov (Lilliefors correc-
tion), Shapiro-Wilk, and Anderson-Darling tests. Group
comparisons of means were performed with #-test and the
Mann—Whitney U test for two groups, and analysis of variance
(ANOVA) was determined with the Welch, Brown-Forsythe,
and Kruskal-Wallis tests for three or more group compari-
sons. The Levene test was applied to check homoscedasticity.
The Tukey and Games-Howell tests were used for multiple
comparisons of means. Differences with p-value <0.05 were
considered significant.

To assess differences in bacterial populations determined
by various methods in plants inoculated after 7 and 30 dpi, the
data were subjected to the Kruskal-Wallis test using Sigma-
Plot software version 15 (Systat Software Inc., San Jose, CA,
USA) (https://systatsoftware.com/products/sigmaplot/).
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Results
Verification of bacterial viability

Heat treatments can result in dead bacteria with different
levels of cell membrane integrity. To demonstrate the suit-
ability of the v-qPCR assay for specifically detecting viable
bacteria, three different tests were used to confirm complete

*PV Pl BV Bl

—_—— PI

144 h

. !

Alive cells

Dead cells

Fig. 1 Viability of the Xap strain CITA 33 in planktonic and biofilm
states after 95 °C for 20 min treatment. a Evaluation of bacterial res-
piratory activity by alamarBlue™. Blue, negative result; pink, posi-
tive result. b Bacterial growth on LB Petri dishes at 72, 96, and 144 h
of growth. ¢ Visualization of membrane integrity by LIVE/DEAD
BacLight™ Bacterial Viability Kit of a Xap CITA 33 suspension at
108 cfu/mL. *PV, alive planktonic; PI, inactivated planktonic cells;
BY, alive biofilm cells; BI, inactivated biofilm cells

inactivation of Xap strain CITA 33 in both planktonic and
biofilm stages (Fig. 1). CITA 33 strain exposed to a tem-
perature of 95 °C for 20 min showed no respiratory activity
or cellular growth in LB agar medium (Fig. 1a, b). Further-
more, the membrane integrity of bacterial cell at the differ-
ent stages assayed was compromised, as evidenced by stain-
ing with propidium iodide and SYTO 9 (Fig. 1c). Similar
results were observed when the inactivation of bacteria was
attempted at 100 °C for 15 min. Membrane integrity and
respiratory assay results confirmed cell inactivation, ensur-
ing complete non-viability of the samples.

Determination of experimental conditions
for the use of different intercalating agents
in viability assays

To define the optimal temperature and time of incubation
for use with the intercalating agents, planktonic suspensions
of Xap CITA 33 at 10® and 107 cfu/mL, encompassed by
dead and alive bacteria, were incubated in the presence of
75 uM PMAxx™ and 10 uM EMA/75 uM PMA at room
temperature or at 40 °C for 10, 30, or 40 min. No significant
differences were observed among the various combinations;
therefore, incubation at room temperature for 10 min was
selected for subsequent assays.

Intercalating agents PMA, PMAxx™, and the mixture
EMA/PMA were evaluated at different concentrations to
select the most effective one for distinguishing between
viable and non-viable bacteria (Fig. 2).

When the samples were treated with PMA or PMAxx™
at 100 pM, a difference of 5 to 9 cycles was obtained
between those Ct values from alive and heat-inactivated
bacteria. The disparity between active and inactive cells
was higher with the less concentrated suspension (107 cfu/
mL) compared to the most concentrated one (108 cfu/mL).
When the same bacterial suspensions were treated with

Fig.2 Ct values obtained 30
from v-qPCR using different
intercalating agents from two 25 L - T
concentrations of Xap CITA A
33 (10% and 107 cfu/mL). P, 20 | I .
samples treated with PMA; I,
heat-inactivated cells; XX, sam- - es M —
ples treated with PMAxx.™; c15
E, samples treated with EMA.
Numbers indicate the intercalat- 10
ing agent concentration (UM)

5 L

0 [

Q N S Q N - S Q N
\QQ \QQQ \069. \Qs\j. \Q \QQ \G\' \6‘:\. ,\Q é\‘) Qé‘)q
N

108 cfuimL []107 cfuimL
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10 uM PMA or PMAxx™, less differences were recorded
from live or inactivated cells but those were higher using
PMAxx™. Heat-treated samples with the addition of the
mixture 10 uM EMA/75 uM PMA showed lower differences
in Ct between active and inactivated cells as compared with
either PMA or PMAxx™. Based on these results, PMAxx™
was selected as the more suitable intercalating agent to dis-
criminate between viable and dead bacteria.

Once PMAxx™ was selected, different concentrations of
the intercalating agent were tested to ensure total cover of
the bacterial population analyzed (Table 1). Although ampli-
fication of high concentrations of heat-inactivated bacteria
was not fully inhibited with any PMAxx™ concentrations

Table1 Mean Ct of v-qPCR of viable and dead cells with different
PMAXxx™ concentrations

PMAxx™ concen-  Cell type Average Ct SD

tration (UM)

10 \% 16.9 0.941018471
10 I 154 0.941018471
50 I 20.2 0.642960365
75 v 15.6 0.364329111
75 I 23.4 0.615944063
100 \% 17.7 0.283708921
100 I 23.4 0.377425421
150 I 237 0.762159264
200 \Y% 15.8 0.275540567
200 I 237 0.379812537
0 \% 15.8 0.223390054
0 NF 17.0 0.682388095
0 I 18.6 0.398011813

The bacterial concentration assayed was 10% cfu/mL

V alive cells photoactivated, / heat-inactivated and photoactivated
cells, NF alive samples no photoactivated, SD standard deviation

Fig.3 Ct values obtained after 40 -
v-qPCR from serial dilutions

of DNA from alive Xap strain 35
CITA 33 suspensions ranging

from 1 to 10°® cfu/mL. I, dead 30
cells; XX, samples treated with 25
PMAXxx™; V, viable bacteria.

The graph shows the means of S5 20
two different assays, each with

two replicates. The “zig-zags” 15

observed at the lowest concen-

assayed, the Ct average value from dead cells was always
significantly higher than this from alive cells. Thus, the
average Ct value of 23.6, obtained with 75, 100, 150, and
200 uM of PMAxx™, was 7 cycles higher than the average
Ct value of 16.6 for live bacterial cells. Similar Ct values
were obtained with alive cells subjected or not to treatment
with 100 uM PMAxx™. No influence of photoactivation
was observed in non-heat-inactivated bacteria. The potential
effect of a significant reduction in bacterial culturability was
not elucidated after treatment with 100 pM PMAxx™,

Selection of a cut-off value for viable quantitative
PCR (v-qPCR) on pure bacterial cultures

Based on the statistical analyses on ROC curve, when ana-
lyzing concentration of 10% cfu/mL, the threshold between
alive and dead cells was at Ct of 19.2, with a sensitivity
of 0.97, and 1-specificity value of 0.068. These analyses
were able to account for 97.8% of the cases. To evaluate
the protocol with different bacterial concentrations, serial
dilutions (1-10% cfu/mL) of alive and dead cells were tested
(Fig. 3). Ct values from dead cells treated with PMAxx™
ranged from 26.6, for the highest bacterial concentration,
to 33.9, for the lowest bacterial concentrations. Meanwhile,
Ct values from serial dilutions of inactivated cells without
PMAXxx™ treatment and from alive cells with or without
intercalating agent showed a similar pattern, with Ct values
ranging from 16.9 to 33.4 (Fig. 3).

The cut-off obtained with ROC curve of serial dilutions
(10°-10® cfu/mL) of planktonic Xap CITA 33 was a Ct of
26.2, with a sensitivity of 1 and 1-specificity value of 0.1,
accounted for 96.9% of the cases.

Xap CITA 33 biofilm time course was tested compared
with planktonic bacterial cells (Fig. 4). No differences
were observed in the amplification of xopE3 gene between

11 1 1| | -

trations are attributable to the 10
non-strict linear correlation

between Ct and concentration in 5
these samples (Fig. 5) 0
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a

0 24 48 72 96 144
Time (hours)

=PV mPVXX OPIXX

0 24 438 72 96 144
Time (hours)

=BV = BVXX OBIXX

Fig.4 Ct values of XopE3 gene amplification of planktonic (a) and biofilm cells (b) of Xap strain CITA 33 at different cellular growth times. P,
planktonic cells; B, biofilm; V, alive cells; I, inactivated cells; XX, samples treated with 100 uyM PMAxx™

planktonic or biofilm cells when alive bacterial cells were
treated with PMAxx™. Dead cells showed 6-7 cycles
of higher amplification when incubated with PMAxx™
compared to those not treated, across all growth times
checked. A noticeable reduction in viable cells, indicated
by higher Ct values, occurred at 144 h in samples treated
with PMAxx™ due to nutrient depletion during the death
phase following the stationary phase.

When planktonic and biofilm stage coexist, statistical
analyses based on ROC curve give a predicted Ct value of
20.9 (equal to 21) for a sensitivity of 0.91 and 1-especific-
ity value of 0.063, that accounted for 96.8% of cases, con-
sidering all days of growth. Cut-off value for Xap CITA
33 at biofilm stage is Ct of 19.3, with a sensitivity of 1 and
0.73 of 1-specificity, that accounted for 96.8% of cases.
The analysis of ROC curve for each day tested, 0 h, 24 h,
48 h, 72 h, and 96 h of biofilm maturation resulted in a cut-
off of 19-20, with a sensitivity of 1 and 0 of 1-specificity,
that explains 100% of cases. The cut-off obtained for 144 h

of biofilm formation was 21.9, with a sensitivity of 1 and
0.25 of 1-specificity, that accounted for 93.1% of cases.

Discrimination between viable and dead cells of Xap
strain CITA 33 in almond tissue

Calibration curves intended to quantify Xap in plants,
obtained from serial dilutions of samples spiked with strain
CITA 33 treated and non-treated with PMAxx™, showed
slight differences in the slope of the lines and, consequently,
in amplification efficiency (Fig. 5). For this reason, in the
estimation of bacterial populations by qPCR, the derivatives
of gPCR both without PMAxx™ and with PMAxx™ were
used in each case.

To evaluate the v-qPCR method in almond plants, Xap
strain CITA 33 was inoculated into leaves that exhibited
symptoms at 7 dpi, with analyses subsequently performed
at both 7 and 30 dpi. At 7 dpi, the estimated bacterial pop-
ulations by PCR without intercalating dye (qPCR) (10°4
to 10'%8 cfu/mL) or v-qPCR using 100 uM PMAx™ (10°2

a b ™ =.
PMAxx™ y = -3.1827x + 44 819 No PMAxx 2&/4_23);;44}525
40 R2 = 0.9664 40 =0.
s ' ...... ‘ ..... 35 ' g
-4 A '
K e 4. S |
35 ‘. ...... - 26 }—+ 1 0@ 0001 ] tees . .......
G20 L G20 L
15 15
10 10
5 5
o 0
0 1 2 3 4 5 6 4 8 0 1 2 3 4 5 6 7 8

log (cfu/mL)

Fig.5 Calibration curve of log (cfu/mL) versus threshold cycle (Ct)
after qPCR using primers and probe targeting xopE3 gene from serial
dilutions of Xap CITA 33 in spiked samples non-treated (a) and

log (cfu/mL)

treated (b) with PMAxx™. The corresponding regression equations
and coefficients of determination (R?) are shown on the plot. Data are
means of two technical replications
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to 10'%4 cfu/mL) did not show significant differences. At
7 dpi, colony counting indicated a significantly higher
concentration, likely due to an overestimation of the
inoculated bacteria resulting from the use of a non-spe-
cific culture medium for isolation. However, these differ-
ences became evident at 30 dpi, with a higher population
estimated by gPCR (10'*! to 10'%? c¢fu/mL) compared
to v-qPCR (1077 to 103 cfu/mL) with the intercalating
agent. Moreover, the population estimated with qPCR
and the intercalating agent was not significantly differ-
ent from that determined by plate colony counting (1082
to 10% cfu/mL). In both cases, the population estimated
from heat-inactivated samples was significantly lower
(Fig. 6).

The cut-off determined at 7 dpi by ROC curve anal-
ysis to discriminate between viable and dead bacterial
cells in almond leaves was 27.63 (equal to 28), with a
sensitivity of 1 and a value of 1-specificity of 0.2. This
cut-off accounted for 92% of the cases. At 30 dpi, the
cut-off value was 29.20 (equal to 29), with a sensitivity
of 0.96 and a value of 1-specificity of 0.16. This cut-off
accounted for 90% of the cases. Moreover, at 7 dpi, Ct
values from heat-inactivated samples ranged from 28.14
to 33.61 and, at 30 dpi, from 29.55 to 32.24. The bacte-
rial populations estimated in heat-inactivated samples by
v-qPCR using PMAxx™ were also significantly lower
than those from non-inactivated cells assessed by qPCR,
v-qPCR with PMAxx™, or colony counting. Moreover,
they were not considered positive according to the calcu-
lated cut-off.

Analytical sensitivity

The cut-off for determining negative results in plants was
set at Ct>28-29, which was used to transform the quantita-
tive data into reliable qualitative results. The LOD 95% was
determined using the Gompertz mathematical model, which
was identified as the best-fitting model to calculate an esti-
mated LOD 95% with bacterial dilutions in almond leaves.
The R? of the model was strongly influenced by the data
points at 0 and 1, with a value of 0.989. The probable LOD
estimated was 10° cfu/mL, corresponding to 64.41 bacteria
per reaction.

Discussion

Determining the population of an infectious pathogen accu-
rately and with high sensitivity is crucial for implementing
effective control measures against any plant disease. How-
ever, the absence of false-positive results is also of utmost
importance, especially when detecting regulated or quaran-
tine pathogens. A false positive can be defined as any sample
that does not represent a true epidemiological threat. This
may occur either because a pathogen is detected when it is
not present, due to a detection strategy that lacks specificity,
or because, even if present, it lacks infectious capacity due
to viability deficiencies. Therefore, false positives can lead
to unjustified and unacceptable economic losses, and poten-
tially harmful effects on the environment or human health
due to unnecessary phytosanitary treatments. Moreover, epi-
demiological studies also require reliable data to model the
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Fig.6 Detection of Xap strain CITA 33 in inoculated Prunus at 7
(a) and 30 (b) dpi, by PCR compared to plate colony counting. PCR
without PMAxx™ (PCR), combined with PMAxx™ (PCR-XX),
colony counting (Colony), and PCR combined with PMAxx™ after
heat inactivation (PCR-IXX). Statistical analysis was performed using
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the Kruskal-Wallis one-way analysis of variance to evaluate the sig-
nificance of observed differences (p <0.05). Boxes depict the upper
and lower quartiles. The horizontal line indicates the median, while
whiskers indicate boundaries of maximum/minimum points within
the interquartile range. Outliers are indicated by points



Applied Microbiology and Biotechnology ~ (2024) 108:472

Page9of12 472

spatial-temporal dispersal of truly pathogenic organisms,
and this means that the pathogens detected are viable and
capable of growing and producing new infection foci.

gPCR techniques are routinely used for the detection and
identification of various pests, including especially regulated
or quarantined plant pathogenic bacteria. However, qPCR’s
inability to discriminate between viable and dead microbial
populations necessitates validation to determine the actual
biological risk of the detected pathogen. Several studies have
demonstrated the utility of v-qPCR for discriminating and
quantifying live and dead cells present in different types of
bacterial samples (Bar6 et al. 2020; Daranas et al. 2018; Fit-
tipaldi et al. 2012; Guo et al. 2024; Han et al. 2018; Kralik
et al. 2010; Louzada et al. 2022; Sicard et al. 2019; Soto-
Muiloz et al. 2015; Wang and Turechek 2020). For bacte-
rial spot of stone fruits, several gPCR methods have been
described (Ballard et al 2011; Bergsma-Vlami et al. 2012;
Garita-Cambronero et al. 2017; Palacio-Bielsa et al. 2011).
Additionally, a very recent report introduced a method that
combines PCR with DNA intercalating agents to potentially
discriminate between living and dead cells of Xap (Panth
et al. 2024). However, this last study did not fully validate
the methodology and relied on previously untested prim-
ers. In response, we developed a v-qPCR protocol based
on a previous protocol that is commonly used and adopted
by phytosanitary organisms like EPPO (EPPO 2021). This
v-qPCR was validated to detect and distinguish viable bac-
teria, which may be infectious, from those that are not, using
strict statistical parameters to determine the optimal Ct value
for discriminating between viable and dead Xap cells. Our
work also ensures that the intercalating agents used do not
interfere with the viability of the detected bacteria consid-
ering both their planktonic and biofilm stages as previously
characterized (Sabuquillo and Cubero 2021), and it was also
assessed to evaluate the bacterial progress in inoculated
almond leaves plants.

Various intercalating agents under different conditions
were shown not to interfere with the biological systems
and, among them, no effect was confirmed when 100 pM
PMAxx™ was used. In such condition, amplification
occurred around 7 cycles later in dead bacterial cells treated
with PMAxx™ compared to live cells. However, amplifica-
tion from inactivated planktonic cells occurred and, there-
fore, may generate putative false positives. As described by
numerous authors, detection of the proper amplicon from
dead cells using v-qPCR and DNA intercalating agents could
be attributable to the fact that some inactivated cells with
no metabolic activity maintained their intact membranes,
and then, intercalating agent could not bind DNA (Alvarez
et al. 2013; Codony et al. 2015; Song and Wood 2021). In
the tests conducted during our method’s development, dam-
aged bacteria were confirmed by checking membrane integ-
rity, using fluorescence microscopy, and assessing viability

through the detection of cellular respiration. Besides, these
false positives may be a consequence of the use of interca-
lating agents at concentrations insufficient to cover all non-
intact cells (Immanuel et al. 2020). In our work, we have
addressed this issue by demonstrating that the effectiveness
of nucleic acid intercalating dyes is not compromised by
high concentrations of dead cells. This was shown through
a titration of PMAxx™, which yielded similar Ct values
even when concentrations were increased. Other authors
have stated that amplicon lengths are associated with either
areduction or complete suppression of amplification in dead
cells (Immanuel et al. 2020; Martin et al. 2013; Panth et al.
2024; Wang and Turechek 2020). However, the use of large
target sizes results in lower sensitivity of the v-qPCR detec-
tion technique and decreased diagnostic efficiencys; this is
an essential issue under conditions where sensitivity is most
needed, such as in asymptomatic samples where, for exam-
ple, the concentration of plant pathogenic bacteria is usually
low (Van Holm et al. 2021).

Herein, we demonstrate that despite the amplification
from inactivated cells, the statistical analyses enabled dif-
ferentiation between v-qPCR positives that correspond to
viable cells and those that do not. This was first clear when
the evolution of the Ct values from the v-qPCRs of both
planktonic bacteria and biofilm stages were analyzed. When
the majority of the population would be dead due to the
absence of nutrients at 144 h, the difference in Ct values
between samples treated with the intercalating agent and
those not treated was over 7 cycles, representing a two order
of magnitude difference. This indicates amplification of less
than 1% of the population when comparing samples treated
and untreated with PMAxx™. Moreover, when the bacte-
rial population in plants was estimated by qPCR in samples
containing both dead and live bacterial cells, with and with-
out PMAxx™, a clear correlation emerged between v-qPCR
combined with PMAxx™ and colony counting. In contrast,
gPCR without the intercalating agent overestimated the pop-
ulation, as it amplified DNA from both live bacteria and the
DNA that had accumulated since the onset of bacterial pro-
gression, which included DNA from both live and dead cells.
It is important to highlight that when the target organisms
are detected by v-qPCR, reliable results are underpinned
by a preliminary determination of reliable cut-off values.
In turn, the determination of this false-positive rate was
made possible by calculating a reliable cut-off value. Late
Ct values can be reliable providing that a veracious cut-off
value is determined using a statistical approach such as the
ROC curve as used here (Grosdidier et al. 2017). The ROC-
based method seems to be flexible and not influenced by the
specificity of the test of DNA extraction but was limited by
the sensitivity of the v-qPCR equipment (Grosdidier et al.
2017). In the experiments with Prunus inoculated leaves,
the cut-off at 7 and 30 dpi was concluded to be Ct values of

@ Springer



472 Page 10 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:472

28 and 29, respectively. High levels of tannins, polyphenols,
and polysaccharides may interfere in the v-qPCR process
(Nunes et al. 2011). Complex matrices, as those found in
environmental samples, could negatively influence the effi-
ciency of the v-qPCR technique due to chemical adsorp-
tion and organic and inorganic compounds interfering with
photo-activation (Fittipaldi et al. 2012). Probably, residues
of host compounds not removed in the DNA purification
may explain the different cut-off values with or without the
host. However, the most relevant cut-off is the one obtained
with Xap strain CITA 33 and its host, since this situation is
the most similar to reality to determinate the health status
of the plant and apply the most suitable measures to control
the disease.

Our study demonstrates the usefulness and accuracy of
v-qPCR with PMAxx™ intercalating agent methodology
for discriminating between live and dead Xap cells. From
this perspective, this methodology can resolve issues asso-
ciated with overestimating bacterial counts caused by the
presence of non-viable bacteria or extracellular DNA when
using qPCR alone. Treating with intercalating agents to
inhibit or restrict the amplification of dead cells is simple to
carry out and does not notably prolong the time needed to
obtain results. However, while this approach is applicable to
various systems, it requires specific adjustments of v-qPCR
protocols for each individual system. Finally, it is impor-
tant to emphasize that while this methodology represents
an advancement in diagnostic techniques, further research
is necessary to fully prevent amplification from dead cells,
thereby simplifying the analysis process.

Acknowledgements We would like to thank to Carlos Ratl Carnicero
Rodriguez (EA) and Laura Barrios (SGAI-CSIC) for the statistical
support.

Author contribution PS, JC, and APB conceived and designed the
study. PS, APB, and IMB conducted the laboratory experiments. PS,
APB, IMB, and JC analyzed the data. PS, APB, and JC supervised
the final version of the text. All authors read and approved the final
manuscript.

Funding This work was supported by project PID2021-1236000R-
C44, funded by MICIU/AEl/https://doi.org/10.13039/501100011033
and by ERDF, EU.

Data availability All data supporting the findings of this study are

available within the paper. Additional details can be provided by the
corresponding authors upon reasonable request.

Declarations

Ethics approval and consent to participate Not applicable.
Competing interests The authors declare no competing interests.
Open Access This article is licensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and

@ Springer

reproduction in any medium or format, as long as you give appro-
priate credit to the original author(s) and the source, provide a link
to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to
share adapted material derived from this article or parts of it. The
images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

Alvarez G, Gonzélez M, Isabal S, Blanc V, Le6n R (2013) Method to
quantify live and dead cells in multi-species oral biofilm by real-
time PCR with propidium monoazide. AMB Express 3:1. https://
doi.org/10.1186/2191-0855-3-1

Anonymous (2019) COMMISSION IMPLEMENTING REGULA-
TION (EU) 2019/2072, of 28 November 2019, establishing
uniform conditions for the implementation of regulation (EU)
2016/2031 of the European Parliament and the Council, as regards
protective measures against pests of plants, and repealing Com-
mission Regulation (EC) No 690/2008 and amending Commission
Implementing Regulation (EU) 2018/2019. OJEU L 319:1-279.
http://data.europa.eu/eli/reg_impl/2019/2072/0j

Ballard EL, Dietzgen RG, Sly LI, Gouk C, Horlock C, Fegan M
(2011) Development of a Bio-PCR protocol for the detection of
Xanthomonas arboricola pv. pruni. Plant Dis 95(9):1109-1115.
https://doi.org/10.1094/PDIS-09-10-0650

Bar6 A, Badosa E, Montesinos L, Feliu L, Planas M, Montesinos E,
Bonaterra A (2020) Screening and identification of BP100 pep-
tide conjugates active against Xylella fastidiosa using a viability-
qPCR method. BMC Microbiol 20:229. https://doi.org/10.1186/
$12866-020-01915-3

Bergsma-Vlami M, Martin W, Koenraadt H, Teunissen H, Pothier JF,
Duffy B, van Doorn J (2012) Molecular typing of Dutch isolates
of Xanthomonas arboricola pv. pruni isolated from ornamental
cherry laurel. J Plant Pathol 94 (Suppl. 1):S1.29-S1.35.

Codony F, Agusti G, Allué-Guardia A (2015) Cell membrane integ-
rity and distinguishing between metabolically active and inac-
tive cells as a means of improving viability PCR. Moll Cel Probe
29(3):190-192. https://doi.org/10.1016/j.mcp.2015.03.003

Cuesta-Morrondo S, Redondo C, Palacio-Bielsa A, Garita-Cambron-
ero J, Cubero J (2022) Complete sequence genome resources
of six strains of the most virulent pathovars of Xanthomonas
arboricola using a long- and short-read sequencing approaches.
Phytopathology 112(8):1808-1813. https://doi.org/10.1094/
PHYTO-10-21-0436-A

Daranas N, Bonaterra A, Francés J, Cabrefiga J, Montesinos E, Badosa
E (2018) Monitoring viable cells of the biological control agent
Lactobacillus plantarum PM411 in aerial plant surfaces by means
of a strain-specific viability quantitative PCR method. Appl Envi-
ron Microbiol 84(10):e00107-e118. https://doi.org/10.1128/AEM.
00107-1

da Silva Vasconcellos FC, de Oliveira AG, Lopes-Santos L, de Oliveira
Beranger JP, Cely MVT, Simionato AS, Fonteque JP, Spago FR,
de Mello JCP, San Martin JAB, Andrade CGTJ, Andrade G (2014)
Evaluation of antibiotic activity produced by Pseudomonas aerug-
inosa LV strain against Xanthomonas arboricola pv. pruni. Agric
Sci 5(1):71-76. https://doi.org/10.4236/as.2014.51008

Dunegan JC (1932) The bacterial spot disease of the peach and other
stone fruits. Techn Bull USDA 273:1-53


https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/2191-0855-3-1
https://doi.org/10.1186/2191-0855-3-1
http://data.europa.eu/eli/reg_impl/2019/2072/oj
https://doi.org/10.1094/PDIS-09-10-0650
https://doi.org/10.1186/s12866-020-01915-3
https://doi.org/10.1186/s12866-020-01915-3
https://doi.org/10.1016/j.mcp.2015.03.003
https://doi.org/10.1094/PHYTO-10-21-0436-A
https://doi.org/10.1094/PHYTO-10-21-0436-A
https://doi.org/10.1128/AEM.00107-1
https://doi.org/10.1128/AEM.00107-1
https://doi.org/10.4236/as.2014.51008

Applied Microbiology and Biotechnology ~ (2024) 108:472

Page110f 12 472

EFSA PLH Panel (EFSA Panel on Plant Health) (2014) Scientific
opinion on pest categorization of Xanthomonas campestris pv.
pruni (Smith) Dye. EFSA J 12(10):3857, 25 pp. https://doi.org/
10.2903/j.efsa.2014.3857

EPPO (2021) PM 7/064 (2) Xanthomonas arboricola pv. pruni. EPPO
Bull 51:240-266. https://onlinelibrary.wiley.com/doi/full/10.1111/
epp.12756

EPPO (2024) Xanthomonas arboricola pv. pruni. EPPO datasheets
on pest recommended for regulation. http://gd.eppo.int. Accessed
10 July 2024

Fittipaldi M, Nocker A, Codony F (2012) Progress in understanding
preferential detection of live cells using viability dyes in combi-
nation with DNA amplification. J Microbiol Methods 91(2):276—
289. https://doi.org/10.1016/j.mimet.2012.08.007

Forootan A, Sjoback R, Bjorkman J, Linz L, Cubista M (2017) Meth-
ods to determine limit of detection and limit of quantification
in quantitative real-time PCR (qPCR). Biomol Detect Quantif
12:1-6. https://doi.org/10.1016/j.bdq.2017.04.001

Garita-Cambronero J, Palacio-Bielsa A, Lépez MM, Cubero J (2017)
Pan-genomic analysis permits differentiation of virulent and non-
virulent strains of Xanthomonas arboricola that cohabit Prunus
spp. and elucidate bacterial virulence factors. Front Microbiol
8:573. https://doi.org/10.3389/fmicb.2017.00573

Garita-Cambronero J, Sena-Vélez M, Palacio-Bielsa A, Cubero J
(2014) Draft genome sequence of Xanthomonas arboricola pv.
pruni strain Xap33, causal agent of bacterial spot disease on
almond. Genome Announc 2(3):00440-14. https://doi.org/10.
1128/genomea.00440-14

Gerin D, Cariddi C, De Miccolis Angelini RM, Dongiovanni C, Faretra
F, Pollastro S (2019) First report of Xanthomonas arboricola pv.
pruni on almond in Italy. Plant Dis 103(5):1018. https://doi.org/
10.1094/PDIS-11-18-2006-PDN

Grosdidier M, Aguayo J, Margais B, Ioos R (2017) Detection of plant
pathogens using real-time PCR: how reliable are late Ct values?
Plant Pathol 66(3):359-367. https://doi.org/10.1111/ppa.12591

Guo L, Ze X, Feng H, Liu Y, Ge Y, Zhao X, Song C, Jiao Y, Liu J,
Mu S, Yao S (2024) Identification and quantification of viable
Lacticaseibacillus rhamnosus in probiotics using validated PMA-
qPCR method. Front Microbiol 15:1341884. https://doi.org/10.
3389/fmicb.2024.1341884

Han S, Jiang N, Lv Q, Kan Y, Hao J, Li J, Luo L (2018) Detection
of Clavibacter michiganensis subsp. michiganensis in viable but
nonculturable state from tomato seed using improved qPCR. PLoS
One 13(5):€0196525. https://doi.org/10.1371/journal.pone.01965
25

Immanuel T, Taylor R, Keeling S, Brosnahan C, Alexander B (2020)
Discrimination between viable and dead Xanthomonas fragariae
in strawberry using viability PCR. J Phytopathol 168(6):363-373.
https://doi.org/10.1111/jph.12900

Josephson KL, Gerba CP, Pepper IL (1993) Polymerase chain reac-
tion detection of nonviable bacterial pathogens. Appl Environ
Microbiol 59(10):3513-3515. https://doi.org/10.1128/aem.59.
10.3513-3515.1993

Kolozsvariné Nagy J, Bozso Z, Szatmari, A, Siile S, Szab6 Z, Kiraly
L, Schwarczinger I (2019) First report of bacterial spot caused by
Xanthomonas arboricola pv. pruni on almond in Hungary. Plant
Dis 104(2):562. https://doi.org/10.1094/PDIS-07-19-1343-PDN

Kralik P, Nocker A, Pavlik I (2010) Mycobacterium avium subsp. para-
tuberculosis viability determination using F57 quantitative PCR
in combination with propidium monoazide treatment. Int J Food
Microbiol 141 (Suppl. 1):S80-S86. https://doi.org/10.1016/j.ijfoo
dmicro.2010.03.018

Louzada E, Vazquez O, Chavez S, Sétamou M, Kunta M (2022). Opti-
mization of vqPCR for reliable detection of viable Candidatus
Liberibacter asiaticus in citrus. HortScience 57(6):692-697.
https://doi.org/10.21273/HORTSCI16600-22

Luo M, Meng F-Z, Tan Q, Yin W-X, Luo C-X (2021) Recombi-
nase polymerase amplification/Cas12a-based identification of
Xanthomonas arboricola pv. pruni on peach. Front Plant Sci
12:740177. https://doi.org/10.3389/fpls.2021.740177

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/
$12161-012-9460-0

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(2):310-320. https://doi.org/10.1016/j.
mimet.2006.04.015

Nogva HK, Drgmtorp SM, Nissen H, Rudi K (2003) Ethidium mono-
azide for DNA-based differentiation of viable and dead bacteria
by 5’-nuclease PCR. Biotechniques 34(4):804—813. https://doi.
org/10.2144/03344rr02

Nunes CF, Ferreira JL, Fernandes MCN, Breves SDS, Generoso AL,
Soares BDF, Dias MSC, Pasqual M, Borem A, Cancado GMDA
(2011) An improved method for genomic DNA extraction from
strawberry leaves. Cienc Rural 41(8):1383—1389. https://doi.org/
10.1590/S0103-84782011000800014

Nutz S, Doll K, Karlovsky P (2011) Determination of the LOQ in
real-time PCR by receiver operating characteristic curve analysis:
application to qPCR assays for Fusarium verticillioides and F.
proliferatum. Anal Bioanal Chem 401(2):717-726. https://doi.org/
10.1007/s00216-011-5089-x

Palacio-Bielsa A, Cambra MA, Cubero J, Garita-Cambronero J,
Rosell6 M, Lépez MM (2014) La mancha bacteriana de los
frutales de hueso y del almendro (Xanthomonas arboricola pv.
pruni), una grave enfermedad emergente en Espafia. Phytoma
Espaifia 259:36-43 ((in Spanish))

Palacio-Bielsa A, Cubero J, Cambra MA, Collados R, Berruete IM,
Lopez MM (2011) Development of an efficient real-time quantita-
tive PCR protocol for detection of Xanthomonas arboricola pv.
pruni in Prunus species. Appl Environ Microbiol 77(1):89-97.
https://doi.org/10.1128/aem.01593-10

Panth M, Noh E, Schnabel G, Wang H (2024) Development of a long
amplicon PMA-qPCR assay for detection of viable Xanthomonas
arboricola pv. pruni cells in peach trees. Plant Dis. 108(7):2190—
2196. https://doi.org/10.1094/pdis-01-24-0012-RE

Pedrosa de Macena LDG, Pereira JSO, da Silva JC, Ferreira FC, Mara-
nhao AG, Lanzarini NM, Miagostovich MP (2022) Quantification
of infectious human mastadenovirus in environmental matrices
using PMAxx-qPCR. Braz ] Microbiol 53(3):1465-1471. https://
doi.org/10.1007/s42770-022-00775-5

Ridé M (1969) Bactéries phytopathogeénes et maladies bactériennes
des végétaux. In: Ponsot M (ed) Les bactérioses et les viroses des
arbres fruitiers. Viennot-Bourgin, Paris, pp 4-59

Sabuquillo P, Cubero J (2021). Biofilm formation in Xanthomonas
arboricola pv. pruni: structure and development. Agronomy
11(3):546. https://doi.org/10.3390/agronomy 11030546

Sicard A, Merfa MV, Voeltz M, Zeilinger AR, De La Fuente L,
Almeida RPP (2019) Discriminating between viable and mem-
brane damaged cells of the plant pathogen Xylella fastidiosa.
PLoS ONE 14(8):e0221119. https://doi.org/10.1371/journal.
pone.0221119

Song S, Wood TK (2021) “Viable but non-culturable cells” are dead.
Environ Microbiol 23(5):2335-2338. https://doi.org/10.1111/
1462-2920.15463

Soto-Muioz L, Teixid6 N, Usall J, Viiias 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

@ Springer


https://doi.org/10.2903/j.efsa.2014.3857
https://doi.org/10.2903/j.efsa.2014.3857
https://onlinelibrary.wiley.com/doi/full/10.1111/epp.12756
https://onlinelibrary.wiley.com/doi/full/10.1111/epp.12756
http://gd.eppo.int
https://doi.org/10.1016/j.mimet.2012.08.007
https://doi.org/10.1016/j.bdq.2017.04.001
https://doi.org/10.3389/fmicb.2017.00573
https://doi.org/10.1128/genomea.00440-14
https://doi.org/10.1128/genomea.00440-14
https://doi.org/10.1094/PDIS-11-18-2006-PDN
https://doi.org/10.1094/PDIS-11-18-2006-PDN
https://doi.org/10.1111/ppa.12591
https://doi.org/10.3389/fmicb.2024.1341884
https://doi.org/10.3389/fmicb.2024.1341884
https://doi.org/10.1371/journal.pone.0196525
https://doi.org/10.1371/journal.pone.0196525
https://doi.org/10.1111/jph.12900
https://doi.org/10.1128/aem.59.10.3513-3515.1993
https://doi.org/10.1128/aem.59.10.3513-3515.1993
https://doi.org/10.1094/PDIS-07-19-1343-PDN
https://doi.org/10.1016/j.ijfoodmicro.2010.03.018
https://doi.org/10.1016/j.ijfoodmicro.2010.03.018
https://doi.org/10.21273/HORTSCI16600-22
https://doi.org/10.3389/fpls.2021.740177
https://doi.org/10.1007/s12161-012-9460-0
https://doi.org/10.1007/s12161-012-9460-0
https://doi.org/10.1016/j.mimet.2006.04.015
https://doi.org/10.1016/j.mimet.2006.04.015
https://doi.org/10.2144/03344rr02
https://doi.org/10.2144/03344rr02
https://doi.org/10.1590/S0103-84782011000800014
https://doi.org/10.1590/S0103-84782011000800014
https://doi.org/10.1007/s00216-011-5089-x
https://doi.org/10.1007/s00216-011-5089-x
https://doi.org/10.1128/aem.01593-10
https://doi.org/10.1094/pdis-01-24-0012-RE
https://doi.org/10.1007/s42770-022-00775-5
https://doi.org/10.1007/s42770-022-00775-5
https://doi.org/10.3390/agronomy11030546
https://doi.org/10.1371/journal.pone.0221119
https://doi.org/10.1371/journal.pone.0221119
https://doi.org/10.1111/1462-2920.15463
https://doi.org/10.1111/1462-2920.15463
https://doi.org/10.1016/j.postharvbio.2014.10.004
https://doi.org/10.1016/j.postharvbio.2014.10.004

472 Page 12 of 12

Applied Microbiology and Biotechnology ~ (2024) 108:472

Stefani E (2010) Economic significance and control of bacterial spot/
canker of stone fruits caused by Xanthomonas arboricola pv.
pruni. ] Plant Pathol 92 (Suppl. 1):S1.99-S1.103

Tjou-Tam-Sin NAA, van de Bilt JLJ, Bergsma-Vlami M, Koenraadt H,
Westerhof J, van Doorn J, Pham KTK, Martin WS (2012) First
report of Xanthomonas arboricola pv. pruni in ornamental Prunus
laurocerasus in the Netherlands. Plant Dis 96(5):759. https://doi.
org/10.1094/PDIS-04-11-0265-PDN

Truchado P, Gil MI, Larrosa M, Allende A (2020) Detection and quan-
tification methods for viable but non-culturable (VBNC) cells in
process wash water of fresh-cut produce: industrial validation.
Front Microbiol 11:673. https://doi.org/10.3389/fmicb.2020.
00673

Van Holm W, Ghesquiére J, Boon N, Verspecht T, Bernaerts K, Zayed
N, Chatzigiannidou I, Teughels W (2021) A Viability quantitative

@ Springer

PCR dilemma: are longer amplicons better? Appl Environ Micro-
biol 87(5):€0265320. https://doi.org/10.1128/aem.02653-20
Wang H, Turechek WW (2020) Detection of viable Xanthomonas fra-
gariae cells in strawberry using propidium monoazide and long-
amplicon quantitative PCR. Plant Dis 104(4):1105-1112. https://
doi.org/10.1094/PDIS-10-19-2248-RE

Youden WJ (1950) Index for rating diagnostic tests. Cancer 3:32-35.
https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2
820030106%3e3.0.c0;2-3

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1094/PDIS-04-11-0265-PDN
https://doi.org/10.1094/PDIS-04-11-0265-PDN
https://doi.org/10.3389/fmicb.2020.00673
https://doi.org/10.3389/fmicb.2020.00673
https://doi.org/10.1128/aem.02653-20
https://doi.org/10.1094/PDIS-10-19-2248-RE
https://doi.org/10.1094/PDIS-10-19-2248-RE
https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2820030106%3e3.0.co;2-3
https://doi.org/10.1002/1097-0142(1950)3:1%3c32::aid-cncr2820030106%3e3.0.co;2-3

	A reliable qPCR technique for detecting viable Xanthomonas arboricola pv. pruni cells
	Abstract 
	Key points
	Introduction
	Materials and methods
	Preparation of viable and dead cell suspensions from planktonic and aggregated bacteria
	Assessment of the viability of Xap cells
	PMA, PMAxx™, and EMA treatment
	Bacterial DNA extraction for v-qPCR reactions
	v-qPCR conditions
	Cut-off value and limit of detection (LOD)
	Validation of the v-qPCR in planta
	Statistical data analyses

	Results
	Verification of bacterial viability
	Determination of experimental conditions for the use of different intercalating agents in viability assays
	Selection of a cut-off value for viable quantitative PCR (v-qPCR) on pure bacterial cultures
	Discrimination between viable and dead cells of Xap strain CITA 33 in almond tissue
	Analytical sensitivity

	Discussion
	Acknowledgements 
	References


