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Abstract Here we report on the first assessment of droplet
digital PCR (ddPCR) for detection and absolute quantification
of two quarantine plant pathogenic bacteria that infect many
species of the Rosaceae and Solanaceae families: Erwinia
amylovora and Ralstonia solanacearum. An open-source R
script was written for the ddPCR data analysis. Analysis of a
set of samples with known health status aided the assessment
and selection of different threshold settings (QuantaSoft anal-
ysis, definetherain pipeline and manual threshold), which led
to optimal diagnostic specificity. The interpretation of the
E. amylovora ddPCR was straightforward, and the analysis
approach had little influence on the final results and the
concentrations determined. The sensitivity and linear range
were similar to those for real-time PCR (qPCR), for the
analysis of both bacterial suspensions and plant material,
making ddPCR a viable choice when both detection and
quantification are desired. With the R. solanacearum ddPCR,
the use of a high global threshold was necessary to exclude
false-positive reactions that are sometimes observed in healthy
plant material. ddPCR significantly improved the analytical
sensitivity over that of qPCR, and improved the detection of
low concentrations of R. solanacearum in potato tuber
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samples. Accurate and rapid absolute quantification of both
of these bacteria in pure culture was achieved by direct
ddPCR. Our data confirm the suitability of these ddPCR
assays for routine detection and quantification of plant patho-
gens and for preparation of defined in-house reference mate-
rials with known target concentrations.
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Abbreviations

CFU colony forming units

Cq quantification cycle in qPCR

ddPCR  droplet digital PCR

dPCR  digital PCR

NCPPB UK National Collection of Plant Pathogenic
Bacteria

NTC no-template control

PCR polymerase chain reaction

qPCR quantitative/real-time PCR

SD standard deviation

Introduction

The basis of digital PCR (dPCR) is to quantify the absolute
number of targets present in a sample using limiting dilutions,
PCR and Poisson statistics, which is a concept that was first
described by Sykes et al. in 1992 [1]. Several commercial
dPCR platforms have been developed that partition a reaction
into a large number of chambers or droplets [2]. After end-
point PCR amplification, each partition is examined and de-
fined as positive or negative and then used to calculate the
concentration of the target copies [3]. An important advantage
of dPCR over quantitative, or real-time, PCR (qPCR) is that it
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can be used to absolutely quantify a target’s concentrations
without the need for calibration, which simplifies both exper-
imentation and data comparability [4]. dPCR has been suc-
cessfully applied to routine testing as well as to research
analysis. Morisset et al. [5] showed that droplet dPCR
(ddPCR) is useful for routine analysis of food and animal feed
samples for the presence of DNA from genetically modified
organisms. They concluded that for genetically modified or-
ganisms where both detection and quantification are desirable,
ddPCR has the potential to provide improved throughput and
cost-effectiveness compared to qPCR. ddPCR has also been
used to detect and quantify viruses and bacterial pathogens.
Roberts et al. [6] used ddPCR for the detection and quantifi-
cation of ocular Chlamydia trachomatis in conjunctival swab
samples, and Rothrock et al. [7] used ddPCR to quantify
Salmonella spp., Campylobacter jejuni and Listeria
monocytogenes in environmental water samples. ddPCR has
also been shown to be less sensitive to inhibitors in several
studies, including the analysis of inhibitors in clinical samples
[8], food and animal feed [5] and environmental samples [9].
These promising results of ddPCR application in these fields
prompted our investigation of its suitability for detection and
quantification of bacterial plant pathogens in plant material.
We focused on two qPCR assays: (i) amsC assay for
Erwinia amylovora detection in plant material of the Rosaceae
family [10] and (ii) a broad-range assay for detection of the
Ralstonia solanacearum species complex in potato (Solanum
tuberosum) tubers [11]. Both of these bacteria have quarantine
status in the European Union [12], as in some other regions.
Thus systems for the sampling and testing for symptomatic
and latent infections of E. amylovora and R. solanacearum
have been defined in methods suggested and prescribed by the
European and Mediterranean Plant Protection Organisation
(EPPO; PM7/20 (2)) [13] and the European Commission
(EC; Council Directive 2000/29/EC) [14]. The testing
schemes are based on screening tests, where the results need
to be confirmed by additional tests (based on a different
biological principle or a different target DNA sequence), and
on the isolation of the bacteria as pure cultures and their
identification, followed by final confirmation of their patho-
genicity on alternative host plants [13, 14]. For detection
purposes, the concentration of the bacteria is of lesser impor-
tance, as here any positive confirmed result leads to
phytosanitary management measures being taken. Thus, al-
though qPCR is gaining acceptance as the first screening test
and E. amylovora qPCR has been included in EPPO PM7/20
(2) [13], the results are usually interpreted only qualitatively
i.e. the result is either positive or negative. Absolute quantifi-
cation, however, provides additional information, which in-
cludes an indication of the likelihood of the sample being
confirmed by the whole testing scheme, depending on the
known analytical sensitivities of the individual tests used.
Absolute quantification is also invaluable for research
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purposes, e.g. in studies of bacterial infection kinetics and
determination of biologically relevant thresholds, and for
characterisation of in-house reference materials when they
are not otherwise available.

In the present study, we aimed to transfer two qPCR assays
to ddPCR format and to assess the critical parameters of their
performance in terms of detection and quantification of the
target bacteria, in bacterial suspensions and in plant material.
During this transfer, we also optimised the analysis steps
through critical assessment and selection among different
analysis approaches. As an aid to analysis, we developed an
open-source R script for ddPCR data analysis that combines
the calculation of the relevant parameters identified as essen-
tial in the digital Minimum Information for Publication of
Quantitative Digital PCR Experiments (MIQE) [15] and the
parameters that describe the quality of separation between the
positive and negative droplets. The data obtained and the
approaches developed should be applicable to detection and
quantification of these and other organisms in plants and other
materials.

Material and methods
Bacterial strains and plant material

The bacterial strain E. amylovora NIB Z 3 was isolated from
Pyrus communis in the UK in 1959 (National Collection of
Plant Pathogenic Bacteria [NCPPB] 683") and the
R. solanacearum biovar 2 strain NIB Z 30 was isolated from
Solanum tuberosum cv. Bildstar in the Netherlands in 1995
(NCPPB 4156); they were both grown on King’s B medium
[16] at 25 °C. Suspensions of bacteria were prepared in
10 mM phosphate buffer (pH 7.2) and standardised by turbid-
ity measurements (DEN-1B McFarland densitometer,
Biosan). The number of colony forming units (CFUs) was
determined by plating on King’s B medium.

The plant material was collected by the Administration of
the Republic of Slovenia for Food Safety, Veterinary and Plant
Protection, Ministry of Agriculture and Environment and
Phytosanitary Inspectorate, from 2003 to 2012. Extracts were
prepared from the plant material of the Rosaceae family, and
their health status was assessed according to the EPPO proto-
col for E. amylovora testing [13]. Extracts of plant material
from potato tubers were prepared according to EC Directive
2000/29/EC for R. solanacearum latent testing [14], and their
health status was assessed by immunofluorescence microsco-
py using the IACR-PS-278 anti-R. solanacearum (biovar 2)
polyclonal rabbit primary antibody (Rothamstead Research),
and using PCR [17] and qPCR [11]. Artificially contaminated
samples were prepared by mixing selected negative plant
extracts with known concentrations of target bacteria prior to
the DNA extraction.
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DNA extraction

DNA from the pure bacterial cultures and plant extracts was
extracted and purified using magnetic-bead-based
QuickPick™ SML Plant DNA kits (Bio-Nobile, Turku, Fin-
land). This was automated on a KingFisher™ mL system
(Thermo Labsystem), as described previously for
E. amylovora [10], and with a minor modification (440 uL
lysate used in the purification). The DNA was stored at or
below —15 °C until analysis.

Real-time PCR

The qPCR assays used to detect E. amylovora and
R. solanacearum were (i) an amsC assay that targets the
amsC single-copy gene of E. amylovora [10] and (ii) an assay
that uses RS-I-F and RS-II-R that flank the 16S rRNA region
of R. solanacearum, and that has been suggested for broad-
range detection of all of the R. solanacearum biovars [11]. The
E. amylovora qPCR was previously validated according to the
EPPO guidelines PM 7/98 [18]. These validation data have
been deposited with the EPPO database on diagnostic exper-
tise (http://dc.eppo.int/), and they include the performance
criteria for the analytical specificity, analytical sensitivity,
repeatability and reproducibility. Further data on the
interlaboratory testing for E. amylovora is available [19, 20].
The analytical specificity and sensitivity for the R.
solanacearum qPCR have also been reported previously [11,
21]. In this assay, several target sequences can be present per
genome (see Electronic Supplementary Material, ESM 1).

All of the gPCR reactions were performed in triplicate on
an ABI PRISM 7900 HT Sequence Detection system (Life
Technologies) using the following universal cycling condi-
tions: 2 min at 50 °C, 10 min at 95 °C, followed by 45 cycles
of 15 s at 95 °C, and 1 min at 60 °C, using standard temper-
ature ramping mode. The reaction volumes of 10 pL
contained, as final concentrations, 900 nM primers, 250 nM
FAM and BHQ-1 labelled probes (Integrated DNA Technolo-
gies), 1 xTagMan Universal PCR Master Mix (Life Technol-
ogies) and 2 pL sample DNA. The qPCR data were analysed
using the SDS software 2.4 (Life Technologies) with automat-
ic baseline and a manual threshold of 0.1 for both assays. The
gPCR data are given as Cq values (i.e. qPCR quantification
cycle) and as the number of positives out of all of the tested
replicates.

Droplet digital PCR

The DNA was detected and quantified using the QX100™
Droplet Digital™ PCR system (Bio-Rad, Pleasanton, CA,
USA). ddPCR Supermix for probes (16 pL, Bio-Rad) and
4 uL sample DNA were used, with the primer and probe
concentrations as for the qPCR. After droplet generation,

40 pL of the generated droplet emulsion was transferred to a
new 96-well PCR plate (Eppendorf) and amplified in a
T100™ Thermal Cycler (Bio-Rad). The amplification condi-
tions were 10 min DNA polymerase activation at 95 °C,
followed by 40-45 cycles of a two-step thermal profile of
30 s at 94 °C for denaturation, and 60 s at 60 °C for annealing
and extension, followed by a final hold of 10 min at 98 °C for
droplet stabilisation and cooling to 4 °C. The temperature
ramp rate was set to 2.5 °C/s, and the lid was heated to
105 °C, according to the Bio-Rad recommendations. After
the thermal cycling, the plates were transferred to a droplet
reader (Bio-Rad). The software package provided with the
ddPCR system (QuantaSoft 1.3.2.0, Bio-Rad) was used for
data acquisition.

For optimisation of the primer concentrations in the
ddPCR, primers with 5’ flaps [22] were tested, in addition to
the original primers described by Weller et al. [11].

Analysis of the ddPCR data

The data from the droplet signals (amplitudes of individual
droplets expressed in fluorescence units) were exported from
the ddPCR (QuantaSoft 1.3.2.0, Bio-Rad) as .csv files. Dif-
ferent analysis approaches and threshold settings were then
compared. Discrimination between droplets that did not con-
tain the target (negatives) and those that did (positives) was
based on the signals read by the QuantaSoft software (Bio-
Rad), by applying (i) an automatic individual well analysis,
using the proprietary software (QSi; QuantaSoft, Bio-Rad);
(ii) a threshold determined by the k-nearest neighbour algo-
rithm on a reference sample, using definetherain (DTRg) [23]
and (iii) a manual global threshold (MTg) that was determined
from the signals observed in no-template controls (NTCs). For
the DTRg, the initial thresholds are determined on a sample
with a target concentration within the linear range and with
well-discriminated positive and negative droplets, as deter-
mined visually. The analyses were compared on a set of
samples that included NTCs, negative plant material and serial
tenfold dilutions of the target DNA and on a set of samples
that contained a low, known amount of target DNA in the
plant material that was close to the limit of detection.

The rejection criteria for the exclusion of a reaction from
subsequent analysis included a low number of droplets mea-
sured (less than 10,000 per 20 uL. PCR). A sample was
interpreted as positive if the number of positive droplets was
at least 2. The data from the ddPCR are given in target copies
per microlitre of reaction or are calculated relative to the
starting amount of sample before the DNA extraction and
expressed as log (copies/mL). In the latter case, a correction
factor was applied because only a part of the samples that were
lysed were used in subsequent DNA purification steps (0.838
for BioNobile Quick Pick Plant DNA kit). However, 100 %
efficiency of the DNA extraction was assumed.
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Any bias in the determined concentrations was calculated
by dividing the determined concentration (copies per
microlitre of reaction) by a known (expected) concentration
and expressing this as a ratio of overestimation/
underestimation (e.g. a value of —0.33 means that the concen-
tration was underestimated by 33 %).

To allow for higher-throughput analysis of the ddPCR data,
an R script was written (see ESM 2) in the R language and
environment [24]. The script analysed the data of the signals
exported from the QuantaSoft software, with its automatic
threshold defined individually for each reaction or with a
selected, manually defined, threshold applied. This incorpo-
rates the calculation of (i) the basic parameters of the ddPCR
(e.g. concentration, mean amplitudes of positive and negative
droplets, with corresponding standard deviations); (ii) the
mean copies per partition (lambda) and the total volume of
the partitions measured (effective reaction size), as defined by
the digital MIQE guidelines [15]; (iii) the parameters relating
to the occurrence of “rain” droplets and (iv) the separability
measures of the Bhattacharyya [25] and Jeffries—Matusita
distance (R script adapted from [26]). In determining the
effective reaction size, the volume of the droplets was as-
sumed to be 0.91 nL, which was consistent with the instru-
ment manufacturer’s software.

Results and discussion
Direct transfer of assays from qPCR to ddPCR

We examined the behaviour of the two qPCR assays that
target these quarantined plant pathogenic bacteria using
ddPCR: (i) the qPCR by Pirc et al. [10] for E. amylovora
(Ams assay) and (ii) the broad-range qPCR for detection of the
R. solanacearum species complex using the Rs-I-F and Rs-II-
R primers, and the Rs-P probe, by Weller et al. [11]. Both of
these PCR assays were developed for and are routinely run
on an ABI PRISM 7900 HT sequence detection system. The
primer and probe concentrations in the ddPCR were as in the
gPCR, although the ddPCR Supermix for probes (Bio-Rad
186-3026) and the suggested Bio-Rad protocol for the ampli-
fication were used.

The transfer of the optimised assay for E. amylovora was
straightforward. Amplification of the NTCs and the negative
plant material resulted in droplets with low and constant
fluorescence (background) that could easily be distinguished
from the positive amplification (Fig. 1).

With the assay targeting R. solanacearum, we occasionally
experienced cross-reactions in the PCR and weaker reactions
with some isolates (higher Cq values at the same concentra-
tion) [21]. Also, during this study, the analytical sensitivity of
the assay was low, as seen by the failure of the amplification in
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control samples with low concentrations of the target bacteria
in the routine testing of potato tubers for latent infection
(concentration of ca. 7x10° CFU/mL). The ddPCR results
reflected these already known issues. In all of the plant sam-
ples, a discrete group of positive droplets was observed that
had fluorescence slightly above the negative droplets (ca.
1,400 fluorescence units), which indicated that the assay
reacted with the plant DNA or with a common microorganism
present in all of the tested samples. In addition, more than
eight droplets with a fluorescence level of up to 6,000 units
were observed in four out of 10 negative potato tuber extracts
of cvs. Adora, Désirée (one out of two tested samples) and
Melody (two samples). Indeed, only two out of 10 of the
assumed negative samples did not contain droplets above the
negative signals. A similar pattern of amplification and an
increased negative range was also observed in the presence of
a cv. Carlingford extract (Fig. 1). The decision on the thresh-
old setting was therefore more challenging in the case of the
R. solanacearum ddPCR. This prompted further investigation
of the influence of different threshold settings on the final data
of the ddPCR for both of the examined ddPCR assays.

Assessment of analysis approaches and suitability of ddPCR
assays for detection and quantification of the target bacteria

Assessment of analysis approaches

For the assessment of the analysis approaches and the suit-
ability of the ddPCR assays for detection purposes, we com-
bined the relevant aspects of the commonly reported ap-
proaches to ddPCR evaluation and the general guidelines on
the validation of methods developed within the EPPO [18].
We chose a set of samples with known health status and
assessed the approaches based on the resulting diagnostic
specificity i.e. on their correct identification of positive and
negative samples. In addition to the NTCs and the target DNA
at various concentrations, the set included negative plant
material and artificially prepared samples of plant material
containing low concentrations of the relevant target organisms
for routine diagnostics. These low concentrations were close
to the theoretical and practical limits of detection of the
examined qPCR assays.

The discrimination between droplets that did not contain
target (negatives) and those that did (positives) was based on
signals read by the QuantaSoft software (Bio-Rad), by apply-
ing (i) automatic individual well analysis using the proprietary
software (QSi; QuantaSoft, Bio-Rad); (ii) global threshold
determined by the k-nearest neighbour algorithm on a refer-
ence sample using definetherain (DTRg) [23] and (iii) appli-
cation of a manual global threshold (MTg) determined from
signals observed in the known negative samples. The analysis
approaches differed in the group of droplets (negative or
positive) used to define the threshold and in their treatment
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Fig. 1 Transfer of qPCR to ddPCR. Heat maps from the E. amylovora (a—d) and R. solanacearum (e-h) amplifications using amsC and 16S rDNA
assays, respectively (as indicated). The numbered samples within the groups are ordered as in Tables 2 and 4

of the rain droplets i.e. droplets with intermediate fluorescence
(Table 1).

In the QSi analysis, the majority of the rain droplets were
considered as true positives. The thresholds determined
depended on, and decreased with, the decreasing target con-
centration. In both the E. amylovora and R. solanacearum
assays, the QSi failed to discriminate between the positive and
negative droplets at the highest concentrations tested, which
corresponded to an initial concentration of 10° CFU/mL. At
these concentrations, there were many droplets with interme-
diate fluorescence and a low number of negative droplets,
which appeared to cause the failure of the classifying algo-
rithm and which resulted in an error message (“No Call”). At
low concentrations, individual droplets with fluorescence
close to the negative droplets were also sometimes classified
as positive, as previously observed by Strain et al. [27]. In
theory, this incorrect assignment of the individual droplets can
lead to false-positive results. However, this did not occur with
the E. amylovora assay, and all of the NTCs and negative plant
samples were correctly identified as negative (Fig. 2). The QSi
analysis, however, was not appropriate for detection and
quantification of R. solanacearum using the developed assay,
because of the increased fluorescence in the negative droplets
that would be interpreted as cross-reactions in routine diag-
nostics, and which resulted in false-positive data (Fig. 2). In
general, the QSi appears to represent a more conservative
approach to the analysis, which requires a well-optimised

assay, the presence of both negative and positive droplets,
and good discrimination between these.

The DTRg analysis assumes that the majority of rain drop-
lets (as identified in comparison with a representative refer-
ence sample) are not true positives, and consequently, this
analysis excludes them from the calculation of the concentra-
tions. The thresholds (the cut-off values for positive droplets)
determined using the DTRg approach were the highest for
both of the ddPCR assays (Table 1, Fig. 2), and these resulted
in one false-negative result when testing for low target con-
centrations of E. amylovora in plant material (1/21 samples
tested) (Tables 1 and 2).

In the MTg analysis approach, the threshold was set rela-
tive to the level and distribution of the signals in the NTCs and
the negative plant material, i.e. minimally above the negative
signal levels, which still led to correct results for the selected
negative and positive samples. The threshold set thus reflects
the behaviour of the individual assay and it allows for flexi-
bility in the treatment of the rain droplets. A low threshold was
determined for the well-optimised E. amylovora assay, and a
high threshold was determined in the R. solanacearum assay,
in which there were considerable background signals (false
positives) (Fig. 2). The MTg threshold was defined as an
averaged signal in the NTCs plus six times the standard
deviation in the E. amylovora assay. This gave 2,322 fluores-
cence units (see ESM 3), which places this threshold some-
where in between the different thresholds set for the individual
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Table 1 Approaches used in the analysis and the resulting thresholds

Analysis approach Quanta soft individual definetherain

well analysis (QSi) (DTRg)

Manual threshold,
global (MTg)

Principle
Group used for threshold Unknown
definition
Threshold setting Unknown approach,
individually set
for each sample

Treatment of rain droplets NA

E. amylovora ddPCR analysis
settings determined

Positive and negative droplets (cut-off
for positive and negative droplets is defined)
Defined on a reference, representative sample;
the same threshold was applied to all samples

Droplets with intermediate fluorescence that do not
cluster with either negative or positive droplets are
considered as false positive and excluded from
concentration calculation

Negative droplets

Defined on amplitudes observed in
known negative and positive samples;
the same threshold was applied to all
samples

All droplets with fluorescence above a
certain, fixed threshold (amplitude of
droplets observed in no-template
controls and negative
samples) are considered positive

Reference sample(s) NA DNA of 56.9 copies/pL of reaction, corresponding ~ No-template controls (8) and negative
to log 5.5 starting concentration (copies/mL), plant material (9)
705/13,973 positive droplets
Threshold NA 10,509 2,322
(cut-off for negative droplets <1942) (average amplitude of negative samples
+6SD)

R. solanacearum ddPCR analysis
settings determined

DNA of 31 copies/pL of reaction, corresponding to

No-template controls (8) and negative
plant material (9)

Reference sample(s) NA
log 5.3 starting concentration (copies/mL),
367/13,214 positive droplets
Threshold NA 8,719

(cut-off for negative droplets <1,264)

7,000*
(set above all droplets observed in
negative samples)

#Not possible to set the threshold in the MTg approach (based on the negative signal and their standard deviations). The threshold was set manually

above signals obtained in the known negative samples

samples in the QSi (Fig. 2). Interestingly, the presence of plant
material lowered the average fluorescence levels of the nega-
tive droplets, which appeared to be due to a combined effect of
signal generation and inhibition. Nevertheless, the determined
threshold did not differ much from that determined on the
NTCs only (see ESM 3). In the R. solanacearum assay, the
manual threshold could not be determined in the same way
(see ESM 4) and it was manually set to a high level of 7,000
fluorescence units, which was above the signals in negative
samples and close to the DTRg threshold.

Overall, the different analysis approaches of QSi, DTRg
and MTg had little influence on the qualitative results and on
the concentrations determined. The proprietary QuantaSoft
analysis that defines a threshold for each sample individually
led to the highest analytical sensitivity, which was on par or
slightly below the analytical sensitivity of the qPCR in the
testing for E. amylovora in necrotic plant material. For the
R. solanacearum assay, the setting of a manual threshold was
necessary.

The setting of a global threshold, as in DTRg and MTg
approaches, simplifies the analysis. However, both of these
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approaches rely on the representative nature of one or more
samples, respectively. Both of the DTRg and MTg approaches
are thus expected to be sensitive to significant shifts in the
signals (amplitudes) of negative or positive droplets that might
be due to previously unobserved cross-reactions or the influ-
ence of inhibitors. When these approaches are used, the sig-
nals of positive and negative droplets should be followed
through the runs.

Detection of E. amylovora with ddPCR

As expected, as a result of the low level of droplets with
intermediate fluorescence, different thresholds or exclusion
of such droplets had little effect on the final data and the
determined concentrations in the E. amylovora ddPCR.

All of the negative samples and the samples of plant
extracts containing low levels of target bacteria were correctly
classified using the three different analysis approaches (100 %
diagnostic specificity). The only exception was the DTRg
analysis of one sample of M. domestica cv. Idared that
contained low levels of E. amylovora that gave a false-
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negative result (Table 2). Using the QSi and MTg analyses,
the number of positive droplets at low levels of target concen-
trations (corresponding to the 5x10° CFU/mL starting con-
centration in the plant material) resulted in 2-3 and 7-32
positive droplets, respectively (Table 2). This means that
besides being suitable for E. amylovora detection, both the
QSi and MTg analyses allowed for straightforward interpre-
tation of the data even at these low target levels.

Lower sensitivity of ddPCR in comparison with qPCR has
been reported previously for cytomegalovirus [28] and for
Chlamydia trachomatis [29]. However, in our case, the lower
concentrations tested were close to the theoretical limit of
detection. It is known that in samples with very low copy
numbers, random variations due to sampling errors (Poisson’s
error) can become significant [30]. To confirm the observed
differences between these two formats, higher numbers of
samples should be analysed.

Quantification of E. amylovora with ddPCR

For quantification of the pure bacterial DNA, both DTRg
and MTg analyses had a broader quantification range than
for QSi. However, the quantification range was broader
for DTRg and MTg if they also included the highest tested

concentration that corresponded to the 10® CFU/mL
starting concentration. From the detection point of view,
this is less important than the sensitivity of the method,
which was highest with the QSi analysis (Table 2).

The bias in the determined concentrations within the quan-
tification range of the purified target DNA showed little
variation. Within the linear range, the concentrations were
slightly underestimated, independent of the analysis approach
(Fig. 3a). This underestimation appears to be due to the
inherent efficiency of the DNA extraction (i.e. below
100 %), although other factors might have also contributed
to this, such as pipetting errors, binding of DNA to tubes and
the efficiency of amplification in the ddPCR. Overall, the
efficiency of the whole protocol leading to the quantification
of pure E. amylovora DNA was approximately 19 %, as
estimated from the data from one DNA extraction series.

As expected, quantification of the same low concentration
of E. amylovora in different plant extracts that mimicked
natural infections showed more variable data and was more
dependent on the analysis approach (Fig. 3b). Relatively high
differences in the concentrations determined were seen in the
repeated DNA extractions from the same plant material,
which suggested that the influence of the plant material was
lower than the combined effects of analysing lower
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Table 2 Influence of the ddPCR analysis approaches on the data from the E. amylovora ddPCR, in comparison with gPCR
ID* Type of sample qPCR C¢P Analysis approach
QSi DTRg MTg
(threshold 10,509) (threshold 2,322)
No-template control (8 wells)
1-8 NTC Neg (45) No Call (0) 0 (0) 0 (0)
Negative plant material
9 Malus domestica cv. Topaz Neg (45) No Call (0) 0(0) 0(0)
10 M. domestica Neg (45) No Call (0) 0 (0) 0(0)
11 M. domestica cv. Bracburn Neg (45) No Call (0) 0 (0) 0(0)
12 M. domestica Neg (45) No Call (0) 0 (0) 0(0)
13 M. domestica cv. Jersey Mac Neg (45) No Call (0) 0(0) 0(0)
14 M. domestica Neg (45) No Call (0) 0 (0) 0(0)
15 Pyrus communis Neg (45) No Call (0) 0 (0) 0(0)
16 M. domestica Neg (45) No Call (0) 0 (0) 0.0844 (1)
17 M. domestica cv. Braeburn Neg (45) No Call (0) 0 (0) 0(0)
Range of target concentrations®
18 Log 8 20.5-20.8 (3) 0(0) 5,640.58 (13,481) 5,230 (14,197)
19 Log 7 23.3-23.8 (3) 586 (4,785) 582.08 (468) 587 (4,791)
20 Log 6 27.1-27.4 (3) 56.9 (705) 55.71 (688)¢ 57 (707)
21 Log 5 33.0-34.3 (3) 5.37 (65) 5.22 (63) 5.37 (65)
22 Log 4 34.5-36.4 (3) 0.985 (14) 0.63 (9) 0.633 (9)
23 Log 3 36.0-37.2 (3) 1.24 (16) 0.08 (1)f 0.0777 (1)
24 Log 2 37.3 (1) 0(0) 0 (0) 0(0)
25 Neg Neg (45) 0 (0) 0 (0) 0(0)
Quantification ranged Log 4-8 Log 4-7 Log 4-8 Log4-8
R 0.99 0.99 1 1
Lowest concentration positive 2 3 4 4
Low amount of target in plant material®
26 M. domestica cv. Beli¢nik 34.3-359 (3) 0.772 (10) 0.295 (4) 0.540 (7)
27 34.4-34.5 (3) 0.556 (7) 0.54 (7) 0.477 (6)
28 35.0-36.7 (3) 0.737 (10) 0.318 (4) 0.442 (7)
29 M. domestica cv. Idared (#1) 34.9-36.0 (3) 1.14 (13) 0.161 (2) 0.525 (6)
30 36.0-37.3 (2) 0.645 (8) 0.437 (5) 0.161 (2)
31 M. domestica cv. Idared (#2) 34.9-353 (2) 2.35(32) 0.247 (3) 1.76 (32)
32 34.2-353 (3) 0.881 (11) 0.0733 (1)f 0.641 (8)
33 34.4-348 (2) 0.66 (8) 0.481 (6) 0.33 (4)
34 M. domestica 34.3-35.5(3) 1.29 (14) 0.333 (4) 0.461 (5)
35 34.5-35.1 (3) 1.25(15) 0.461 (5) 0.416 (5)

# The numbering of samples is identical to the numbering in Figs. 1 and 3

® A range of Cq values of three replicates; number of positive replicates are shown in brackets
¢ Starting concentrations are expressed as bacterial CFU/mL of phosphate buffer

9 A linear range of starting concentrations (CFU/mL)

¢ Artificially prepared samples containing negative plant extract mixed with E. amylovora bacterial suspension to a final concentration of log 3.7 CFU/
mL of the plant extract. DNA from these samples was extracted at different times and by different operators

f According to the criteria for positivity as defined in this study, the samples with one positive droplet would be interpreted as negative

€ Reference sample in the DTRg analysis

concentrations (stochastic effects) and the variable efficiencies
of the different series of DNA extractions. The QSi analysis

approach was the most variable regarding the direction of bias.
Overall, the bias ranged from —77 to —85 %. For quantification
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Fig. 3 Bias in the ddPCR quantification of E. amylovora and
R. solanacearum as influenced by the analysis approach. The bias is
expressed as the ratio of overestimation/underestimation of the

purposes for low levels of target DNA in the plant material, it
was not possible to choose a single analysis approach that
would guarantee the best result in the routine analysis of
different samples. To determine if the analysis approaches
indeed differ in their accuracy for low levels of target DNA
in the plant material and to choose the optimal analysis ap-
proach a larger number of samples should be analysed, to
compensate for the lower repeatability of the assay in the
range examined.

E. amylovora ddPCR in comparison with gPCR

In comparison with qPCR, ddPCR showed similar levels of
analytical sensitivity and a similar quantification range, in
particular for the plant material (Table 2). This was further
confirmed by analysis of three serial tenfold dilutions of
E. amylovora in plant material of Malus domestica and Pyrus
communis (Table 3). Both formats of the assay were suitable
for detection and quantification of E. amylovora in plant
material.

6521
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8
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cultivar
d Plant material (Malus domestica)
mQSi ODTRg EMTg
2,51
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(7]
8
m 0’5_
0,51
15
27 | 28|29 [ 30 [ 31 [ 3233|3435 36] 37
cv. Aladin cv. Carlingford cv. cv. Marabel
Jelly

Plant material (Solanum tuberosum)

concentrations in copies/reaction. Bias for E. amylovora (a, b) and
R. solanacearum (¢, d) are shown for pure cultures (a, ¢) and for artificial
plant samples containing low levels of target DNA (b, d) (as indicated)

Detection of R. solanacearum with ddPCR

The R. solanacearum assay appears not to be optimal. This
has been observed previously in qPCR as cross-reactions
(false-positive signals) in plant material [21]. As confirmed
in the present study, the analytical sensitivity of the assay is
not always satisfactory, which is seen as a failure to detect the
lower concentrations of bacteria in plant material (Table 4). In
ddPCR this was seen in the broader distribution of the signals
in the negative and positive samples, the higher frequency of
droplets with intermediate fluorescence (rain) and the occur-
rence of droplets with high signals in negative plant samples
(Fig. 1).

The QSi analysis algorithm often failed to correctly dis-
criminate negative and positive droplets (Fig. 2, Table 4) and it
was not suitable for analysis of ddPCR data in which negative
and positive droplets are not well separated. As a result of
amplifications in some negative plant extracts, it was also not
possible to define a low global manual threshold that would
allow the correct classification of negative and positive sam-
ples (Fig. 2; see also ESM 4). Setting a threshold manually at
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Table 3 Quantification of standard curves of the E. amylovora in the plant material and comparison with the qPCR data. The quantification range and

the lowest concentrations detected are also indicated

Starting concentration

Malus domestica cv. Braeburn

Malus domestica

Pyrus communis

[log(CFU/mL)]
qPCR ddPCR qPCR Cq ddPCR qPCR Cq ddPCR
Cq range (pos/  log(copies/mL) range (pos/all log(copies/mL) range (pos/all log(copies/mL)
all replicates) (number of replicates) (number of replicates) (number of
positive droplets) positive droplets) positive droplets)
6.3 25.5-25.6 3/3)  6(2,089) 25.9-26 (3/3) 6(1,819) 25.4-255(3/3) 6.1 (2,485)
53 28.9-29.0 (3/3) 5.1 (255) 29.1-29.2 (3/3) 5(217) 28.9-29.1 (3/3) 5.1(236)
43 32.3-32.4 (3/3) 4.1(27) 32.3-32.9 (3/3) 4.1 (30) 32.3-32.8 (3/3) 4.4 (44)
33 34.4-36.6 (3/3) NA (0) 35.5-37.6 3/3) 3(2) 34.8-36.8 (2/3) 3.3 (4)
23 Neg 27 (1) 37.2 (1/3) 27 (1P Neg Neg (0)
1.3 Neg 32(3) Neg Neg (0) neg Neg (0)
0.3 Neg Neg (0) Neg Neg (0) Neg 2.7 (1)°
-0.7 Neg Neg (0) Neg 27 (1P Neg Neg (0)
Quantification range® Log 3-6 Log 2-6 Log 3-6 Log 3-6 Log 3-6 Log 3-6
Lowest concentration detected” Log 3 Log 1 Log 3 Log3 Log3 Log 3

#Log(CFU/mL) starting concentration

® According to the criteria for positivity as defined in this study, the samples with one positive droplet would be interpreted as negative

approximately 7,000 fluorescence units led to the correct
classification of the negative samples (NTCs and negative
plant material) and this was chosen for further analysis. It
was expected that the high threshold might lead to lower assay
sensitivity, which would hamper its usefulness for the detec-
tion of R. solanacearum in potato tuber extracts. However,
when the threshold of 7,000 fluorescence units was applied to
the serial dilutions of R. solanacearum DNA, this resulted in a
broad linear range (log 1 to log 6) and high analytical sensi-
tivity (log 3 CFU/mL of the starting concentration, resulting in
six positive droplets). As expected, based on similar thresh-
olds, the DTRg analysis with a cut-off for positive droplets set
at 8,719 fluorecence units gave very similar result as the
manual threshold (Table 4). Using the manual threshold of
7,000 fluorescence units, and the DTRg analyses for all NTCs,
negative plant samples and plant samples with low amounts of
target bacteria were correctly classified (100 % diagnostic
specificity).

Quantification of R. solanacearum with ddPCR

For quantification of pure bacterial DNA, DTRg and the
manual threshold analysis gave similar data within a broad
quantification range and high analytical sensitivity (Table 4).
However, within the quantification range, all of the analysis
methods slightly overestimated the copy concentrations of the
target when compared to the known starting concentration,
expressed as CFU/mL (Fig. 3c). Bias was also observed in
plant extracts with low concentrations of R. solanacearum
added; this varied between overestimation and underestima-
tion; however, this absolute bias was within 300 % (Fig. 3c).
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Some overestimation was expected, as the target copy is
present in more than one copy per genome. No restriction of
the DNA was used and it was therefore not expected that the
target copies from one genome would be efficiently separated
into discrete droplets. However, the target copies are distrib-
uted discretely in the genomes of R. solanacearum (ESM 1)
and the DNA is unlikely to remain completely intact during
the DNA extraction process. The shearing of DNA could lead
to the target copies being distributed among different droplets,
significantly contributing to the overestimation. The overesti-
mation, however, was not consistently observed over all con-
centration levels (Fig. 3c). It is expected that enzymatic re-
striction of DNA would improve the repeatability of the target
separation and the accuracy of quantification.

R. solanacearum ddPCR in comparison with qPCR

Compared to qPCR, the R. solanacearum ddPCR showed
similar quantification range and analytical sensitivity in pure
culture testing. However, ddPCR was far more efficient in
detecting low target concentrations in plant material, with all
of the tested samples (11/11) correctly classified as positive,
compared with 5/11 samples that were correctly classified
using qPCR. In samples positive in qPCR, the Cq values of
4/5 of these positive samples were in the range where it is
difficult to differentiate them from non-specific amplification
(Cq=41.4-43.5), further complicating their interpretation.
Compared to the overall signal in qPCR, ddPCR provided a
more detailed insight into the individual components
(reactions) that contributed to the final result.
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Table 4 Influence of the ddPCR analysis approaches on the data from the R. solanacearum ddPCR in comparison with qPCR
ID* Type of sample qPCR Cq" ddPCR analysis and results®
QSi DTRg MTg
(threshold of 8,719) (threshold of 7,000)
No-template control (8 wells)
1-8 NTC Neg (45) No Call (0) 0 (0) 0 (0)
Negative plant material
9 S. tuberosum cv. Adora Neg (45) No Call (246) 0 (0) 0 (0)
10 S. tuberosum cv. Agata Neg (45) 25.5(288) 0.0875 (1)¢ 0.0875 (1)¢
11 S. tuberosum cv. Bella Rosa Neg (45) No Call (90) 0(0) 0 (0)
12 S. tuberosum cv. Bistra Neg (45) 34.3 (432) 0 (0) 0 (0)
13 S. tuberosum cv. Desiree (#1) Neg (45) No Call (208) 0(0) 0 (0)
14 S. tuberosum cv. Desiree (#2) Neg (45) 5.13(77) 0 (0) 0 (0)
15 S. tuberosum cv. Linda Neg (45) 9.69 (129) 0 (0) 0 (0)
16 S. tuberosum cv. Melody (#1) Neg (45) 45.4 (549) 0 (0) 0 (0)
17 S. tuberosum cv. Melody (#2) Neg (45) No Call (250) 0 (0) 0 (0)
18 S. tuberosum cv. Red Fantasy Neg (45) No Call (2,148) 0 (0) 0 (0)
Range of target concentrations
19 Log 8 18.5-18.8 3) No Call (0) 7,315.08 (13,986) 4,510 (14,179)
20 Log 7 214-21.53) No Call (13,139) 2,798.81 (12,815) 2,390 (13,121)
21 Log 6 25.4-25.5(3) 296 (3,336) 283.24 (3,155) 286 (3,231)
22 Log 5 29.8-29.9 (3) 31(367) 28.98 (343)" 29.7 (352)
23 Log 4 32.9-33.5(3) 2.97 (38) 2.11 (27) 2.19 (28)
24 Log 3 36.4-36.4 (2) 0.795 (11) 0.43 (6) 0.434 (6)
25 Log2 379 (1) 2.39 (32) 0.07 (1)¢ 0.0747 (1)®
26 Neg Neg (45) 1.01 (13) 0 (0) 0 (0)
Quantification range® Log 3-7 Log 4-6 Log 3-7 Log 3-8
R2 1.00 1.00 1.00 1.00
Lowest concentration positive Log 3-7 Neg Log 3 Log 3
Low amount of target in plant material”
27 S. tuberosum cv. Aladin 42.2-423 (2) No Call (0) 3.1(34) 3.74 (41)
28 Neg (45) No Call (0) 2.36 (28) 2.7(32)
29 S. tuberosum cv. Carlingford Neg (45) No Call (1593) 0.363 (5) 0.798 (11)
30 32.7-34.4 (3) No Call (2608) 1.8 (23) 2.58 (33)
31 42.2-449 (3) No Call (1503) 0.643 (8) 1.13 (14)
32 Neg (45) No Call (1280) 0.497 (6) 1.24 (15)
33 S. tuberosum cv. Jelly 43.0-43.1 (2) 4.45 (60) 0.148 (2) 0.889 (12)
34 S. tuberosum cv. Marabel Neg (45) No Call (0) 3.35 (40) 4.44 (53)
35 Neg (45) No Call (0) 2.18 (28) 2.96 (38)
36 Neg (45) No Call (0) 2.27 (26) 245 (28)
37 40.2-42.0 (3) No Call (60) 4.61 (51) 4.79 (53)

#The numbering of samples is identical to the numbering in Figs. 1 and 3

® A range of Cq values of three replicates; number of positive replicates are shown in brackets

¢ The determined concentration in copies/UL of reaction. Number of positive droplets is shown in brackets

4 Starting concentrations are expressed as bacterial CFU/mL of phosphate buffer
¢ A linear range of starting concentrations (CFU/mL)

f Artificially prepared samples containing negative plant extract mixed with E. amylovora bacterial suspension to a final concentration of log 3.7 CFU/
mL of the plant extract. DNA from these samples was extracted at different times and by different operators

& According to the criteria for positivity as defined in this study, the samples with one positive droplet would be interpreted as negative

b Reference sample in the DTRg analysis
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On the basis of our data, we can conclude that despite its
obvious shortcomings in design, the ddPCR format of the
assay is more suited to the analysis of latently infected potato
tuber samples than qPCR is. Further analyses are needed to
see how the R. solanacearum ddPCR performs under condi-
tions of mismatches in primers and probe i.e. in detection and
quantification of different isolates. Also, the assay may war-
rant further optimization e.g. testing of different annealing
temperatures.

An R script for exploratory analysis of ddPCR data,
estimation of the rain and calculation of separability measures

To provide improved high-throughput and automated analysis
of ddPCR at variable threshold settings, an R script was
written (see ESM 2). This script analyses the data from the
signals (amplitudes) and the cluster data as exported from the
QuantaSoft software and applies a selected global threshold. It
incorporates the calculation of (i) the basic parameters of the
ddPCR (e.g. concentrations, mean amplitudes of positive and
negative droplets, with corresponding standard deviations);
(i1) the mean copies per partition (lambda), which is also used
for calculation of the concentrations, and the total volume of
the partitions measured (effective reaction size), as defined by
the digital MIQE guidelines [ 15]; (iii) the parameters related to
the occurrence of the rain droplets and (iv) the quality of the
separation of negative and positive droplets via the separabil-
ity measures of the Bhattacharya and Jeffries—Matusita dis-
tance. Examples of the data for sets of samples from Tables 2
and 4 using the manual global thresholds of 2,322 and 7,000
fluorescence units for E. amylovora and R. solanacearum,
respectively, are available as a supplement (see ESM 6 and 7).

The data from the ddPCR assays and parameters calculated
using the R script described above show that the average
signals in the positive and negative droplets were relatively
constant, i.e. independent of the target concentrations, except
for the highest concentrations at which the rain droplets con-
tributed to and increased the average signals in negative
droplets. The effective reaction size calculated from the num-
ber of accepted droplets was not affected by the type of assay
material (NTC, plant material, purified target DNA), cartridge
or ddPCR run. On average, 63 % (£5 %) of the total reaction
was analysed in both of the ddPCR assays. The number of
accepted droplets was above 11,500 in all cases.

The R script also allowed calculation of the various param-
eters related to the occurrence of rain. For the purpose of this
study, droplets of intermediate fluorescence (i.e. the rain) were
defined as droplets with signals in the range between the mean
amplitude of negative droplets plus three standard deviations
and the mean amplitude of positive droplets minus three
standard deviations. The R script provides the number of
droplets outside these ranges and the number of droplets
between the two groups (negative and positive droplets), as
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well as the percentages for the positive droplets and for all of
the droplets. In general, the percentage of rain droplets in-
creased with the target concentration. The rain occurred with
both the E. amylovora and R. solanacearum assays; however,
from the data of the negative and positive samples, it can be
seen that the reasons are probably different. With the
E. amylovora assay, the rain was related to the preparation
of'the DNA. There were higher numbers of rain droplets in the
presence of inhibitors that arose from the DNA extraction or
the bacterial components for direct ddPCR (Fig. 4). For the
R. solanacearum assay, the droplets with high fluorescence
above the negative droplets appear to be a consequence of
non-specific reactions of primers and probes with the plant
DNA or with the DNA of the microflora associated with
potato (Fig. 1). On average, at low target concentrations, 0.2
and 1.2 % of all of the droplets had intermediate fluorescence
with the E. amylovora and R. solanacearum ddPCR,
respectively.

The definetherain analysis is characterised by the exclusion
of droplets with intermediate fluorescence (i.e. the rain) [23].
Based on our observations, a certain level of rain droplets is
common in ddPCR, and these are likely to be caused by small
differences in the amplification efficiencies or delayed ampli-
fication among droplets due to the Monte Carlo effect. Other
possible reasons for the rain have been proposed, e.g. non-
specific amplification [31], irregular droplet size [27], partial
inhibition [8] or damaged positive droplets that emit a reduced
signal, damaged negative droplets that emit an increased
background fluorescence or a mixture of these two [23]. Both
Strain et al. [27] and Jones et al. [23] propose exclusion of
such droplets from the calculations of concentration. In our
study the rain was minimal in the E. amylovora ddPCR, and
the data collected did not provide justification for its exclusion
from the analysis. The rain was more common in the
R. solanacearum ddPCR and did not depend on the sample
preparation (i.e. DNA extraction or direct ddPCR), which
suggested that this rain was inherent to the assay. In the case
of R. solanacearum, we distinguished between the rain and
the droplets with signals just above negative signals, for which
we hypothesise that they arise from the non-specific amplifi-
cation of DNA from the plants or their microflora. Again, our
data suggest that the rain is mostly caused by the Monte Carlo
effect and that it is a useful indicator of the assay quality.

Of the separability measures calculated, the Bhattacharyya
distance, which increases depending on the difference be-
tween the standard deviations of the two distributions (posi-
tive and negative droplets), had the highest resolution, which
identifies small differences in the quality of the separation.
Together with the percentage of rain droplets, the
Bhattacharyya distance provides a useful way to describe the
data quality and can be a useful parameter during the optimi-
sation steps of ddPCR. In the assessment of the
R. solanacearum ddPCR performance with variable primer
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Fig. 4 Accuracy of the CFU determinations in the direct ddPCR and the
comparison of rain in direct ddPCR and amplification of extracted DNA.
Accuracy of quantification with direct ddPCR is shown (a), as well as the

concentrations, the Bhattacharyya distance was highest with
the lowest primer concentrations. This indicates the best sep-
aration between negative and positive droplets despite the two
clusters being closer to each other than with the higher primer
concentrations used. On the contrary, at the lowest primer
concentrations, the percentage of rain droplets out of the
positive droplets was highest, which suggests that both of
these parameters need to be taken into account in the selection
of the optimal primer concentrations (see ESM 8).

The developed R script is open source and is thus available
for further improvements through the incorporation of other
possible parameters and/or analysis approaches.

Direct ddPCR for rapid and accurate determination of target
concentrations

Direct ddPCR was performed on serial dilutions of the
E. amylovora and R. solanacearum bacteria in 10 mM phos-
phate buffer by directly adding bacteria to the ddPCR reaction
mixture. The data were assessed by comparing the concentra-
tions determined with the concentrations expected i.e. with the
starting concentrations in CFUs/mL. In direct ddPCR, we
relied on the polymerase activation step (10 min at 94 °C) at
the beginning of the PCR amplification to release the DNA
from the bacterial cells. Inevitably, this leads to a higher level
of interference in the droplets from the bacterial components
in the PCR, the influence of which was seen as an increased
number of droplets with intermediate fluorescence (Fig. 4).
Interestingly, in the E. amylovora assay, the extracted DNA

distribution of droplets in amplification of extracted DNA and direct
ddPCR and per cent of rain droplets for £. amylovora (b and ¢, respec-
tively) and R. solanacearum (d and e, respectively)

showed more rain than for the analysis of the comparable
amount of DNA prepared by the dilution of a more concen-
trated DNA sample (Fig. 4). This suggests that the extraction
itself introduces some inhibitors into the PCR amplification,
either from the buffers used in the extraction and purification
itself, or from more efficient co-extraction of bacterial
components.

Despite the occurrence of rain, the estimations of the
E. amylovora concentrations using direct ddPCR were closer
to the true starting values, as expressed in CFU/mL, than the
quantification following the DNA extraction (see ESM 5).
This also means that the majority of the cells in the bacterial
suspensions of E. amylovora were alive and formed colonies.
The quantification range of the E. amylovora direct ddPCR
extended over four log units (from 10* to 10% CFU/mL of the
starting concentration; Fig. 4). The concentration of
R. solanacearum in CFUs was accurately determined with
the direct ddPCR (Fig. 4), although it was slightly
overestimated through the analysis of the extracted DNA
and its dilutions (see ESM 5). However, the positive bias
was consistently the lowest in direct ddPCR. In direct ddPCR,
the DNA is only released from the bacteria when they are
already inside the droplets, and thus the multiple-copy targets
from the same genome are not separated into discrete droplets.
This suggests that the major part of the positive bias is prob-
ably due to the discrepancy between the initial number of
CFUs and all of the cells present (including dead and viable
but non-culturable cells), while the remaining positive bias
might be due to multiple copies of the target sequence.
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The strong correlation between the number of target DNA
copies and the CFUs makes both of these direct ddPCR assays
very useful for direct, rapid and accurate determination of
bacterial/target concentrations in suspensions. These suspen-
sions can then be used for preparation of in-house reference
materials for various assays and to determine absolute DNA
extraction efficiencies.

Conclusions

This is the first report on the suitability of ddPCR for routine
detection of the quarantine plant pathogenic bacteria
E. amylovora and R. solanacearum, which are causative
agents of fire blight of rosaceous plants and potato brown
rot, respectively. We report here on the assessment of the
ddPCR performance, which combined the determination of
the relevant ddPCR parameters with the selection of a suitable
analysis approach for a defined set of samples with known
health status, including (i) NTCs, (ii) negative plant material,
(iii) serial dilutions of target DNA and (iv) artificially prepared
samples with target concentrations relevant to routine testing
(in this case, log 3 cells/mL plant extract).

The two assays examined differed in the target copy num-
ber per genome (one for E. amylovora and three for
R. solanacearum) and their behaviour in qPCR. The
E. amylovora assay shows good analytical sensitivity, and
there were no cross-reactions during the extensive validation
and its routine use. On the contrary, the R. solanacearum
assay lacked the desired analytical sensitivity when used on
samples of potato tubers and occasionally showed cross-
reactions (see also [21]).

In the ddPCR format, the performance of the E. amylovora
assay was comparable to its qPCR format, despite the reduced
number of replicates (one in ddPCR compared with three in
qPCR), which makes the ddPCR the first choice for charac-
terisation of in-house reference materials and for any applica-
tion where quantification is also required.

In contrast, for the R. solanacearum assay, where previous
data and the data from this study indicate that its design might
not be optimal, the ddPCR format significantly improved both
its analytical and diagnostic sensitivity when analysed with a
manual global threshold that was defined on a set of reference
samples. Also, the data analysis and interpretation of the
ddPCR was considerably simplified in comparison with
gPCR. We therefore propose that the ddPCR format of this
R. solanacearum assay is more suitable for routine analysis of
samples than qPCR.
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Overall, the optimal analysis approach depended on the
assay characteristics. In general, the proprietary QuantaSoft
analysis required data of high quality, and the algorithm often
failed with the analysis of the R. solanacearum ddPCR data. In
the quantification of E. amylovora, which has been well
optimised already in the qPCR format, the data from the
QuantaSoft analysis were similar to those obtained after the
application of a global threshold set just above the negative
droplets.

The R script enabled the automation of the ddPCR data
analysis under different settings, thus significantly simplifying
the optimisation of this step. The R script is also used to
calculate additional parameters related to the occurrence of
rain and to the quality of the separation of the negative and
positive droplets via the Bhattacharyya distance. Using these
parameters in optimisation of primer concentrations, we have
generated apparently counter-intuitive data that show that the
separation is better with lower primer concentrations (see also
ESM 8). The R script is open source and can be used for
exploratory analysis of ddPCR data in general. It also has the
potential to be used for other analyses (e.g. clustering of
droplets, as used in the definetherain analysis) and for the
calculation of additional parameters. Specifically, the useful-
ness of the separability measures needs further investigation.

In addition to being suitable for detection and quantifica-
tion of target copies in plant samples after the DNA extraction
and purification step, both of these ddPCR assays were suc-
cessfully performed on pure bacterial suspensions without any
DNA extraction step. This direct ddPCR allowed the rapid
determination of target concentrations that correlated well
with the starting CFUs. This confirms the suitability of ddPCR
for absolute quantification of E. amylovora in
R. solanacearum preparations of in-house reference materials
and for control samples for interlaboratory studies. This is of
particular importance in the field of plant pathogen diagnos-
tics, where no reference materials are commercially available.

Further improvements to the assays in the ddPCR format
will be possible by analysing multiple reactions per sample
and via multiplexing of assays that target different regions of
the target pathogen DNA.
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