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Real-Time PCR for Ceratocystis platani detection: in-depth validation
to assess the diagnostic potential and include additional technical
options
A high-performing detection method is essential to safeguard those countries
that are still unaffected by canker stain, a devastating disease of Platanus spp.
caused by Ceratocystis platani. We previously developed EvaGreen and Taqman-based Real-Time PCR to detect this pathogen, but in-depth validation is
needed to guarantee users about its effectiveness and promote its utilization.
In this work we present a validation study designed according to EPPO standards, focusing on the analytical and diagnostic sensitivity and specificity. We
extend its technical application using SYBR Green. By performing standard
curves and eight-replication-based experiments, we established the detection
limit at 3 fg C. platani gDNA per PCR reaction. The repeatability and the operator-based reproducibility of the Real-Time PCR was demonstrated. Different
gDNA extraction events by different operators and different gDNA extraction
modalities did not affect the detection limit. The detection limit threshold cycle was earliest with SYBR Green, followed by Taqman, and EvaGreen. Spiking
6 µl DNA extractions of uninfected, necrotized wood with 3 fg C. platani gDNA
confirmed the detection limit: 3 fg C. platani gDNA per PCR reaction, i.e., 0.5
fg gDNA per µl of wood extract. The assays tolerated 6 µl of necrotic C. platani-infected wood extracts without inhibition except for long-dead wood samples, while the 2 µl dose consistently allowed for successful detection. Detection of the pathogen in infected samples showed the highest diagnostic sensitivity with the SYBR Green assay. Agarose gel electrophoresis and staining was
validated for visualizing amplicons, even at the detection limit. The specificity
of the method was tested against 23 isolates representing the diversity of Ceratocystidaceae, and most species were not detected at 5 ng gDNA. However,
some South American strains of the C. fimbriata complex were detected at
doses as low as 5 fg. The method remains specific for C. platani detection as
no other Ceratocystidaceae are known to colonize plane tree and the species
within the geographic range of canker stain of plane tree were only detected
at 500 pg or more gDNA. This work paves the way for a performance study of
inter-laboratory comparisons.
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Introduction

Canker stain is by far the most destructive disease of Platanus spp. The disease is
caused by the ascomycetous fungus Ceratocystis platani (J. M. Walter) Engelbr. & T.
C. Harr., a host-specialized species within

the Latin American Clade (LAC) of the C.
fimbriata Ell. & Halst. complex, now recognized as the LAC of the genus Ceratocystis
sensu stricto (Engelbrecht & Harrington
2005, De Beer et al. 2014, Tsopelas et al.
2017). Infection of wounds of the root or

stem results in colonization of the sapwood with xylem staining, as in Ceratocystis wilt diseases, but there may also be
necrosis of the cambium and living bark tissues (cankers), resulting in the death of the
trees (Pilotti et al. 2009, Harrington 2013).
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C. platani is native to the southeastern
USA, but is also found in Modesto, California (USA) and in southern Europe to Asia
Minor (Panconesi 1999, Harrington 2013,
Tsopelas et al. 2017). Due to the damage
caused in Europe, C. platani was included in
the EPPO (European and Mediterranean
Plant Protection Organization) A2 list of
quarantine organisms (OEPP/EPPO 1986,
2003, 2014b). In Italy, a ministerial decree
established mandatory monitoring, prophylaxis and eradication measures to safeguard plane trees (Ministerial Decree 2012).
A PCR-RFLP method was first developed
for identifying isolates of species in the
Ceratocystidaceae (Witthuhn et al. 1999).
Real-Time PCR methods for C. platani detection developed more recently (Pilotti et
al. 2012, Luchi et al. 2013). These methods
represent the first advanced molecular
tools for an effective application of sanitary measures and for studies on epidemiology and the resistance/susceptibility levels of Platanus spp. The method by Luchi et
al. (2013) is based on Taqman minor groove
binder (MGB) targeting the cerato-platanin
gene and the internal transcribed spacer 2
(ITS2). The ITS2-targeted assay revealed
highly sensitive (detection of 2 fg µl -1 DNA
extracted from axenic culture = 10 fg/PCR
reaction), and it successfully detected C.
platani airborne inoculum at 10 conidia ml -1.
Thus, the method was specifically designed
to monitor and quantify the pathogen at
low levels, which is particularly useful for
monitoring pathogen levels during sanitation cuttings and investigating the airborne
transmission of the pathogen.
The Real-Time PCR assays by Pilotti et al.
(2012) have been included in the EPPO protocol for in planta detection of C. platani
(OEPP/EPPO 2014a). They are based on
EvaGreen dye or a Taqman probe and are
targeted to ITS1. These assays proved effective and robust, with high analytical
(ASe) and diagnostic sensitivity (DSe), and
they were suitable for pathogen quantification in wood. They had an amplification efficiency of nearly 100% when applied both
to freshly-infected wood and wood from
naturally and artificially infected trees that
had been dead for a long time. There was
no cross-reaction with a wide range of
wood-inhabiting fungi. Regarding the analytical sensitivity, the assay detected 100 ag
of the target amplicon-containing plasmid
(pDNA) per PCR reaction, corresponding to
20 copies of the target amplicon and 10 fg
fungal genomic DNA (gDNA) per PCR reaction (Pilotti et al. 2012, OEPP/EPPO 2014a).
Overall, these features render this method
specifically suited for in-wood detection
both for diagnostic purposes and for research on host resistance. Both methods
(Pilotti et al. 2012, Luchi et al. 2013) have
the potential to be applied each for the
election use of the other, provided they
successfully pass through the required validation processes.
New plant pests are becoming established worldwide, and this has prompted
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international plant health organizations to
fund and coordinate research aimed at developing effective molecular diagnostic
methods in order to carry out control measures. In Europe, EPPO and EUPHRESCO
(EUropean PHytosanitary RESearch COordination) are promoting this goal by
launching studies on diagnostic methods
for quarantine and emerging phytosanitary
pests. Producing robust validation data has
thus become crucial for any method to be
included in the official diagnostic EPPO
protocols, which are frequently updated as
additional validation data become available
(https://www.eppo.int/News&Events/euph
resco.htm).
In this paper we present an in-depth validation study designed according to the
EPPO guidelines for validation of diagnostic methods (OEPP/EPPO 2010, 2014b). The
focus was on the analytic and diagnostic
sensitivities of EvaGreen and Taqman assays. In addition to Eva Green, we validated
a low-cost alternative, a SYBR Green assay,
and we included a qualitative PCR test with
agarose gel electrophoresis as an alternative to Real-Time PCR. Lastly, we determined the diagnostic specificity (DSp) of
the assays against representative members
of Ceratocystidaceae.

Material and methods
Definitions and objectives

An important issue of this work is the validation of the ASe for pure fungal gDNA
and for wood meta DNA (meDNA). We define ASe as the lowest gDNA quantity of
the target organism that is detected in the
PCR reaction (which we refer to as DQPAse: DNA Quantity per PCR reaction – ASe)
and in the sample to be tested, expressed
per microliter (which we refer to as DQSAse: DNA Quantity in the Sample to be
tested – ASe).
We introduce the distinction between inmycelium and in-necrotic-wood, for which
ASe refers to gDNA extracted from a pure
culture of the microorganism and to
meDNA extracted from the necrotic wood,
respectively.
Given that these distinctions are not trivial, we provide some explanations. DQSASe may vary according to the volume of
the tested sample (TS) added to the reaction mixture and the total volume of reaction mixture. The larger the TS volume, the
lower the target gDNA quantity per µl of
TS (i.e., DQS-ASe). If TS derives from a pure
fungal culture, the distinction between
DQP-ASe and DQS-ASe is merely conceptual. In principle, the equation in-mycelium
DQP-ASe = in-mycelium DQS-ASe × number
TS microliters, is valid nevertheless. Note
that in this equation in-mycelium DQP-ASe
remains constant and in-mycelium DQSASe varies in relation to the TS volume.
However, it makes sense to exploit DQSASe if TS is a DNA extract from a tissue
source, i.e., necrotic wood, in which case
the template volume may contain natural

PCR inhibitors derived from the plant tissue. Thus, if some inhibition takes place,
then DQP-Ase is no longer constant and its
value increases proportionally to the TS
volume (each TS volume has a different
value of DQP and DQS-ASe), i.e., the process becomes less sensitive. The presence
of the pathogen in the host plant may be
quantitatively heterogeneous, leading to
variation in fungal DNA titer in various subsamples. However, extracting from large
plant samples and adding large volumes of
the extract to the Real-Time PCR reaction
mixture without encountering inhibitory
effects should enhance the capacity of the
method to detect the pathogen at low
titer.
We had seven key objectives in carrying
out this work: (i) to determine the detection limit for in-mycelium DQP-Ase in more
detail than we had done previously by inferring standard curves based on narrower
dilution windows (5-fold serial dilutions)
and to validate it by testing for repeatability and reproducibility, as suggested in
ISO/IEC standard 17025 guidelines (OEPP/
EPPO 2010, 2014b); (ii) to determine the innecrotic-wood DQP and DQS-ASe in order
to evaluate if the discoloration in the wood
has inhibitory effects; we specifically aimed
to assess the capacity of Real-Time PCR assays to tolerate a volume of necrotic wood
extract as high as 6 µl vs. the canonical
dose of 2 µl; (iii) to compare the use of
SYBR Green to EvaGreen and validate it, as
specifically requested by some Italian phytosanitary services; (iv) to further validate
the diagnostic sensitivity of the Real-Time
assays with a focus on naturally-infected,
mature trees in comparison with a rapid
microscope assay (Pilotti et al. 2009); (v) to
evaluate the tendency of the primers to undergo dimerization and give false positive
reactions; (vi) to validate the suitability of
agarose gel electrophoresis for amplicon
detection in conventional PCR runs, as
specifically requested by the Italian phytosanitary services; (vii) to test primers and
probe for diagnostic specificity (DSp) within Ceratocystidaceae in order to identify
potential problems of cross-reactions with
other species or identify the potential to
use the system with other taxa.
As specified above the development and
validation of some technical options were
established in the round table discussions
with Italian phytosanitary services, in the
frame of the project ASPROPI (Azioni a
Supporto della PROtezione delle Piante) financed by the MIPAAF (the Italian Ministry
of Agricultural and Forestry Policies).

DNA extraction and Real-Time PCR

Extraction and quantification of DNA
from healthy and C. platani-infected plane
tree wood has been carried out as previously described (Pilotti et al. 2012, OEPP/
EPPO 2014a). Genomic DNA was extracted
from mycelium of C. platani isolate C.P.32,
which was isolated from an infected tree
located in Rome. The isolate was grown on
iForest 11: 499-509

potato dextrose agar (PDA, Oxoid Unipath
Ltd, Basingstoke, Hampshire, England) or
on sterile cellophane discs (BIO-RAD, Hercules, CA, USA) layered on PDA plates and
collected by scraping with a sterile pipette
tip.
Real-Time PCR amplifications were carried out on a CFX96 Real-Time PCR Detection System equipped with CFX Manager™
software version 3.1 (BIO-RAD). Primers
and probe were as previously described
(Pilotti et al. 2012, OEPP/ EPPO 2014a) and
were synthesized by Invitrogen and Metabion, respectively. We used EvaGreen and
Taqman assays with SsoFast™ EvaGreen®
(BIO-RAD - Pilotti et al. 2012) and SsoAdvanced™ Universal Probes Supermix (BIORAD), respectively. The probe was used at
a concentration of 0.3 µmol l-1. For the
SYBR Green assay, the SsoAdvanced™ Universal SYBR® Green Supermix (BIO-RAD)
was used.
Details on DNA extraction, primers and
probe sequences, supermix composition
and Real-Time PCR thermal cycling, are
given in Appendix 1 (Supplementary material). Thermal cycling conditions included
an initial denaturation at 96 °C for 3 min, 40
cycles at 95 °C for 10 s (denaturation) and
66 °C for 20 s (annealing/extension); and a
final extension at 72 °C for 5 min (for DNAbinding dyes only). Control treatments for
Real-Time PCR were reactions with: (i) notemplate; (ii) healthy and (iii) C. platani artificially-infected plane tree wood; and (iv) C.
platani gDNA isolate C.P. 32.

Testing the risk of primer dimerization

To confirm that the primers were not subject to reciprocal annealing and dimer formation (a possible false positive signal in
any dye-based Real-Time PCR), we ran EvaGreen and SYBR Green reactions in a thermal gradient experiment using the following annealing temperatures: 66, 60.5, 56.9
and 51 °C. The reactions contained each
primer at 0.5 μmol l-1 and no DNA template.
Five replications were tested for each temperature and each dye. The experiment
was repeated twice.

Determination and validation of
in-mycelium DQP-ASe

To determine the DQP-ASe, we tested
eight 5-fold dilution series corresponding
to the following C. platani gDNA quantities
per PCR reaction: 9.37 pg, 1.87 pg, 375 fg,
75 fg, 15 fg, 3 fg, 0.6 fg, and 120 ag. Each dilution series was assayed in triplicate, and
the standard curve experiment was repeated three times with each of the three
assays. The detection limit was determined
to be the lowest DNA quantity/concentration that was detected consistently at a Ct
equal to or lower than the highest acceptable threshold cycle (37.9 – Pilotti et al.
2012).
To validate the repeatability of DQP-ASe,
we performed three experiments for each
of the three assays at the limit of detection
and at a five-fold higher concentration.
iForest 11: 499-509

Eight replications were used for each assay, concentration and experiment. To validate the reproducibility, the above-described set of experiments was performed
by two different operators. We thus performed a total of six experiments for each
assay and concentration. The DQP-ASe was
also validated by testing the gDNA of five
additional C. platani strains, each in a single
experiment performed by one operator, at
the limit of detection and with eight replications.
An additional set of experiments was performed in order to validate the detection
limit in relation to the different modalities
of collecting the fungal mycelium, namely,
the agar vs. the cellophane modalities. We
also investigated whether different extraction events, conducted by two distinct operators, would give a different detection
limit. These experiments were conducted
with Taqman assay. The operator performed three experiments (with eight replications in each) on each type of extracted
gDNA and at 3 and 15 fg gDNA per PCR reaction.

Melting temperature of target
amplicon and agarose gel analyses

Dissociation runs were applied downstream of the EvaGreen and SYBR Green
assays using amplicons derived from reactions charged with 0.5 ng C. platani gDNA
or 1 pg of the PCR target-containing plasmid (pCR®2.1, Invitrogen; see Appendix 1 in
Supplementary material for details on
cloning – Pilotti et al. 2012). Dissociation
runs were performed with an increase of
0.1 °C, from 55 to 95 °C. Amplifications and
dissociations were conducted on 10 replications for each type of template, and the experiment was repeated twice for each dye.
To assess the potential of using the amplification protocol in qualitative PCR (agarose gel electrophoresis), we analysed EvaGreen and SYBR Green Real-Time PCR
products on 2% agarose gels. We analysed
the amplification products derived from
the reactions of a typical standard curve
experiment, namely, runs that were
charged with DNA ranging from 9.37 pg to
3 fg gDNA (five-fold dilution series). Each
gDNA quantity was assayed in triplicate,
and each dye-based assay was repeated
twice.
We also analysed the amplification products obtained from samples of naturally-infected trees, especially samples that produced late fluorescent signals in Real-Time
PCR, thus with a low pathogen titer. For
each sample and assay, 2 and 6 µl of
meDNA were tested in triplicate. After
agarose electrophoresis, gels were stained
with GelRed (Biotium, Fremont CA, USA)
according to the manufacturer’s instructions. DNA bands were visualized with a
Gel DocTM XR+ System (BIO-RAD) before
and after GelRed staining.

Determination and validation of innecrotic-wood DQP and DQS-ASe

The living sapwood of plane trees responds to wounding and colonization by C.
platani or other pathogens with a series of
host reactions that results in discoloration
(Harrington 2013), and this necrotic tissue
contains a number of compounds that
could inhibit PCR. The in-necrotic-wood validation of DQP and DQS-ASe was carried
out following two approaches. In the first
approach, 2 or 6 µl of extracts from naturally or artificially C. platani-infected samples were added to PCR mixtures. In the
second approach, a PCR reaction mixture
containing 6 µl C. platani free-necrotic
wood extract was spiked with 2 µl containing 3 fg of C. platani gDNA. The C. platani
free-necrotic wood extract was a meDNA
extract of necrotic sapwood of two plane
trees showing cankers and fruiting bodies
typical of Fomitiporia mediterranea (Pilotti
et al. 2005). The wood was collected from
the canker reaction zone, and fungal isolation and ITS sequencing confirmed the
necrotic wood was colonized by F. mediterranea (data not shown). After DNA extraction, the samples were confirmed to be C.
platani-free by Real-Time PCR. The extracts
were pooled and used as described above.
The experiment included eight replications,
was repeated three times, and was performed with SYBR Green assay by a single
operator.

Validation of DSe and DSp

For validation of DSe, samples were collected by phytosanitary inspectors of the
Latium region (central Italy) from 28 trees
showing symptoms of canker stain. We assessed a posteriori that each sampled tree
showed typical canker stain symptoms, but
we processed the samples whether the necrotic wood tissue appeared to be freshly
killed or if it appeared to have been dead a
long time. Each sample was tested with all
three assays by adding 2 or 6 µl of the
wood extraction to the PCR reaction (in duplicate/triplicate). Each wood sample was
also analyzed with the microscope assay
(Pilotti et al. 2009).
With regard to DSp, 23 isolates representing species and strains of the family Ceratocystidaceae (Tab. 1) were tested with the
EvaGreen and Taqman assays in order to
evaluate the capacity of primers and probe
to differentiate species and strains within
this taxonomic group. Template for RealTime PCR was extracted from isolates
grown on malt yeast extract agar (MYEA:
2% malt extract, 0.2% yeast extract, 2% agar)
for 4-5 days at room temperature using the
Wizard® Genomic DNA Purification Kit (Promega Corporation, Madison, WI, USA). The
ethanol pellet was suspended in 50 µl of
DNA rehydration solution, and the DNA
concentration of the preparation was determined with a Qubit 2.0 Fluorometer. The
concentration of each extraction was adjusted with H2O to a working stock of 1 ng
µl-1 gDNA.
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Tab. 1 - Average Ct values for detection or samples not detected (ND) using two detection systems (EvaGreen/Taqman Probe) at
various amounts of genomic DNA extracted from members of the Ceratocystidaceae. Each concentration was tested at least twice.
(NT): Concentration not tested; (LAC): Latin American Clade; (AAC): Asian-Australasian Clade; (NAC): North American Clade; (AFC):
African Clade of Ceratocystis. Parentheses indicate inconsistent detection at that concentration, and the value given is the average
for the positive reactions only. Horizontal lines divide the species in groups that gave no, weak and clear cross-reaction signals.
Genus and species (Host,
Country, Clade of C. fimbriata
complex)
C. fimbriata
(Mangifera, Brazil, LAC)
C. cacaofunesta
(Theobroma, Brazil, LAC)
C. fimbriata
(Eucalyptus, Brazil, LAC)
C. fimbriata
(Coffea, Venezuela, LAC)
C. fimbriata
(Ipomoea, USA, LAC)
C. colombiana
(Coffea, Colombia, LAC)
C. ficicola
(Ficus, Japan, AAC)
C. variospora
(Quercus, USA, NAC)
C. albifundus
(Acacia, South Africa, AFC)
C. harringtonii
(Populus, USA, NAC)
Endoconidiophora resinifera
E. coerulescens
Ambrosiella xylebori
Thielaviopsis radicicola
Ceratocystis polychroma
(Syzygium, Indonesia, AAC)
C. smalleyi
(Carya, USA, NAC)
Chalaropsis populi
Chalaropsis thielavioides
Endoconidiophora virescens
Thielaviopsis paradoxa
Ceratocystis adiposa
Huntiella moniliformis
Bretziella fagacearum

Genomic DNA per 20 µL Reaction
Isolate No.

5 ng

500 pg

50 pg

5 pg

500 fg

50 fg

5 fg

C994
(CBS 600.70)
C1983
(CBS 115172)
C1442
(CBS 115174)
C1195
(CBS 146.53)
C1416

-

-

-

24.2/23.5

28.8/28.1

33.4/32.0

36.9/36.6

-

-

-

25.3/27.5

30.1/30.5

34.0/33.9 (37.0)/37.9

-

-

25.2/24.2

28.8/26.6

32.9/31.3 (35.4)/34.7

ND/ND

-

-

24.9/22.5

29.0/27.5

33.7/32.7 (35.8)/(36.5)

ND/ND

C1543
(CBS 135861)
C1355
(KFCF 9001)
C1846
(CBS 114714)
C1060

-

31.2/NT

-

C89
(CBS 114725)
C662
(CBS 100202)
C693
(CBS 489.80)
C3051
(CBS 110.61)
C869
(CBS 114.47)
C2240
(CBS 115775)
C684
(CBS 114724)
C1368
(CBS 484.71)
C1379
(CBS 180.75)
C252
(CBS 128998)
C1003
(CBS 374.83)
C1014
(CBS 147.53)
C1007
(CBS 204.90)
C517
(CBS 129241)

For each species or strain, a 10-fold dilution series at 5 ng to 5 fg per reaction was
separately tested with each assay method
in order to identify the lowest gDNA concentration that could yield a detectable signal (Ct<38.0). In general, two to three separate experiments were run for each isolate at a range of concentrations that included at least the minimum detected concentration and one dilution greater and
one dilution less. For some isolates, three
serial dilutions were tested above the detection limit in order to evaluate linearity of
the response. In each experiment, the
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-

34.0/33.6 (35.6)/(35.2)

ND/ND

-

-

-

(34.1)/37.1

ND/ND

-

-

-

33.8/36.8

(37.8)/ND

ND/ND

-

-

-

-

-

37.3/35.7

ND/ND

-

-

-

-

37.0/35.2

ND/ND

-

-

-

-

35.6/34.8

ND/36.76

ND/ND

-

-

-

-

31.8/34.5

(34.7)/ND

ND/ND

-

-

-

-

ND/(35.0)

ND/ND

-

-

-

-

-

37.6/35.6

ND/ND

-

-

-

-

-

(36.3)/ND

ND/ND

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

ND/ND

-

-

-

-

-

-

same concentration ranges of C. platani man-Keuls test as a multiple testing procegDNA (extracted from isolate CBS 129000) dure (post-hoc analysis). When a data
were included as the positive control.
group violated ANOVA assumptions, we
used Welch’s test coupled with Tukey as
Statistical analysis
post-hoc (normal distribution, heteroStatistical analyses were performed to as- scedasticity), Kruskal-Wallis coupled with
sess differences among groups of Ct values Mann-Whitney Bonferroni corrected (nonrepresenting separate experiments (re- normal distribution, homoscedasticity), or
peatability), different operators (repro- Friedman coupled with Wilcoxon (non-norducibility), extraction modalities and ex- mal distribution, heteroscedasticity). The
traction events, as well as the different results of pairwise comparisons were evalPCR assays. One-way analysis of variance uated at the 99% confidence level. See also
(ANOVA) of completely random design Tab. S1 in Supplementary material for more
was carried out using the Student-New- details. All Ct group data used in the statisiForest 11: 499-509

tical analyses are reported in Tab. S2 (Supplementary material). STATGRAPHICS ®
Centurion XVI and PAST version 2.17 were
used for the analyses.

Results
Tendency of the primers to dimerize,
and characterization of in-mycelium
DQP-ASe

Amplifying no-template reactions at different temperatures with EvaGreen or
SYBR Green did not lead to any amplification product. This was demonstrated by
the absence of any fluorescent signals
above the threshold line throughout the
PCR run and by the dissociation run. Thus,
there were no false positives due to dimerization by the primers during the amplification process.
Standard curve experiments showed a
large dynamic range for EvaGreen, Taqman
and SYBR Green assays. The detection limit
with all three assays was 3 fg per PCR reaction, made by adding 2 µl of 1.5 fg µl -1 gDNA
to the tested sample (TS – Fig. 1). This result was confirmed three times for each assay. The performance parameters of all the
standard curve experiments were in line
with a maximum or very high amplification
efficiency (E) and repeatability (R 2 – Tab. S3
in Supplementary material). Quantities less
than 3 fg gDNA were detected, though not
in a repeatable manner (data not shown).
The detection of 15 and 3 fg per PCR reaction (7.5 and 1.5 fg µl -1 TS) in the 8-replication-based experiments by the two operators was “qualitatively” repeatable and reproducible since the expected fluorescent
signals were always obtained. They were
also confirmed “quantitatively” in that
there was no statistically significant difference among the mean Ct values from the
various experiments (repeatability, 8 values per dataset) and operators (reproducibility, 24 values per dataset = 3 experiments × 8 replications – Fig. 2; see also Fig.
S1, Tab. S1 and Tab. S4a in Supplementary
material).
Interestingly, a comparison of the three
assays (48 values for each assay = 3 experiments × 8 replications × 2 operators) at
both 3 and 15 fg per PCR reactions showed
that mean Ct values were significantly different among the three assays, with values
from SYBR Green and EvaGreen assays being the lowest and the highest, respectively. This result clearly suggests that the
assays are slightly but significantly different in terms of in-mycelium DQP-ASe. The
detection of 3 fg gDNA with SYBR Green
compared with EvaGreen showed a mean
gap of 2.8 Ct values. At 15 fg, the mean gap
was 3.5. The differences between SYBR
Green and Taqman were 1.7 and 2.9 for 3
and 15 fg, respectively (Fig. 3a, Tab. S4a).
Testing five additional C. platani strains (8value dataset) confirmed the repeatability
of ASe, i.e., the ability to detect 3 fg C. platani gDNA per PCR reaction (Fig. 3b, Tab.
S4a). For each strain, the Ct mean of the
iForest 11: 499-509

Fig. 1 - Standard
curves aimed at
identifying the
detection limit of
the Real-Time PCR
assays. The curves
were obtained
through testing
eight 5-fold dilution
series of Ceratocystis platani gDNA,
i.e., from 9.37 pg to
120 ag (including 3
fg) per PCR reaction. We excluded
the two lowest
dilutions from the
standard curve because they were
not detected repeatedly or were
not detected at all.
gDNA was extracted from a pure
culture directly
grown on PDA.

Fig. 2 - Inter-operator reproducibility
of the detection
limit of the three
Real-Time PCR
assays. Detection
limit refers to the
lowest quantity of
Ceratocystis platani
gDNA detected per
PCR reaction (i.e.,
in-mycelium DQPASe). Each bar represents the mean
of 24 values (see
also Fig. S1 in Supplementary material). Letters indicate homogeneous
groups (99.0% confidence level).
Numbers indicate
the independent
statistical analyses.
Vertical lines represent the standard
error of the mean.
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Fig. 3 - Comparison of detection limits (in-mycelium DQP-ASe) of EvaGreen, Taqman and SYBR Green Real-Time PCR. (a) Each bar
represents the mean of 48 values derived from combining experiments I, II and III of operators A and B (see also Fig. 2 and Fig. S1).
(b) Comparison of the detection limits of the three assays using additional C. platani strains; each bar represents the mean of eight
values obtained in a single experiment performed by a single operator. Letters indicate homogeneous groups (99.0% confidence
level). Numbers indicate the independent statistical analyses. Vertical lines represent the standard error of the mean.
Fig. 4 - Comparisons
between EvaGreen
and SYBR Green
assays. (a) Intensity
of the fluorescent
signals obtained on
an equal quantity of
template (RFU: relative fluorescence
units). (b) The melt
curves derived from
the dissociation run.
(c) The melt peaks.
(d) Validation for
using the cycling
protocol in conventional PCR: agarose
gel analysis of amplification products
obtained from fivefold serially diluted
gDNA of Ceratocystis platani, including
3 fg, i.e., the DQPAse. Amplicons are
compared with a
GeneRuler 50 bp
DNA ladder (Thermo
Fisher Scientific,
Waltham, MA, USA).

detection limit was always the lowest using
SYBR Green, the highest with EvaGreen
and intermediate with Taqman, with significant differences in most cases (Fig. 3b, Tab.
S1).
Comparing the two assays based on DNAbinding dyes, the fluorescent signals obtained during the cycling were different in
intensity, as EvaGreen yielded a fluorescence that reached a plateau at or just
above 5000 RFU (relative fluorescence
units) and SYBR Green at 1800 or just below 2000 RFU (Fig. 4a). In line with this
finding, a larger decrease in fluorescence in
the melt curve, and a higher melt peak,
were always recorded with EvaGreen compared to SYBR Green (Fig. 4b, Fig. 4c).
We used the Taqman assay to assess different extraction events by different operators and different modalities of the DNA
extraction procedure (scraping mycelium
from agar or from cellophane). These experiments confirmed the repeatability of
the Real-Time PCR and its capacity to detect 15 and 3 fg gDNA when varying the parameters described above (Fig. 5a, Fig. 5b,
Fig. 5c). The mean Ct values at which detection occurred did not differ significantly
between the extraction events or extraction modalities (Fig. 5a, Fig. 5b, Tab. S1), except that the mean Ct values of the agar
modality were slightly lower than the cellophane modality at both 15 and 3 fg. This difference was statistically significant for 3 fg
with a 99% confidence level (Fig. 5c),
whereas the difference was significant for
15 fg with a 95% confidence level (data not
shown).
In all the experiments described above,
negative and positive control reactions responded as expected, confirming the correctness of the Real-Time PCR run.

Melting temperature of target
amplicon and agarose gel analyses

No significant difference was detected in
the melting temperature of the amplicon
obtained from extracted fungal gDNA and
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from the plasmid containing the PCR target
(Tab. S1 in Supplementary material). The
melting temperature was 81.35 °C (SD:
0.05) in the EvaGreen assay and 83.43 °C
(SD: 0.06) in the SYBR Green assay. This
difference in the melting temperature was
highly significant at the 99% confidence
level (Fig. 4c, Tab. S1).
Amplification products derived from EvaGreen and SYBR Green Real-Time PCR reactions that were charged with 9.37 pg to 3
fg gDNA (five-fold dilution series) template
were all clearly detectable in agarose gel
analysis (Fig. 4d). For a further confirmation of the utility of agarose gel analysis,
EvaGreen and SYBR Green amplification
products from four naturally-infected trees
were also electrophoresed. Three of these
were derived from samples that were detected at late Ct, but all the amplicons
were clearly detectable in agarose gel analysis (Fig. S2 in Supplementary material).
The agarose gel analysis also showed that
EvaGreen and SYBR Green affected the
electrophoretic mobility of the amplicons
differently (Fig. S2).

Validation of in-necrotic-wood DQP and
DQS-ASe, DSe and DSp

Spiking experiments showed that the
Real-Time PCR using extractions from necrotic wood uninfected by C. platani were
still capable of detecting the added 3 fg C.
platani gDNA. At this detection limit, the
method was fully repeatable both qualitatively and quantitatively (no significant differences in the mean Ct values – Fig. 6,
Tab. S4b). These results suggested that the
in-necrotic-wood DQS-ASe of the Real-Time
PCR SYBR Green assay is 0.5 fg µl -1 when 6
µl of extracts of necrotic wood are added
to the reaction.
Both the 6 µl and 2 µl volume of extracts
from samples collected from trees artificially (15 samples) and naturally (28 samples) infected with C. platani were positively detected with all three assays. The 6
µl volume led to a positive detection at a
lower Ct than the 2 µl volume in most
cases. The exception was with artificiallyinfected samples that were dead since long
time before sampling, which gave a false
negative detection in most cases when using the 6 µl volume dose. Generally, the
mean Ct at which C. platani was detected
was the lowest in SYBR Green compared
with EvaGreen and Taqman assays (Tab. S5
in Supplementary material).
A summary of Real-Time PCR detection
limits for different types of extracted DNA
and analytical sensitivity is reported in Tab.
2.
In the DSp experiments, the 23 isolates
representing the species and strains within
the Ceratocystidaceae showed a wide
range of sensitivities to both the EvaGreen
and Taqman assays, but the two assays
gave very similar Ct values for each of the
tested concentrations (Tab. 1). Nine of the
species yielded no signal at the highest
gDNA dose tested. Six species gave only
iForest 11: 499-509

Fig. 5 - Validation
of the detection
limits (in-mycelium
DQP-ASe) in relation to different
gDNA extraction
events performed
by different operators (i.e., reproducibility) and different modalities
of collecting the
fungal mycelium
for DNA extraction: the agar
modality (agar)
and the cellophane
modality (cell.). (a)
Ct mean of each
experiment performed by a single
operator using
gDNA extracted by
operator A and C,
each using the two
collection modalities (8-value
dataset for each
mean). (b) Comparison of the various extraction
events by different
operators (A and
C; 24-value dataset
for each mean). (c)
Agar modality vs.
cellophane modality (48-value
dataset for each
mean). The Taqman assay was
used for this validation (99.0% confidence level).

Fig. 6 - Validation of the detection limits in necrotic wood with spiking experiments
(in-necrotic-wood DQP and DQS ASe). PCR reactions were spiked with 3 fg Ceratocystis platani gDNA and 6 µl meDNA extracted from necrotic wood of plane trees not
affected by canker stain. Letters indicate homogeneous groups (99.0% confidence
level). Vertical lines represent the standard error of the mean.
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Tab. 2 - Real-Time PCR detection limits for different types of extracted DNA and analytical sensitivity (Ase). (DQP): DNA quantity per
PCR reaction; (DQS): DNA quantity in the sample to be tested. In-mycelium means that the detection limits were validated using
Ceratocystis platani gDNA extracted from a pure fungal culture; in-necrotic-wood refers to detection limits validated using meDNA
extracted from necrotic wood of trees infected with Fomitiporia mediterranea and uninfected with C. platani; TS is the tested sample. Values of in-mycelium ASe refers to EvaGreen, Taqman and SYBR Green assays; values of in-necrotic-wood ASe refers to SYBR
Green assay.
ASe parameters
Extracted DNA

Detection limits by
Real-Time PCR

In-mycelium
DQP-ASe
Tested on gDNA
extracted from a pure
fungal culture

In-mycelium
DQS-ASe
Tested on gDNA extracted
from a pure fungal culture

3 fg per PCR reaction

1.5 fg µl-1 TS if 2 µl of
extract added; 0.375 fg µl-1
TS if 8 µl of extract added

weak signals, i.e., detected at very late Ct
with high gDNA levels (500 pg or 5 ng per
reaction). Eight isolates representing species and strains of the genus Ceratocystis
were detected at 5 fg to 50 pg per reaction. Most of these species are found in the
Latin American Clade (LAC) of the genus,
which includes C. platani, though C. ficicola
of the Asian-Australasian Clade (AAC) and
C. variospora of the North American Clade
(NAC) were detected at 50 pg per reaction
(Tab. 1). Among the LAC members, C. colombiana and the sweet potato (Ipomea
batata) strain of C. fimbriata were detected
at 50 pg; C. fimbriata strains from coffee
(Coffea sp.) and Eucalyptus sp. were detected at 50 fg; and C. cacaofunesta and a
mango (Mangifera indica) strain of C. fimbriata were detected at 5 fg per reaction.
In all the experiments described above,
negative and positive control reactions responded as expected, confirming the correctness of the Real-Time PCR run.

Discussion

In-depth validation and implementation
of the Real-Time PCR method developed
by Pilotti et al. (2012) follows the EPPO
guidelines for validation of diagnostic
methods (OEPP/EPPO 2010, 2014b). We established the different ways in which analytical sensitivity (ASe) can be defined and
determined the diagnostic potential of the
method and its versatility (see the flow
chart in Fig. S3, Supplementary material).
The analyses validated the specificity of the
primers and showed the high analytical and
diagnostic sensitivity of the Real-Time PCR
assays.
The five-fold dilution series and 8-replication-based experiments highlighted that
the assays repeatedly detected gDNA extracted from mycelium at concentrations
as low as 3 fg per PCR reaction, regardless
of whether the agar or the cellophane collection procedures were used or whether
different operators had performed the
DNA extraction and Real-Time PCR. A detection limit of 0.5 fg µl -1 in extracts from
necrotic wood was established by spiking 6
µl of wood extracts with 3 fg gDNA, and
506

In-necrotic-wood
DQP-ASe
Tested on meta DNA
extracted from necrotic
wood of plane tree infected
with F. mediterranea and
spiked with C. platani gDNA
3 fg per PCR reaction
whether 2 (data not shown)
or 6 µl extract of necrotic
wood added

this enabled a refinement of the previously
declared ASe values (OEPP/EPPO 2014a –
Tab. 2). Any comparison with ASe of method by Luchi et al. (2013) would be rigorous
only within an inter-laboratory comparison.
Scraping mycelium directly grown on PDA
yielded gDNA preparations that worked as
well or better than collecting mycelium
from cellophane, suggesting that agar media did not inhibit the PCR reactions, in contrast to the findings of Gibb & Wong
(1998). In fact, extracts from agar media
had slightly lower Ct values than extracts
from cellophane. Moreira (1998) has been
reported that blocks of agarose containing
embedded DNA improved the PCR amplification from templates naturally contaminated with powerful PCR inhibitors such as
polysaccharides or humic acids. Thus, although agar may be an inhibitor of PCR
(Gibb & Wong 1998), it may favor the removal of negligible quantities of PCR inhibitors, such as those released by fungal
mycelium during DNA extraction.
Use of SYBR Green is a new technical feature and increases the versatility of the assay. Its validation meets the request by the
Italian phytosanitary services. Interestingly, although in-mycelium DQP-Ase with
SYBR Green was the same as in the EvaGreen and Taqman assays (3 fg per PCR reaction), the SYBR Green assay yielded an
earlier signal when the template quantity
was the same. The capacity of SYBR Green
to confer earlier detection signals than the
other assays was especially useful in confirming tests of tree samples that yielded
late fluorescent signals. Thus, SYBR Green
may be the best choice in some applications, especially compared to EvaGreen,
and it could be best applied to samples suspected to contain an extremely low titer of
target DNA.
Key benefits of a DNA dye for Real-Time
PCR are its capacity to produce a robust
fluorescence signal, thus giving amplification curves that rise for several cycles before reaching a plateau, and a large and
rapid fluorescence fall following amplicon
melting (a high and narrow melt peak)
which enables detection of even single-

In-necrotic-wood
DQS-ASe
Tested on meta 6 μl DNA
extracted from necrotic
wood of plane tree infected
with F. mediterranea plus 3
fg C. platani gDNA
0.5 fg µl-1 TS if 6 µl of
extract added

base pair mismatches (Wittwer et al. 2003).
A robust fluorescence signal depends on
the ability of the dye to be used at a relatively high concentration and its preferential fluorescence response to dsDNA over
ssDNA.
Mao et al. (2007) established that EvaGreen can be used at four times higher
concentration than SYBR Green (i.e., 1.33
µM vs. 0.34 µM) without causing a significant Ct delay or nonspecific product formation. At these concentrations, EvaGreen
gave 4-5 times more fluorescence than
SYBR Green. In addition, Mao et al. (2007)
found that increasing the SYBR Green concentration, shortening the extension time,
and increasing the amplicon size caused a
delay in reaching the detection Ct level, the
formation of non-specific amplification
products, and some loss of repeatability.
Conversely, amplification reactions using
EvaGreen showed a significant Ct delay,
but only under much more challenging conditions than those sufficient to have a negative impact on the SYBR Green assay.
Taken together the results of Mao et al.
(2007) suggest that EvaGreen should generally perform better than SYBR Green in
Real-Time PCR, and should be more suitable for fast cycling protocols.
Our study confirmed the increased
strength of the fluorescence signal of EvaGreen compared with SYBR Green. On the
other hand, although our cycling protocol
is very rapid, the SYBR Green assay compared to the EvaGreen assay was not subject to Ct delay, non-specific product formation, or loss of repeatability. There was
no apparent primer dimerization in the
SYBR Green assay in no-template reactions,
even when lowering the annealing/extension temperature. In addition, the SYBR
Green assay proved to be slightly, but significantly, more sensitive than the EvaGreen and Taqman assays. We hypothesize
that the high performance of the SYBR
Green assay can be explained by the effective optimization of the reaction mixture,
which is also known to affect the performance of the Real-Time PCR fluorophores
(Mao et al. 2007). The SYBR Green SuperiForest 11: 499-509

mix (BIO-RAD) that we used is specifically
recommended for robust performance
with demanding templates under challenging conditions.
The melting temperature of the target
amplicon was higher when analyzed with
SYBR Green compared with EvaGreen, with
a gap of two degrees, in accordance with
findings by Mao et al. (2007). The 0.1 °C
stepped melt rate is known to increase the
peak resolution of amplicons that melt at
similar temperatures, compared with peak
resolutions based on wider steps, for
which the risk of ambiguity is higher (Varga
& Delano 2006). Adopting the 0.1 °C
stepped melt rate enabled to confirm the
specificity of the primers and rule out the
promotion of non-specific amplification
with SYBR Green. In conclusion, we show
that SYBR Green tested with a commercial
supermix performs as well as or better
than EvaGreen, and thus it represents a
valuable new technical option at a lower
cost.
Interestingly, the agarose gel analysis enabled visualization of the amplicon bands,
even those derived from the lowest detectable template DNA in the PCR reaction,
i.e., 3 fg gDNA. This confirms the DQP-Ase
and highlights that this Real-Time PCR
method could also be used in qualitative
PCR by laboratories that are not equipped
with a quantitative thermo-cycler. Indeed,
the validation of this technical option was
specifically requested by some Italian phytosanitary services.
We considered ASe in relation to pure
fungal gDNA vs. meDNA extracted from
necrotic wood and to different template
volumes (2 or 6 μl of the extract in the reaction mixture). Indeed the nature of tissue source and the template volume are
crucial for methods aimed at in-wood detection. Spiking experiments and diagnostic sensitivity (DSe) tests showed that the
necrotic nature of the wood does not significantly affect the detection of C. platani
gDNA in wood compared to gDNA from
fungal mycelium (Fig. 6, Tab. S5). The fact
that the PCR reaction can be challenged
with extraction volumes greater than the
canonical 2 μl (i.e., 6 μl) without the risk of
inhibition means that the method is able to
detect extremely low titers of C. platani
gDNA in sapwood samples, namely extractions with as low as 0.5 fg µl -1 (in-necroticwood DQS-ASe). The ASe for in-necroticwood colonized by F. mediterranea should
be considered close to the ASe of the assays in canker stain-affected wood, but the
inhibitive power of the necrotic wood colonized by F. mediterranea might differ somewhat from discolored wood affected by
canker stain.
The robustness of the Real-Time PCR was
further highlighted by the DSe validation,
in which 28 samples from trees naturally infected by C. platani were tested. The detection results clearly showed that the three
assays work efficiently on wood samples
colonized by C. platani. Use of 6 µl of wood
iForest 11: 499-509

extraction rather than 2 µl as template generally resulted in positive detections at earlier Ct values, suggesting that increasing
template volume increases the detectable
PCR target without significantly increasing
putative PCR inhibition. However, extractions from necrotic wood that had been
dead for a long time appeared to have a
more inhibitory effect than extractions
from freshly-killed tissue. This inhibitory effect was seen at the 6 µl volume dose but
not at the 2 µl volume dose. The overall results suggest that the quantity of inhibitors
contained in C. platani-infected wood samples can vary greatly according to a number of known and unknown parameters.
The 2 µl volume dose should be considered
routine, whereas 6 µl can be used when
samples affected by the characteristic
canker stain symptoms are negatively detected or detected with late fluorescent
signals.
In several samples from naturally-infected
trees, the Ct values were higher than 31,
whereas in the previous detection experiments on naturally-infected trees only 4
out of 20 samples were detected at such
high Ct values (Pilotti et al. 2012). The difference can be explained with our intentional lack of supervision during the sample
collection phase in the current study. In
general, the samples yielding high Ct values appeared to be collected from longdead trees. Interestingly, only a few samples were positively detected with the microscope assay. This confirms previous results with artificially-infected trees (Pilotti
et al. 2012), in which the effectiveness of
detection by microscope was lower than
by Real-Time PCR in wood that had been
dead for a long time.
We investigated the specificity of the
method among closely related and more
distantly related species in the Ceratocystidaceae, and we obtained non-specific signals with some of the species and strains
most closely related to C. platani. It was anticipated that the Taqman probe assay
would be more specific than the EvaGreen
assay, but that was not evident in the data.
The strength of the reaction was strongly
correlated with the concentration of fungal gDNA.
With most of the species tested, there
was no or only limited detection at the
highest concentration tested (5 ng per reaction). The genus Ceratocystis is now restricted to what was previously known as
the C. fimbriata complex (De Beer et al.
2014), and the eight isolates that were detected at 500 pg per reaction or less would
now be considered Ceratocystis sensu
stricto. Of these isolates, six reside in the
Latin American Clade (LAC) of the complex
with C. platani (Harrington 2013). There are
numerous short regions of insertions and
deletions in the ITS sequences of Ceratocystis, and these indels are not phylogenetically informative (Harrington et al. 2014).
However, they likely influence the specificity of the assays. Thus, it is not too sur-

prising that genetic relatedness of the LAC
strains to C. platani did not completely correspond to level of detection in the C. platani assays. Of the species tested, C. platani
is most closely related to C. colombiana (Li
et al. 2017), which was detected only at 500
pg per reaction, while the tested isolate of
C. cacaofunesta and a Brazilian isolate of C.
fimbriata from mango were detected at
just 5 fg per reaction. The target sequences
of the latter two species differ at only the
5’ end of the forward primer of the assays,
while the ITS sequence of C. colombiana
differs at the target sites of both the
primers and the probe.
The primers and probes for the C. platani
assay could be modified to be adapted for
specificity to other species in the family.
The ITS1 region utilized in this assay is more
variable among members of the LAC than
the ITS2 region (Harrington et al. 2014),
and ITS1 is to be considered a good target.
Luchi et al. (2013) reported that their ITS2
assay did not cross react with other members of Ceratocystis, including a number of
isolates that tested positive in our ITS1 assay. However, as they did not report the
template concentration in the reactions for
DSp experiments, their results are not
comparable with ours. Moreover, the ITS2
target sights (Luchi et al. 2013) of seven
NCBI GenBank accessions of Ceratocystis
spp. in the LAC are identical to those of C.
platani, and we would expect lack of specificity with the ITS2 assay by Luchi et al.
(2013) (data not shown). Indeed complete
specificity within Ceratocystidaceae seems
difficult to realize for any method targeted
on ITS region.
Nonetheless, the ITS1 assay employed
here is specific for the purpose of detecting C. platani. Of the other members of the
Ceratocystidaceae within the geographic
distribution of C. platani in Europe and Asia
Minor (Tsopelas et al. 2017), Endoconiophora coerulescens and E. resinifera were
detected occasionally at 5 ng or 500 pg per
reaction, but these species are only known
in wood of Pinaceae (Harrington & Wingfield 1997). There may be some geographic
overlap for C. harringtonii or C. variospora
with C. platani in the USA (Johnson et al.
2005), but these and the other tested
species are not known to colonize Platanus
spp., and C. platani is highly specific to this
host (Baker et al. 2003, Engelbrecht & Harrington 2005).
Problems of specificity with Ceratocystis
sensu stricto members could be overcome
by integrating other technologies. A minor
groove binder (dihydrocyclopyrroloindole
tripeptide) conjugated at the 3’ end of the
Taqman probe hyper-stabilizes the pairing
of the probe on the target template, enabling the increase in Tm of short probes,
which in turn increases specificity (Kutyavin et al. 2000, Luchi et al. 2013). As our
probe and primers are long (28 and 26mer), a more suitable choice could be the
inclusion of locked nucleic acids (LNA)
bases at nucleotide positions that distin507
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guish C. platani from the other strains/spe- - doi: 10.1094/PHYTO.2003.93.10.1274
Moreira D (1998). Efficient removal of PCR incies. LNA bases are high-affinity RNA De Beer ZW, Duong TA, Barnes I, Wingfield BD, hibitors using agarose-embedded DNA preparaanalogs in which an oxymethylene bridge Wingfield MJ (2014). Redefining Ceratocystis tions. Nucleic Acids Research 26 (13): 3309locks the ribose ring in the ideal conforma- and allied genera. Studies in Mycology 79: 187- 3310. [online] URL: http://www.ncbi.nlm.nih.
tion for specific binding to the complemen- 219. - doi: 10.1016/j.simyco.2014.10.001
gov/pmc/articles/PMC147679/pdf/263309.pdf
tary base. This increases hybridization sta- Engelbrecht CJB, Harrington TC (2005). Inter- OEPP/EPPO (1986). Data sheets on quarantine
bility and ensures discrimination between sterility, morphology and taxonomy of Cerato- organisms Ceratocystis fimbriata f. sp. platani.
closely related sequences down to as little cystis fimbriata on sweet potato, cacao and syc- European and Mediterranean Plant Protection
as one nucleotide difference (Kauppinen et amore. Mycologia 97 (1): 57-69. - doi: 10.3852/ Organization Bulletin - OEPP/EPPO Bullettin 16:
al. 2005).
mycologia.97.1.57
21-24. - doi: 10.1111/j.1365-2338.1986.tb01129.x

Conclusions

A high-performing method for detection
of C. platani is essential to safeguard those
countries that remain unaffected by canker
stain. The in-depth validation of the method according to EPPO standards guarantees users of its effectiveness and promotes its utilization. The analytical sensitivity and the diagnostic sensitivity of the
method were thoroughly investigated, implemented and validated according to
stringent intra-laboratory repeatability and
reproducibility conditions. The method
proved to be highly robust, effective and
multi-faceted. Moreover, the exploitation
of the different types of analytical sensitivities is worthy of special attention as it
helps in defining guidelines on how the various laboratories that validate diagnostic
methods could collaborate through interlaboratory and proficiency tests.
This work paves the way for a third conclusive step, a test performance study
through an inter-laboratory comparison.

List of abbreviations

The following abbrevations have been
used throughout the text:
• DQP-ASe: DNA quantity per PCR reaction
– Analytical Sensitivity;
• DQS-ASe: DNA quantity in the sample to
be tested – Analytical Sensitivity;
• TS: tested sample;
• DSe: diagnostic sensitivity;
• DSp: diagnostic specificity.
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