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Abstract Bois noir is a grapevine yellows disease
that is gaining importance in many regions of Europe.
The Bois noir phytoplasma (“Candidatus Phyto-
plasma solani”) was shown to be transmitted by the
planthopper Hyalesthes obsoletus, which normally
feeds on herbaceous weeds, and occasionally also on
grapevines. Three subtypes of the Bois noir phyto-
plasma have been described and were shown to be
associated with distinctive host plants. In this study,
we developed a novel and rapid real-time PCR allelic
discrimination assay for the distinction of the two
major Bois noir phytoplasma subtypes, VK type I and
II. Two TaqMan probes carrying different fluorescent
dyes were designed to specifically bind to a polymor-
phism characteristic for the two Bois noir phyto-
plasma subtypes, thereby allowing discriminative
amplification in a single-tube and single-step assay.
A total of 259 bois noir-positive grapevine samples
collected over 5 years were analysed using the
conventional PCR-RFLP method and our newly
developed TaqMan allelic discrimination assay. 257
out of 259 samples could be typed with the TaqMan
method, compared to 200 out of 259 samples when
using the conventional method. The overall concor-
dance of the two methods was 100%. Our newly
developed TaqMan assay represents a useful tool for

fast and reliable determination of Bois noir phyto-
plasma subtypes in infected grapevine, insect vector,
and host plant samples. The test is suitable for high-
throughput analysis and will thereby facilitate further
characterisation of Bois noir epidemiology.
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Abbreviations
BN Bois noir
CT threshold cycle
delta Rn relative fluorescence intensity
FD Flavescence dorée
MGB minor groove binder
RFLP restriction fragment length polymorphism
SNP single nucleotide polymorphism
tuf elongation factor TU
VK Vergilbungskrankheit

Flavescence dorée (FD) and Bois noir (BN; or
Vergilbungskrankheit, VK) are the two economically
most important phytoplasmic diseases of the grape-
vine Vitis vinifera, affecting vineyards in large parts of
central and southern Europe. The FD phytoplasma
(“Candidatus Phytoplasma vitis”; 16SrV or Elm
yellows group) occurs mainly in the western Medi-
terranean area and is thought to be the more
pernicious grapevine yellows disease due to the
epidemic spreading (Caudwell 1990; Boudon-Padieu
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2002). In recent years however, BN has become an
increasing problem, especially in areas not affected by
FD. The BN phytoplasma (“Ca. Phytoplasma solani”)
belongs to the 16SrXII-A or Stolbur group (Lee et al.
1998), and was shown to be transmitted by the
planthopper Hyalesthes obsoletus (Maixner 1994;
Sforza et al. 1998). These phloem-sucking insects
preferentially feed on herbaceous host plants, such as
the bindweed Convolvulus arvensis or the stinging
nettle Urtica dioica. Occasionally, they also feed on
grapevines, thereby transmitting the BN phytoplasma.
A previous study by Langer and Maixner (2004)
reported the existence of three BN subtypes in
Germany, which are associated with different host
plants of H. obsoletus. VK type I seems to be mainly
associated with U. dioica, whereas VK type II was
found predominantly in C. arvensis, but also in other
plants such as Solanum nigrum and Prunus spinosa.
VK type III was found in Calystegia sepium and
appeared to be geographically restricted to the Mosel
valley in Germany. All three subtypes could be
detected in the insect vector H. obsoletus as well as
in BN-diseased grapevines (Langer and Maixner
2004). Recently, we reported the occurrence of VK
types I and II in grapevine samples from South Tyrol
(northern Italy). In contrast to Germany where VK
type II was the predominant BN phytoplasma sub-
type, we found that VK type I was the only BN
phytoplasma subtype detected in South Tyrol until the
first appearance of VK type II in 2003 (Baric and
Dalla Via 2007). Other studies confirmed the occur-
rence of VK type I and II in infected Italian grape-
vines as well as weeds and insect vectors (Pasquini et
al. 2007; Riolo et al. 2007).

The method currently employed for the distinction
of VK subtypes is based on PCR amplification of the
tuf gene followed by RFLP analysis (Langer and
Maixner 2004). A major disadvantage of the PCR-
RFLP method is however that it consists of a rather
time-consuming multi-step analysis with limited
sensitivity, and is not suitable for high-throughput
applications. We therefore decided to develop an
allelic discrimination assay based on real-time PCR,
which has been increasingly used for the detection of
phytoplasmas (Angelini et al. 2007; Baric and Dalla
Via 2004; Baric et al. 2006; Galetto et al. 2005). The
new test represents a single-step assay for fast and
reliable distinction of the two main VK phytoplasma
subtypes, U. dioica-associated VK type I and C.

arvensis-associated VK type II. Similar assays have
been used successfully for genotyping of single
nucleotide polymorphisms (Mamotte 2006).

In order to develop specific TaqMan probes for
allelic discrimination, the exact location of the HpaII
SNP site within the elongation factor TU (tuf) gene
was determined by cloning and sequencing PCR
fragments obtained by amplification of four DNA
isolates with fTufAy and rTufAy primers (Schneider
et al. 1997). Two of the DNA isolates had been
previously typed as VK type I and two as VK type II
(Baric and Dalla Via 2007). PCR products were
purified and cloned using the pGEM-T Easy Vector-
System II (Promega, Madison, WI, USA). Plasmids
containing inserts were isolated with the Eppendorf
Perfectprep Plasmid Isolation Kit (Eppendorf, Ham-
burg, Germany) and cycle-sequenced in both direc-
tions using the CEQ DTCS Quick Start Kit (Beckman
Coulter, Fullerton, CA, USA) with Primer 20mer
(Novagen, EMD Biosciences, Darmstadt, Germany)
and Sequencing Primer M13 -47 (Beckman Coulter).
The cycling conditions were set to 30 cycles of 20 s at
96°C, 20 s at 50°C and 4 min at 60°C. Sequencing
products were separated and visualised on a CEQ
8000 Genetic Analysis System (Beckman Coulter).
Sequences were aligned using the computer
programme SEQUENCHERVersion 4.7 for Windows
(Gene Codes Corporation, Ann Arbor, MI, USA), and
deposited in GenBank under the accession numbers
FJ394551-FJ394552. DNA sequences from isolates of
the same VK type were identical, whereas two point
mutations distinguishing the VK types were found at
positions 543 and 604 (Fig. 1). The HpaII SNP site at
position 543, which was identical to the one used for
VK type distinction by RFLP analysis, was chosen for
the development of the TaqMan allelic discrimination
assay. Using PrimerExpress software (Version 1.1,
Applied Biosystems, Foster City, CA, USA), two
primers flanking the HpaII SNP site were designed to
amplify an 80-bp product (forward, qBN-AD-F, 5′-
CCT TTC TTA ATG CCA GTC GAA-3′; reverse,
qBN-AD-R, 5′-TGT CCT CTT TCA ACT CTA CCA
GTA A-3′). In order to allow single-tube analysis, two
fluorogenic minor groove binder (MGB) probes
spanning the HpaII SNP site and binding to the
antisense strand were designed with different fluores-
cent dyes. One probe was targeted to VK type I
(qBN-VKI, 5′-6FAM-TCC TCT ACC GGT GATAG-
3′), whereas the other was specific for VK type II
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(qBN-VKII, 5′-VIC-TGT TCC TCT ACC AGT GAT-
3′) (Fig. 1). Real-time PCR analysis was performed in
duplicates in 25 µl-reactions, containing 12.5 µl
TaqMan Universal PCR Master Mix (Applied Bio-
systems), 500 nM of each primer, 250 nM of qBN-
VKII probe, 100 nM of qBN-VKI probe, and 2 µl of
sample DNA. Thermocycling was carried out on the
ABI PRISM 7000 Sequence Detection System (Ap-
plied Biosystems), and consisted of 2 min at 50°C,
10 min at 95°C, and 40 cycles of 15 s at 95°C, and
1 min at 57°C or 61°C, respectively.

During optimisation of real-time PCR conditions, it
emerged that in the case of an infection with VK type
II phytoplasma, the qBN-VKI probe also produced a
positive signal when the real-time PCR was run at a
lower annealing temperature (57°C). This was pre-
sumably due to non-specific binding of the qBN-VKI
probe to the VK type II sequence which harbours only
a single mismatch. Non-specific binding of the qBN-
VKII probe to VK type I phytoplasma sequences was
never observed. However, specific and non-specific

fTufAy

rTufAy

HpaII HpaII

VK-Type I #  1 GCTAAAAGTA GAGCTTATGA CCAAATTGAT AACGCTCCTG AAGAAAGAGA ACGTGGAATT ACGATTAAAA CTTCTCACGT TGAATATGAA ACATCAAAAA
VK-Type II #  1 GCTAAAAGTA GAGCTTATGA CCAAATTGAT AACGCTCCTG AAGAAAGAGA ACGTGGAATT ACGATTAAAA CTTCTCACGT TGAATATGAA ACATCAAAAA
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #101 GACACTATGC TCACGTTGAT TGTCCAGGAC ACGCCGATTA TATTAAAAAC ATGATTACTG GTGCTGCTCA AATGGATGCC GCTATTTTAG TAGTTTCTGG
VK-Type II #101 GACACTATGC TCACGTTGAT TGTCCAGGAC ACGCCGATTA TATTAAAAAC ATGATTACTG GTGCTGCTCA AATGGATGCC GCTATTTTAG TAGTTTCTGG
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #201 CGCAGATAGT GTTATGCCTC AAACTAGAGA ACATATTTTG TTAGCTCGCC AAGTAGGGGT TCCTAAAATT GTTGTTTTCT TAAACAAATG TGACCTTTGT
VK-Type II #201 CGCAGATAGT GTTATGCCTC AAACTAGAGA ACATATTTTG TTAGCTCGCC AAGTAGGGGT TCCTAAAATT GTTGTTTTCT TAAACAAATG TGACCTTTGT
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
  
VK-Type I #301 CCGGATGAAG AAATTTTAGA ATTAGTTGAA ATGGAAGTCC GTGAATTATT ATCTAAATAT GATTTTCCGG GCGATGATAC CCCTATTATT AGAGGTTCTG
VK-Type II #301 CCGGATGAAG AAATTTTAGA ATTAGTTGAA ATGGAAGTCC GTGAATTATT ATCTAAATAT GATTTTCCGG GCGATGATAC CCCTATTATT AGAGGTTCTG
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #401 CGTTAAAAGC TTTAGAAGGT GACAAACATT ACATTGCACA AGTTAACGAA TTAATCAACG CTTTAGATTC TTACATTGAA GATCCAGTGC GTGAAGTTGA
VK-Type II #401 CGTTAAAAGC TTTAGAAGGT GACAAACATT ACATTGCACA AGTTAACGAA TTAATCAACG CTTTAGATTC TTACATTGAA GATCCAGTGC GTGAAGTTGA
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #501 TAAACCTTTC TTAATGCCAG TCGAAGATGT TTTCACTATC ACCGGTAGAG GAACAGTAGT TACTGGTAGA GTTGAAAGAG GACAAGTTAA AGCTGGTGAT
VK-Type II #501 TAAACCTTTC TTAATGCCAG TCGAAGATGT TTTCACTATC ACTGGTAGAG GAACAGTAGT TACTGGTAGA GTTGAAAGAG GACAAGTTAA AGCTGGTGAT
 

   ---------- ---------- ---------- ---------- --*------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #601 GAAGTAGAAA TCATAGGTCT TAAAGACACT AGAAAAACCA TCGTAACAGC AATTGAAATG TTTAAAAAAG ATTTAGATTT TGCTCAAGCA GGCGATAACG
VK-Type II #601 GAAATAGAAA TCATAGGTCT TAAAGACACT AGAAAAACCA TCGTAACAGC AATTGAAATG TTTAAAAAAG ATTTAGATTT TGCTCAAGCA GGCGATAACG
 

   ---*------ ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #701 TTGGAGCTTT GTTGCGTGGA ATTAACCGTG AAGATGTTCA ACGTGGTCAA GTGTTAGCCA AACCAGGTTC TGTGAAACCT CATTTTCAAT TTGTGGCGCA
VK-Type II #701 TTGGAGCTTT GTTGCGTGGA ATTAACCGTG AAGATGTTCA ACGTGGTCAA GTGTTAGCCA AACCAGGTTC TGTGAAACCT CATTTTCAAT TTGTGGCGCA
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #801 AGCTTATATC TTAACTAAAG AAGAAGGAGG ACGACACACT GCCTTTTTTT CCCAATACCG TCCGCAATTC TATTTCCGTA CAACTGATAT TACAGGAGTT
VK-Type II #801 AGCTTATATC TTAACTAAAG AAGAAGGAGG ACGACACACT GCCTTTTTTT CCCAATACCG TCCGCAATTC TATTTCCGTA CAACTGATAT TACAGGAGTT
 

   ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
 
VK-Type I #901 GTTGAATTAC AAGGTGATGT TAAAATGGTA ATGCCAGGTG ACAACG 
VK-Type II #901 GTTGAATTAC AAGGTGATGT TAAAATGGTA ATGCCAGGTG ACAACG 
 

   ---------- ---------- ---------- ---------- ------ 

HpaIIqBN-AD-F qBN-AD-RqBN-VK I

qBN-VK II

Fig. 1 Alignment of the tuf gene sequences of the two major
Bois noir subtypes with the positions of primers (grey boxes) and
HpaII restriction sites used for PCR-RFLP analysis as well as

primers and probes for the TaqMan allelic discrimination assay
(coloured boxes). The point mutations between the sequences of
the two subtypes are indicated by asterisks

Fig. 2 Real-time PCR amplification plots for a representative
VK type II-positive grapevine sample run at annealing temper-
atures (TA) of 57°C and 61°C. Fluorescence intensity (Delta Rn)
is plotted against the threshold cycle number (CT). The threshold
(indicated by the horizontal line) was set at 0.2. At TA of 57°C
fluorescence signals generated by both probes, qBN-VKII and
qBN-VKI, pass the threshold. At TA of 61°C only the specific
qBN-VKII probe produces positive fluorescence intensity
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amplification curves could be easily distinguished
according to their shape: the specific qBN-VKII curve
displayed a sigmoid progression typical for logarith-
mic amplification, whereas the curve obtained by
non-specific binding of the qBN-VKI probe was
almost linear in shape, and the relative fluorescence
intensity (delta Rn) reached after 40 cycles was much
lower (Fig. 2). When simulating a mixed infection by
experimentally combining VK type I and II DNA, the
amplification plot revealed two clear sigmoid curves
(data not shown). This indicates that our method can
distinguish between a mixed infection and non-
specific amplification at 57°C.

At a higher annealing temperature (61°C), specific
detection of VK type II phytoplasma was achieved
without fluorescence levels from cross-amplification
by the qBN-VKI probe passing the threshold set at
0.2 (Fig. 2). However, this increase in specificity
results in a loss of sensitivity: in the example shown in
Fig. 2, the CT value at 61°C was 29.5 compared to
27.5 at 57°C, which corresponds to a 4-fold lower
sensitivity. As BN phytoplasma titers in grapevine
samples appear to be relatively low, we decided to
perform the real-time PCR at an annealing temperature
of 57°C, and to distinguish between specific and non-
specific signals according to the shape of the amplifi-
cation curves. However, when phytoplasma titers are
high and sensitivity is not an issue, we recommend
running the TaqMan real-time PCR at 61°C to achieve
higher specificity. After PCR amplification using the
more stringent conditions, a post-read allelic discrim-
ination assay was performed on the ABI PRISM 7000
Sequence Detection System. An example for an allelic
discrimination plot used to assign the two BN
phytoplasma subtypes in 29 representative grapevine
samples is displayed in Fig. 3. The two subtypes were
easily discriminated by their distribution along either
the qBN-VKII probe or qBN-VKI probe axis.

To assess the newly established TaqMan real-time
PCR assay, we decided to apply this method on DNA
samples isolated from symptomatic grapevines locat-
ed in South Tyrol (northern Italy), which had been
previously analysed using conventional PCR-RFLP
(Baric and Dalla Via 2007). A further 76 samples
collected in the year 2006 and processed in the same

Fig. 3 Allelic discrimination plot of 29 representative BN-
positive grapevine samples. 16 VK type I (black circles), 13
VK type II samples (white circles), and controls containing no
template (NTC; triangles) were amplified in duplicate by the
TaqMan allelic discrimination method. Results were plotted by
using the absolute fluorescence of each probe

Table 1 Results of PCR-RFLP analyses and TaqMan allelic discrimination assays for the assignment of the BN subtype in BN-
positive grapevine samples collected from 2002 until 2006

Year n tested PCR-RFLP1 TaqMan

VK I VK II NDb VK I VK II ND

2002 29 29 - NAc 29 - -
2003 31 31 - NA 31 - -
2004 41 36 5 NA 35 5 1
2005 82 63 19 NA 62 19 1
2006a 76 13 4 59 61 15 -
Total 259 172 28 59 218 39 2

1 Baric and Dalla Via (2007)
a All BN-positive samples from 2006 were tested with the TaqMan method, whereas in years 2002–2005 only those samples were
analysed that produced a positive result with the PCR-RFLP method.
bND Not detectable
cNA Not applicable
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way, which were not included in the earlier study,
were assayed in parallel using both methods. Two
reference samples VK type I and VK type II (kindly
provided by M. Maixner) were included as controls.
Of the samples isolated in years 2002–2005, only
those that produced an informative result with the
PCR-RFLP method were analysed by TaqMan PCR.
In contrast, samples from 2006 testing positive for
BN phytoplasma were assayed in parallel using both
methods. A detailed comparison of the two methods
is shown in Table 1. Results obtained by the TaqMan
assay corresponded with those from the PCR-RFLP
method in all samples tested, indicating that the
overall concordance of the two methods was 100%.
However, two samples that could be typed by PCR-
RFLP soon after nucleic acid isolation produced no
informative results when analysed with the TaqMan
method two years later. PCR-RFLP analysis was
repeated and also proved unable to re-amplify these
samples, thereby confirming that DNA degradation
had occurred in the meantime (data not shown).

A major requirement for the accuracy and sensi-
tivity of molecular diagnostic techniques is high
quality DNA. It is known that infected grapevines
usually contain a high concentration of PCR inhib-
itors (Boudon-Padieu et al. 2003), a fact that often
leads to detection problems. Difficulties with analy-
sing the samples from 2006 by PCR-RFLP were
presumably due to low quantities of phytoplasmic
DNA or the presence of PCR inhibitors. The TaqMan-
based allelic discrimination assay was less affected by
this, producing informative results for 76 samples
from the year 2006, compared to only 17 samples
when using PCR-RFLP. Another reason for the
increased sensitivity of the real-time PCR may be
the fact that PCR fragments generated by TaqMan
PCR were much shorter than those obtained by
conventional PCR for RFLP analysis (80 bp versus
946 bp), thereby increasing PCR efficiency. It has
been generally observed that real-time PCR has a
higher sensitivity than conventional PCR (Baric et al.
2006). In this respect, it should also be taken into
account that the detection of BN phytoplasmas in
DNA isolates normally requires a nested PCR where
two rounds of PCR are performed in series (Maixner
et al. 1995). This greatly increases the detection
sensitivity which is necessary because of the apparent
low phytoplasma titers in affected plants. The tuf gene
PCR for VK type distinction by PCR-RFLP consists

of a single PCR run only, thereby potentially causing
problems when analysing low titre phytoplasma
infections, which can be overcome by using the
TaqMan-based allelic discrimination assay.

In summary, we developed a fast and sensitive
TaqMan-based allelic discrimination assay for the
distinction of the two BN phytoplasma subtypes VK
type I and II. The conventional PCR-RFLP method is
a time-consuming multi-step procedure, and is often
limited by the low quantities of phytoplasma DNA
present in grapevine samples. A sensitive and high-
throughput method such as our newly developed
TaqMan allelic discrimination assay would be of great
value for studying the epidemiology of BN in greater
detail.
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