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multiplex PCR with SYBR Green and melting curve

analysis: a rapid method for strain typing
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Abstract

A real-time multiplex PCR procedure with melting curve analysis, using the green fluorescence dye SYBR Green I, was developed for
rapid and reliable identification of Plum pox virus (PPV) isolates of strains D and M. Members of the different strains were identified by their
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istinctive melting temperatures (Tms); 84.3–84.43◦C for D isolates, and 85.34–86.11◦C for M isolates. The associated amplicon sizes w
14 and 380 bp, respectively. The procedure was used for detection and identification of PPV in both herbaceous and woody hostsTm for
embers of a particular strain was very similar, with a host effect that did not hinder strain identification. Universal primers includ

tudy detected all isolates of PPV tested, amplifying a 74 bp fragment. TheTm of this fragment varied from 80.12 to 81.52◦C and may hav
upplementary value for PPV identification. SYBR Green-based detection was compared to detection using a hybridization LUX fl
rimer. Better resolution of the melting peaks was observed with SYBR Green I, than with the LUX primers, hence strain identifica
YBR Green I was more reliable. This is a simple approach to PPV strain identification with the relatively inexpensive dye SYBR
nd eliminates any need for electrophoretic analysis of amplicons or RFLP patterns using ethidium bromide.
rown Copyright © 2004 Published by Elsevier B.V. All rights reserved.
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. Introduction

Plum pox virus (PPV) is a member of the genusPotyvirus,
nd the virus is considered the most serious pathogen af-

ecting stone fruits; apricots, cherry, nectarine, peaches, and
lums (Németh, 1986; Nemchinov et al., 1998). The symp-

oms of plum pox disease or sharka include fruit abnormality,
oss of taste, and fruits that drop prematurely (Németh, 1986).
hese symptoms may cause losses as high as 80–100% of a
rop (Németh, 1986) and consequently it is a disease of eco-
omic and quarantine significance in every country where
tone fruits are grown.

∗ Corresponding author. Tel.: +1 250 3636650x235; fax: +1 250 3636661.
E-mail address:jamesd@inspection.gc.ca (D. James).

There are four widely recognized strains of PPV; D,
C, and El Amar (Candresse et al., 1994, Nemchinov et al.
1998; Olmos et al., 1997; Szemes et al., 2001). Recently, an
unusual isolate of PPV (W3174) was detected that may
resent a fifth strain of PPV (James et al., 2003). PPV strain
differ in the severity of associated symptoms, efficienc
aphid transmission, host range, and geographic distribu
To achieve successful eradication or effective manage
of the associated disease, strain typing of the virus i
quired. Several methods for strain typing PPV have bee
scribed; enzyme-linked immunosorbent assay (ELISA)
strain-specific monoclonal antibodies (Myrta et al., 2000
Olmos et al., 1997), RT-PCR with restriction fragment leng
polymorphism analysis (Glasa et al., 2002; Hammond
al., 1998; Wetzel et al., 1991), heminested PCR with strai
specific primers (Olmos et al., 1997), PCR-ELISA (Olmos
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et al., 1997; Poggi Pollini et al., 1997), and integrated RT-
PCR/nested PCR (Szemes et al., 2001).

The techniques described above are valuable for strain
typing PPV, but are complex and time consuming. Real-
time PCR with melting curve analysis has been described
as a simple, rapid, and reliable technique for the detection
and identification of certain pathogenic bacteria (Shrestha et
al., 2003), hemoflagellates (Nicolas et al., 2002), and RNA
viruses (Beuret, 2004; Mouillesseaux et al., 2003; Richards
et al., 2004). The objective of this study was the devel-
opment of a simple and reliable method for simultaneous
detection of PPV, and identification of the two common
strains of PPV, using real-time multiplex PCR with melt-
ing curve analysis. Universal primers for PPV, as well as D-
specific, and M-specific primers were combined with a pair
of primers targeting the endogenous plant gene NADH de-
hydrogenase subunit 5 (Menzel et al., 2002). Melting curve
analysis was used for PPV detection, specific identifica-
tion of isolates of PPV strains D and M, and differentia-
tion from PPV C, EA, and W3174. Melting curves generated
by real-time PCR using SYBR Green I and LUX primers
(Nazarenko et al., 2002) were compared. A protocol utiliz-
ing SYBR Green I in real-time multiplex PCR with melt-
ing curve analysis was found to be simple and reliable for
the detection of PPV, and for the identification of D and M
t
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(Marcus) of M strain was maintained at the Sidney Labora-
tory inPrunus persica(peach), along with another M isolate
Q1949. PPV 2630 is a Canadian type D isolate maintained
in peach (P. persica) andN. benthamiana. PPV Fantasia, and
Vulcan are D type isolates (James and Upton, 2001) of PPV
detected in Canada, and tested in the original hosts, nectarine
and clingstone peach, respectively. The virus isolate W3174
is a Canadian isolate of PPV, detected in plum (P. domestica)
and mechanically sap-transmitted toN. benthamiana. This
isolate does not appear to belong to any of the four recog-
nized strains of PPV (James et al., 2003).

2.2. Primer design

Preliminary evaluation of published PPV-specific oligonu-
cleotide primers indicated that there were no available sets
suitable for the particular objectives of this study. PPV coat
protein nucleotide sequences, from GenBank database and in
house sequences, were aligned and used to identify oligonu-
cleotide primer sequences that may be used for universal de-
tection of all PPV isolates (PPV-U), D-specific (PPV-FD),
M-specific (PPV-FM), and a suitable reverse primer PPV-
RR. The sequences of the various primers, primer locations,
and product sizes are given inTables 1 and 2. Additional
primers used in this study include the reverse primer P1 de-
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. Materials and methods

.1. Virus source

PPV D was obtained from W. Jelkmann, Germany; P
, type member M strain, was obtained from F. Dos
rance; PPV C (a sweet cherry isolate), and PPV EA
mar) were obtained as freeze dried tissue samples fro
yrta, Italy. These isolates were maintained in the he

eous hostNicotiana benthamiana. Also, the type membe

able 1
ligonucleotide primers used in the multiplex polymerase chain react

rimer Fluorophore Sequence (5′–3′)a

PV-P1c – ACCGAGACCACTACACT
PV-U – TGAAGGCAGCAGCATTG
PV-FD – TCAACGACACCCGTACG
PV-FM – GGTGCATCGAAAACGG
ad5-F – GATGCTTCTTGGGGCT
PV-RR – CTCTTCTTGTGTTCCGA
ad5-R – CTCCAGTCACCAACATT
PVRR-LUX FAM gaaacgCTCTTCTTGTGT
ad5F-LUX FAM gaacaagTGCTTCTTGGG
a The5 denotes the position of the T that is FAM labeled for the LU
b Primers were designed to be specific for all PPV strains (primer

lant-specific (primers Nad5-F, Nad5-R, and Nad5F-LUX).
c PPV-P1 primer (Wetzel et al., 1991) used for cDNA synthesis.
d Relative position on Plum pox virus accessions D (X16415) and M
e Relative position of the Nad5F-LUX primer on the Nad5 gene, ac

wo exons (Menzel et al., 2002).
cribed byWetzel et al. (1991), and the Nad5-F and Nad
primers described byMenzel et al. (2002). Menzel et al

2002) designed the Nad5-F primer so that it spans
xon regions making it mRNA-specific. LUX fluoroge
rimers (Nazarenko et al., 2002) were designed using I
itrogen’s LUXTM designer software, and synthesized by
itrogen Corp. (Burlington, Ontario). The linked fluoroph
as FAM (6-carboxy-fluorescein).

.3. Isolation of total RNA and synthesis of cDNA

Total RNA was extracted as described byJames
t al. (2003). Approximately 4�g of total RNA in 5�l

Size Targetb Position

20 PPV 9560–9579d

20 PPV 9424–9443d

20 PPV-D 9384–9403d

20 PPV-M 9118–9137d

TT 23 Plant Re:Menzel et al. (2002
TC 23 PPV 9475–9497d

TAA 24 Plant Re:Menzel et al. (2002
CGT5TC 29 PPV 9475–9497d

TTG5TC 29 Plant 213–231e

rs.
U, and PPV-R or PPVR-LUX), D-specific (PPV-FD), M-specific (PP

280).
number D37958. The Nad5 forward primers are mRNA-specific as t
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Table 2
Expected amplicon size with each primer pair used in multiplex polymerase chain reactions

Forward primer Reverse primer Target Expected size (bp)a

PPV-U PPV-RR or PPVRR-LUX All strains 74 (80)
PPV-FD PPV-RR or PPVRR-LUX D strain 114 (120)
PPV-FM PPV-RR or PPVRR-LUX M strain 380 (386)
Nad5-F Nad5-R Plant Nad5 gene 181
Nad5F-LUX Nad5-R Plant Nad5 gene 186b

a The number in parentheses represents the LUX primer amplicon with six additional nucleotides that were used to create the hairpin structure (Nazarenko
et al., 2002).

b The Nad5F-LUX primer amplicon with seven additional nucleotides that were used to create the hairpin structure (Nazarenko et al., 2002), and in the
design two bases were deleted at the 5′ end of the original primer.

diethylpyrocarbonate-treated (depc) H2O was combined with
2�l each of the antisense primers PPV-P1 (10�M) and
Nad5-R (5�M or 10�M stocks for herbaceous or woody,
respectively), incubated at 72◦C for 5 min, then immediately
placed on ice. The RT reaction was carried out in a 20�l
volume by adding 11�l of RT mix consisting of 4�l 5X
first strand buffer (Invitrogen), 2�l 0.1 M DTT, 1�l 10 mM
dNTP Mix, 0.5�l RNaseOUTTM (40 U/�l, Invitrogen), 1�l
SUPERSCRIPTTM II (Invitrogen), and 2.5�l depc H2O. RT
was carried out at 42◦C for 60 min, followed by 5 min at
99◦C, in Stratagene’s (La Jolla, California) RoboCycler®

temperature cycler. In evaluating the technology for simulta-
neous detection and identification of mixed strains, equal vol-
umes of total RNA extracted from 100 mg of singly-infected
herbaceous plant tissue were mixed in vitro prior to cDNA
synthesis. In assessing reliability for detecting mixed infec-
tions, total RNA from herbaceous tissue infected with strains
D and M were adjusted to the following ratios: 1:1, 1:2, 1:3,
1:4 and vice versa.

2.4. Optimization of conditions for multiplex PCR

A number of parameters were evaluated for multiplex PCR
optimization as described byArezi et al. (2003); Henegariu
et al. (1997); and Lekanne Deprez et al. (2002). These
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2.5. SYBR Green I real-time multiplex PCR

Optimum conditions identified included the final primer
concentrations (nM) for the SYBR Green I multiplex reac-
tions as follows; PPV-U at 400, PPV-FM at 350, PPV-FD at
150, Nad5-F and Nad5-R at 100, and PPV-RR at 200. The
PCR mastermix included these primers and 2.5�l 10×Karsai
buffer (Karsai et al., 2002), 0.5�l 10 mM dNTP, 1�l 50 mM
MgCl2, 0.1�l Platinum® Taq DNA polymerase high fidelity
(Invitrogen), 3�l 1:5000 SYBR Green I (Sigma, Oakville,
Catalogue #S-9430)—final concentration 1:42,000 (diluted
in TE, pH 7.5 as perKarsai et al., 2002), and sterile PCR-
grade MilliPore® water to a final volume of 24�l. Finally,
1�l of diluted cDNA (1:4 or 1:5 dilution of cDNA generated
from herbaceous or woody samples, respectively) was added
to this mixture.

2.6. Multiplex real-time PCR with LUX primers

Optimum conditions identified included the final primer
concentrations (nM) for the LUX multiplex reactions as fol-
lows; PPV-U at 100, PPV-FM at 400, PPV-FD at 150, Nad5-F-
LUX and Nad5-R at 200, and PPVRR-LUX at 200. The PCR
mastermix included these primers and 2.5�l of 10× high fi-
delity PCR buffer (Invitrogen), 0.5�l of 10 mM dNTP’s, 1�l
o ® e
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w
c a-
c mix-
t
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c tion
a s at
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o ing at
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ncluded conditions such as various hot-start DNA p
erase enzymes; Platinum® Taq DNA polymerase high fi
elity and PlatinumPfxDNA polymerase from Invitrogen
nd iTaqTM DNA polymerase from BioRad (Mississau
ntario). Also evaluated were PCR buffers such as K
uffer (Karsai et al., 2002), 10× high fidelity buffer (Invit-
ogen), 10× Pfx amplification buffer (Invitrogen), and 10×
TaqTM PCR buffer (BioRad); primer concentrations in b
he RT step (312.5–1250 nM, final concentration), and
tep (50–400 nM final concentration); cDNA concentra
n the PCR reaction (dilutions of 1:3, 1:4, 1:5, and 1:6
terile double distilled H2O); MgCl2 versus MgSO4; MgCl2
oncentrations (2–8.5 nM, final concentration); SYBR Gr
concentration (1:25,000–1:125,000); and two step PCR
aturation at 95◦C for 15 s to 3 min, with annealing extens
t 55–60◦C for 10–60 s) versus three step PCR (denatura
t 95◦C for 15 s to 3 min, annealing at 55–60◦C for 20–30 s
nd extension at 72◦C for 20–30 s).
f 50 mM MgSO4, 0.1�l of Platinum Taq DNA polymeras
igh fidelity (Invitrogen), and sterile PCR-grade MilliPor®

ater to a final volume of 24�l. One microliter of diluted
DNA (1:4 or 1:5 dilution of cDNA generated from herb
eous or woody samples, respectively) was added to this
ure.

.7. Real-time PCR cycling and agarose visualization

Real-time PCR was performed using a SmartCycler® II
hermal Cycler (Cepheid, Sunnyvale, CA). For routine a
sis with SYBR Green I and LUX multiplex reaction, PC
ycling consisted of two steps that included; 2 min incuba
t 95◦C followed by threshold-dependent cycling for 15
5◦C, and 60 s at 60◦C, where cycling advanced to melt sta
nce total fluorescence passed threshold (manual sett
0), plus extra nine cycles. This was identified as opt

n preliminary studies. Fluorescence readings (channel
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both SYBR Green I and FAM signals) were taken during the
anneal/extension step (60◦C incubation). Melting was per-
formed from 60 to 95◦C at 0.1◦C/s with a smooth curve
setting averaging 1 point. Melting peaks were visualized by
plotting the 1st derivative against the melting temperature.
The melting temperature (Tm) was defined as the peak of the
curve, and if the highest point was a plateau, then the mid-
point was identified as theTm. For electrophoretic analysis,
PCR products (10�l) were separated on a 2% agarose (Bio-
Rad) gel in TBE buffer, at 80 V for 60 min, with ethidium
bromide staining.

3. Results

3.1. cDNA concentration and optimization of real-time
RT-PCR

Variability of the viral titre within the plant tissue led to
varying cDNA concentrations of targets after reverse tran-
scription. Primer P1 proved to be an effective primer for gen-
erating cDNA for all PPV isolates from all hosts. Good PCR
amplification was obtained using cDNA concentrations of
1:3, 1:4, 1:5 and 1:6 dilutions for herbaceous and woody tis-
sue samples. The concentrations 1:4 and 1:5 were selected for
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Fig. 1. Gel separation (2% agarose in TBE) of real-time multiplex PCR
products. Lane A, 100 bp DNA ladder; lane 1,N. benthamianahealthy; lane
2, PPV D inN. benthamiana; lane 3, PPV M inN. benthamiana; lane 4,
PPV C inN. benthamiana; lane 5, PPV EA inN. benthamiana; lane 6, PPV
2630 inN. benthamiana; lane 7, PPV W3174 inN. benthamiana; lane 8,
healthy GF305 peach; lane 9, PPV Fantasia in nectarine (P. persica); lane
10, PPV Vulcan peach (P. persica); lane 11, PPV W3174 fromP. domestica
(plum); and lane B, 50 bp DNA ladder. M, Nad, D, and U indicate the position
of the M-specific, Nad-specific, D-specific, and PPV universal fragments,
respectively.

fication of PPV targets in the earlier cycles. The reactions
were stopped just as the Nad5 amplicon was entering the log
phase, consequently enough product did not accumulate to
allow visualization on the ethidium bromide stained gel.

Melting curve analysis of the amplicons associated with
the various isolates of PPV allowed accurate identification of
D or M isolates, and differentiation from isolates belonging to
other strains or groups. TheTm for isolates of the two strains
varied, facilitating specific identification of isolates of strains
D and M. Isolates of strain D (114 bp fragment) had aTm of
84.3–84.43◦C, depending on the host (Figs. 2, 4 and 5). The
melting curves for PPV Vulcan in peach and PPV Fantasia
in nectarine were identical. Only PPV Vulcan is shown for
clarity (Fig. 5). The strain M isolate (Marcus isolate inN.
benthamiana)with a 380 bp amplified fragment, had aTm of
86.11◦C (Fig. 2). The M-specific primer combination pro-

F tion
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w imer,
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outine analysis of cDNA generated from total RNA extrac
rom infected herbaceous and woody plants, respectivel
estion of the cDNA with RNase was not necessary p

o amplification as the oligonucleotide primers were vi
pecific, and no cross reactions were observed. Platin®

aq DNA polymerase high fidelity was effective for bo
YBR Green I real-time PCR and LUX primer PCR. In
stingly, the buffering requirements differed, with the Ka
uffer being more efficient in SYBR Green real-time PC
ompared to the high fidelity buffer for LUX primer real-tim
CR. Also, the two-step PCR cycling regime was found t

obust and just as effective as the three-step PCR regim
oth SYBR Green I real-time PCR and LUX primer PCR

.2. Real-time multiplex PCR using SYBR Green I and
elting curve analyses

The oligonucleotide primers amplified the expected
ets in real-time PCR analysis using the SmartCycler®. The
niversal forward primer amplified a 74 bp fragment and

ected all PPV isolates tested, in herbaceous or woody
Fig. 1, lanes 2–7 and 9–11). The D-specific forward pri
eacted with D isolates only (Fig. 1, lanes 2, 6, 9, and 10), a
he M-specific forward primer with M (Fig. 1, lane 3). The
-specific band in lane 9 ofFig. 1 is weak but clearly visi
le on the gel and original photograph, which may repre

ow virus titre. The primer PPV-RR was used as the rev
rimer in each of the above reactions. The Nad5 fragm
as not observed in all lanes of the gel (Fig. 1). The cycle

hreshold (Ct), the cycles necessary to detect a signal,
reater for the Nad5 target, indicating more efficient am
ig. 2. Multiplex melting curves using SYBR Green I for the detec
f Nad5, PPV D, and PPV M fragments amplified with specific prim
howing strain identification in infectedN. benthamiana. TheTms associate
ith the fragments amplified simultaneously using the universal PPV pr
PV-U, also are shown (U-M for PPV M, and U-D for PPV D).
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Fig. 3. Multiplex melting curves using SYBR Green I for the detection
of Nad5, PPV C, and PPV EA amplicons showing PPV identification and
the absence of nonspecific reactions with the D- and M-specific primers,
in infectedN. benthamiana. Tms associated with the fragments amplified
simultaneously using the universal PPV primer, PPV-U, are shown (U-C for
PPV C, and U-EA for PPV EA).

duced 380 bp fragments with M isolates (Marcus and Q1949
isolates) inP. persica Tms of approximately 85.34◦C were
observed (results not shown), which is distinct from members
of strain D. No cross reactions with the D- and M-specific
primers were seen in melting curve analysis of PPV isolates
PPV-C, PPV-EA and PPV-W3174 (Figs. 3–5). The univer-
sal primers amplified products 74 bp in size (Fig. 1) with Tms
varying from 80.08 to 81.52◦C (Figs. 2–5). They detected all
PPV isolates tested, thereby confirming PPV detection when
D or M are present (Figs. 2, 4, and 5), or indicating that the
virus is a PPV isolate, other than of D or M (Fig. 3). TheTm of
the C, EA, and W3174 associated 74 bp fragments produced
with the universal forward primer were 80.12, 81.52, and
81.29◦C, respectively (Figs. 3 and 4), and may allow further
discrimination of PPV isolates. Amplification of the Nad5
endogenous target (Tm of 82.45–82.63◦C) was included as a
control for assessing extraction of amplifiable total RNA, a
control for false negatives (Figs. 1–5).

When total RNA from D-infected and M-infectedN. ben-
thamianawere mixed, simultaneous identification and dif-
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f for
P

Fig. 5. Multiplex melting curves using SYBR Green I for the detection of
Nad5, PPV Vulcan, and PPV W3174 amplicons showing differentiation of
a D isolate from PPV-W3174 isolate, inPrunus. Tms associated with the
fragments amplified simultaneously using the universal PPV primer, PPV-
U, for isolates Vulcan and W3174 are shown (U-V for PPV Vulcan, and
U-W for PPV W3174, respectively).

ferentiation of both strains was possible as shown inFig. 2.
In this study total RNA ratios of 1:1 to 1:4 were assessed
for both strains and in all cases detection and differentiation
were possible.

3.3. Real-time multiplex PCR using LUX primers and
melting curve analyses

Simultaneous amplification by real-time PCR of the uni-
versal PPV fragment (74 bp), the Nad5 fragment (187 bp),
and the D-specific (114 bp) or the M-specific fragment
(380 bp), was achieved (Fig. 6). Analysis using the LUX
primers resulted in a reduction of theTm of the D-specific
and M-specific amplicons. The D-specific fragment had a
Tm ranging from 82.32◦C (woody) to 82.45◦C (herbaceous)
(Figs. 6 and 7, respectively). The M-specific amplicon had a
Tm of approximately 82.97◦C (Fig. 6). This reduced range
resulted in the peak of PPV D overlapping the peak asso-
ciated with PPV M (Fig. 6). A reduction of theTm of the
Nad5 fragment was also observed; 80.18–80.52◦C for LUX

F de-
t he D
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n are
s

ig. 4. Multiplex melting curves using SYBR Green I for the detectio
ad5, PPV 2630, and PPV W3174 amplicons, showing differentiation o

solate from PPV W3174 isolate, inN. benthamiana.Tms associated with th
ragments amplified simultaneously using the universal PPV primer, PP
or isolates 2630 and W3174 are shown (U-D for PPV 2630, and U-W
PV W3174, respectively).
ig. 6. Multiplex melting curves using LUX fluorogenic primers for the
ection of Nad5, PPV D, and PPV M amplicons, showing overlap of t
nd M melting peaks.Tms associated with the fragments amplified simu
eously using the universal PPV primer, PPV-U, for isolates of D and M
hown (U-D for PPV D, and U-M for PPV M, respectively).
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Fig. 7. Multiplex melting curves using LUX fluorogenic primers for the
detection of Nad5 and PPV Vulcan amplicons, fromP. persica(peach).
Also, theTm associated with the fragment amplified simultaneously using
the universal PPV primer PPV-U is shown, D indicates PPV Vulcan.

primer analysis (Figs. 6 and 7), compared to 82.45–82.63◦C
for the SYBR Green I analysis (Figs. 2–4). In general, the
range ofTms associated with fragments amplified using the
LUX primers tended to be narrower, hence less resolution
and clarity in interpreting the results.

4. Discussion

Plum pox virus strains D and M are the two most com-
monly detected groups of the virus, and they differ in their
pathogenicity and aggressiveness (Roy and Smith, 1994).
Consequently there is a need for strain typing isolates of
PPV in any disease management or eradication program.
Many of the techniques described previously for strain typ-
ing PPV consist of several steps, for example; RT-PCR, gel
purification of the PCR products, digestion of the purified
PCR products with restriction endonucleases, and subse-
quent analysis by gel electrophoresis for RFLP pattern anal-
ysis (Glasa et al., 2002; Hammond et al., 1998; Wetzel et
al., 1991). Real-time PCR with melting curve analysis has
been described as a relatively simple and reliable method
for simultaneous detection and differentiation ofMycobac-
terium tuberculosisfrom nontuberculous mycobacterial iso-
lates (Shrestha et al., 2003), differentiation ofLeishmania
s ;
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this study, in real-time multiplex PCR with melting curve
analysis, to develop a test for rapid and accurate identi-
fication of PPV D and PPV M isolates. The D-specific
amplicon is 114 bp in size, with aTm of 84.3–84.43◦C,
whereas the M-specific fragment is 380 bp in size, with a
Tm of 85.34–86.11◦C, producing distinct melting peaks. The
strain-specificTm was affected by the host species but this
did not affect reliable identification of D and M isolates.Tm
values are known to be affected by factors such as the concen-
tration of DMSO, magnesium chloride, template DNA, and
rate of temperature transition (Giglio et al., 2003; Ririe et al.,
1997). The host related response observed in this study may
represent a matrix effect since this pattern was observed with
identical isolates in herbaceous versus woody hosts. Also, dif-
ferent isolates of the same strain may have slightly different
sequences of the amplified fragments, which may contribute
to Tm variations. TheTm value is known to be affected by
the GC content (Ririe et al., 1997). Universal primers for
PPV were included in the reaction, as well as control primers
targeting the Nad5 gene. This approach provides; (1) confir-
mation of PPV detection with strain typing, (2) detection and
potential differentiation of PPV isolates other than members
of strain D or M, and (3) confirmation that amplifiable total
RNA was extracted thereby reducing the possibility of false
negative results. Reverse transcription with real-time PCR
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his approach to pathogen identification is based on flu
ence melting curve analysis of PCR products, with theTm
eing a function of the GC/AT ratio, fragment length, and
uence (Ririe et al., 1997; Nicolas et al., 2002). Since analysi

s real-time and can be carried out during the PCR reac
ather than at the end of the reaction, testing tends to be
han conventional PCR. Also, the need for analysis by
lectrophoresis using toxic ethidium bromide is elimina
Ririe et al., 1997).

Mouillesseaux et al. (2003)indicated that fragment leng
nfluencesTm values with longer fragments having a hig
m than shorter fragments. That principle was use
s more sensitive than ELISA and conventional RT-PCR
PV detection (Schneider et al., 2004). Another advantag
f this approach is that it may facilitate rapid identificat
f mixed infections.

SYBR Green I is a non-specific fluorescence dye w
igh affinity for double-stranded DNA (Witter et al., 1997).
he LUX (light upon extension) primer is a self-quench
airpin primer linked to a fluorophore that fluoresces

er hybridization with a specific and complementary ta
Nazarenko et al., 2002). In this study, better resolution w
btained for melting curve analysis after real-time m
lex PCR with SYBR Green I, compared to analysis u
UX fluorogenic primers. This agrees with previous rep
eviewed byWilhelm and Pingoud (2003)who describe
YBR Green I as producing more precise results or re
f similar precision compared to fluorogenic probes. Th
ncouraging since SYBR Green I is relatively inexpen
nd easy to use (Giglio et al., 2003). Another benefit of usin
YBR Green I compared to probe-based systems is tha
egatives from probes not recognizing their target due t
uence heterogeneity is avoided (Read et al., 2001). Lekanne
eprez et al. (2002)found that the choice of cDNA primin
ligo influences the sensitivity of real-time PCR analysis

his study, the well-validated P1 primer (Wetzel et al., 1991)
as used for PPV cDNA synthesis, followed by real-t
CR using primers upstream of the P1 site. This contrib

o the development of a very reliable diagnostic test. It is in
sting to note that for woody host samples, a higher dilu
f cDNA (1:5 compared 1:4 for herbaceous host sam
ave better melting curves. This may indicate the pres
f inhibitors in woody host derived cDNA samples.
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In conclusion, a relatively simple and reliable real-time
multiplex PCR with melting curve analysis procedure was
developed for the detection of PPV and identification of iso-
lates of PPV D and PPV M. TheTm associated with isolates
of PPV strain D were consistently lower and distinct from the
Tm associated with strain M, facilitating easy identification
and differentiation of the two strains. If isolates of groups
other than PPV D or M are present, this approach has the
capacity to confirm the presence of PPV, while at the same
time distinguishing them from isolates of PPV D or M. Use
of a two-step PCR procedure (denaturation, with annealing
and extension combined) further reduced the complexity and
duration of the test, and increased the robustness of the pro-
cedure. The method described in this study should provide a
useful tool for strain typing PPV, and it is possible that sim-
ilar techniques may be developed for strain identification of
other fruit tree viruses. Fruit trees are often infected with mul-
tiple viruses (James and Mukerji, 1993; James and Jelkmann,
1998), and real-time multiplex PCR with melting curve anal-
ysis may be a simple approach for simultaneous detection of
several viruses.
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