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Abstract Barley yellow dwarf viruses (BYDVs, mainly
consisting of three strains, GAV, GPV and PAV, in China),
barley stripe mosaic virus (BSMV), wheat yellow mosaic
virus (WYMYV), wheat dwarf virus (WDV) and wheat blue
dwarf phytoplasma (WBD) constitute a group of major
wheat pathogens that have caused huge yield losses but are
scarcely distinguished by their phenotype alone. For the
simultaneous detection and discrimination of these seven
pathogens in wheat, a multiplex polymerase chain reaction
(M-PCR) method was developed in this study through a
series of parameter optimizations. Detection and sensitivity
tests using samples collected from the field indicate that the
M-PCR method can rapidly, simultaneously and relatively
effectively detect BYDV-GAV, -GPV, -PAV, BSMV,
WYMV, WDV and WBD.

Introduction

Wheat, as one of the most important food crops worldwide,
is infected by various kinds of pathogens, including fungi,
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bacteria, viruses and phytoplasma, which seriously influ-
ence the yield and quality of wheat. Since agriculture is a
vital part of China’s economy, it is important to develop a
method to detect these pathogens quickly, accurately and
economically. Compared to fungal and bacterial pathogens,
infections caused by viruses and phytoplasma are difficult
to distinguish or demonstrate based on their symptoms
alone. The major group of viruses and phytoplasma
infecting wheat in China consists of wheat yellow mosaic
virus (WYMYV), barley yellow dwarf virus (BYDV), barley
stripe mosaic virus (BSMV), wheat dwarf virus (WDV)
and wheat blue dwarf (WBD) phytoplasma, all of which
have caused great losses to China’s wheat production.
The group of viruses collectively designated as barley
yellow dwarf viruses (BYDVs) belongs to the family
Luteoviridae and are important viruses in wheat because of
their ability to cause significant diseases and yield losses
worldwide. These viruses infect a wide range of species of
Gramineae and are transmitted naturally by aphids in a
highly specific, circulative, and non-propagative manner
[1]. Currently, the viruses causing barley yellow dwarf
disease are divided into three groups: BYDV-PAV,
BYDV-MAYV, and BYDV-PAS in the genus Luteovirus;
Cereal yellow dwarf virus-RPV (CYDV-RPV) and CYDV-
RPS in the genus Polerovirus; and BYDV-GPV, BYDV-
SGV and BYDV-RMYV, which have not been assigned to a
genus [2, 3]. In these eight isolates of B/CYDVs, only
BYDV-PAYV, -GPV and -RMV have been found in China
[4, 5]. BYDV-PAV and -GPV are both common strains,
while BYDV-RMYV is a rare isolate in China, which was
found only once in Guiyang [6]. Except for these three
isolates, another common Chinese strain, BYDV-GAV
(named according to Rochow’s system), is serologically
related to BYDV-MAYV. Although there are no detailed
criteria based on nucleotide sequence homology for
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classification of BYDVs, their high degree of nucleotide
and amino acid sequence similarity indicates that BYDV-
GAV and BYDV-MAV are very similar [7].

Wheat yellow mosaic virus (WYMYV), a soil-borne virus
vectored by the fungus-like organism Polymyxa graminis,
causes one of the most devastating soil-borne wheat dis-
eases in China, wheat yellow mosaic [8]. Yellow-striped
leaves and stunted spring growth are the main symptoms of
WYMV infection. However, similar symptoms are also
caused by barley stripe mosaic virus (BSMV), the type
member of the genus Hordeivirus. BSMV is a seed-borne
virus mainly infecting barley, wheat and wild oats [9]. In
China, the virus first occurred in Xinjiang Province and
subsequently spread throughout China, causing serious
yield losses [10].

Wheat blue dwarf disease (WBD), another of the most
important diseases of cereal crops, is caused by WBD
phytoplasma and is transmitted by a leafhopper vector
(Psammotettix striatus L.). This pathogen infects winter
wheat in arid and semiarid areas of northwestern China,
leading to severe losses [11]. Another leathopper-trans-
mitted pathogen, wheat dwarf virus (WDV), is a member
of the genus Mastrevirus in family Geminiviridae. Its host
range includes wheat, barley, oats and many cereal grasses.
Typical symptoms of WDV infection include dwarfing,
mottling, yellowing and reduction of heading in wheat and
barley. Since the first report of a circular single-stranded
(ss)-DNA virus, significant economic losses have resulted
from infection by and spread of this virus in Europe, Asia
and Africa [12].

Earlier detection methods for wheat viruses based on
biology [13], serology [14] and electron microscopy, have
been developed, but these are only suitable for primary
identification of viruses. Recently, molecular methods,
mainly including nucleic acid hybridization and polymer-
ase chain reaction (PCR) technology, have been established
for detection of viruses. Although hybridization is an
economical and effective alternative for detecting and
distinguishing different viruses, it is not sensitive enough to
detect viruses that are present at low titre. More impor-
tantly, most assays using traditional methods and single
PCR techniques are only effective for detecting a single
virus, and consequently, more time and reagents are needed
when multiple viruses are to be detected and identified. The
inability of phytoplasmas to be cultured in vitro, their
variable titres, and their uneven distribution in plants make
their detection very difficult.

Multiplex PCR is a new technique in which several pairs
of primers are used together in one PCR, leading to
simultaneous amplification of different regions or sizes of
DNA fragments [15]. Compared to single PCR, this
method decreases the risk of contamination, saves time and
reduces the cost. Currently, mixed infections with these
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seven pathogens are common in the field in northwestern
China. A large amount of time and effort is required when
using single PCR to detect each of the pathogens that are
present in plants infected with a mixture of viruses. In this
study, a multiplex PCR system was established and opti-
mized for the simultaneous detection of seven pathogens
that infect wheat, including six viruses (BSMV, WDV,
WYMV and three strains of BYDVs) and one phytoplasma
causing WBD, in wheat leaf tissues collected from three
provinces.

Materials and methods
Plant materials

Oat leaf tissue infected with known BYDVs (three strains:
PAV, GAV, and GPV) was kindly provided by Dr. Wang,
Institute of Plant Protection, Chinese Academy of Agri-
cultural Science. Wheat leaf tissue infected with WBD was
stored in our lab. Leaf tissue infected with five other
viruses was collected in the field from the provinces of
Shaanxi, Gansu and Shanxi, and the viruses were identified
in our lab. Test samples were taken from healthy plants or
plants infected with single or mixed pathogens in the field.
Leaves collected from healthy and infected wheat were
stored at —80°C for later use.

Extraction of total nucleic acids and reverse
transcription

To detect DNA virus and phytoplasma in field samples,
total nucleic acids were extracted using phenol/chloroform.
Approximately 500 milligrams of leaf tissue was frozen in
liquid nitrogen, ground in an RNase- and DNase-free
mortar, and homogenized with 500 pL. phenol/chloroform
(1:1) and 500 pL extraction buffer in an RNase- and
DNase-free 1.5-mL microfuge tube. Total nucleic acids
were redissolved in 35 ul. of RNase- and DNase-free
water. The first-strand cDNAs of five RNA viruses were
synthesized using random hexamer as primers and Molo-
ney murine leukemia virus (MMLYV) reverse transcriptase
(Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. The final templates were mixtures of
original DNA and first-strand cDNA.

Design and selection of primers

An applicable multiplex reaction needs to include primer
pairs targeting each of the different pathogens to be detected.
The annealing temperature must be similar for all primer
sets, and complementarity between primers must be avoided
to prevent the formation of primer dimers, which can
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significantly impair annealing of primers to the template
DNA. Seven sets of primers were designed for simplex and
M-PCR amplification of (i) conserved regions within the
coat protein (CP) gene of BYDV-PAV and WYMYV, (ii) the
partial CP genes of BSMV, BYDV-GAV, BYDV-GPV and
WDV, and (iii) the ribosomal protein (rp) gene of the WBD
phytoplasma. Specific primers for M-PCR were designed
using the program Primer 5.0. To facilitate reverse tran-
scription and PCR, all of the primers were designed based on
specificity and compatibility. The program DNAMAN was
used to select specific primers with similar annealing tem-
peratures in order to ensure the simultaneous detection of
seven pathogens in one reaction system. The primer
sequences, expected size of amplification products, and the
target genes are listed in Table 1. Meanwhile, the primer
sequences of BYDV-PAV, -GPV and -GAV were analyzed
using Primer Premier 5.0 to determine whether they would
be able to amplify the closely related virus RMV.

Multiplex PCR

DNA isolated from materials infected with WBD and WDV
was mixed with defined amounts of cDNA synthesized from
RNA of BSMV, WYMYV and as the M-PCR template. The
parameters involved in the M-PCR, including annealing
temperature, concentration of Mg2+, polymerase buffer and
Taq polymerase, cycle number, and especially the propor-
tion of each specific primer set were optimized in a series of
reactions (data not shown). Following optimization, the
12.5-pL. PCR mixture included 1 pL of template, 2.5 pL of
25 mM Mngr (Promega, MadisonWI), 2.5 pL of a ANTP
mixture with each dNTP at 5 mM, 2.5 pL of 10x poly-
merase buffer (Promega, Madison, WI),and 1.5 pL of 5 U/uL
hot-start Taq polymerase (Promega, Madison, WI), and the

Table 1 Pathogen-specific primers for multiplex PCR

primers. The samples were amplified using a PTC-100
Peltier Thermal Cycler (Bio-Rad, Hercules, CA), with
initial denaturation at 94°C for 3 min, followed by 35
cycles of denaturation at 94°C for 1 min, primer annealing
at 53°C for 45 s, and primer extension at 72°C for 1 min,
and then final extension at 72°C for 10 min.

Cloning and sequencing of PCR products

In order to confirm the identity of the amplified products,
PCR fragments for each of the pathogens were purified
from the agarose gels using an H.Q.&.Q. Gel Extraction
Kit (U-Gene). These fragments were cloned into the
pMDI18-T simple vector, introduced into Escherichia coli
strain JM109 by transformation and sequenced.

Sensitivity tests of multiplex PCR

Each amplified fragment cloned into the pMD18-T simple
vector was adjusted to the same initial concentration and
diluted serially tenfold (10° to 10° copies) with deionized
water to serve as a template in the optimized multiplex
PCR. Seven single PCRs were done using the same tem-
plate for comparison of amplification efficiency with the
M-PCR.

Results

Amplification efficiency and specificity
of each primer set

All seven primer sets were added together in equimolar
amounts in the M-PCR reaction mixture, and the results

Primer Sequence (5'-3") Tm (°C) Product size (bp) Amplified gene NCBI accession no.
rpF1 GGACATAAGTTAGGTGAATTT 49.5 1240 Ribosomal protein DQ489535
rpR1 ACGATATTTAGTTCTTTTTGG 49.5

WYMVI GCAGCTGACACACAAACAGAC 49.6 878 Coat protein AJ240052
WYMV2 TTAGGTTAGTTCTGGGTGTCC 49.6

WDV1 ACCAACAAGGACTCCCGA 56.0 735 Partial coat protein EF536881.1
WDV2 GGCACATACAACATCAAACGC 49.6

PAV1 ATGAATTCAGTAGGCCGTAGG 49.6 600 Coat protein AY855920
PAV2 CTATTTGGCCGTCATCAAGTG 49.6

BSMV1 AGGATCAATGGGATACACAAGTT 52.3 503 Partial coat protein AY789694
BSMV2 TTCGAAAGTCTTCCTGGTATACAC 53.6

GPV1 GGTCGCCCTTAGAAATG 52.0 342 Partial coat protein AY855920
GPV2 GCCTCGGTGATGAACTG 54.0

GAV1 GTAGAAATAACCGCAGGAG 56.0 274 Partial coat protein EU386812
GAV2 GACTTGAGTATTCCACCTGA 58.0
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indicated that the concentrations of the primers for WBD,
WDV and WYMYV needed to be increased. Through a
series of gradient tests, the ratios of the primer sets were
optimized to achieve satisfactory amplification. The
amplification efficiency of single pairs of primers in the
single PCR procedure was tested under the same conditions
that were used for M-PCR. The results indicated that the
same templates could be effectively amplified in both
reactions (Fig. 1).

Primer specificity was tested by performing a “drop-
out” experiment, in which one of the primer pairs at a time
was removed to see whether any of the other primer pairs
had cross-reacted. Each virus-specific primer set was
sequentially eliminated in this experiment (Fig. 2). The
third lane shows that good amplification was achieved with
all of the primer sets except the WBD primers. Similar
results were observed for six other viruses (lanes 4-9) when
compared with the multiplex reaction control (lane 10).
This demonstrated that the primers used in the multiplex
PCR are very specific for their respective virus.

Because leaf tissues infected with BYDV-RMV are
rarely available in China, a bioinformatics analysis was
conducted in place of an experiment to test the cross-
amplification of BYDV-PAV, -GPV and -GAV primers
(Data shown in Supplementary Online Material). The result
indicated that only primer pair GPV1/GPV2 might be able
to cross-amplify a 121-bp fragment of an RMV isolate
from Montana, USA, but none of the isolates from China.
In other words, three primer sets of BYDVs would rarely
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Fig. 1 Multiplex PCR to detect different wheat pathogens. MI,
DL2000; M2, marker IV; lane 2, healthy wheat control; lanes 3-9,
simplex PCR of WBD, WYMV, WDV, PAV, BSMV, GPV and
GAV; lane 10, M-PCR, containing the specific primer sets and seven
pathogen templates, producing a ladder of DNA fragments
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Fig. 2 Primer specificity test by a series of multiplex PCR assays.
M1, DL2000; M2, Marker IV; lane 2, healthy wheat control; lanes
3-9, a series in which on pair of pathogen-specific primers was
sequentially omitted from the M-PCR; lane 10, M-PCR, containing
the seven pathogen-specific primer sets and templates, producing a
ladder of DNA fragments

be able to cross-amplify the fragment of RMV from field
samples in China.

Sequence analysis of PCR products

Sequence analysis indicated that, as intended, the amplified
products for GAV, GPV, BSMV, PAV, WDV, WYMV and
WBD were 274, 342, 503, 600, 735, 878, 1240 bp in
length, respectively, which proves the reliability of the
M-PCR results.

Detection of seven pathogens in
mixed infections in the field

This multiplex PCR detection assay was also tested on field
samples collected from the provinces of Shaanxi, Gansu
and Shanxi. Test plants were grown in different field and
were tested for an array of virus combinations by M-PCR
(Fig. 3). The data indicate that most of these field samples
were infected by different combinations of these seven
pathogens. Field samples from Yangling, Shaanxi, were
found to be heavily infected with BYDV-GAV. WBD,
BYDV-PAV and WYMV were the main pathogens
detected in the plants samples from Hancheng, Shaanxi.
The samples from Gansu province were dominantly
infected with BYDV-PAV, -GAV and WYMYV, while the
viruses detected in the samples from Shanxi were mainly
different strains of BYDV, especially strain GAV. These
samples were also tested by the single PCR method to
confirm the M-PCR results, which were generally
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Fig. 3 Multiplex PCR detection of field samples. Panel a: Multiplex
PCR analysis of field samples from Hancheng and Yangling of
Shaanxi province. M1, marker IV; lane 2, healthy wheat control; lanes
3-6, field samples from Hancheng, Shaanxi; lanes 7-9, field samples
from Yangling, Shaanxi; lane 10, a positive control M-PCR provides
a reference ladder showing all seven amplicons. Panel b: Multiplex
PCR analysis of field samples from Gansu province, M1: marker IV;

consistent with those obtained by M-PCR with the excep-
tion that one additional virus was detected in samples S2,
S5 and s3 (Table 2).

Detection limits of multiplex PCR

A series of sensitivity tests was conducted to determine the
detection limits of this M-PCR assay (Fig. 4). Although it
is obvious that the amplification efficiency for the different
pathogens differed between the single PCR and M-PCR
procedures, the ratios of the amount of amplicon produced
in each single PCR to that in the corresponding M-PCR
were almost identical. The data show that all of the frag-
ments except the rp gene of WBD and the cp gene of
BYDV-GAYV, were amplified 10 times more efficiently in
the single PCR than in the M-PCR, while amplification of
rp and GAV-cp was 100 times more efficient.

Table 2 Detection of field samples by single PCR methods

1 2 3 4 6 6 7 1 2 3

4 5 6 7

lane 2, healthy wheat control; lanes 3-6, field samples from Gansu;
lane 7, a positive control M-PCR providing a reference ladder
showing all seven amplicons. Panel ¢: Multiplex PCR analysis of
field samples from Shanxi province. M1, DL 2000; lane 2, healthy
wheat control; lanes 3-6, field samples from Shanxi; lane 7, a positive
control M-PCR providing a reference ladder showing all seven
amplicons

Discussion

Generally speaking, in the natural environment, a single
wheat sample may be infected by combinations of different
types of viruses. In this study, a multiplex PCR detection
system has been established after several optimizations to
detect viruses and a phytoplasma simultaneously in mixed
infections in wheat. Several research groups have devel-
oped methods for simultaneous detection of several viruses
using M-PCR. In the USA, seven wheat viruses [16] were
detected by an M-PCR method. However, all of them were
RNA viruses, and five of them were pathogens that are not
prevalent in China. Although Yue et al. [17] first developed
an M-PCR method to detect three RNA viruses and a
phytoplasma simultaneously, pathogenic species detected
by this method are still restricted to four kinds. Simulta-
neous detection of a DNA virus, RNA viruses and a

Single PCR S1 S2 S3 S4 S5 S6

S7 Gl G2 G3 G4 sl s2 s3 s4

Negative control
WBD

WYMV

WDV

PAV — — —
BSMV — — — _
GPV — — — _
GAV - + — — —
Positive control + + + + +

+ o+ +
|
|
|+ 4+ +
I+ + +

+ + +

- - + + + - - - -
- - + - + - - -

- - + + + - -+ 4
- - - - - -+ o+ o+
— — + + + - - - 4
- — + + + + o+ o+ o+
+ + + + + + o+ o+ o+
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prokaryotic pathogen was first achieved in our laboratory.
This method has greatly increased detection efficiency and
reduced testing costs, and it has been successfully applied
to the detection of wheat pathogens present in mixed
infections.
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<« Fig. 4 Comparison of the sensitivity of the single and multiplex PCR

procedures. Panel a: Detection limits in each single PCR. Lane 1,
marker DS2000; lane 2, negative control with deionized water as
template; lanes 3-9, single PCR assays with 10-fold serial dilutions
(10° to 10° copies) of recombinant plasmids as templates. The amount
of PCR product loaded in each lane was 2.5 pl. Panel b: Detection
limits in multiplex PCR. Lane 1: marker DS2000; lane 2, negative
control with deionized water as template; lanes 3-9, multiplex PCR
with a 10-fold serial dilution (100 to 10° copies) of recombinant
plasmids as templates. The amount of PCR product loaded in each
lane was 2.5 pl

Since a multiplex PCR reaction requires multiple spe-
cific amplifications in one system, an ideal one is not a
simple mixture of the individual PCRs, but instead, a
comprehensive analysis of the target product is needed, and
repeated tests are required to establish the optimal reaction
conditions. Selection of a primer set for each pathogen
plays a key role in the M-PCR, not only to make the
primers specific, but also to avoid interaction of the primers
with each other and try to make the annealing temperature
of all primer pairs consistent. Each primer set has been
chosen based on sequence alignment to avoid comple-
mentarity with any other primers and to minimize the
formation of primer dimers. Competition among primers
may result in uneven amplifications in the multiplex PCR,
with some of the products being barely visible while others
are amplified more efficiently. Thus, it is vital to optimize
the concentration ratios of the primers for multiplex PCR,
as an improper ratio may lead to no amplification or non-
specific amplification of certain target templates. This
problem may be overcome by changing the proportions of
the primers based on the intensity of the bands in the
reaction, increasing the amount of primer for “weak
amplifiers” and decreasing it for “strong amplifiers”.

Although M-PCR has the advantage in saving time and
cost, its sensitivity appears to be lower than that of a single
PCR. Because polymerases buffer, Mg>", dNTPs and Taq
polymerase in the M-PCR are simultaneously consumed by
more than one amplification reaction, the efficiency of each
reaction was naturally lower than that in the single PCR.
However, the 10-fold to 100-fold lower amplification
efficiency of the M-PCR compared to the single PCR is
acceptable and has little effect on its application for path-
ogen detection.

Field samples from Shaanxi, Gansu and Shanxi were
collected to test the practical applicability of this M-PCR
method. Amplification products derived from field samples
were cloned and sequenced to ensure that the bands
observed corresponded to the pathogens. In one case, a
weak extra band appeared between BSMV and GPV when
the field sample “S7” from Shaanxi was first tested by the
M-PCR method. In order to indentify the extra band, the
sample was tested again by M-PCR, but this time the extra
band was not observed. Repeated testing of this sample by
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single and multiple PCR gave uniform results (data shown
in Supplemental Online Material). Testing of field samples
by this M-PCR method could not be used to perform epi-
demic analysis of these seven pathogens, while utilization
of this M-PCR method could apply to epidemic analysis on
the basis of the number of samples and collection sites. In
addition, this M-PCR method is potentially applicable for
plant quarantine and molecular-assisted breeding.
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