Detection of Two Orchid Viruses
Using Quartz Crystal Microbalance-Based DNA Biosensors

Alvin Jin-Cherng Eun, Liqun Huang, Fook-Tim Chew, Sam Fong-Yau Li, and Sek-Man Wong

First and fifth authors: Department of Biological Sciences; second and fourth authors: Department of Chemistry; third author: Department of
Pediatrics; and fourth author: Institute of Materials Research and Engineering, National University of Singapore, Kent Ridge, Singapore

117543.
Accepted for publication 6 March 2002.

ABSTRACT

Eun, A. J.-C., Huang, L., Chew, E-T., Li, S. E-Y., and Wong, S.-M. 2002.
Detection of two orchid viruses using quartz crystal microbalance-based
DNA biosensors. Phytopathology 92:654-658.

We have developed a piezoelectric DNA-sensor based on DNA-RNA
hybridization for the detection of two orchid viruses, Cymbidium mosaic
virus (CymMYV) and Odontoglossum ringspot virus (ORSV). Specific
oligonucleotide probes modified with a mercaptohexyl group at the 5’-
phosphate end were directly immobilized onto 10-MHz AT-cut quartz
crystal microbalance (QCM). QCMs coated with such oligonucleotide

probes were exposed to test solutions containing viral RNA for hybri-
dization. Various experimental conditions evaluated were (i) DNA probe
coating concentration, (ii) sensitivity and specificity of the probes at dif-
ferent hybridization temperatures, and (iii) effects of incubation tempera-
ture on the hybridization time. The specific nucleotide probe-coated
QCM-based DNA sensors were able to detect both CymMV and ORSV
in quantities as low as approximately 1 ng in purified RNA preparations
and 10 ng in the crude sap of infected orchids. This is the first application
of a DNA biosensor for the detection of plant viruses.

Cymbidium mosaic virus (CymMV) and Odontoglossum ring-
spot virus (ORSV) belong to the potexvirus and tobamovirus
groups, respectively. They are two of the most prevalent and
economically important orchid viruses (40), infecting numerous
commercially important orchid genera, and have attained a world-
wide distribution (43). CymMYV induces floral and foliar necrosis
while ORSV causes ring spots on leaves and color breaking on
flowers. Mixed infections of both viruses can cause blossom
brown necrotic streaks. The viruses also reduce plant vigor and
lower flower quality, thus affecting their economic value (15).
These viruses are relatively stable and are spread by contaminated
tools and pots (40).

Many reliable techniques have been developed over the years
for the detection of viruses in orchids (22). Serological techniques,
such as the agar gel diffusion and both direct and indirect enzyme-
linked immunosorbent assay methods (ELISA) (15,39,41), are
currently used in routine diagnosis of plant virus infection. Bio-
assay and immunosorbent electron microscopy also have been
used to examine for the presence of viruses in sap from infected
plants. For the detection of viral RNA, several conventional
methods have been developed in recent years. These include re-
verse transcription-polymerase chain reaction (RT-PCR) (23,28,
30), immunocapture-PCR (3), digoxigenin (DIG)-labeled cRNA
probes (16,17), immunocapillary zone electrophoresis (I-CZE)
(9), liquid chromatography (LC)-and matrix-assisted laser desorp-
tion-ionization (MALDI)-mass spectrometry (34), TagMan real-
time RT-PCR (8), molecular beacons (10), and, most recently,
quartz crystal microbalance (QCM) immunosensors (7). These
methods provide highly sensitive and specific tests, but involve
multiple steps in sample preparation. In addition, these procedures
are time consuming.
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The QCM is a sensitive mass-measuring device consisting of a
quartz crystal wafer sandwiched between two metal electrodes
which are connected to an external oscillator circuit that records
the resonant frequency. The resonance frequency decreases upon
the increase of a given mass, as shown in the Sauerbrey equation
(29): AF = -2F;> AM/A (p,u,)"%, where AF is the measured fre-
quency shift, F, is the fundamental crystal frequency, A is the
coated area , AM is the mass change due to surface deposition, p,
is the density of the quartz crystal, and y, is the shear modulus.

In this study, we used a QCM method to detect plant viruses
based on DNA-RNA hybridization. Oligonucleotide probes were
immobilized on a QCM which bound to complementary target
viral RNA of two orchid viruses, CymMV and ORSYV, present
within the crude sap of infected orchids.

MATERIALS AND METHODS

CymMYV and ORSYV RNA purification. CymMV and ORSV
were propagated and purified as previously described (9,10).

CymMYV and ORSV CP DNA probes. Two single-stranded
DNA probes complementary to the CymMYV and ORSV genes en-
coding coat proteins (CPs) were designed and synthesized (Genset
Oligos, Singapore) based on the viral sequences determined previ-
ously (6,42). Each probe was 25 nt in length and possessed a
mercaptohexyl group attached to its 5’-phosphate terminal. The
sequences of the CymMV probe (oligo-CymMV-CP: melting
temperature [T,] = 65°C, %GC = 52, sequence = 5’-[Thiol] GGG
TTA TGG CCT TGA TTT CTT CGG C-3") and ORSV probe
(oligo-ORSV-CP: T,, = 55°C, %GC = 40, sequence = 5’-[Thiol]
CTT GTT GTG TTT GGA ACT GAT TAC C-3’) were similar to
the loop sequences of the molecular beacons MCM-CP and MOR-
CP, respectively, as previously reported (10). The oligo-ORSV-CP
probe sequence corresponded to positions 5817 to 5841 of the
ORSYV CP gene, while the oligo-CymMV-CP probe sequence cor-
responded to positions 5600 to 5625 of the CymMV CP gene.

QCM and frequency counter. Circular AT-cut 10 MHz QCMs
with gold electrodes on either face were used (International Crys-



tal Manufacturing Co. Inc., Oklahoma City, OK) for our experi-
ments. Each QCM was 14 mm in diameter and 0.2 mm thick,
while the gold electrodes were 5.1 mm in diameter and 100 nm
thick. A laboratory-constructed transistor-transistor logic integrated
circuit (TTL-IC) based on IC 74LS504 was used to power the
quartz crystals. A TF830 universal frequency counter (Thurlby-
Thandar Instruments, Ltd., Huntingdon, Cambridgeshire, U.K.)
was used to measure their output frequency. All frequency
readings were recorded at room temperature.

DNA probe immobilization. Hot Piranha solution (concen-
trated H,SO4: 30% H,0,, 3:1, vol/vol) (10 pl) was applied for
5 min to both sides of the gold electrode surface of QCMs
pretreated with (y-aminopropyl)-triethoxysilane (APTES) (Fluka,
Buchs, Switzerland) as previously described (7). The quartz
crystals then were rinsed with distilled water followed with etha-
nol, air dried, and the initial resonance frequency (Fy) recorded.
This procedure was repeated twice. Five microliters each of oligo-
CymMV-CP at 40 ng pl™! diluted in 5x SSC buffer (I1x SSC is
0.15 M NaCl plus 0.015 sodium citrate) (300 mM sodium
chloride, 30 mM sodium citrate), pH 7.0, was applied on both
sides of the quartz crystals for 24 h at room temperature. A rinsing
step with 0.1 M glycine in 20 mM phosphate-buffered saline
(PBS), pH 7.0, was performed after oligo-CymMV-CP incubation
to block unreacted aldehyde groups. All quartz crystals subse-
quently were rinsed three times with 5x SSC buffer, pH 7.0,
followed with distilled water to remove salt deposits and excess
nucleic acid probes. ORSV QCM DNA biosensors were prepared
using the same procedure and concentration of oligo-ORSV-CP.
The QCM DNA biosensors were air dried and their resonance
frequency (F,;) read and recorded. All biosensors were stored at
4°C for use in subsequent experiments.

Optimization of incubating DNA probe concentrations. Five
microliters each of oligo-CymMV-CP at dilutions of 12, 18, 37,
51, 73, and 96 ng pl~! were applied on both sides of six separate
groups of APTES pretreated QCMs, each group consisting of
three QCMs. The QCMs then were treated as described in the
previous section and the average frequency shifts calculated. The
same procedure was repeated for oligo-ORSV-CP at dilutions of
20, 25, 35, 50, and 96 ng pl ..

Effect of temperature on the specificity and sensitivity of
QCM DNA biosensors. Five microliters each of purified CymMV
RNA at dilutions of 0.05, 0.12, 0.23, 0.30, 0.45, and 0.90 ng ul™
were applied on both sides of six separate groups of oligo-CymM V-
CP QCMs, with each group consisting of four QCMs. Within each
group, two QCMs were incubated at room temperature (25°C)
while the rest were incubated at temperatures 10°C below the T,
(55°C). After an incubation period of 1 h, the QCMs were rinsed
three times with 5x SSC buffer, pH 7.0, followed by distilled
water, and the average frequency shifts were calculated. This
procedure was repeated using purified ORSV RNA to determine
the specificity of the oligo-CymMV-QCM. Similar procedures
were performed to determine the effect of temperature on the
sensitivity and specificity of the oligo-ORSV-CP QCMs.

Effect of temperature on the optimal hybridization time of
QCM DNA biosensors. Five microliters each of 0.45 ng pl™! puri-
fied CymMV RNA were applied on both sides of five separate
groups of oligo-CymMV-CP QCMs, each group consisting of four
QCMs. Within each group, two QCMs were incubated at room
temperature (25°C) while the rest were incubated at temperatures
10°C below the T,, (55°C). At time points of 30, 60, 90, and
130 min after the start of hybridization, one QCM group was
rinsed as described above and the average frequency shifts calcu-
lated. Similar procedures were performed to determine the effect
of temperature on the optimal hybridization time of the oligo-
ORSV-CP QCMs using time points of 20, 40, 60, 90, and
130 min. Each experiment was carried out three times.

QCM detection of viruses from infected crude saps. Fresh
leaf samples of healthy, CymMV- and ORSV-infected orchid

Oncidium (0.5 g each) were ground in 1 ml of 0.01 M sodium
borate buffer, pH 7.5. The homogenate was centrifuged at low
speed to remove plant debris. This supernatant was diluted 100-
fold in 0.1 M PBS, pH 7.0, and stored at 4°C for further analysis.
Healthy crude sap samples (5 pl) were applied on both sides of
five oligo-CymMV-CP QCMs and incubated at room temperature
(25°C) for 1 h. The QCMs subsequently were rinsed as described
above and the average frequency shifts calculated. This procedure
was repeated using CymMV- and ORSV-infected crude sap
samples using separate groups of five oligo-CymMV-CP QCMs.
The oligo-ORSV-QCMs were tested using the same protocol.

RESULTS

Optimization of incubating DNA probe concentrations. The
frequency shift by the oligo-CymMV-CP QCM significantly in-
creased from 95 to 260 Hz when the oligo-CymMV-CP concentra-
tion was increased from 12 to 37 ng pl™' (Fig. 1). Similar increase
in the frequency shift was observed in the oligo-ORSV-CP QCM
from 175 to 280 Hz (Fig. 1) when the oligo-ORSV-CP concentra-
tion was increased from 20 to 35 ng ul™'. For both QCM DNA bio-
sensors, no significant increases in frequency shifts were observed
when the DNA probe concentrations above 40 ng pl™' were used.

Effect of temperature on the specificity and sensitivity of
QCM DNA biosensors. Upon incubation of the oligo-CymMV-
CP QCMs with increasing concentrations of purified CymMV
RNA at room temperature (25°C), the frequency shifts increased
significantly from 50 to 325 Hz, corresponding to purified
CymMYV RNA concentrations of 0.05 and 0.9 ng pl™!, respectively
(Fig. 2A). Incubations at high temperature (55°C) resulted in a
similar profile, which tapered off at a maximal frequency shift of
300 when purified CymMV RNA at greater than 0.45 ng ul™! was
used (Fig. 2A). Regardless of the incubation temperature, minimal
increases in frequency were observed when the oligo-CymMV-CP
QCM was incubated with purified ORSV RNA (Fig. 2A). Similar
observations were recorded for the oligo-ORSV-CP QCMs. Incu-
bations at 25°C resulted in much larger frequency shifts than those
at 44°C, yielding maximum frequency shifts of 360 and 295 Hz,
respectively, at purified ORSV RNA concentration of 0.9 ng pl™!
(Fig. 2B). Regardless of the incubation temperature, minimal
increases in frequency were observed with purified ORSV RNA
concentrations above 0.45 ng pl' and when purified CymMV
RNA was used as the target nucleic acid (Fig. 2B). Both QCM
DNA biosensors could detect as low as 0.6 ng per QCM side of
their purified target viral RNA.
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Fig. 1. Nucleic acid loading curves for oligo-Cymbidium mosaic virus
(CymMYV) coat protein (CP) and oligo-Odontoglossum ringspot virus
(ORSV)-CP quartz crystal microbalance DNA biosensors. Each data point
represents value averaged from three independent samples. The standard
deviation values are too low to be plotted on the graph.
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Effect of temperature on the optimal hybridization time of
QCM DNA biosensors. The rate of change in the frequency shifts
differed between oligo-CymMV-CP QCMs incubated at the two
temperatures (25 and 55°C). Maximum frequency shift (200 Hz)
was achieved within approximately 40 min incubation time at
25°C, whereas 90 min was required when the incubation was
performed at 55°C (Fig. 3A). With regards to the oligo-ORSV-CP
QCMs, the maximum frequency shift (230 Hz) was achieved
within approximately 1 h of incubation time at both 25 and 44°C
(Fig. 3B).

QCM detection of viruses from infected crude saps. Oligo-
CymMV-CP QCMs exhibited significant increase in frequency
shifts upon incubation with crude saps containing the target virus.
Low levels of frequency shifts were observed when healthy (7 Hz)
and ORSV-infected crude saps (28 Hz) were tested. The frequency
shifts were approximately 18 times greater (512 Hz) when
compared with a known negative reaction (Fig. 4). With regards to
the oligo-ORSV-CP QCMs, low levels of frequency shifts were
observed when healthy (5 Hz) and CymM V-infected crude saps
(37 Hz) were tested. The frequency shifts were approximately
nine times greater (323 Hz) when compared with a known nega-
tive reaction (Fig. 4). This system can detect 10 ng of CymMV or
ORSY in infected tissues of orchids (data not shown).

DISCUSSION

Nucleic acid hybridization forms the basis of numerous QCM
applications for the detection and analysis of genetic materials
(20,21). QCM DNA biosensors have been developed for the de-

400
A Oligo-CymMV-CP CymMV 25°C
300 - oY
200 -
LIQI ORSV 25°C
g ) ST L ~ omsvssc
(% .,L-g‘.',<,,./
by 0
Q400 D
g B Oligo-ORSV-CP ORSV 25°C
N . ORsvae
L e
200 -
CymMV 25°C
100 CymMV 44°C
[
0 : : ‘ |
0.0 0.2 0.4 0.6 0.8 1.0

RNA Concentration (ng/ul)

Fig. 2. Effects of temperature on the sensitivity and specificity of A, oligo-
Cymbidium mosaic virus (CymMYV) coat protein (CP) and B, oligo-Odonto-
glossum ringspot virus (ORSV)-CP quartz crystal microbalance DNA
biosensors upon incubation with increasing concentrations of viral RNA.
Each bar at each data point represents standard deviation value averaged
from four independent samples. The highest standard deviation value is
+10 Hz. Some standard deviation values are too low to be plotted on the
graph.
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tection of bacteria such as Salmonella spp. (11) and Escherichia
coli (5) and genetic disorders such as the Tay-Sach syndrome (2), as
well as single base mismatches (12). Such biosensors have also been
applied to probe the mechanisms of DNA UV damage (44), real-
time monitoring of enzymatic cleavage of nucleic acids (37), and
the kinetics of nucleic acid hybridization (31-33). Such biosensors
also have been employed to monitor DNA polymerase reaction di-
rectly (25), to perform real-time monitoring of enzymatic cleavage
of nucleic acids (37), and to perform mutational scanning of PCR
products by subtractive oligonucleotide hybridization analysis
(26). We believe this is the first report describing the use of QCM
DNA biosensors for the specific detection of orchid viruses.

There are two major issues that must be dealt with in order to
produce a sensitive and specific QCM DNA biosensor for the
detection of the target of interest: (i) the strategy used for nucleic
acid probe immobilization on the quartz crystal and (ii) the opti-
mization of experimental conditions to minimize nonspecific hy-
bridization. In this study, nucleic acid probe immobilization were
likely via the attachment of a mercapto group (i.e., mercapto-
hexyl) at the 5" terminals of the probes. This functional group is
well known to attach strongly onto gold surfaces via chemi-
sorption (24); this immobilization technique is widely reported to
be one of the most efficient and simple immobilization methods
available (13,18). Using this technique, oligo-CymMV-CP and
oligo-ORSV-CP were efficiently immobilized onto the quartz
crystal at concentrations of 40 ng pl~! each (Fig. 1).

Nonspecific hybridizations were minimized in several ways.
Highly conserved sequences (i.e., the CP genes of the two viruses)
were chosen as the nucleic acid probes. The oligo-CymMV-CP
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Fig. 3. Effects of temperature and hybridization time of A, oligo-Cymbidium
mosaic virus (CymMYV) coat protein (CP) and B, oligo-Odontoglossum ring-
spot virus (ORSV)-CP quartz crystal microbalance DNA biosensors upon
incubation with their respective viral RNA targets. Solid lines: incubation at
25°C; dotted lines: incubation at high temperatures (55°C for oligo-CymM V-
CP and 44°C for oligo-ORSV-CP QCM biosensors). Each bar at each data
point represents standard deviation value averaged from six independent
samples. The highest standard deviation value is £10 Hz. Some standard de-
viation values are too low to be plotted on the graph.



and oligo-ORSV-CP QCM biosensors were highly specific, ex-
hibiting significant increases in frequency shifts only in the pres-
ence of their target viral RNAs regardless of the incubation tem-
perature (Fig. 2A and B). Both QCM DNA biosensors were very
specific, detecting their target viral RNAs in virus-infected
Oncidium orchid leaf crude saps which contained host and viral
genomic and proteinaceous materials, yielding approximately 9-
to 18-fold increases in frequency shifts as compared with the basal
frequency shifts observed in the absence of the target viral RNAs
(Fig. 4). Purification of viral RNA from crude sap of infected
plants was not required. The QCM DNA biosensors were also
highly sensitive, capable of detecting approximately 1.0 ng each
of purified CymMV and ORSV RNA (Fig. 2A and B), or 10 ng
each of CymMV and ORSYV viruses in infected orchid samples
(data not shown). While it has been shown that QCM DNA probe
is able to discriminate a single nucleotide difference in target se-
quence recognition (32), we have not studied the tolerance for
limited nucleotide mismatches in this system.

The determination of the appropriate incubation temperature is
also crucial to minimize nonspecific hybridization. It was interest-
ing to observe that the amount of nonspecific hybridization was
decreased at incubation temperatures 10°C below the T,, of the
nucleic acid probes compared with room temperature incubations
(25°C) (Fig. 2A and B). Although this is desirable, there was a
corresponding decrease in the maximum frequency shift upon
hybridization with the target viral RNAs. Nucleic acid hybridiza-
tion is a dynamic kinetic process which is highly temperature
sensitive (27,32). At incubation temperatures approaching the T,

600

[3)]

o

o
)

Il oligo-CymMV-CP QCM
[TJotigo-oRsv-cP acm

E-Y
o
o

Frequency Shift (Hz)
8
(=]

200
100 -
0 L — 1 wem
. J . J .
R YT
Healthy CymMV Infected ORSYV Infected

Fig. 4. Specificity of oligo-Cymbidium mosaic virus (CymMV) coat protein
(CP) and oligo-Odontoglossum ringspot virus (ORSV)-CP quartz crystal
microbalance DNA biosensors in the detection of target viruses in Oncidium
orchid leaf crude saps. Each bar at each data point represents standard devi-
ation value averaged from five independent samples. The highest standard
deviation value is £10 Hz. Some standard deviation values are too low to be
plotted on the graph. The crude plant samples were analyzed by enzyme-
linked immunosorbent assay and transmission electron microscopy before
the quartz crystal microbalance analysis to verify the presence of virus in in-
fected tissue.

of the probe-target duplex, the effective rate of hybridization is
slow because the duplex tends to dissociate easily (Fig. 3A and
B). Hybridization rates increase at lower incubation temperatures
due to increases in the probe-target duplex stability (Fig. 3A and
B). Thiol-derivatized peptide nucleic acids (PNAs) could be used
in lieu of the 5’-mercaptohexyl-modified nucleic acids to lower
nonspecific hybridization while maintaining optimal rates of hy-
bridization with targeted nucleic acid molecules (1,35). PNA is a
DNA mimic that has a neutral peptide-like backbone with nucleo-
bases, which allows the molecule to hybridize to complementary
DNA strands with high affinity and specificity (19). Such probes
have been shown to improve the distinction between closely related
sequences (38). Other strategies include the use of highly branch-
ed DNA dendrimer probes (36) and multilayer DNA films (4).

The advent of novel plant virus diagnostic techniques as well as
the constant improvement and refinement of current techniques
are essential in light of new challenges in detecting emerging
plant viruses. Benefits such as increased sensitivity, specificity,
rapidity, and throughput, coupled with the potential for full auto-
mation, could significantly increase the efficiency of virus-free
certification, quarantine, and epidemiological studies. Each plant
virus diagnostic technique has its innate advantages and disadvan-
tages. The properties of a few novel and current diagnostic tech-
niques are summarized in Table 1 for comparison.

QCM biosensors offer a more economical means of plant virus
detection compared with other techniques. The entire set-up of the
detection system is estimated to be less than US$2,000 (7), with
most of the equipment and raw materials readily available com-
mercially. The relative cost per sample analyzed is kept low
because these biosensors do not require the use of expensive
labeling reagents (e.g., radioactive isotopes, enzymes, fluorescent
probes). Upon optimization of the nucleic acid immobilization
techniques and hybridization times, QCM biosensors require
minimal sample preparation and data is rapidly collected. Leaf
crude saps can be used directly for the tests; purification of viral
RNA is not necessary. The nucleic acid-based CymMV and
ORSYV QCM biosensors are more sensitive than the corresponding
antibody-based ones (7). This could be due to the mechanism of
probe and target recognition: QCM immunobiosensors possess
immobilized antibodies which recognize the epitopes on the viral
coat proteins, whereas QCM DNA biosensors possess immobi-
lized nucleic acid sequences which hybridize with their comple-
mentary virus CP gene sequences. In addition, QCM DNA bio-
sensors offer the capability of detecting specific genes of interest.
It is interesting to observe that the sensitivities of the QCM DNA
biosensors and that of the QCM immunosensors (7) are similar.
This could be due to the fact that both detection techniques em-
ployed a similar approach. Comparing with molecular beacons,
the throughput of QCM DNA biosensor is lower and the relative
cost per sample analyzed is less due to no requirement for labeling
of fluorescent probes. With the advent of nucleic acid arrayers
coupled with the development of microelectronics, large arrays of
nucleic acid probes could be immobilized onto minute quartz

TABLE 1. A comparison of a few novel and current plant virus diagnostic techniques®

Real-time Relative cost per
Techniques analysis Sensitivity Nature of probe sample analyzed Through-put References
QCM DNA biosensors No 10 ng Nucleic acid Medium 1 h for 30 samples This study
QCM immunobiosensors No 10 ng Antibody Medium 1 h for 30 samples 7
Molecular beacons Yes 0.5 ng Nucleic acid High 1 h for 96 samples 9
TaqMan real-time RT-PCR Yes 5fg Nucleic acid High 4 h for 96 samples 8
I-CZE Yes 10 fg Antibody Medium 10 min for 1 sample 10
DIG-labeled cRNA probes No 100 pg Nucleic acid Medium 4 h for 48 samples 16
RT-PCR No 100 fg Nucleic acid Medium 3.5 h for 96 samples 30
ELISA No 2.5ng Antibody Low 4 h for 96 samples 14

2 QCM: quartz crystal microbalance; RT-PCR: reverse transcription-polymerase chain reaction; I-CZE: immunocapture-capillary zone electrophoresis; DIG:

digoxigenin; ELISA: enzyme-linked immunosorbent assay.
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crystal chips for the production of easy-to-use hand-held detectors
suitable for use in the laboratory and in the field, thus providing a
rapid and specific nucleic acid-based detection. QCM DNA bio-
sensors also could be combined with a flow injection system, thus
providing a real-time, high throughput and continuous assays
rivaling the TagMan real-time RT-PCR (8) and molecular beacons
(10) at a fraction of their cost. This definitely will be a viable
alternative for plant diagnostic clinics and field experimental
stations during large-scale plant screening for virus-free certifica-
tion, quarantine verification, germ plasm collection, and selection
of disease resistant plants.
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