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We have developed a novel multiplex reverse transcription-PCR ligase detection reaction (RT-PCR/LDR) assay
for the detection of West Nile virus (WNV) in both clinical and mosquito pool samples. The method relies on the
amplification of three different genomic regions, one in the coding sequence of nonstructural protein NS2a and two
in nonstructural protein NS5, to minimize the risk of detection failure due to genetic variation. The sensitivity of the
PCR is complemented by the high specificity of the LDR step, and the detection of the LDR products can be achieved
with capillary electrophoresis (CE) or a universal DNA microarray. We evaluated the limit of detection by both
one-step and two-step multiplex RT-PCR/LDR/CE approaches, which reached, respectively, 0.005 and 0.017 PFU.
The assay demonstrated 99% sensitivity when mosquito pool samples were tested and 100% sensitivity with clinical
samples when the one-step approach was used. The broad strain coverage was confirmed by testing 34 WNV isolates
belonging to lineages 1 and 2, and the high specificity of the assay was determined by testing other flaviviruses, as
well as negative mosquito pool and clinical samples. In summary, the multiplex RT-PCR/LDR assay could represent
a valuable complement to WNV serological diagnosis, especially in early symptomatic patients. In addition, the
multiplexing capacity of the technique, which can be coupled to universal DNA microarray detection, makes it an
amenable tool to develop a more comprehensive assay for viral pathogens.

West Nile virus (WNV) was first isolated in 1937 from a patient
in Uganda (32) and has since become the most widespread mem-
ber of the Japanese encephalitis virus (JEV) complex (2). It made
its first appearance in the western hemisphere in 1999, when 62
cases of WNV encephalitis and seven fatalities were reported in
New York City (10, 22, 26). A surveillance program of mosquito
pools was initiated by the New York City Department of Health
and Mental Hygiene in 2000 (36, 37), and blood donor screening
was introduced in the United States in June 2003 after the report
of WNV transmission to 23 individuals from 16 viremic donors in
the preceding year (8, 33). Since its introduction into the United
States, the virus has rapidly spread and it is now endemic in 41
states and the District of Columbia (11).

WNV strains belong primarily to two different lineages,
which exhibit considerable genomic diversity, thus posing chal-
lenges to their identification and detection in both clinical and
environmental samples. Lineage 1 comprises strains from sev-
eral continents, and it can be subdivided into at least three
clades, clade 1a, which includes strains from Europe, Africa,

the United States and Israel; clade 1b, which is specific for
Kunjin isolates from Australia; and clade 1c, which includes
two strains from India. Lineage 2 comprises WNV strains from
sub-Saharan regions of Africa and from Madagascar (6, 20).
The genetic distance between lineage 2 isolates is particularly
great (75.7 to 76.8%) compared to that observed in lineage 1
strains (95.2 to 99.9%) (20).

In addition to this inherent diversity, the spread of the var-
ious lineages of WNV and the isolation of new viral strains are
constantly being recognized. A lineage 2 strain was recently
reported in central Europe (2), and two new isolates from
central Europe and southern Russia have recently been char-
acterized which, based on their genetic distances, can be con-
sidered either separate lineages of WNV (lineages 3 and 4) or
new members of the JEV group (1). In addition, phylogenetic
analyses of North American isolates have shown an accumu-
lation of mutations in the genome of prototype New York
strain WN-NY99 leading to new genetic variants (5, 13, 20).

Screening of both mosquito pools and the blood supply is
performed primarily by reverse transcription (RT)-PCR-based
nucleic acid amplification testing (NAT) methods (31, 33).
Despite the genomic diversity, a recent proficiency study re-
vealed that less than 40% of the participating laboratories
could detect lineage 2 strains (28). Molecular detection meth-
ods which are sensitive yet capable of detecting both lineages,
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as well as the numerous and emerging strains of WNV, are
therefore needed (34).

In this report, we describe the development of a new, sen-
sitive assay for the detection of both lineages of WNV, based
on multiplex RT-PCR and the ligase detection reaction (LDR)
(Fig. 1). LDR was originally developed for discriminating sin-
gle-base mutations or polymorphisms (3, 4). The technique is
amenable to multiplexing and has been used to detect muta-
tions and single nucleotide polymorphisms in cancer genes
(14–16, 18, 19) and recently to detect and identify bacteria in
clinical blood samples (29).

We describe the validation of the technique for WNV de-
tection and identification with mosquito pool samples, clinical
isolates, and national, as well as international, strains. The high

sensitivity and broad strain coverage of the multiplex RT-PCR/
LDR assay could render it a valuable complement to WNV
serological diagnosis, especially in early symptomatic patients.
In addition, the multiplexing capacity of the technique makes
it amenable to the development of a more comprehensive
assay for viral pathogens.

MATERIALS AND METHODS

Viruses. The WNV strains used in this study (Table 1) from Uganda, France,
Israel, and New York (NY99) belonged to the European Network for Diagnos-
tics of Imported Viral Diseases and were provided by M. Niedrig at the Robert
Koch Institute, Berlin, Germany (28). All of the other strains were obtained from
the World Reference Center for Emerging Viruses and Arboviruses at the
University of Texas Medical Branch in Galveston (7).

FIG. 1. Schematic of the multiplex RT-PCR/LDR assay for WNV. Multiple PCR primer pairs are designed to amplify three distinct regions
of the WNV cDNA (in black). Each PCR primer contains between one and three degenerate positions to accommodate minor sequence variation
at the primer binding sites. For simplicity, only one PCR amplicon is shown. The presence of each PCR amplicon is detected by LDR primer pairs
specific for three regions within each amplicon. The 5� upstream LDR primers bear zip code complements, while the 3� LDR downstream primers
bear a 6-carboxyfluorescein (FAM) fluorescent label. Ligation of an LDR primer pair results in fluorescently labeled products of different lengths
that can be detected either by CE or by hybridization to a universal DNA microarray. NTR, nontranslated region.
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For sensitivity testing, a WNV load panel containing plasma samples spiked
with defined dilutions of NY99 virus was kindly provided by R. Lanciotti from the
Centers for Disease Control and Prevention (CDC) Division of Vector-Borne
Infectious Diseases in Fort Collins, CO (21). The panel titers ranged from
180,000 to 0.15 PFU/ml (quantified by standard plaque assay). Other flaviviruses
used to determine the specificity of the assay were obtained from various sources.
The St. Louis encephalitis, Murray Valley fever, Powassan encephalitis, and
yellow fever viruses were obtained from R. Lanciotti (CDC, Fort Collins); JEV
and tick-borne encephalitis virus were obtained from M. Niedrig (Robert Koch
Institute, Berlin, Germany); and dengue virus serotypes I to IV were obtained
from J. Muñoz (CDC Dengue Branch in San Juan, Puerto Rico) (Table 2).

Mosquito pools and clinical samples. Ninety-eight positive and 20 negative
mosquito pool samples were obtained from the New York City Department of
Health and Mental Hygiene (NYC DOHMH), which collects and tests trapped

mosquitoes from different areas in New York City as part of its WNV surveil-
lance program (36, 37).

Plasma samples from 50 NAT-positive blood donors and 92 NAT-negative
donors were tested. The positive plasma samples were provided by the Gulf
Coast Regional Blood Center in Houston, TX; the negative samples were ob-
tained from the CDC Dengue branch in Puerto Rico. Twenty additional plasma
samples which tested positive for dengue virus and negative for WNV were also
provided by the CDC in Puerto Rico. Additional samples for initial primer
validation were obtained from S. Stramer at the American Red Cross National
Testing and Reference Laboratories, Gaithersburg, MD.

RNA extraction. Samples from mosquito pool homogenates were clarified by
centrifugation at 2,000 � g for 3 min. Viral RNA was extracted from the
mosquito pool sample supernatants and clinical samples, as well as from viral
seeds, with the QIAamp viral RNA mini kit (Qiagen, Valencia, CA) according to

TABLE 1. WNV strains used in this study

Designation Strain Origin/yr Lineage-clade(s)
(reference)

CAR67 ArB-310/67 Central African Republic/1967 1-b
NIG65 IbAn7019 Nigeria/1965 1-b
SEN79 ArD-27875 Senegal/1979 1-b
USA99a 31A United States/1999 1-b
IND68 68856 India/1968 1-a
EGY51 Egypt101 Egypt/1951 1-a
ETH76 EthAn4766 Ethiopia/1976 1-a
AUS60 MRM16(Kunjin) Australia/1960 KUN 1-b
AUS91 K6453(Kunjin) Australia/1991 KUN 1-b
IND57 IG-15578 India/1957 IND 1-c; 5 (9)a

IND80 804994 Bangalore, India/1980 IND 1-c; 5 (9)a

SEN920 ArD-76104 Senegal/1990 2
CAR82 ArB3573/82 Central African Republic/1982 2
SA58 SAH-442 South Africa/1958 2
SA89 SPU116-89 South Africa/1989 2
MAD-88 ArMg-979 Madagascar/1988 2
MAD78 DakAnMg78 Madagascar/1978 2
CYP68 Q3574-5 Cyprus/1968 2
RabV 97-103 Czech Republic/1997 3 (1)b

WNV-Ug37 B 956 (WNFCG) Uganda/1937 2
New York99 NY99 United States/1999 1
PaAn001 M12294 Fr00 France/2000 1
WNV 0043 WNV 0043 Israel/2000 1
MXH 442 TVP-9497 Sonora, Mexico/2004 1
IA 377-03 TVP 9115 Tabasco, Mexico/2003 1
TX 2676 TVP 10267 Texas/2006 1
AR 2771 TVP 8833 Quebec, Canada/2002 1
15476-04 TVP 9241 Nebraska/2003 1
IL-10861 TVP 9536 Illinois/2004 1
CT 8495-04 TVP 10030 Connecticut/2004 1
TX 5784 TVP10122 Texas/2006 1
I01-2032 TVP 8852 Florida/2001 1
LA 02-01 TVP 9177 California/2004 1
GRLA 1260 TVP 9744 California/2003 1

a Classified also as a new distinct fifth lineage (clade 5; see Discussion).
b Classified either as a new third lineage or as a novel flavivirus within the JEV group.

TABLE 2. Other flaviviruses used in this study

Flavivirus Strain Origin/yr Titer

Dengue virus serotypes I, II, III, IV NDa Puerto Rico/2004-2006 ND
St. Louis encephalitis virus MSI-7 Mississippi/1977 3 � 108 PFU/ml
Murray Valley fever virus OR2 Victoria, Australia/1951 ND
Powassan encephalitis virus M11665 Ontario, Canada/1965 ND
Yellow fever virus 17D Ghana/1927 5 � 105 PFU/ml
JEV SA14-14-2 China/1954 2 � 107 copies/ml
Tick-borne encephalitis virus K23 Reference 27 1 � 107 copies/ml

a ND, not determined.
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the manufacturer’s instructions. RNA was eluted in 60 �l and stored at �70°C
until used. One negative and one positive extraction control were processed
along with each group of 10 samples subjected to RNA extraction.

Selection of target regions for multiplex PCR/LDR. Thirty-nine WNV com-
plete genomic sequences available from the GenBank database (accessed in
January 2005) were aligned by using the ClustalW algorithm to select optimal
primer binding regions. These regions were characterized by a higher degree of
conservation among different WNV strains so as to achieve maximum strain
coverage. Primer sets with partially overlapping sequences were designed to
simultaneously amplify three different regions (Integrated DNA Technology,
Coralville, IA). One region was in the coding sequence of nonstructural protein
NS2a, and two regions were in nonstructural protein NS5 (respectively, 6, 8, and
8 PCR primers were used, for a total of 22 primers). Each of the three amplicons
was �500 bp. Each primer sequence contained no more that two degenerate
positions and had a melting temperature of around 80°C (Table 3).

A major barrier to high-sensitivity multiplexed PCR amplification in other
systems has been the exponential increase in potential false amplicons and
primer dimers that results from using too many PCR primers in the same
reaction mixture. We circumvent this potential pitfall by using PCR primers
containing 5� universal tail sequences on the forward (5�-GCCAACTACCGCA
ACAC-3�) and reverse (5�-CCAACTACCGCAACCA-3�) primers (Table 3).
Primer dimers and short aberrant amplicons do not amplify efficiently because
such products form panhandle structures. The correct PCR product is just the
right size for efficient amplification (300 to 600 bp), while false longer amplicons
do not amplify as well. We have successfully applied this strategy where standard
multiplexed PCR has failed (12, 15, 17).

LDR primers were chosen in three different conserved regions within each of
the three PCR amplicons and, just as for the PCR primers, designed with the
intent of achieving the highest strain coverage. Each LDR primer pair was
composed of an upstream probe bearing a 20-mer zip code complement se-
quence at its 5� end and a downstream probe bearing a 6-carboxyfluorescein
fluorophore at its 3� end. The zip code complements are unique 20-mer oligo-

nucleotide sequences complementary to the zip code addresses spotted on the
universal DNA microarray (18).

During LDR, both upstream and downstream probes hybridize to the template
sequence and ligation occurs only when there is perfect complementarity at the
ligation junction (Fig. 1). Forty-nine LDR primers targeting a total of nine
regions (three LDR primer pairs per PCR product) were designed, with the aim
of detecting as many strains as possible and potential new variants (Table 4).

LDR products ranged from 72 to 88 bp in length. The oligonucleotide probes
(Integrated DNA Technology, Coralville, IA) were designed to have similar
thermodynamic features and to avoid hairpin and self-dimer formation.

Two-step multiplex RT-PCR. RT reactions were performed in a 60-�l volume
with the Superscript First Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA) and random hexamers. Briefly, 20 �l of RNA extracted from
mosquito pools or from clinical samples was mixed with 6 �l of 50 ng/ml random
hexamers, 3 �l of a 10 mM deoxynucleoside triphosphate (dNTP) mixture, and
1 �l of water and denatured at 65°C for 5 min. After cooling on ice, 1� RT buffer
(20 mM Tris-HCl, 50 mM KCl), 5 mM MgCl2, 0.01 M dithiothreitol, and 2 U of
RNaseOUT were added for a 2-min incubation at 25°C. Six units of Superscript
II RT was added, and the mixture was incubated first at 25°C for 10 min and then
at 42°C for 50 min. The reaction was terminated by heating at 70°C for 15 min.
Degradation of residual RNA or cleavage of RNA-DNA hybrids was achieved by
incubation with 6 U of RNase H for 20 min at 37°C.

Five microliters of newly synthesized cDNA was subjected to multiplex PCR
amplification in a final volume of 25 �l which contained 1� GeneAmp PCR
Gold buffer, 1.5 mM MgCl2, 200 �M each dNTP, 5 pmol of each PCR primer,
and 1 U of Taq polymerase (AmpliTaq Gold; Applied Biosystems, Foster City,
CA). After 10 min of incubation at 95°C for Hot Start Taq activation, a total of
40 cycles were performed, each consisting of a denaturation step at 94°C for 30 s,
an annealing step at 60°C for 1 min, and a extension step at 72°C for 1 min, with
a final extension step at 72°C for 10 min. A nontemplate negative control and a
WNV cDNA positive control were included in each round. All PCR thermal
cycling was performed in a Perkin-Elmer GeneAmp PCR System 9700 Thermal

TABLE 3. Primers used for PCR and RT-PCR

Target
region Forward primer sequencea (5�–3�) Tm (°C)b Reverse primer sequencea (5�–3�) Tm (°C)

Amplicon
length
(bp)

1 (NS2a) WNV_PCR_F5, GCCAACTACCGCAACACA
GYTGGGCCTTMTGGTCGTGTTC

81–83 WNV_PCR_R7A, CCAACTACCGCAACCA
CTTTGATGAGGCTTCCAACTCCAA
CCAT

81 540–580

WNV_PCR_F6, GCCAACTACCGCAACACT
GGCCACCCAGGAGGTCCTTC

83 WNV_PCR_R7B, CCAACTACCGCAACCA
CCCTGATCAARCTGCCTATTCCRA
CCAT

81–83

WNV_PCR_R8A, CCAACTACCGCAACCA
ATGAGGCAAGCTCCTTTCTTTTTTGC

79

WNV_PCR_R8B, CCAACTACCGCAACCA
ARCAGACTKGCTCCTTTCTTYTTTGC

78–81

2 (NS5) WNV_PCR_F9A, GCCAACTACCGCAACAC
GATGTGGAAGAGGCGGYTGGTGTTA

82–83 WNV_PCR_R11A, CCAACTACCGCAACC
ACCCAGAAGCACCTGGCTWGTCAT

81 460–510

WNV_PCR_F9B, GCCAACTACCGCAACAC
GGTGTGGTAGAGGCGGCTGGTGCTA

85 WNV_PCR_R11B, CCAACTACCGCAACC
ACCTARGAGYACCTGGCTGGTCAT

80–82

WNV_PCR_F10A, GCCAACTACCGCAACAC
AGAAGAGGGTRCAGGAAGTGAAAGG
GTACAC

83–84 WNV_PCR_R12A, CCAACTACCGCAACC
AGGTCCCTTCCAKGTYTTCTTYT
CCAT

79–82

WNV_PCR_F10B, GCCAACTACCGCAACAC
AAAAAAGAGTYCAAGAAGTCAGAGGG
TACAC

81 WNV_PCR_R12B, CCAACTACCGCAACC
AGGTCCCTTCCAGGTCCTYTTYT
CCAT

81–83

3 (NS5) WNV_PCR_F13A, GCCAACTACCGCAACAC
GCGAACCACCCCTACAGGACCTGGAAC

85 WNV_PCR_R15A, CCAACTACCGCAACC
AGGYTTTTTCTCYCTCTTTCCCATC

78–80 420–560

WNV_PCR_F13B, GCCAACTACCGCAACAC
GAGAACCACCCATATAGAACCTGGAAC

82 WNV_PCR_R15B, CCAACTACCGCAACC
AGGTTTCTTYTCTCTCTTSCCCATC

79–80

WNV_PCR_F14A, GCCAACTACCGCAACAC
CAATGTGACCACGATGGCCATGAC

82 WNV_PCR_R16A, CCAACTACCGCAACC
ACAGAAAGCGAGCTCCKAGCCAC

81–82

WNV_PCR_F14B, GCCAACTACCGCAACAC
GAATGTYACCACMATGGCCATGAC

80–82 WNV_PCR_R16B, CCAACTACCGCAACC
ACAGGAAGCGRGCYCCCAGCCAC

83–85

a The universal tail sequences appended to the 5� ends of all primers are underlined.
b Tm, melting temperature.
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TABLE 4. Primers used for LDR

Target
region Downstream primer, sequence (5�–3�) Tm (°C)b Allele-specific (upstream) primer,a

sequence (5�–3�) Tm (°C) LDR product
length (bp)

1 (NS2a) WNV831aCOM, (Phos)CTATCATGCTTGCA
CTCCTAGTCCTAGTGTTTGG
(6-FAM)

74 WNV831GZp52, (NH2)TCCGTTCCGCCA
GAGGGTGAGTGGACRGCCAAGATC
AGCATKCCAG

85–87 80

WNV831bCOM, (Phos)CTATACTGATTGCT
CTGCTAGTYCTGGTGTTTGG(6-FAM)

73–74

WNV831cCOM, (Phos)CCATACTGATTGCC
CTGCTAGTTCTAGTGTTTGG(6-FAM)

74

WNV939aCOM, (Phos)GAGACGTCG,TGCA
CTTGGCACTTATGG(6-FAM)

71 WNV939aGZp53, (NH2)TCGCCGTCCGCT
GTCTTTGGCGTTTGCTGAAGCRAAC
TCAGGAG

84 72

WNV939bCOM, (Phos)GAGACGTGGTACA
CTTGGCGCTCATGG(6-FAM)

73 WNV939bGZp53, (NH2)TCGCCGTCCGCT
GTCTTTGGCTTTCGCAGAATCYAAT
TCRGGAG

82–84

WNV939cCOM, (Phos)GAGATGTGGTGCA
TCTGGCGCTCATGG(6-FAM)

73 WNV939cGZp53, (NH2)TCGCCGTCCGCT
GTCTTTGGCCTTTGCAGAATCMAAC
TCAGGAG

83–84

WNV1021aCOM, (Phos)GACCAACCAAGA
GAGTATTTTGCTCATGCTTG(6-FAM)

71 WNV1021aGZp54, (NH2)GACCAGGCCTC
GACCCACCCGGTGGCTTCCTTTTTG
AAGGCAAGGTG

87 79

WNV1021bCOM, (Phos)GACCAACCAGGA
GAACATYTTGTTGATGTTGG(6-FAM)

71–73 WNV1021bGZp54, (NH2)GACCAGGCCTC
GACCCACCCGGTGGCATCGTTTCTC
AAAGCGAGATG

87

WNV1021cCOM, (Phos)GACCAACCAAGA
AAACATTCTGCTGATGTTGG(6-FAM)

71 WNV1021cGZp54, (NH2)GACCAGGCCTC
GACCCACCCGGTAGCATCATTTCTC
AAGGCGAGATG

86

2 (NS5) WNV5341aCOM, (Phos)GTTGGAATATTGT
TACCATGAAGAGTGGAGTCGACGTC
(6-FAM)

76 WNV5341aGZp55, (NH2)GCCACGCTGCC
AGGACTCCGATGAAGAACCACAACT
GGTGCAGAGCTATG

86 88

WNV5341bCOM, (Phos)GATGGAACATTG
TCACCATGAAGAGYGGRGTGGATGT
G(6-FAM)

77–79 WNV5341bGZp55, (NH2)GCCACGCTGCC
AGGACTCCGATGAAGAGCCCCAACT
RGTGCAAAGTTATG

85–86

WNV5341cGZp55, (NH2)GCCACGCTGCC
AGGACTCCGATGAAGAGCCCCAGCT
AGTGCAGAGCTATG

88

WNV5427aCOM, (Phos)AGTCATCGTCAAG
TGCCGAGGTAGAAGAACACCGC(6-
FAM)

78 WNV5427aGZp56, (NH2)TCCGGTCTTGG
TCGCTTCGCGCGAGCGACACACTGC
TCTGTGACATTGGAG

88 86

WNV5427bCOM, (Phos)AGTCYTCRTCAAG
TGCTGAGGTTGAAGAGCATAGG(6-
FAM)

74–76 WNV5427bGZp56, (NH2)TCCGGTCTTGG
TCGCTTCGCTGYTGCGAYACYCTCC
TTTGTGACATCGGAG

85–88

WNV5427cCOM, (Phos)AGTCCTCATCAAG
TGCTGAAGTTGAAGAACATAGA(6-
FAM)

72 WNV5427cGZp56, (NH2)TCCGGTCTTGG
TCGCTTCGCTGTTGTGACACTCTCCT
TTGTGATATCGGAG

85

WNV5548aCOM, (Phos)CCAAAGTGATTGA
GAAGATGGAAACACTCC(6-FAM)

69 WNV5548aCZp57, (NH2)GTCTTCGCGGT
GGGTGCCTGCTGCATCAAAGTGCTA
TGCCCTTACATGC

86 79

WNV5548bCOM, (Phos)CRAAAGTCATAG
AGAAGATGGAGCTRCTCC
(6-FAM)

69–72 WNV5548bCZp57, (NH2)GTCTTCGCGGT
GGGTGCCTGTTGYGTGAAGGTRCTS
TGCCCCTACATGC

86–88

WNV5548cCOM, (Phos)CAAAGGTCATAG
AAAAGATGGAGCTGCTCC(6-FAM)

71

3 (NS5) WNV6094aCOM, (Phos)GAGTCAAATACGT
CCTCAATGAGACCACGAACTGGCTG
(6-FAM)

78 WNV6094aGZp58, (NH2)GCGTTTGGTTG
GCTGCGGACCACAAAGGCTCCAGA
GCCTCCAGAAG

86

WNV6094bCOM, (Phos)GAGTGAAGTATG
TGCTCAAYGAAACCACCAAYTGGTTG
(6-FAM)

75–77 WNV6094bGZp58, (NH2)GCGTTTGGTTG
GCTGCGGACCACGAAAGCTCCBGAA
CCGCCAGAAG

86–87 84

WNV6094cCOM, (Phos)GAGTGAAGTACG
TGCTCAAYGAGACCACCAAYTGGTTG
(6-FAM)

77–79

WNV6094dCOM, (Phos)GAGTTAAGTATGT
GCTCAATGAAACCACCAATTGGTTG
(6-FAM)

73

Continued on following page
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Cycler (Applied Biosystems, Foster City, CA). The amplification products were
visualized by electrophoresis in a 2% agarose gel.

One-step multiplex RT-PCR. Alternatively, the RNA extracted from clinical
samples was subjected to a one-step multiplex RT-PCR (OneStep RT-PCR kit;
Qiagen, Valencia, CA). Briefly, 15 �l of RNA was added to a 50-�l final volume
containing 1� OneStep RT-PCR buffer, 0.4 mM dNTPs, 0.6 �M each PCR
primer, and 2 �l of OneStep RT-PCR Enzyme Mix. RT (at 50°C for 30 min) was
followed by a denaturation step at 95°C for 15 min and 45 cycles of amplification
(94°C for 30 s, 60°C for 1 min, and 72°C for 1 min) with a final extension step at
72°C for 10 min.

Multiplex LDR. LDRs were carried out in a final volume of 20 �l containing
5 �l of amplified DNA, 1� LDR buffer (20 mM Tris [pH 7.6], 10 mM MgCl2, 100
mM KCl), 1 mM NAD, 1 mM dithiothreitol, 250 fmol of each LDR primer, and
0.01 �M AK16D DNA ligase (4, 25).

LDR mixtures were thermally cycled for 20 cycles of 30 s at 94°C and 4 min at
64°C. Prior to LDRs, a mixture containing 7.5 pmol of each LDR primer was
phosphorylated in a 30-�l kinase reaction mixture containing 1� T4 ligase buffer
(50 mM Tris-HCl, 10 mM MgCl2, 10 mM dithiothreitol, 1 mM ATP, 25 �g/ml
bovine serum albumin) and 10 U of T4 kinase (New England BioLabs, Ipswich,
MA). The mixture was incubated at 37°C for 60 min, followed by 10 min of
incubation at 65°C and storage at 4°C.

Capillary electrophoresis (CE). After the LDR, the mixture was diluted 1:10
in water and 2 �l was added to 8 �l of a CE master mixture containing Hi-Di
Formamide (Applied Biosystems, Foster City, CA) and 0.3 �l of GeneScan 500
LIZ size standard (Applied Biosystem, Foster City, CA). The CE mixture was
denatured at 94°C for 2 min and chilled on ice. The LDR products were analyzed
on a 3730 DNA analyzer (Applied Biosystems, Foster City, CA). A sample was
considered WNV positive when a minimum of two LDR products in any of the
three PCR amplicons was detected by CE.

Universal DNA microarray spotting and hybridization conditions. Universal
microarrays were prepared by spotting unique 20-mer zip code oligonucleotides
(12, 14, 15, 18) on activated Codelink slides (GE Healthcare, Piscataway, NJ)
with a QArrayMini robotic array printer (Genetix, Boston, MA) according to the
manufacturer’s instructions. The zip code addresses were plated into a 384-well
microplate in 50 mM sodium phosphate (pH 8.5) at a final concentration of 25
�M. A 1 �M concentration of a fiducial oligonucleotide was added to the
printing mixture in each well and cospotted with each zip code address. A
carboxy-X-rhodamine-labeled fiducial complement was included in the hybrid-
ization mixture to determine the position and quality of each spot. Robotic
printing was carried out at 10°C and 50 to 60% humidity. Printed slides were
incubated in a saturated NaCl chamber overnight and then treated with a block-
ing solution (0.1 M Tris, 50 mM ethanolamine [pH 9.0]) to block residual
reactive carboxyl groups. The slides were washed with 4� SSC (20� SSC is 3 M
sodium chloride and 0.3 M sodium citrate, pH 7.0)–0.1% sodium dodecyl sulfate
(SDS) and spin dried. Each printing layout contained a total of 96 zip code
addresses spotted in duplicate (see Fig. 4D). Nine zip code addresses were

designed to hybridize the zip code complements appended to the WNV-specific
upstream LDR primers. The other zip codes on the array were complementary
to zip code complements on LDR primers specific for other blood-borne viral
pathogens (dengue virus and other hemorrhagic fever viruses). LDR products
from a subset of nine mosquito pool samples and from positive and negative
controls were denatured at 94°C for 3 min and chilled on ice prior to hybridiza-
tion to the arrays. The hybridization solution consisted of the entire volume of
the LDR products, 5� SSC, 0.1% SDS, 0.1 mg/ml salmon sperm DNA (Fisher
Scientific), and a 5 nM concentration of the fiducial complement in a total
volume of 30 �l. The hybridization solution was applied to the microarray slide
with a multichamber ProPlate Slide Module (Grace Bio-Labs, Bend, OR). The
hybridizations were carried out in the dark on a rocking platform within a
hybridization oven (Lab-line; VWR West Chester, PA) at 60°C for 2 h. The slides
were rinsed with 5� SSC and washed with 1� SSC–0.1% SDS at 60°C for 15 min.
Two more washes followed, first with 0.2� SSC at 22°C for 1 min and then with
0.1� SSC at 22°C for 1 min. The slides were spun dry and scanned on a
ProScanArray microarray scanner (Perkin-Elmer, Wellesley, MA).

LOD. The limit of detection (LOD) of the assay was measured with a WNV
load panel containing plasma samples spiked with defined dilutions of NY99
virus. The panel titers ranged from 180,000 to 0.15 PFU/ml (quantified by
standard plaque assay). Dilutions ranging from 1,800 PFU/ml to 0.07 PFU/ml
were tested. For each dilution, RNA was extracted from a 140-�l aliquot with the
QIAamp viral RNA mini kit (Qiagen, Valencia, CA) as described above. The
RNA was subjected to either the one-step or the two-step multiplex RT-PCR as
described above, followed by multiplexed LDR and CE as described earlier.
Thus, a dilution of 1,800 PFU/ml corresponds to a LOD of 63 PFU for the
one-step method (a 140-�l aliquot was extracted into a final volume of 60 �l of
RNA, of which 15 �l was used for the RT-PCR) and 2.8 PFU was used for the
two-step method (a 140-�l aliquot was extracted into a final volume of 60 �l of
RNA, of which 20 �l was used in the RT step in a total volume of 60 �l. Of this
60-�l volume of cDNA, 2 �l was used in the PCR step).

RESULTS

PCR/LDR/CE primer selection and validation. A multiplex
PCR/LDR/CE assay was developed for detecting WNV based
on the simultaneous screening of three WNV genomic regions
(Fig. 1). The three target regions were initially tested sepa-
rately by performing PCR/LDR/CE assays with primers spe-
cific for each region (Fig. 2A to C). In this way, it was possible
to evaluate the primer performance for each region and to
ensure signal detection from each of the expected total of nine
LDR products. In the initial evaluation phase, performed with

TABLE 4—Continued

Target
region Downstream primer, sequence (5�–3�) Tm (°C)b Allele-specific (upstream) primer,a

sequence (5�–3�) Tm (°C) LDR product
length (bp)

WNV6168aCOM, (Phos)TGYTCCCGGGAG
GAATTTATYGGAAAAGTCAACAG(6-
FAM)

73–76 WNV6168aGZp59, (NH2)GGACCTCGGCC
ACGCTCTGCTTAGCCCGCGAYAARA
AACCCAGGATG

86–88 82

WNV6168bCOM, (Phos)TGCTCGCGAGAG
GAATTTATAAGGAAGGTCAATAG(6-
FAM)

73 WNV6168bGZp59, (NH2)GGACCTCGGCC
ACGCTCTGCCTGGCACGAGAAAAG
CGTCCCAGAATG

88

WNV6168cCOM, (Phos)TGCTCTCGAGAGG
ARTTCATAAGAAAGGTCAACAG(6-
FAM)

73–74 WNV6168cGZp59, (NH2)GGACCTCGGCC
ACGCTCTGCCTGGCCAGAGAAAAAC
GTCCCAGAATG

87

WNV6244aCOM, (Phos)GGAAGAACGCCC
GGGAAGCTGTAGAGGATCC(6-FAM)

77 WNV6244aTZp60, (NH2)GCCACTCGTCC
GTCCGCCACAGGAGCGATGTTTGAA
GAACAGAACCAAT

85 80

WNV6244bCOM, (Phos)GGAGGAGTGCTA
GAGAAGCGGTTGAAGATCC(6-FAM)

75 WNV6244bTZp60, (NH2)GCCACTCGTCC
GTCCGCCACGGGTGCCATGTTTGAA
GARCAGAAYCAAT

85–86

WNV6244cCOM, (Phos)GGAGGAGCGCCA
GAGAAGCAGTTGAAGATCC(6-FAM)

76

a The zip code complements on the upstream primers are in bold.
b Tm, melting temperature.
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WNV cultures, as well as WNV-positive plasma samples ob-
tained from the American Red Cross, the primers which failed
to produce either the PCR amplicon or one of the LDR prod-
ucts were discarded and replaced with newly designed primers
(data not shown).

Region-specific LDR products for each region produced
peaks at 72, 79, and 80 bases for region 1 (along with a minor
peak at 81 bases arising from ligation of a primer with a single
base difference at one of the ligation sites); 79, 86, and 88 bases
for region 2; and 80, 82, and 84 bases for region 3 (Fig. 2A to
C). Figure 2D shows the CE profile obtained when the LDR
was multiplexed for all three WNV regions. LDR products
with identical lengths but different sequences (due to the use of

degenerate oligonucleotides) can migrate at separate positions
on CE, resulting in broadened peaks that may overlap nearby
peaks. The algorithm for the identification of a positive sample
requires detecting the presence of at least two LDR products
from any one amplicon or one LDR product from any two
amplicons, i.e., at least two separate peaks. No specific peak
need be present. The cumulative profile from multiplexed
LDR was sufficient to positively identify a sample.

LOD. To evaluate the LOD of the WNV multiplex PCR/
LDR/CE assay, we tested a viral load panel containing plasma
samples spiked with serial dilutions of WNV. The LOD was
determined after performing RNA extraction, RT, and multi-
plex PCR/LDR/CE, and it was calculated both for the assay

A

B

C

D

FIG. 2. Representative CE profiles of ligation products from the PCR/LDR. (A to C) CE profiles from a uniplex PCR/LDR for each of the
three regions of WNV. (A) Peaks at 72, 79, and 80 bases represent LDR products from regions WNV939, WNV1021, and WNV831, respectively.
(B) Peaks at 79, 86, and 88 bases represent LDR products from regions WNV5548, WNV5427, and WNV5341, respectively. (C) Peaks at 80, 82,
and 84 bases represent LDR products from regions WNV6244, WNV6168, and WNV6094, respectively. (D) CE cumulative profile obtained after
a multiplex PCR/LDR when all three regions are amplified and detected together. Note that the peaks at 79 and 80 bases merge together to give
a single peak at 80 bases and that the peak at 86 bases merges with the peak at 88 bases, giving a small peak at around 86 bases. Fluorescence
intensity is indicated on the y axis, and the number of bases is indicated on the x axis.
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that used the two-step approach and for the one-step multiplex
RT-PCR.

In the two-step approach, the RT was performed with ran-
dom hexamers, followed by PCR amplification with region-
specific primers. This approach allowed the detection of the
sample dilutions from the viral load panel containing 11 PFU/
ml. This corresponds to a LOD of 0.017 PFU. Previous studies
using preparations of the NY99 virus strain grown in Vero cells
have consistently shown that 1 PFU represents 500 copies (30;
R. Lanciotti personal communication). Therefore, based upon
these calculations, PCR/LDR has an LOD of approximately
eight genome copies.

The one-step multiplex RT-PCR approach allowed the de-
tection of the viral load panel dilutions containing 0.15 PFU/

ml, about 70 times less concentrated than that detected by the
two-step method. The LOD with this method corresponds to
0.005 PFU or 2.5 genome copies (Fig. 3). This compares fa-
vorably to other detection systems, including those that detect
both lineages 1 and 2, such as the FDA-licensed PROCLEIX
System (21, 23, 24).

Sensitivity and specificity of multiplex PCR/LDR/CE. The
sensitivity of the multiplex PCR/LDR/CE system was deter-
mined with WNV cultures and environmental and clinical sam-
ples. A sample was considered WNV positive when a minimum
of two LDR products in any of the three PCR amplicons was
detected. WNV cultures included 34 strains from 19 countries
(Table 1) which belonged to both lineages 1 and 2, as well as
the Kunjin and Rabensburg viruses. All of the strains tested

63 PFU

31.5 PFU

10.5 PFU

3.5 PFU

1.15 PFU

0.385 PFU

0.13 PFU

0.042 PFU

0.014 PFU

0.005 PFU

0.002 PFU

Negative

FIG. 3. Determination of the sensitivity of the one-step multiplex PCR/LDR/CE assay. CE profiles were obtained after RNA extraction and
one-step multiplex RT-PCR/LDR of the WNV load panel. CE signals below a threshold of 200 fluorescence units were considered negative.
Fluorescence intensity is indicated on the y axis, and the number of bases is indicated on the x axis.
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positive, except for the Rabensburg virus and two Indian iso-
lates. Both the Rabensburg virus and the two Indian isolates
nevertheless produced positive PCR amplification products
visible after gel electrophoresis, indicating that the LDR did
not work.

To evaluate the specificity of the method, seven other
flaviviruses were tested, as listed in Table 2. Although four
of them (St. Louis encephalitis virus, yellow fever virus,
Murray valley fever virus, and JEV) produced PCR ampli-
fication products detected by agarose gel electrophoresis, no
ligation products were obtained after the LDR. Ninety-eight
pooled mosquito homogenates which had previously tested
positive according to the NYC DOHMH were subjected to
the two-step multiplex PCR/LDR/CE assay. All but one
sample produced a positive signal, for a sensitivity of about
99%. Twenty WNV-negative mosquito pools were also
tested, and no false positives were found.

Fifty WNV-positive plasma samples with a representative
range of concentrations (a minimum of 100 copies/ml) were
obtained from the Gulf Coast Regional Blood Center in Texas.
These samples were subjected to RNA extraction and were
tested in parallel by both the two-step and one-step multiplex
PCR/LDR/CE methods. While the one-step approach de-
tected WNV RNA in all 50 samples with 100% sensitivity, the
two-step protocol displayed 82% sensitivity (41 out of 50 pos-
itive samples detected). Ninety-two additional WNV-negative
plasma samples, together with another 20 dengue virus-posi-
tive but WNV-negative samples (obtained from CDC, Puerto
Rico), were included in the analysis. No false positives were
detected from any of the total of 112 WNV-negative plasma
samples, providing 100% specificity.

Universal DNA microarray. A subset of nine WNV-positive
mosquito pool samples was tested with the universal DNA
microarray as an alternative readout system. Successful liga-
tion of the LDR primers results in the formation of LDR
products that bear a zip code complement at the 5� end and a
fluorescent label at the 3� end. The universal DNA microarray
permits the detection of the ligation products via hybridization
of the zip code complements to zip codes spotted on the array.
The results obtained with these samples showed that the uni-
versal array could detect a fluorescent signal from each of the
nine different LDR products which correctly hybridized to
their designated addresses on the array (Fig. 4). This indicates
that the assay can be performed by using either CE or a
universal array as the final readout.

DISCUSSION

In this report, we describe the development of a new WNV
detection method based on multiplex RT-PCR followed by LDR.
Our detection strategy was based on finding regions in the WNV
genome that were most invariant among the different strains
belonging to both lineages. We then designed PCR primers that
had the required specificity to amplify WNV-specific RNA (after
RT) while tolerating sequence variation without amplifying the
far more abundant human RNA. Likewise, the LDR primers
were designed to specifically ligate, even if the target sequence
varied in up to three positions. The high sensitivity of the initial
RT-PCR step, with degenerate primers, allows some tolerance to
mismatches, which is complemented by the high specificity of the

LDR step. LDR uses an exquisitely specific thermostable AK16D
DNA ligase that permits ligation only when the sequence at the
junction between the paired oligonucleotides is complementary to
the template sequence. This type of assay is ideal for multiplexing,
since several primer sets can ligate along a template without the
interference encountered in polymerase-based assays (18, 19).

The multiplex RT-PCR/LDR/CE test was evaluated with
both mosquito pools and clinical samples, with the clinical
samples being subjected to both one-step and two-step RT-
PCR protocols. The sensitivity obtained with the mosquito
pool samples was 98%; the only sample which gave a neg-
ative result was retested at the NYC DOHMH, where it was
confirmed as negative, suggesting possible sample degrada-
tion.

The WNV-positive clinical samples tested with the one-step
protocol, which uses target-specific primers for RT and PCRs,
were detected with a sensitivity of 100%. On the other hand,

FIG. 4. Representative WNV detection with a universal DNA mi-
croarray. (A) Schematic of the microarray. The green box includes the
area where the nine WNV-specific zip codes were spotted in duplicate
(E4 to E12 and F4 to F12), with red, green, and blue spots indicating
the three sets of zip codes corresponding to LDR products for ampli-
con regions 1, 2, and 3, respectively. Other zip codes on the array are
designated for detecting dengue virus (yellow spots) and other hem-
orrhagic fever viruses (white spots). (B) LDR products from a repre-
sentative WNV-positive mosquito pool sample revealing hybridization
of LDR products from each region to the correct zip codes. The colors
represent the fluorescence intensity at each spot, white being the
strongest and blue being the weakest. (C) LDR products from a WNV
negative control mosquito pool sample. (D) Hybridization of a car-
boxy-X-rhodamine-labeled fiducial complement internal control to
verify uniform spotting of zip codes.
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with the two-step method, where random hexamers are used
for the RT step, 82% of the samples gave a positive result. The
higher sensitivity of the one-step versus the two-step approach
may result from the better performance of the former over the
latter method, which was demonstrated during LOD testing
(Fig. 3). Although the sensitivity obtained by the two-step
approach with mosquito pools did not seem to be affected by
this drawback, it has been reported that for low mRNA levels
(like those expected to be found in clinical samples versus
mosquito pools), gene-specific priming provides a more sensi-
tive method (35).

When the test was evaluated on 34 different WNV strains,
the LDR failed to detect the Rabensburg strain and the two
Indian isolates belonging to clade 1c or, as new evidence
shows, forming a distinct fifth lineage (9). Genomic sequences
for these isolates were not available when the LDR primers
were designed. Alignment of the Rabensburg and IND 804994
strain sequences, which have since been published, reveal that
they are too divergent to successfully anneal with the initial
primers. Since LDRs can be highly multiplexed without com-
promising the ligation efficiency (14, 29), primers permitting
the detection of these isolates may easily be incorporated into
future versions of the assay. The flexibility of the technique will
permit the expansion of the assay to include emerging new
WNV strains in a similar manner.

Over the past few years, the PCR/LDR approach has been
used for several applications in our laboratories (12, 14–16,
19). The use of LDR primers with specific sequences ap-
pended, termed “zip code” complements, has enabled the de-
tection of LDR products through a universal DNA microarray
containing designated addressable zip codes (16, 18). A uni-
versal DNA microarray offers the advantage of being com-
pletely programmable and permits the inclusion of new
genomic target sequences without redesigning the array. In
addition, different pathogens can be detected simultaneously
since the hybridization event is mediated by the spotted zip
code and zip code complements on the LDR primers in place
of the actual pathogen’s genomic sequence. By uncoupling
pathogen detection from pathogen identification, the same
type of array can be used simultaneously for different organ-
isms without changing the spotted probes.

Our group recently demonstrated the utility of PCR/
LDR/CE in the multiplexed detection of blood-borne bacterial
infectious agents (29). Due to the frequently nonspecific clin-
ical symptoms of viral infections and the overlap of different
arboviruses in the same geographic area, we envision a similar
approach to the detection of blood-borne viral pathogens, both
in clinical specimens and for environmental surveillance. The
use of a multiplex RT-PCR/LDR for detection and a universal
DNA microarray for identification represents a convenient
tool given the frequent sequence variation in RNA viruses
which may necessitate additions to the detection primers used.
This approach can assist epidemiologists in rapidly tracking
unknown and emerging strains of HFV. We have designed the
same type of test for the detection and serotype determination
of dengue virus in clinical samples (unpublished data), as well
as other hemorrhagic fever viruses, paving the way for a com-
prehensive viral detection method.
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