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Abstract
Amolecular diagnostic platform with DANP-anchored hairpin primer was developed and

evaluated for the rapid and cost-effective detection of Chikungunya virus (CHIKV) with high

sensitivity and specificity. The molecule 2, 7-diamino-1, 8-naphthyridine (DANP) binds to a

cytosine-bulge and emits fluorescence at 450 nm when it is excited by 400 nm light. Thus,

by measuring the decline in fluorescence emitted from DANP—primer complexes after

PCR reaction, we could monitor the PCR progress. By adapting this property of DANP, we

have previously developed the first generation DANP-coupled hairpin RT-PCR assay. In

the current study, we improved the assay performance by conjugating the DANP molecule

covalently onto the hairpin primer to fix the DANP/primer ratio at 1:1; and adjusting the exci-

tation emission wavelength to 365/430 nm to minimize the background signal and a ‘turn-

on’ system is achieved. After optimizing the PCR cycle number to 30, we not only shortened

the total assay turnaround time to 60 minutes, but also further reduced the background

fluorescence. The detection limit of our assay was 0.001 PFU per reaction. The DANP-

anchored hairpin primer, targeting nsP2 gene of CHIKV genome, is highly specific to

CHIKV, having no cross-reactivity to a panel of other RNA viruses tested. In conclusion, we

report here a molecular diagnostic assay that is sensitive, specific, rapid and cost effective

for CHIKV detection and can be performed where no real time PCR instrumentation is

required. Our results from patient samples indicated 93.62% sensitivity and 100% specific-

ity of this method, ensuring that it can be a useful tool for rapid detection of CHIKV for out-

breaks in many parts of the world.
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Author Summary

Chikungunya has reemerged as an important mosquito-borne infection with global health
significance. Rapid diagnosis plays an important role in early clinical management of
patients due to lack of a vaccine and effective treatment. Laboratory diagnosis is generally
accomplished by blood tests to detect virus-specific antibodies but these antibodies are
usually developed one week after infection, which misses the window of effective clinical
management. On the other hand, although detecting the viral genome can be done in early
stage of infection by real-time polymerase chain reaction (PCR) but it is costly to the
patients. Here we utilized a fluorescent compound to improve the cost-efficiency of the
molecular assay for diagnosis of Chikungunya virus infection. By testing on 77 serum sam-
ples, this improved assay has proven to be highly sensitive and specific towards Chikungu-
nya virus. We believe that this research could benefit both clinicians and patients by
providing early and accurate diagnosis.

Introduction
Chikungunya virus (CHIKV) is an arthropod-borne virus transmitted to humans primarily via
the bite of an infected [1] Aedes agypti and Aedes albopictusmosquito. [2, 3] Currently, there
are more than 40 countries including Africa, United States, European countries and Southeast
Asian countries affected by chikungunya fever. [2] CHIKV is an enveloped positive-sense sin-
gle stranded RNA virus belonging to Alphavirus genus of Togaviridae family. [4] The genome
is approximately 11.8 Kb long, encoding four non-structural proteins (nsP1, nsP2, nsP3, nsP4)
and five structural proteins (C, E3, E2, 6K and E1). [5] The clinical symptoms of chikungunya
fever are similar to that of dengue fever which is caused by Dengue virus (DENV), an arthro-
pod virus belonging to Flaviviriridae family transmitted by same vectors as CHIKV. [6] This
may result in cases of misdiagnosis in places where both viruses co-exist.

As there is no vaccine or specific therapeutic agent available for CHIKV infection, early
diagnosis of CHIKV is crucial in preventing the collapse of health care system due to unprece-
dented number of cases usually encountered during CHIKV epidemics. [7] Virus isolation is
classified as the gold standard in detection of CHIKV despite being a time-consuming process
requiring 1–2 weeks to determine the presence of virus. The limitations associated with virus
isolation resulted in the development of serological and molecular diagnostic methods that are
rapid and less labour intensive. Enzyme-linked-immunosorbent assay (ELISA) and Immuno-
chromatographic test (ICT) are examples of serological diagnostic assays which detect IgM
and/or IgG antibodies that are specific to CHIKV present in patient sera. ELISA and ICT tests
are inexpensive and easy to perform as they do not require handling live viruses. A four-fold
increase in antibodies by comparing acute phase and convalescent phase serum samples is usu-
ally required to confirm CHIKV infection. IgM is detected on an average of two days after
infection and persists for several weeks to three months, while IgG is detected in convalescent
samples and may persist for years. [8] The outcome of having antibodies present in serum sam-
ples after recovery phase may deduce as false-positive detection. Blacksell and co-workers
reported that commercially available antibody-based assays are not suitable for acute diagnosis
of CHIKV as the results obtained showed ICT and ELISA kits having sensitivity of 1.9–3.9%
and 3.9% respectively. [9] An alternative serological method of anti-CHIKV antibody detection
has been reported to be used in commercial ELISA kits, but has shown cross-reactivity with
other alphaviruses such as Ross River and O’ nyong-yong viruses as they are closely related
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serologically. [9] Thus, serological methods for CHIKV detection have been inefficient for
acute phase diagnosis. [9–11]

Recently, molecular diagnosis has been well established for rapid, highly sensitive and spe-
cific detection of CHIKV infection during the acute phase. Viral RNA is extracted from serum
samples collected 1–7 days post-infection [8] were detected by primers targeting the conserved
regions of Chikungunya genome specifically. In comparison, conventional RT-PCR appears to
be a less sensitive and relatively more time-consuming process than TaqMan and SYBR Green
I-based real-time RT-PCR assays. However, real-time RT-PCR assays require highly sophisti-
cated instruments with yearly maintenance and calibration, restricting the utilization of such
assays in places with poor financial and technical resources. [12]

Previously, we have reported a novel diagnostic assay for CHIKV detection by adapting
hairpin primers and fluorescent molecule, 2, 7-Diamino-1,8-naphthyridine (DANP), into a
conventional PCR procedure. [13] In brief, DANP molecule contains a naphthyridine ring
which enables it to bind specifically to a cytosine-bulge in a hairpin structure of the PCR
primer by hydrogen bonds. [13] The binding of DANP molecule to DNA gives rise to a 400
nm excitation and 450 nm emission property to the bound DANP molecule. As PCR proceeds,
the primer is incorporated into double stranded DNA and the hairpin is opened, causing the
release of DNAP molecule and thereby decreasing the fluorescence intensity. [13] The utiliza-
tion of DANP coupled hairpin PCR has also been demonstrated in a single-nucleotide poly-
morphism study of the cytochrome P450 gene 2C9�3 by Takei and colleagues. [14] However,
the binding of DANP molecule to the hairpin-primer is in an equilibrium manner, so that
excess DANPmolecules must be added to ensure a detectable fluorescence intensity. Therefore,
the background signal given off by unbound DANP molecules limits the sensitivity and consis-
tency of the assay.

In the present study, DANPmolecule was covalently immobilized on the hairpin PCR prim-
ers containing C-G base-pairs directly after the C-bulge to quench the fluorescence emission,
as shown in Fig 1A. As PCR progresses, the hairpin structure is opened up and the DANP mol-
ecule is moved to the outer surface of the double-stranded DNA molecule, away from cytosine-
bulge, resulting in an increase in fluorescence emission at 430 nm when it is subjected to UV-
light at 365 nm. Increments in fluorescence intensity can be picked up only if the viral RNA
template is present in the reaction with negligible background signal as no excess DANP mole-
cules were added to the reaction. The method is highly effective as it uses a conventional
RT-PCR protocol followed by measurement of fluorescence signal intensity using a spectro-
photometer. The assay is more rapid and cost-effective as compared to real-time PCR methods.
The assay was also validated with CHIKV infected patient serum samples and healthy individ-
ual serum samples for its sensitivity and specificity.

Materials and Methods

Viruses
CHIKV (GenBank accession No. FJ445502) was isolated from an infected patient during the
CHIKV outbreak in Singapore in 2008. The virus was propagated in Aedes albopictus C6/36
cells. Briefly, cells were grown to about 80% confluency in T75 tissue culture flasks. Following
removal of the growth media, virus inoculum was added to give a multiplicity of infection
(MOI) of 0.1 PFU/cell. Flasks were incubated at 28°C for 1 hours with constant agitation at
every 15 min interval. After the incubation, Rosewell Park Memorial Institute (RPMI) 1640
growth medium (Sigma-Aldrich Corp) supplemented with 2% FBS (Hyclone) was added and
flasks were maintained at 28°C for about 3–5 days or until cells showed 80% cytophatic effects
(CPE). The viral titers were determined by plaque forming assay. [13] Ross River virus (RRV),
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Sindbis virus (SINV), Kunjin virus (KUNV, MRM 61C strain), West Nile virus (WNV, Sara-
fend strain), Zika virus (ZIKV, MR 766 strain), DENV-1 (S144 strain), DENV-2 (New Guinea
C strain), DENV-3 (Eden 130/05 strain), DENV-4 (S8976 strain), Influenza A virus subtype
H1N1, H3N2, Poliovirus type 1 (PV1, Sabin strain), type 2 (PV2, Sabin strain), type 3 (PV3,
Sabin strain), Human enterovirus 71 (HEV71, AF316321 strain), Coxsackie B2 virus (CB2),
Coxsackie A16 virus (CA16, WHO strain) and Enteric cytopathic human orphan virus 7
(Echo7) were also used to examine the cross-reactivity of this assay. The ZIKV, DENV1-4,
PV1-3, HEV71, CB2, CA16 and Echo7 viruses were maintained in the laboratory. The RRV,
KUNV andWNV were kindly provided by Professor Mary Mah-Lee Ng, Department of
Microbiology, National University of Singapore. The Influenza A viruses were kindly provided
by Associate Professor Tan Yee Joo, Department of Microbiology, National University of
Singapore.

Ethics statement
A set of 22 serum samples from CHIKV-infected patients, and 30 from uninfected individuals
were collected at the National University Hospital, Singapore, with informed consent, to evalu-
ate the clinical sensitivity and specificity of the DANP-anchored assay. All of the sera were con-
firmed as febrile illness associated with a positive result from the real-time RT-PCR. [15] This
part of the study was performed in accordance with the National University of Singapore

Fig 1. A. Excitation-emission spectrum of DANP-DNA complexes. 365 nm UV-light is selected for excitation because only basal level of
absorbance by DANP-C-bulge complex can be seen while the DANP-dsDNA complex absorbed substantially at this wavelength.
Similarly, emission light at 430 nm is measured mainly because it generates the most significant difference when DANP-dsDNA and
DANP-C-bulge complexes. B. Illustration of the chemical binding change happens to DANPmolecule during PCR procedure.

doi:10.1371/journal.pntd.0004887.g001
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Institutional Review Board approved protocol (No. 10–234). Environmental Health Institute
(EHI), National Environmental Agency of Singapore kindly provided a set of 25 serum samples
from clinically-suspected patients in which the presence of CHIKV was confirmed by a real-
time RT-PCR assay. [16] Written informed consent was given for all samples involved in this
study.

Viral RNA extraction
CHIKV RNA was extracted from 140 μL of infected cell culture supernatants (3.6 X 10^7 PFU/
mL) and serum samples using the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The RNA was eluted in a final volume of 50 μL of
nuclease-free water and stored at −80°C until use.

PCR Primer designing
The full genomes of multiple geographically different strains of CHIKV from recent outbreaks
were retrieved from GenBank and aligned using the ClustalX (version 2.1) [17] sequence align-
ment software. Primers were designed to target the highly-conserved nsP2 regions of CHIKV
genome, as shown in Table 1. The primers were designed with hairpin (underlined sequences
in Table 1) at the 5’ end to accommodate DANP molecule which is covalently conjugated to
the thymine nucleotide (bolded sequences in Table 1) of the primers.

RT-PCR conditions
RT-PCR reactions were performed in C1000 thermal cycler (Bio-Rad, Hercules, CA). Reactions
were optimized with a One Step RT-PCR kit (Biotech Rabbit, Hannover, Germany). Each reac-
tion was performed in 25 μL total reaction mixture containing 12.5 μL of 2x reaction buffer,
0.2 μmol/L of each forward and reverse DANP hairpin primers, 1.25 μL of 20x RT-RI blend
(reverse transcriptase and RNAse Inhibitor) and 1 μL of viral RNA. 10 μL from each total reac-
tion volume was set aside while the remaining 15 uL of reaction was subjected to RT-PCR. The
thermal profile was optimized as follows; reverse transcription step at 45°C for 20 minutes,
activation of Taq polymerase at 95°C for 2 minutes, followed by 30 cycles of PCR cycling steps
consisting of 95°C for 10 seconds, 60°C for 10 seconds and 72°C for 15 seconds.

Fluorescence intensity measurement and native PAGE analysis
In order to determine the fluorescence intensity, 10 μL of each reaction was diluted with 90 μL
of nuclease-free water in each well of a white opaque flat-bottom 96-well plate. The fluores-
cence intensity from each well was scanned by Infinite1 200 PRO microplate reader (Tecan
Trading AG, Switzerland) with an excitation filter at 365-nm and an emission filter at 430-nm.
A sample positive for CHIKV infection was determined as the increment in fluorescence inten-
sity after PCR was more than 100 arbitrary units (AU) as compared to background fluores-
cence in pre-PCR reaction mixture. For assay validation, all PCR products were analysed using
8% native polyacrylamide gel electrophoresis (PAGE), followed by ethidium bromide staining

Table 1. DANP-anchored hairpin primer sequences used for detection of CHIKV.

Primers Sequence

DANP-ANCHORED F 5’ ATCATGCTTTTGCCATGATGACTAATCCGCCCTACCACG 3’

DANP-ANCHORED R 5’ ATCATGCTTTTGCCATGATGCATCCATTCAAGAGCAGCG 3’

doi:10.1371/journal.pntd.0004887.t001
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for two minutes. Gel images were captured using the GeneSnap software version 7.02 (Syngene,
Cambridge, UK).

PCR cycle number optimization
In order to determine the number of PCR cycles that gives off the most significant increment
in fluorescence intensity after PCR, the fluorescence intensity level was measured and com-
pared after every five PCR cycles using CHIKV genomic RNA as positive control and nuclease-
free water as negative control (NTC).

Determination of limit of detection of the assay
CHIKV RNA was extracted from 140 μL of infected cell culture supernatants with viral titre
of 3.6 X 10^7 PFU/mL, using the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The viral RNA was eluted in a final volume of
50 μL of nuclease-free water and then serial diluted logarithmically until a final concentration
of 1 X 10−5 PFU/μL. 1 μL of each of the serial diluted viral RNA samples was subjected to the
DANP-anchored RT-PCR assay to determine the limit of detection of the assay.

The RNA concentration ranges tested were 1.0 X 101 to 1.0 X 10−5 PFU/reaction (3.6 X 103

to 3.6 X 10−3 PFU/mL).

Cross reactivity study
RRV, SINV, KUNV, WNV, ZIKV, DENV1-4, Influenza H1N1, H3N2, PV1-3, HEV71, CB2,
CA16 and Echo7 were used to examine the cross-reactivity of this assay. Viral RNA was
extracted from 140 μL of each of the viruses and eluted in 50 μL of nuclease-free water. The
RNA concentration were measured using NanoDrop ND2000 Spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, USA) and only samples with at least 50 ng/μL were pro-
ceeded to cross reactivity study of the assay.

Results

PCR cycle optimization
In order to determine the number of PCR cycles that gives off the most significant increment
in fluorescence intensity after PCR, the fluorescence intensity level was measured and com-
pared after every five PCR cycles using CHIKV genomic RNA as positive control and nuclease-
free water as negative control (NTC). As shown in Fig 2, the difference in fluorescence intensity
between before PCR and after PCR samples reached the maximum at 30 cycles. Due to the for-
mation of primer dimer and non-specific PCR products in the NTC, the difference in fluores-
cence intensity began to narrow down after 30 cycles. Therefore, 30 cycles of PCR reaction was
used in the rest of the study.

Primer validation
To validate the suitability of hairpin primers and to verify the initial fluorescence intensity
level, DANP-anchored hairpin RT-PCR procedure was carried out with and without CHIKV
genomic RNA. All PCR products were analyzed by PAGE to determine the assay specificity. As
indicated in Fig 3A, the specific PCR product of 296 bps can only be seen when CHIKV RNA
is present. There was no significant change in fluorescence intensity between before/after PCR
in NTC reactions (Fig 3B). In contrast, an increment of more than 2000 AU of fluorescence
intensity was observed after 30 cycles of PCR in the presence of CHIKV RNA.
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Detection limit of the assay
The detection limit of the DANP-anchored RT-PCR assay was determined through replicates
of reactions, using serial logarithmic dilutions of the control CHIKV genomic RNA. Fig 4
shows the change in fluorescence intensity before and after 30 cycles of PCR reaction. A

Fig 2. Optimization of number of PCR cycles.DANP-anchored RT-PCR is carried out with and without the presence of
CHIKV RNA template and the fluorescence intensity is measured after every 5 PCR cycles from both before and after PCR
reactions. The fluorescence intensity starts to increase significantly after 20 cycles when CHIKV RNA is present and reaches
saturation after 30 cycles, while that of NTC also starts to increase slowly from 25 to 30 cycles and becomemore obvious
afterwards. As a result, the maximum difference in fluorescence intensity can be achieved after 30 cycles of PCR reaction.
Data are shown as means SEM of five experiments. ***P < 0.001, **P < 0.01 by multiple t-test.

doi:10.1371/journal.pntd.0004887.g002

Fig 3. DANP-anchored RT-PCR primer was evaluate. A: Specific PCR product with expected size (296 bp) is observed only in reaction with
CHIKV RNA template after 30 PCR cycles. Lane 1, DNA ladder (GeneRuler Ultra Low Range, Thermal Fisher Scientific, Waltham,
Massachusetts, USA); lane 2, CHIKV RNA+ after 30 PCR cycles; lane 3, CHIKV RNA+ before PCR; lane 4, NTC after 30 PCR cycles; and lane
5, NTC before PCR. B: The fluorescence intensity from the PCR reactions with and without CHIKV RNA before and after 30 PCR cycles. Only
the reaction with CHIKV RNA shows significant increment in fluorescence intensity (approximately 2000 AU) after 30 cycles of PCR reaction.
Data are shown as means SEM of five experiments. ***P < 0.001 by Student’s t-test.

doi:10.1371/journal.pntd.0004887.g003

DANP-Anchored RT-PCR for Detection of CHIKV

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004887 August 29, 2016 7 / 11



statistically significant increase of 120 AU was observed in 0.001 PFU per reaction, the lowest
level of detection by the assay.

Cross-reactivity of the assay
The cross-reactivity of the assay was determined by using a panel of other RNA viruses. RRV
and SINV were used as representative members of Alphavirus; KUNV, WNV, ZIKV and
DENV-1, DENV-2, DENV-3, and DENV-4 were used as representative members of Flavivirus
in the cross-reactivity study. The remaining RNA viruses included H1N1, H3N2, Polio 1, Polio
2, Polio 3, HEV71, CB2, CA16 and ECHO7. Only CHIKV RNA samples demonstrated positive
results, indicating the lack of cross-reactivity with other viruses tested (Fig 5).

Sensitivity and specificity of the assay
In order to evaluate the sensitivity and specificity of the present assay for clinical diagnosis, 47
serum samples obtained from patients with confirmed CHIKV infection during the acute
phase and 30 serum samples from uninfected individuals were tested. The present assay dem-
onstrated high sensitivity by picking up 44 of the 47 CHIKV cases (93.62% sensitivity; 95% CI,
81.44% to 98.37%). None of the 30 serum samples from uninfected individuals was false diag-
nosed as positive (100% detection specificity; 95% CI, 85.87% to 100%) (Table 2).

Discussion
CHIKV has been relatively understudied as it was restricted to Africa and Asia countries. [18]
Since 2005, CHIKV started to spread to countries in Indian Ocean and then globally. [19] It is
estimated that> 1.5 million people were infected in India during the 2006 outbreak alone, [20]
and, currently, Chikungunya fever has been documented in more than 40 countries. [21] The
unprecedented worldwide spread of CHIKV was driven by international travel and the A226V
mutation on the envelope protein 1, which better adapts the virus to Aedes albopictus. [3]
Due to increased globalization and mosquito vectors expand to new areas, early diagnosis of

Fig 4. The detection limit of a DANP-anchored RT-PCR assay was determined using 10-fold serial
diluted CHIKV genomic RNA. The detection limit for the assay was equivalent to 0.001 PFU per reaction of
CHIKV. Data are shown as means SEM of three experiments. ***P < 0.001, **P < 0.01 by Student’s t-test.

doi:10.1371/journal.pntd.0004887.g004
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CHIKV is critical in the absence of any licensed antiviral therapy and prophylaxis, especially in
developing countries.

Currently, the diagnosis of CHIKV largely relies on virus isolation, detection of specific anti-
body and nucleic acid. Virus isolation in tissue culture is time-consuming and technically com-
plex that is limited in developing countries. Because of extensive cross-reaction between
alphaviruses due to common antigens, serological assays often face the difficulty in differentiat-
ing commonly occurring alphaviruses. These drawbacks have made molecular assays the
method of choice for diagnosis during acute phase of chikungunya fever. Molecular techniques
based on the detection of genomic sequences by RT-PCR, nested RT-PCR, and real-time
RT-PCR are rapid and sensitive and have replaced virus isolation as the new standard method
for the detection of CHIKV in acute-phase serum samples, but the reagents and equipment are
too costly for widespread use. In this regard, this DANP-anchored RT-PCR assay reported in
this study is advantageous, because of its simplicity, rapidity, and cost-effectiveness. Only a
standard conventional PCR procedure, with DANP hairpin primer used, and a fluorescence
reading procedure is required without involving of sophisticated instrument or costly reagent.

Fig 5. Cross-reactivity of DANP-anchored RT-PCRwas evaluated with a panel of positive-sense RNA viruses. There is no significant increase in
fluorescence intensity found in any one of the viruses tested showing no cross-reactivity of the assay to these viruses. Data are shown as means SEM of
three experiments. ***P < 0.001 by Student’s t-test.

doi:10.1371/journal.pntd.0004887.g005

Table 2. Performance of DANP-ANCHORED on Serum samples.

Type of Serum
Sample

No. of samples No. of samples diagnosed as
positive

Sensitivity† Specificity‡

CHIKV 47 44 93.62% (95% CI, 81.44% to
98.37%).

100% (95% CI, 85.87% to
100%)Healthy 30 0

† Number of positive specimens/(number of positive specimens + number of false-negative specimens) X 100%.
‡ Number of negative specimens/(number of negative specimens + number of false-positive specimens) X 100%.

doi:10.1371/journal.pntd.0004887.t002
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In comparison, previously, we have reported a novel DANP-coupled hairpin RT-PCR for
rapid detection of CHIKV in the acute phase serum samples. PCR primers were designed spe-
cifically to target nsP2 gene of CHIKV with hairpin tag containing a cytosine-bulge. The
DANP molecule binds to the C-bulge in its protonated form (DANPH+) before PCR reaction
starts, resulting in fluorescence emission. During PCR amplification, the hairpin primer opens
up and releases the DANP molecule resulting in a drop in fluorescence emission giving rise to
a ‘turn-off’ system. CHIKV positive samples are determined by comparing the fluorescence
intensity recorded before and after PCR process by subjecting the PCR products to UV-light
and detecting the emitted fluorescence at 430 nm. Despite it was a rapid, sensitive, specific and
cost effective assay; the optimization of DANP concentration due to background signal
restricted its usage. In order to overcome the issue, in the present study, we covalently conju-
gated the DANP molecule onto the hairpin structure of the PCR primer. Therefore, the ratio
between DANP molecule and primer is fixed at 1:1 and this standardization simplifies the opti-
mization of the assay. In addition, by changing the reading spectrum from 400 nm excitation
and 450 nm emission to 365 nm excitation and 430 nm emission, we managed not only to min-
imize the background signal but also give rise to a ‘turn-on’ system. In addition, we have also
shortened the assay turnaround time from 90 minutes to 60 minutes including fluorescence
reading, by cutting down the reverse transcription step duration and optimizing the PCR cycle
number from 40 to 30.

The detection limit of the assay was 0.001 PFU per reaction that is lower than that of the
previous DANP coupled assay [13] and is comparable to real time RT-PCR assays developed
by other groups [22, 23]. A side-by-side comparison of our assay with the abTES DEN 5 qPCR
I Kit (Cat: 300152) from AIT biotech, a Taqman probe-based multiplex real time RT-PCR for
DENV/CHIKV detection. Comparable limit of detection was noted. Despite the fact that the
viremia load is usually above 4 log10 during the acute phase of CHIKV infection, [24] low
detection limit of the assay enables us to detect CHIKV RNA even during late acute phase
when the viral titers start to decline rapidly. More importantly, the present assay is not cross-
reactive with a panel of RNA viruses that are co-circulating in endemic regions. Given that
CHIKV is commonly misdiagnosed as DENV and vice versa, the outstanding specificity of our
assay could benefit both clinicians and patients at the point-of-care by providing accurate
diagnosis.

Author Contributions

Conceived and designed the experiments:HCMP FT HCH ESCK LCN PSH KN JJHC.

Performed the experiments:HCMP.

Analyzed the data:HCMP FT HCH ESCK LCN PSH KN JJHC.

Contributed reagents/materials/analysis tools: FT HCH LCN ESCK PSH JJHC.

Wrote the paper:HCMP HCH PSH JJHC.

References
1. Mohan A, Kiran DH, Manohar IC, Kumar DP. Epidemiology, clinical manifestations, and diagnosis of

Chikungunya fever: lessons learned from the re-emerging epidemic. Indian journal of dermatology.
2010; 55(1):54–63. doi: 10.4103/0019-5154.60355 PMID: 20418981

2. Staples JE, Breiman RF, Powers AM. Chikungunya fever: an epidemiological review of a re-emerging
infectious disease. Clinical infectious diseases: an official publication of the Infectious Diseases Society
of America. 2009; 49(6):942–8.

DANP-Anchored RT-PCR for Detection of CHIKV

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004887 August 29, 2016 10 / 11

http://dx.doi.org/10.4103/0019-5154.60355
http://www.ncbi.nlm.nih.gov/pubmed/20418981


3. Tsetsarkin KA, Vanlandingham DL, McGee CE, Higgs S. A single mutation in chikungunya virus affects
vector specificity and epidemic potential. PLoS pathogens. 2007; 3(12):e201. PMID: 18069894

4. Strauss JH, Strauss EG. The alphaviruses: gene expression, replication, and evolution. Microbiological
reviews. 1994; 58(3):491–562. PMID: 7968923

5. Khan AH, Morita K, Parquet Md Mdel C, Hasebe F, Mathenge EG, Igarashi A. Complete nucleotide
sequence of chikungunya virus and evidence for an internal polyadenylation site. The Journal of gen-
eral virology. 2002; 83(Pt 12):3075–84. PMID: 12466484

6. Ross RW. The Newala epidemic. III. The virus: isolation, pathogenic properties and relationship to the
epidemic. The Journal of hygiene. 1956; 54(2):177–91. PMID: 13346078

7. Montero A. [Chikungunya fever—A new global threat]. Medicina clinica. 2015; 145(3):118–23. PMID:
25087211

8. Burt FJ, Rolph MS, Rulli NE, Mahalingam S, Heise MT. Chikungunya: a re-emerging virus. Lancet.
2012; 379(9816):662–71. doi: 10.1016/S0140-6736(11)60281-X PMID: 22100854

9. Blacksell SD, Tanganuchitcharnchai A, JarmanRG, Gibbons RV, Paris DH, Bailey MS, et al. Poor diagnos-
tic accuracy of commercial antibody-based assays for the diagnosis of acute Chikungunya infection. Clini-
cal and vaccine immunology: CVI. 2011; 18(10):1773–5. doi: 10.1128/CVI.05288-11 PMID: 21865416

10. Prat CM, Flusin O, Panella A, Tenebray B, Lanciotti R, Leparc-Goffart I. Evaluation of commercially
available serologic diagnostic tests for chikungunya virus. Emerging infectious diseases. 2014; 20
(12):2129–32. doi: 10.3201/eid2012.141269 PMID: 25418184

11. Rianthavorn P, Wuttirattanakowit N, Prianantathavorn K, LimpaphayomN, Theamboonlers A, Poovora-
wan Y. Evaluation of a rapid assay for detection of IgM antibodies to chikungunya. The Southeast
Asian journal of tropical medicine and public health. 2010; 41(1):92–6. PMID: 20578487

12. Sam IC, Chua CL, Chan YF. Chikungunya virus diagnosis in the developing world: a pressing need.
Expert review of anti-infective therapy. 2011; 9(12):1089–91. doi: 10.1586/eri.11.132 PMID: 22114956

13. Chen H, Takei F, Koay ES, Nakatani K, Chu JJ. A novel DANP-coupled hairpin RT-PCR for rapid detec-
tion of Chikungunya virus. The Journal of molecular diagnostics: JMD. 2013; 15(2):227–33. doi: 10.
1016/j.jmoldx.2012.10.004 PMID: 23313361

14. Takei F, Igarashi M, Hagihara M, Oka Y, Soya Y, Nakatani K. Secondary-structure-inducible ligand
fluorescence coupled with PCR. Angewandte Chemie. 2009; 48(42):7822–4. doi: 10.1002/anie.
200902449 PMID: 19746492

15. Pastorino B, Bessaud M, GrandadamM, Murri S, Tolou HJ, Peyrefitte CN. Development of a TaqMan
RT-PCR assay without RNA extraction step for the detection and quantification of African Chikungunya
viruses. Journal of virological methods. 2005; 124(1–2):65–71. PMID: 15664052

16. Ng LC, Tan LK, Tan CH, Tan SS, Hapuarachchi HC, Pok KY, et al. Entomologic and virologic investiga-
tion of Chikungunya, Singapore. Emerging infectious diseases. 2009; 15(8):1243–9. doi: 10.3201/
eid1508.081486 PMID: 19751586

17. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, et al. Clustal W and
Clustal X version 2.0. Bioinformatics. 2007; 23(21):2947–8. PMID: 17846036

18. Cecilia D, KakadeM, Alagarasu K, Patil J, Salunke A, Parashar D, et al. Development of a multiplex
real-time RT-PCR assay for simultaneous detection of dengue and chikungunya viruses. Archives of
virology. 2015; 160(1):323–7. doi: 10.1007/s00705-014-2217-x PMID: 25233940

19. Simon F, Savini H, Parola P. Chikungunya: a paradigm of emergence and globalization of vector-borne
diseases. The Medical clinics of North America. 2008; 92(6):1323–43, ix. doi: 10.1016/j.mcna.2008.07.
008 PMID: 19061754

20. Taubitz W, Cramer JP, Kapaun A, Pfeffer M, Drosten C, Dobler G, et al. Chikungunya fever in travelers:
clinical presentation and course. Clinical infectious diseases: an official publication of the Infectious Dis-
eases Society of America. 2007; 45(1):e1–4.

21. Schwartz O, Albert ML. Biology and pathogenesis of chikungunya virus. Nature reviews Microbiology.
2010; 8(7):491–500. doi: 10.1038/nrmicro2368 PMID: 20551973

22. Santhosh SR, Parida MM, Dash PK, Pateriya A, Pattnaik B, Pradhan HK, et al. Development and evalu-
ation of SYBRGreen I-based one-step real-time RT-PCR assay for detection and quantification of Chi-
kungunya virus. Journal of clinical virology: the official publication of the Pan American Society for
Clinical Virology. 2007; 39(3):188–93.

23. Smith DR, Lee JS, Jahrling J, Kulesh DA, Turell MJ, Groebner JL, et al. Development of field-based
real-time reverse transcription-polymerase chain reaction assays for detection of Chikungunya and
O'nyong-nyong viruses in mosquitoes. The American journal of tropical medicine and hygiene. 2009;
81(4):679–84. doi: 10.4269/ajtmh.2009.09-0138 PMID: 19815886

24. JohanssonMA, Powers AM, Pesik N, Cohen NJ, Staples JE. Nowcasting the spread of chikungunya virus
in the Americas. PloS one. 2014; 9(8):e104915. doi: 10.1371/journal.pone.0104915 PMID: 25111394

DANP-Anchored RT-PCR for Detection of CHIKV

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004887 August 29, 2016 11 / 11

http://www.ncbi.nlm.nih.gov/pubmed/18069894
http://www.ncbi.nlm.nih.gov/pubmed/7968923
http://www.ncbi.nlm.nih.gov/pubmed/12466484
http://www.ncbi.nlm.nih.gov/pubmed/13346078
http://www.ncbi.nlm.nih.gov/pubmed/25087211
http://dx.doi.org/10.1016/S0140-6736(11)60281-X
http://www.ncbi.nlm.nih.gov/pubmed/22100854
http://dx.doi.org/10.1128/CVI.05288-11
http://www.ncbi.nlm.nih.gov/pubmed/21865416
http://dx.doi.org/10.3201/eid2012.141269
http://www.ncbi.nlm.nih.gov/pubmed/25418184
http://www.ncbi.nlm.nih.gov/pubmed/20578487
http://dx.doi.org/10.1586/eri.11.132
http://www.ncbi.nlm.nih.gov/pubmed/22114956
http://dx.doi.org/10.1016/j.jmoldx.2012.10.004
http://dx.doi.org/10.1016/j.jmoldx.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23313361
http://dx.doi.org/10.1002/anie.200902449
http://dx.doi.org/10.1002/anie.200902449
http://www.ncbi.nlm.nih.gov/pubmed/19746492
http://www.ncbi.nlm.nih.gov/pubmed/15664052
http://dx.doi.org/10.3201/eid1508.081486
http://dx.doi.org/10.3201/eid1508.081486
http://www.ncbi.nlm.nih.gov/pubmed/19751586
http://www.ncbi.nlm.nih.gov/pubmed/17846036
http://dx.doi.org/10.1007/s00705-014-2217-x
http://www.ncbi.nlm.nih.gov/pubmed/25233940
http://dx.doi.org/10.1016/j.mcna.2008.07.008
http://dx.doi.org/10.1016/j.mcna.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/19061754
http://dx.doi.org/10.1038/nrmicro2368
http://www.ncbi.nlm.nih.gov/pubmed/20551973
http://dx.doi.org/10.4269/ajtmh.2009.09-0138
http://www.ncbi.nlm.nih.gov/pubmed/19815886
http://dx.doi.org/10.1371/journal.pone.0104915
http://www.ncbi.nlm.nih.gov/pubmed/25111394

