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Early Detection of Dengue Virus by Use of Reverse Transcription-
Recombinase Polymerase Amplification
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A method for the rapid diagnosis of early dengue virus (DENV) infection is highly needed. Here, a prototype reverse transcrip-
tion-recombinase polymerase amplification (RT-RPA) assay was developed. The assay detected DENV RNA in <20 min without
the need for thermocycling amplification. The assay enabled the detection of as few as 10 copies of DENV RNA. The designed
RT-RPA primers and exo probe detected the DENV genome of at least 12 genotypes of DENV circulating globally without cross-
reacting with other arboviruses. We assessed the diagnostic performance of the RT-RPA assay for the detection of DENV RNA in
203 serum samples of patients with clinically suspected dengue. The sera were simultaneously tested for DENV using a reverse
transcription-loop-mediated isothermal amplification (RT-LAMP) assay, quantitative RT-PCR (qRT-PCR), and IgM- and IgG-
capture enzyme-linked immunosorbent assays (ELISA). Acute DENV infection was confirmed in 130 samples and 61 of the sam-
ples (46.9%) were classified as viremic with qRT-PCR. The RT-RPA assay showed good concordance (k of =0.723) with the RT-
LAMP and qRT-PCR assays in detecting the dengue viremic samples. When used in combination with ELISA, both the RT-RPA
and RT-LAMP assays increased the detection of acute DENV infection to =95.7% (=45/47) in samples obtained within 5 days of

illness. The results from the study suggest that the RT-RPA assay is the most rapid molecular diagnostic tool available for the
detection of DENV. Hence, it is possible to use the RT-RPA assay in a laboratory to complement routine serology testing for

dengue.

Dengue is one of the most prevalent mosquito-borne viral dis-
eases in the tropics and subtropics. It is estimated that at least
3.6 billion people are at risk of contracting the infection (1). The
spectrum of the illness of dengue ranges from mild dengue fever
(DF) to severe and fatal dengue hemorrhagic fever (DHF) and
dengue shock syndrome (DSS) (2). Dengue viruses (DENV) are
the causative agents of dengue (3). There are at least four known
antigenically distinct DENV serotypes, DENV-1, DENV-2,
DENV-3, and DENV-4 (4), and each serotype contains several
phylogenetically distinct genotypes (5). The virus is transmitted
following mosquito bites of viremic febrile patients; the viremia
phase usually corresponds to the first 3 days of illness (6). There-
fore, the early detection of viremic individuals is important not
only for patient management but also for early and immediate
implementation of appropriate vector-control measures (7).

Molecular techniques to detect the presence of DENV genomic
RNA sequences are gradually being accepted as routine proce-
dures for the early detection of DENV infection. The reverse tran-
scription-PCR (RT-PCR) and real-time quantitative RT-PCR
(qRT-PCR) are the two most commonly used methods (8-12).
However, the requirement for costly nucleic acid amplification
instruments and the high level of skill needed for these methods
have limited their use to well-equipped laboratories. The intro-
duction of the isothermal nucleic acid amplification method,
which obviates the need for any major instrumentation, could
change this situation, hence allowing greater access to the nucleic
acid amplification method and its wider application in regions
where dengue is endemic and resources may be limited (13).

We have previously demonstrated the use of reverse transcrip-
tion-loop-mediated isothermal amplification (RT-LAMP) for the
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detection of DENV RNA in a clinical setting (14). More recently,
the recombinase polymerase amplification (RPA) assay has
emerged as a novel alternative isothermal amplification method
for the detection of nucleic acid (15). The RPA assay was reported
to take <20 min to perform and requires a constant temperature
of only 37°C to 42°C. Both the RPA and RT-RPA assays have been
used for the detection of various other infectious agents (15-36),
but they have not been implemented for the detection of DENV.
In the present study, we describe the development and application
of the RT-RPA assay for the detection of DENV infection in a
diagnostic laboratory setting using freshly obtained samples from
dengue-suspected patients.
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MATERIALS AND METHODS

Dengue viruses. Twenty-two reference DENV strains were used in this
study: 11 isolates from Malaysia and 11 isolates from Spain. The Malay-
sian DENV strains included four genotypes of DENV-1 (genotypes I, II,
and III and sylvatic) (37, 38), two genotypes of DENV-2 (Asian I and
Cosmopolitan) (39), three genotypes of DENV-3 (genotypes I, II, and III)
(40), and two subgenotypes of DENV-4 (subgenotypes Ila and IIb) (10).
All of the Malaysian dengue viruses were archived in the Department of
Medical Microbiology repository; the 11 dengue viruses obtained from
Spain were from the Arbovirus and Imported Viral Diseases, National
Centre for Microbiology, Institute of Health Carlos III. The DENV strains
from Spain included three isolates of DENV-1 (all genotype III or Amer-
ican/African) (41), three isolates of DENV-2 (Cosmopolitan, American/
Asian, and African sylvatic) (42), three isolates of DENV-3 (one genotype
I and two genotype III), and two isolates of DENV-4 (all genotype II).
These viruses were from collections from Brazil, Paraguay, Venezuela,
Thailand, Pakistan, India, South America, Senegal, and the Philippines
(see Table S1 in the supplemental material).

Clinical samples. The study was approved by the University of Malaya
Medical Center (UMMC) Medical Ethics Committee (Ethics Committee/
Institutional Review Board [IRB] reference number 908.11). A total of 203
serum samples from 203 patients clinically suspected to be infected with
DENV at the UMMC during the period from June to August 2013 were
obtained for this study. The majority of the patients from this cohort were
adults, and the median age of the patients was 29 years (range, 3 to 79
years). The serum samples were divided in the laboratory for simultane-
ous testing by the serology and nucleic acid amplification assays. A retro-
spective study was performed to review the patients’ medical records for
the date of illness onset.

RNA extraction. The total RNA was extracted from 140 .l of infected
culture supernatant or patient serum samples using the QIAamp viral
RNA minikit (Qiagen, Germany). All of the RNA extractions were per-
formed according to the manufacturer’s protocol. The RNA was eluted in
60 pl of nuclease-free water and stored at —80°C until needed.

Design of DENV-specific RT-RPA assay primers and exo probe. The
DENV-specific primers and exo probe used for the RT-RPA assay were
designed from the highly conserved 3'-untranslated region (UTR) con-
sensuses of the genomes of all four DENV serotypes according to the
criteria described previously (43). Each 3'-UTR consensus was derived
from all of the genotypes of each DENV serotype (see Fig. S1 in the sup-
plemental material). The coverage of the RT-RPA primers and exo probe
was validated by evaluating the assay using viral RNA extracted from the
different reference DENV strains, as described above.

RT-RPA assay. A DENV-specific TwistAmp RT exo lyophilized kit
was supplied as strips of eight reactions in vacuum-sealed pouches
(TwistDx, Ltd., Cambridge, United Kingdom). The RT-RPA was per-
formed in a final reaction volume of 50 pl containing a lyophilized pellet
dissolved with 45 .l of TwistAmp RT exo rehydration buffer and 5 pl of
the extracted RNA template. The lyophilized RPA pellet contained an
optimized blend of enzymes and primers and a fluorescence probe. The
enzyme concentrations were based on standard commercial RPA pellets
for exonuclease detection (TwistAmp Exo) (15) containing Moloney mu-
rine leukemia virus reverse transcriptase for combined RT-RPA (18). All
of the enzyme levels were optimized for performance with dengue-specific
oligonucleotides. Each reconstituted reaction mixture contained 0.63
mM DenMPF19, 0.84 mM DenMPR11, 0.63 mM DenMPR32, 0.12 mM
DenMPExoP9FAM, and 5 U RNase inhibitor (Fermentas, USA). The cus-
tomized rehydration buffer contained magnesium acetate [Mg(OAc),],
potassium acetate [KOAc], Tris-acetate (pH 8.3), and polyethylene glycol
(PEG) (35,000) and was engineered for a 5-ul input volume per 50-pl
reaction.

A positive control using 1,000 copies (determined by qRT-PCR) of
DENV RNA extracted from the culture supernatant and a negative con-
trol (nuclease-free water) were included in each run. The RT-RPA reac-
tion mixtures were incubated at 40°C for 20 min with a brief mixing of the
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reaction mixtures at 230 s after the start of the incubation. The 6-carboxy-
fluorescein (FAM) fluorescence of RT-RPA was generated via the endo-
nuclease-mediated cleavage of the TwistAmp exo probe at the tetrahydro-
furan abasic site mimic. The fluorescence signal was measured using a
Twista real-time fluorometer (TwistDx, Ltd.). In this study, the Twista
real-time fluorometer was obtained at a cost almost 4 and 6 times lower
than the potential market costs of devices used for RT-LAMP and qRT-
PCR, respectively. Twista Studio software, version 2.06.06 (TwistDx, Ltd.)
was used to interpret the fluorescence data with a combined threshold and
signal slope analysis. The threshold limit was the mean fluorescence in-
tensity (mV) plus 3 standard deviations of that mean. The slope limit was
set at 70 mV/min. The RT-RPA reaction was deemed positive when the
measured data were higher than the threshold and slope limit within the
defined measurement time (adaptable).

Detection limit and cross-reactivity of RT-RPA assay. The detection
limit of the RT-RPA assay for all of the four DENV serotypes was assessed
using a panel of serially diluted viral RNAs (1,000, 100, 50, and 10 copy
numbers) extracted from the culture supernatant. The RT-RPA detection
limit test was repeated eight times. The viral RNA was quantified using the
genesig real-time qRT-PCR DENV detection kit (PrimerDesign, Ltd.,
United Kingdom) as previously described (14, 44). The cross-reactivity of
the DENV RT-RPA primers and exo probe was evaluated using the Japa-
nese encephalitis virus (JEV), Chikungunya virus (CHIKV), and Sindbis
virus (SINV), all of which were obtained from the Department of Medical
Microbiology repository (45, 46). The CHIKV and SINV were isolated
from human and mosquito, respectively. No record was available for the
origin of the JEV.

Evaluation of RT-RPA assay. The single-tube RT-RPA assay for the
detection of DENV RNA was clinically assessed in 203 serum samples
freshly obtained from dengue-suspected patients. The samples were also
screened for the presence of DENV RNA using the RT-LAMP and qRT-
PCR assays as previously described (14). The qRT-PCR assay was used as
a reference for the detection of DENV RNA in the samples. In addition,
the samples were simultaneously screened for the presence of anti-DENV
IgM and IgG using dengue IgM- and IgG-capture enzyme-linked immu-
nosorbent assay (ELISA) kits (Standard Diagnostics Inc., Republic of Ko-
rea), respectively. The test results for RT-RPA, RT-LAMP, qRT-PCR, and
ELISA were analyzed and compared. Acute DENV infection was con-
firmed by the positive detection of DENV RNA with qRT-PCR or the
presence of anti-DENV IgM detected with an ELISA. The presence of
anti-DENV IgG concurrent with the positive detection of the DENV RNA
genome indicated secondary acute DENV infection. The serum sample
that tested positive for anti-DENV IgG only was identified as a reflection
of a previous DENV infection. The samples that tested positive by the
RT-RPA or RT-LAMP assays but negative by qRT-PCR were considered
false-positive tests.

Statistical analysis. All of the statistical analyses were performed using
IBM SPSS Statistics, version 21 (IBM Corporation, NY, USA). A probit
analysis was performed to calculate the detection limit of the RT-RPA
assay at a 95% probability level. The degrees of agreement among the
RT-RPA, RT-LAMP, and qRT-PCR test results were measured with the
kappa value (k). A chi-square test (McNemar’s exact test, two-tailed) was
performed to compare the sensitivities of all of the molecular and sero-
logical methods used. In this study, a P value of <0.001 was used to
suggest significant results. The diagnostic performances of the RT-RPA
and RT-LAMP assays compared with that the qRT-PCR assay were calcu-
lated using the web-based Centre for Evidence-Based Medicine Statistics
Calculator (http://ktclearinghouse.ca/cebm/toolbox/statscalc).

RESULTS

Design of DENV-specific RT-RPA assay primers and exo probe.
Three RT-RPA primers and one exo probe were designed to allow
the simultaneous detection of all four DENV serotypes in a single-
tube reaction (Table 1; see also Fig. S1 in the supplemental mate-
rial). The developed RT-RPA primers and exo probe detected all of
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TABLE 1 RT-RPA primers and exo probe used for the rapid detection
of DENV

Name Sequence (5’ to 3")"

DenMPF19PS CAGCATATTGACGCTGGGAGAGACCAGAGATC*C
DenMPR11PS GAACCTGTTGATTCAACAGCACCATTCCATTT*T
DenMPR32PS GAACCTGTTGGATCAACAACACCAATCCATC*T

DenMPExoP9FAM CCATTTTCTGGCGTTCTGTGCCTGGAATGATG
(dT-FAM)TG(dSpacer)(dT-BHQ1)GAGACAGCA
GGAT-3'C3-Spacer

@ Asterisks indicate a phosphothioate link in the backbone to inhibit exonuclease

degradation; dT-FAM, thymidine nucleotide carrying fluorescein; dSpacer,

tetrahydrofuran basic site mimic; dT-BHQ1, thymidine nucleotide carrying black hole

quencher 1; 3'C3-Spacer, C3 spacer at the 3" end to block elongation.

the 22 reference DENV strains obtained in Malaysia (see Fig. S2A
to D in the supplemental material) and those from the collection
available at the Arbovirus and Imported Viral Diseases, National
Centre for Microbiology, Institute of Health Carlos III, Spain (see
Fig. S2E to G in the supplemental material).

Detection limit and cross-reactivity of the RT-RPA assay.
The detection limits of the RT-RPA assay for all of the four DENV
serotypes were determined using a panel of serially diluted viral
RNAs extracted from infected cell culture supernatants with
known copy numbers of 1,000, 100, 50, and 10 (quantified by
qRT-PCR). The detection limit of the RT-RPA assay at the 95%
probability level was 11 DENV genome copies (probit analysis,
P =0.05) (see Fig. S3 and Table S2 in the supplemental material).
The RT-RPA assay detected all of the replicates of up to 10 viral
RNA copies for DENV-1, DENV-2, and DENV-3 (see Fig. S4A to
C in the supplemental material), whereas it tested negative in one
of the replicates of the 10 viral RNA copies for DENV-4 (see Fig.
$4D in the supplemental material). No amplification of the Japa-
nese encephalitis virus (JEV), Chikungunya virus (CHIKV), or
Sindbis virus (SINV) was observed (see Fig. S4E in the supplemen-
tal material).

Evaluation of the RT-RPA assay. The RT-RPA assay for the
detection of DENV RNA was evaluated by performance of the
assay on 203 freshly obtained serum samples from patients with
clinically suspected dengue. The performance of the RT-RPA as-
say was compared to that of the RT-LAMP and qRT-PCR assays.
Out of the 203 samples, acute DENV infection was confirmed in
130 samples (64.0%) by qRT-PCR, a dengue IgM-capture ELISA,
or both of these methods (Table 2). Sixty-one of the 130 samples
(46.9%) tested viremic by qRT-PCR, and their DENV RNA copies
were quantified. Twenty-two of the 130 samples (16.9%) were
identified as secondary DENV infections, as viral RNA and den-
gue-specific IgG were detected concurrently. Out of the 22 sam-
ples, anti-dengue IgM was detected in 14 samples but was absent
in 8 samples. Sixteen samples were identified as prior DENV in-
fections, as only dengue IgG tested positive.

The performance of all of the nucleic acid amplification meth-
ods (RT-RPA, RT-LAMP, and qRT-PCR) and serological assays
(IgM/IgG ELISA) was analyzed based on the day of illness when
the samples were obtained (Fig. 1). The date of illness onset was
available for 112 (out of 130) dengue-confirmed cases, and the
samples ranged from day 1 to day 11 of illness (mean at day 6.0).
Of the samples, 75% (84/112) were obtained between day 4 and
day 7 of illness. The nucleic acid amplification assays tested posi-
tive in 75.0 to 85.0% (15 to 17 out of 20) of the samples obtained
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TABLE 2 Summary of dengue detection in serum samples (n = 203)
from patients with clinically suspected dengue at UMMC using RT-
RPA, RT-LAMP, and qRT-PCR assays and IgM and IgG ELISA

IgM ELISA results IgG ELISA results
(no. [%]): (no. [%])
Assay and results Positive Negative Positive Negative
(no. of tests) (n=91) (n=112) (n = 96% (n=107)
RT-RPA
Positive (50") 17 (34.0) 33 (66.0) 16 (32.0) 34 (68.0)
Negative (153) 74 (48.4) 79 (51.6) 80 (52.3) 73 (47.7)
RT-LAMP
Positive (51°) 13 (25.5) 38 (74.5) 14 (27.5) 37 (72.5)
Negative (152) 78 (51.3) 74 (48.7) 82 (53.9) 70 (46.1)
qRT-PCR
Positive (61) 22(36.1)7  39(63.9)  22(36.1)°  39(63.9)
Negative (142) 69 (48.6) 73 (51.4) 74 (52.1) 68 (47.9)

“ Sixteen IgG-positive dengue samples tested negative by qRT-PCR and dengue IgM
ELISA.

Y Three RT-RPA-positive samples tested negative by QRT-PCR.

¢ Five RT-LAMP-positive samples tested negative by qRT-PCR.

@ Acute DENV infection was confirmed in 130 samples (dengue IgM- or qRT-PCR-
positive samples).

¢ Eight dengue IgG- and qRT-PCR-positive samples tested negative by dengue IgM
ELISA.

before day 5 of illness; the proportion decreased to 51.9 to 63.0%
(14 to 17 out of 27) for samples obtained on day 5 of illness and to
16.9 to 27.7% (11 to 18 out of 65) for those obtained after day 5 of
illness. In contrast, the IgM/IgG ELISA tested positive in 35.0%
(7/20), 70.4% (19/27), and 92.3% (60/65) of the samples obtained
before, during, and after day 5 of illness, respectively.

DENV was detectable in patients ranging from day 1 to day 9 of
illness; the viral loads ranged from 2.97 to 6.67 log,, DENV RNA
copies/ml of serum (Fig. 2). Viral loads of <2.93 log,, RNA cop-
ies/ml in viremic patients were beyond the detection limit of qRT-
PCR (10 RNA copies, equivalent to 2.93 log,, RNA copies/ml of
serum). The mean viral load was 6.04 log,, RNA copies/ml on day
3 of illness and decreased to 5.73 log,, RNA copies/ml on day 4,
5.57 log,, RNA copies/ml on day 5, 4.27 log,, RNA copies/ml on
day 6, 4.58 log,, RNA copies/ml on day 7, 3.91 log,, RNA cop-
ies/ml on day 8, and 5.11 log,, RNA copies/ml on day 9. The mean
viral loads were not available for day 1 and day 2 of illness, as only
one sample that tested positive by qRT-PCR for each of these days
was obtained.

The performance of the RT-RPA and RT-LAMP assays in com-
parison to the QRT-PCR assay is summarized in Table 3. Kappa
(k) values of 0.790 (P < 0.001) and 0.723 (P < 0.001) were ob-
tained when the RT-RPA assay was compared with the qRT-PCR
and RT-LAMP assays, respectively. Using the results obtained by
qRT-PCR as a reference, 14 and 15 viremic samples were misde-
tected by the RT-RPA and RT-LAMP assays, respectively; 92.9%
(13/14) and 60.0% (9/15) of the misdetected samples had viral
loads of <<50 RNA copies (Fig. 3). Using the present parameters, 3
and 5 samples were positively detected by the RT-RPA and RT-
LAMP assays, respectively, but these samples were found to be
negative by qRT-PCR (Table 3).

The RT-RPA assay detected the DENV genome in 63.8% (30/
47) of the acute dengue samples obtained within 5 days of illness,
compared with 72.3% (34/47) by the qRT-PCR assay and 61.7%
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(29/47) by the RT-LAMP assay (Fig. 4). When used in combina-
tion with the dengue IgM and IgG ELISA, both the RT-RPA and
RT-LAMP assays showed significant increases (P < 0.001) in pos-
itive detection to 95.7% (45/47) and 97.9% (46/47), respectively,
in comparison with use of the dengue IgM and IgG ELISA alone,
which had a positive detection of only 55.3% (26/47).
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DISCUSSION

In the present study, a rapid single-tube RT-RPA assay was devel-
oped for real-time isothermal detection of DENV genomic RNA
in clinical specimens. We demonstrated that the RT-RPA assay
detected a panel of 22 globally distributed DENV strains. There
was no cross-reactivity of the RT-RPA assay with a number of
other common arboviruses. The RT-RPA assay was as sensitive as
the RT-LAMP and qRT-PCR assays for DENV detection in vire-
mic patient serum samples.

This is the first study describing the application of the RT-RPA
assay for the detection of DENV infection in clinically diagnosed
patient samples. The detection limit of the RT-RPA assay (50 cop-
ies of DENV RNA) was similar to that of RT-RPA assays previ-
ously reported for other RNA viruses; the detection limits ranged
from 10 to 100 copies of viral RNA (18, 21, 23, 24, 26, 34). The
performance of the RT-RPA assay was superior to that of the RT-
LAMP assay we previously developed for the detection of DENV
(14), which had a detection limit of 100 DENV RNA copies. It is
worth mentioning that the sensitivity of the RT-LAMP assay for
DENV detection varied when it was evaluated on different patient
cohorts. In this study, the sensitivity of the RT-LAMP assay was
only 75.4%, which was lower than that of the previously assessed
RT-LAMP assay (92.5%). The variation could be due to random
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TABLE 3 Diagnostic performance of the RT-RPA and RT-LAMP assays against that of the qRT-PCR assay in serum samples (# = 203) from

patients with clinically suspected dengue at UMMC

qRT-PCR
results (no.)?

Assay and results Pos Neg Sensitivity (% [95% CI?]) Specificity (% [95% CI]) PPV* (% [95% CI]) NPV (% [95% CI])
RT-RPA®f
Pos 47 3¢ 77.0 (65.1-85.8) 97.9 (94.0-99.3) 94.0 (83.8-97.9) 90.8 (85.2-94.5)
Neg 14 139
RT-LAMP"
Pos 46 5 75.4 (63.3-84.5) 96.5 (92.0-98.5) 90.2 (79.0-95.7) 90.1 (84.4-93.9)
Neg 15 137

“ Pos, positive; Neg, negative.

b CI, confidence interval.

¢ PPV, positive predictive value.

4 NPV, negative predictive value.

¢ Agreement of results between RT-RPA and gRT-PCR: k = 0.790, P < 0.001.
"Agreement of results between RT-RPA and RT-LAMP: k = 0.723, P < 0.001.
£ One RT-RPA false-positive sample tested positive by dengue IgM ELISA.

" Agreement of results between RT-LAMP and qRT-PCR: k = 0.754, p < 0.001.
 One RT-LAMP false-positive sample tested positive by the dengue IgM ELISA.

effects in the target amplification that occurred when the viral titer
of the samples was below the detection limit of the assay. As pre-
viously mentioned, 100% reproducibility was only achieved in
samples with at least 100 copies of viral RNA (14).

In the current study, the RT-RPA assay was superior to the
RT-LAMP assay for the detection of DENV in patient serum sam-
ples. The qRT-PCR assay, however, was still the most sensitive
method, especially for detecting a low viral RNA titer (<50 cop-
ies). The possibility of false-positive detections, especially in those
samples with low copy numbers, was unlikely, as the qRT-PCR
used in this study used the TagMan probe to increase the specific-
ity of the assay (47). Most of the viremic samples that were mis-
detected by the RT-RPA and/or RT-LAMP assays had viral loads
of <50 RNA copies. We showed here that the low viral load was
accompanied with a rise in the antibody titers. More than 80% of
the misdetected viremic samples were positive when detected by
IgM/IgG ELISA, and these samples were mainly among those ob-
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FIG 3 Numbers of viremic samples that tested positive by the qRT-PCR,
RT-RPA, and RT-LAMP assays.
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tained beyond day 4 of illness (data not shown). When used in
combination with an ELISA, the RT-RPA and RT-LAMP assays
still performed as well as qRT-PCR for increasing the diagnostic
coverage of febrile dengue patients. However, the false-positive
detection of the RT-RPA and RT-LAMP assays could reflect the
false-negative detection of qRT-PCR, possibly due to mismatches
of qRT-PCR primers and probes for certain DENV strains. This
possibility needs to be verified using virus isolation.

The application of the molecular detection of DENV genomes
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1
50 mmm Positive =
[ Negative 45
; 40
g. 34
30
S 30- 2 )
[T
o 21
S
20
2 17 1
£ 13
2 10-
0- o B °
Q
& & &L
A’ % A’ <& <& < <
Y ¢ ¢ ¢
) AT SR
v &
& & £
< [

FIG 4 Sensitivity of various dengue diagnostic methods against laboratory-
confirmed dengue samples obtained within 5 days of illness (n = 47). The
sensitivity between groups was compared using McNemar’s exact test (two-
tailed).
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primarily depends on the time of sample collection following the
onset of disease. In this study, we demonstrated that the qRT-
PCR, RT-RPA, and RT-LAMP assays were useful for the diagnosis
of dengue in febrile patients during the first 5 days of illness. The
use of nucleic acid amplification assays, however, is not promoted
for samples obtained after day 5 of illness, which comprised 58%
of the total samples used in our study. At this stage of the infection,
there is already a significant rise in the antibody levels. Therefore,
knowing the exact day of illness is desirable for choosing the ap-
propriate method for dengue diagnosis to be cost-effective, espe-
cially in low-resource countries where dengue is endemic.

Although the nucleic acid-based diagnostics for DENV infec-
tion are more widely available in referral hospitals than in clinics,
the majority of the febrile patients in countries where dengue is
endemic prefer to seek early medical care from community clinics
at their own convenience (48). Patients are usually only referred to
hospitals for the confirmation of DENV infection in severe cases.
It is shown in our study that >80% of the dengue patients pre-
senting to the hospital were already beyond day 4 of illness. Most
of the dengue-suspected patients from the community near the
UMMC therefore came to the hospital long after the onset of fever
(49). Many of these patients were already in the convalescence
phase of dengue. Alternatively, the low percentage of early-phase
samples obtained could be a reflection of the unavailability of
molecular diagnostics for dengue at the hospital, and, therefore,
blood samples were not taken from patients exhibiting fever for
<4 days. Hence, the implementation of nucleic acid amplification
assays such as RT-RPA for routine dengue diagnosis in hospitals
and clinics could improve the early detection of viremic dengue
patients. The early detection of DENV infection would in turn
improve the recognition of severe dengue warning signs, such as
impending intravascular leakages (49).

During the viremic phase of DENV infection, patients harbor
tremendous amounts of viruses in their blood. The virus can be
transmitted following mosquito bites. It was reported that the
50% mosquito infectious dose (MIDs,) for DENV ranged from
6.27 to 7.52 log,, RNA copies/ml of human plasma (50). In our
study, 50 and 100 DENV RNA copies were equivalent to 3.63 and
3.93 log,, RNA copies/ml of serum, respectively. The RT-RPA
(detection limit of 50 RNA copies) and RT-LAMP (detection limit
of 100 RNA copies) assays (14) can therefore still be useful for
detecting the potential viremic patients who are contagious. This
information is crucial for the immediate implementation of pre-
ventive measures and precautionary behavior to prevent mos-
quito bites. In our sample cohort, high viral loads (up to 5.53 log,
RNA copies/ml) were found in some patients up to day 9 of illness,
which was comparable to earlier findings (51, 52). This also im-
plies that it is possible for DENV to be transmitted by patients
even after the defervescence phase. However, the DENV RNA de-
tected in these convalescent patients did not necessarily reflect the
presence of infectious viruses; it may have been just the residual
genome nucleic acid.

Although it is still in an early stage of development, the RT-
RPA assay reported here has several advantages compared to the
RT-LAMP assay, including (i) faster assay run time (<20 min for
RT-RPA instead of =60 min for RT-LAMP), (ii) relative ease of
performance (the freeze-dried RT-RPA ready-to-use reaction
mixture was designed to simplify the operator workload and min-
imize pipetting errors), and (iii) lower energy consumption (40°C
for RT-RPA versus 63°C for RT-LAMP). These advantages make
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the RT-RPA assay an attractive diagnostic test for the routine de-
tection of DENV RNA, especially in resource-limited health care
centers, as it can be easily performed even by less-skilled staff
members. In addition, the RT-RPA assay is more amenable to
scaling down for point-of-care applications than the RT-LAMP
assay because it requires less energy input (53, 54).

It is possible that the performance of the DENV RPA assay
could be improved from that observed in this study. The presence
of divalent cations such as Mg>* and how they are added to the
reaction could be optimized to limit the opportunity for spurious
amplification, which would improve the assay performance and
perhaps eliminate the false-negative results, particularly in sam-
ples with low titers. However, this is beyond the scope of this
investigation, as in its present form the assay was proven to be as
good as or comparable in sensitivity to other methodologies. The
encouraging findings from this study, however, justify further im-
provement of the RT-RPA assay for eventual clinical evaluations
and applications.

In summary, the RT-RPA assay developed in our study is spe-
cific and simple to perform. The RT-RPA assay has a rapid run
time (<20 min) and can detect diverse DENV strains at viral titers
up to as few as 10 RNA copies. The RT-RPA assay can greatly
enhance the diagnostic coverage of suspected dengue cases, com-
plementing serological assays and improving the diagnosis of den-
gue in rural clinics and health care facilities in regions where den-
gue is endemic and resources are limited.
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