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bstract

Retroviruses encode their genetic information with RNA molecules, and have a high genomic recombination rate which allows them to mutate
ore rapidly, thereby posting a higher risk to humans. One important way to help combat a pandemic of viral infectious diseases is early detection

efore large-scale outbreaks occur. The polymerase chain reaction (PCR) and reverse transcription-PCR (RT-PCR) have been used to identify
recisely different strains of some very closely related pathogens. However, isolation and detection of viral RNA in the field are difficult due
o the unstable nature of viral RNA molecules. Consequently, performing in-the-field nucleic acid analysis to monitor the spread of viruses is
nancially and technologically challenging in remote and underdeveloped regions that are high-risk areas for outbreaks. A simplified rapid viral

NA extraction method is reported to meet the requirements for in-the-field viral RNA extraction and detection. The ability of this device to
erform viral RNA extraction with subsequent RT-PCR detection of retrovirus is demonstrated. This inexpensive device has the potential to be
istributed on a large scale to underdeveloped regions for early detection of retrovirus, with the possibility of reducing viral pandemic events.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Retroviruses encode their genetic information in RNA
olecules, and have a high genomic recombination rate, which

llows them to mutate more rapidly and thereby pose higher risk
o humans. International travel and rising population densities
ender infectious retroviruses such as HIV, severe acute respi-
atory syndrome (SARS) virus, hepatitis virus (A, C, D and E)
nd influenza virus serious health threats to the public world-
ide. A clear example is the recent virulent strain of avian flu

H5N1), which has the potential to transcend the species bar-
ier and become a deadly infectious disease for humans. One

mportant way to help combat these viral infectious diseases is
arly detection before large-scale outbreaks occur. In addition
o combating infectious diseases, precise determination of the
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resence of pathogenic organisms (e.g. certain viruses, bacteria,
ungi and protozoa) is an essential task in many aspects of pub-
ic health, such as detecting bioterrorist agents, identifying food
ontaminations, and excluding infected donors from the blood
ank system.

For the identification of microorganisms, nucleic acid analy-
is has advantages over other assays, including immunoassays,
ecause it can precisely identify and distinguish different strains
f closely related pathogens. The genetic information also pro-
ides information pertaining to virulence, antibiotic resistance
nd epidemiology of the analyzed pathogens. The key instru-
ents for nucleic acid analysis are nucleic acid extraction

evices and thermal cyclers for performance of PCR. PCR
mplification allows the precise detection and identification of
specific DNA molecule by using specific primers to amplify a
efined fragment of the target DNA molecule. In order to detect
pecific RNA molecules, hence specific RNA viruses, the RNA

olecules must first be converted to DNA molecules for PCR

etection. This process is referred to as reverse transcription-
CR (RT-PCR). The specificity, sensitivity and effectiveness of
CR and RT-PCR have been well demonstrated in the detection

mailto:jzhong@usc.edu
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brane (Fig. 1B), and the two plastic caps are in contact with
the membrane. The gasket also makes the device air tight, and
allows the syringe to expel residual liquids out with the air. Var-
ious samples such as body fluids can be mixed with guanidine
J.F. Zhong et al. / Journal of Vir

f viruses, providing the basis for a number of molecular diag-
ostic assays (Castro et al., 2004; Gibbs et al., 2005; Kaltenboeck
nd Wang, 2005; Nagasse-Sugahara et al., 2004). To date most
f these assays depend upon access to quite sophisticated labora-
ories, having the necessary equipment and expertise. However,
he risk of disease outbreak may be substantially higher in
emote areas and underdeveloped regions, where the perfor-
ance of nucleic acid analysis is financially and technologically

hallenging, particular for mobile ‘in-the-field’ testing. Some
nexpensive thermal cyclers having low power usage for in-the-
eld nucleic acid analysis have been developed (Belgrader et al.,
999, 2001; Kopp et al., 1998; Krishnan et al., 2002; Wheeler
t al., 2004). These devices perform temperature cycling by
owing reactions through different temperature zones. They can
e powered by battery and have successfully detected bacterial
NA with PCR (Belgrader et al., 1999, 2001). However, extract-

ng viral RNA for use with these cyclers is more challenging than
btaining bacterial DNA by boiling the samples (Belgrader et
l., 1999). Also, when developing devices for large-scale dis-
ribution in underdeveloped areas, low cost, simple and durable
evices are most desirable. Electricity is essential for most labo-
atory equipments in the developed world, but is rarely available
nd luxury in many of those areas most at risk of viral out-
reaks. Therefore, simple portable free standing devices for easy
n-the-field usage must be developed.

A simplified viral RNA extraction procedure that can be per-
ormed in the field with a syringe and a stable denature buffer
s described. With this rapid viral RNA extraction procedure, as
ittle as one functional lentivirion carrying a green fluorescent
rotein (GFP) gene was detected using a one-step fluorogenic
T-PCR assay. This inexpensive and simple RNA extraction
rocedure can be used with existing portable thermal cyclers for
apid viral detection, providing a possible method that can be
istributed worldwide to monitor the spread of retroviral agents,
uch as bird flu, where early detection of outbreaks may play a
ole in combating a potential pandemic.

. Materials and methods

.1. Retroviral vector

To quantify the ability of the procedure incorporating the
iral RNA extraction device, a retroviral SIN vector (pRRL-
in.HCMV-EGFP-pre) containing the GFP gene in a HIV back
one (Follenzi et al., 2000) was used to generate virions. Pack-
ging of the virions was performed by transient transfections
ith three plasmids on 293T cells as described in other reports

Naldini et al., 1996; Zufferey et al., 1997). Briefly, confluent
0 cm plates of 293T cells were split 1:5 on the day prior to
ransfection (approximately 5 × l05 cell/plate). Calcium phos-
hate precipitation of 2 �g VSVG envelope expression plasmid,
0 �g of pCMV delta 8.91 (the gag, pol plasmid) and 10 �g
f the lentiviral expression plasmid (pRRL-Sin.HCMV-EGFP-

re) was performed on 293T cells with a CalPhos kit (Clontech,
SA) as instructed (Aguilar et al., 2003; Chen and Okayama,
987; Christodoulopoulos and Cannon, 2001; Soneoka et al.,
995; Zufferey et al., 1997). The medium was changed the fol-
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owing morning and the virions were collected 24 h later by
ltration through a 0.45 �M filter. The resulting virions were
sed to infect 293T cells for titer calculation. One millilitre of
erial three-fold dilutions of the viral supernatant with 8 �g/ml
olybrene (Millipore, USA) was added to each well of a 6-well
ish. Each well contained approximately 2 × 104 293T cells.
he cells were incubated with the vector for 2–4 h after which

he diluent was replaced with 2 ml growth medium. FACS anal-
sis was carried out 48 h later to identify GFP positive cells,
hich are infected by the retrovirus, at the FITC channel of the
PICS XL flow cytometer (Beckman Coulter, USA). The titer
as calculated by a linear regression of percentages of infected

ells and concentrations of viral supernatant used to infect the
ells. The titer was determined to be 6.5 × 105 virions/ml.

.2. Design of viral RNA extraction device

A number of commercial RNA extraction kits based on RNA-
inding glass membrane are available. These kits usually require
entrifugation or vacuum force to perform RNA extraction, and
re designed for laboratory usage. With both methods, residues
f liquid samples on the membrane or in its container (usually a
lastic column) are not a concern. The strong centrifugation or
acuum force can remove most liquid from the membrane into
he collection tubes. However, centrifuge or vacuum pumps are
ot conveniently available in remote areas where in-the-field
esting is desirable. Designed for portable rapid RNA extrac-
ion, the procedure reported minimizes the residual liquid in
he device. As shown in Fig. 1, the device consists of two
lastic parts, and a gasket. The structure seals a RNA-binding
embrane (Qiagen, USA) in the middle with very small dead

olume. The gasket is tightly fitted to the RNA-binding mem-
ig. 1. The viral RNA extraction device. The device consists of a plastic cap
hich can attached to standard syringe, an elution tip, a gasket O-ring and a
NA-binding membrane. Inset A shows the assembled device. Inset B shows

he RNA-binding membrane and the air tight position of the O-ring.
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Fig. 2. Human 293T cells were infected by replication deficient lentivirus.
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free water. From the eluted RNA, 2 �l was used for real-time
one-step RT-PCR. As shown in Fig. 3, the GFP viral sequence
was detected from all the positive samples. Since only 2 �l of

Fig. 3. One-step real-time RT-PCR detection of recombinant retrovirus. Viral
RNAs extracted from 300 �l of bovine serums containing 25, 250, 7500, 12,500
00 J.F. Zhong et al. / Journal of Vir

sothiocyanate (GITC)-containing denature buffer (Qiagen) with
syringe. The resulting lysates are introduced to the device

hrough a 0.2 mm diameter channel in the plastic cap using a
yringe. Passing through the RNA-binding membrane, the lysate
s discharged through a 35 gauge needle on the other side of the
evice (Fig. 1A). Therefore, while an almost unlimited volume
f samples can be passed through the device with a syringe, the
esulting RNA can be eluted in just a small volume of water (as
ittle as 50 �l when using a 1 ml syringe). This feature leads to
he rapid enrichment of viral RNA from samples.

.3. Viral RNA extraction and real-time one-step RT-PCR

Viral RNA was extracted from the supernatant (titer
.5 × 105) or 293T cells infected with the replication deficient
IV vector. One millilitre of virion containing supernatant or

ell suspension (∼l × 105 cells) was denatured by adding 3 ml
f guanidine isothiocyanate (GITC)-containing buffer (Qiagen).
ne millilitre of lysate was passed through a customized filter

Fig. 1) containing a RNA-binding membrane. After wash-
ng with 95% ethanol, viral RNA was eluted with 50 �l of
Nase-free water. To rule out the possibility of plasmid DNA
ontamination, eluted RNA samples were processed with and
ithout DNase before RT-PCR analysis. From the 50 �l elution,
�l was used in a one-step RT-PCR reaction (QuantiTect, SYBR
reen RT-PCR Kit, Qiagen, USA) with a lightcycler (Roche,
SA). The thermal cycle profile was: 95 ◦C 1 min and 40 ◦C
0 min for RT; 50 cycles of 95 ◦C 20 s, 60 ◦C 20 s and 72 ◦C 50 s
or PCR. The GFP specific primers were: gacgtaaacggccacaagtt
forward primer) and gaactccagcaggaccatgt (reverse primer). A
09 bp product was detected with SYBR Green.

. Results

.1. Infecting 293T cells with HIV retroviral vector

For testing this viral RNA extraction device, replication defi-
ient lentiviral virions carrying GFP gene in two single-strand
NA genomes were constructed. The constructed retroviral
irions are capable of infecting human cells (Fig. 2), and
erve as a surrogate for pathogenic retroviruses. By infecting
uman 293T cells with serial dilutions of supernatant contain-
ng virions, the titer of the supernatant was determined to be
.5 × 105 virions/ml. Using known amounts of plasmids con-
aining the viral sequence, a standard curve was generated
o estimate the amount of total viral particles including non-
nfectious particles. The ratio of infectious to total viral particles
n this viral supernatant is approximately 13/20 (data not shown).

One millilitre of retroviral supernatant containing 6.5 × l05

unctional virions was added into a 10 cm plate of 293T cells.
s shown in Fig. 2, not all cells are infected. Approximately, 2%

ells were successfully transduced. The infected cells expressed
FP proteins 48 h after transduction, and showed strong green

uorescence. The GFP expression indicated the existence of
etroviral virions in the supernatant, and most importantly
llowed the estimation of functional virion numbers by titer.
ith these surrogate virions, it is possible to test the sensitivity

a
T
d
T
v

entiviral virions carrying a green fluorescent protein (GFP) gene were added
o human 293T cells. Forty-eight hours after adding the viral particles, infected
ells began to express GFP.

nd efficiency of the device quantitatively with minimal risk of
iral infection.

.2. Viral RNA extraction from serum

To prove the efficiency of this viral RNA extraction device,
arious numbers (25, 250, 7500, 12,500 and 195,000) of retro-
irions were spiked into each of 300 �l of bovine serums. These
erum samples represented the most common scenario of in-
he-field testing, namely screening for viruses in human or
nimal blood samples. After denaturing viruses in serum sam-
les with guanidine isothiocyanate (GITC)-containing buffer
ith a syringe, the resulting lysates were passed through the
evice. Viral RNA then was washed with ethanol and eluted with
Nase-free water. Viral RNA was eluted into 50 �l of RNase-
nd 195,000 virions respectively were used in a real-time one-step RT-PCR.
he target GFP sequence carried by the recombinant retrovirus was detected at
ifferent cycle numbers corresponding to the number of virions in each sample.
he viral RNA can be detected from samples containing as few as 25 infectious
irions.
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Fig. 4. Electrophoresis confirms the real-time one-step RT-PCR result. From
each of the 20 �l RT-PCR reaction, 2 �l product was used for electrophoresis
with a 2% agarose gel. Lane 1, sample with 25 virions; Lane 2, sample with
250 virions; Lane 3, sample with 7500 virions; Lane 4, sample with 12,500
virions; Lane 5, sample with 195,000 virions; Lane 6, negative control sample
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ithout spiked-in virion. The 609 bp PCR products were detected in lanes 1–5.
ll positive lanes have same intensity because the RT-PCR was carried out until
lateau.

he 50 �l eluted RNA (1/25 of the total eluted RNA) from each
ample were used, detection from the sample with 25 spiked viri-
ns indicates that the sensitivity of this RNA extraction device
ay extend in range to a single infectious virion. Given that the

ested viral supernatant has 13 infectious particles in every 20
articles with viral RNA, the method described can detect 1–2
iral particles from samples with serum. Electrophoresis con-
rmed the real-time RT-PCR result by showing the correct size
f amplified DNA fragments from each of the samples (Fig. 4).

. Discussion

In order to perform in-the-field detection of retrovirus, a
ethod must be developed to extract viral RNA using a simple,

eliable and rapid procedure without access to standard labo-
atory equipment. In-the-field detection of bacterial genomic
NA by heating samples at 95 ◦C has been reported previously

Belgrader et al., 1999). This method cannot be used for detect-
ng RNA virus because RNase, which rapidly destroys RNA

olecules, is stable and functional at 95 ◦C. In addition, the
everse transcription reaction is more susceptible to the inter-
erence by the contaminated proteins than is the standard PCR
eaction. To obtain suitable viral RNA for RT-PCR, a viral RNA
xtraction method was developed based on passing denatured
iral samples through RNA-binding silicon membrane. This
implified method could be safely performed by a layperson with
inimal basic training in a very short time. The minimal training

equirement is important for large-scale in-the-field detection of
irus in underdeveloped areas where skilled and experienced
echnicians are generally not available.

Attached to a regular 1 ml disposable syringe, the viral RNA
xtraction device reported is capable of isolating viral RNA suit-

ble for RT-PCR from serum specimens. A level of sensitivity as
igh as the detection of a single infectious virion was achieved in
hese initial studies. It is known that defective virions may also
arry RNA genomes, and extracting RNA from one infectious

F

al Methods 144 (2007) 98–102 101

irion (based on titer) is not equivalent to extracting RNA from
single virion. Therefore, the ratios of non-infectious particle

with or without genetic material, RNA or DNA) to infectious
articles vary in different samples. However, as a screening
nd early detection method, the procedure described meets the
mmediate need to identify early cases as well as population
lusters of infected individuals for more extensive study and
ssessment of disease transmission risk. In the present study it
as demonstrated that viral RNA can be extracted reliably and

eproducibly from bovine serum containing virions in less than
min. Furthermore, in the present viral samples employed in

his study, it proved possible to extract viral RNA suitable for
T-PCR detection from as few as one infectious virion. The sen-
itivity achieved in the field may be different in other samples
hat have a different ratio of non-infectious to infectious parti-
les. This total RNA extraction method can also be used in the
eld to test animals from which specimens of body fluid can
e obtained. The inexpensive, durable and simple construction
f this device renders it suitable for distribution to underde-
eloped areas where electricity and sophisticated laboratory
ethods are not easily accessed. By integrating this device with

ortable thermal cyclers, a simple, low cost, durable infectious
gent detection system can be configured for the underdeveloped
egions of the world, where early detection perhaps is the best
pproach to combat outbreaks of highly transmissible infectious
iseases.

cknowledgements

This work was supported by a grant from the National Insti-
utes of Health (NIH 1RO1 HG002644-01Al). The authors thank
r. Richard Vestewig for his suggestions and proof reading of

he manuscript.

eferences

guilar, H.C., Anderson, W.F., Cannon, P.M., 2003. Cytoplasmic tail of Moloney
murine leukemia vims envelope protein influences the conformation of the
extracellular domain: implications for mechanism of action of the R peptide.
J. Virol. 77, 1281–1291.

elgrader, P., Benett, W., Hadley, D., Richards, J., Stratton, P., Mariella Jr., R.,
Milanovich, F., 1999. PCR detection of bacteria in seven minutes. Science
284, 449–450.

elgrader, P., Young, S., Yuan, B., Primeau, M., Christel, L.A., Pourahmadi, F.,
Northrup, M.A., 2001. A battery-powered notebook thermal cycler for rapid
multiplex real-time PCR analysis [erratum appears in Anal Chem 2001 Jan
15;73(2):391]. Anal. Chem. 73, 286–289.

astro, M.G., Nogueira, R.M., Schatzmayr, H.G., Miagostovich, M.P.,
Lourenco-de-Oliveira, R., 2004. Dengue virus detection by using reverse
transcription-polymerase chain reaction in saliva and progeny of experimen-
tally infected Aedes albopictus from Brazil. Memorias do Instituto Oswaldo
Cruz 99, 809–814.

hen, C., Okayama, H., 1987. High-efficiency transformation of mammalian
cells by plasmid DNA. Mol. Cell. Biol. 7, 2745–2752.

hristodoulopoulos, I., Cannon, P.M., 2001. Sequences in the cytoplasmic tail of

the gibbon ape leukemia virus envelope protein that prevent its incorporation
into lentivirus vectors. J. Virol. 75, 4129–4138.

ollenzi, A., Ailles, L.E., Bakovic, S., Geuna, M., Naldini, L., 2000. Gene trans-
fer by lentiviral vectors is limited by nuclear translocation and rescued by
HIV-1 pol sequences. Nat. Genet. 25, 217–222.



1 ologic

G

K

K

K

N

N

S

W

02 J.F. Zhong et al. / Journal of Vir

ibbs, S.E., Ellis, A.E., Mead, D.G., Allison, A.B., Moulton, J.K., Howerth,
E.W., Stallknecht, D.E., 2005. West Nile virus detection in the organs of nat-
urally infected blue jays (Cyanocitta cristata). J. Wildlife Dis. 41, 354–362.

altenboeck, B., Wang, C., 2005. Advances in real-time PCR: application to
clinical laboratory diagnostics. Adv. Clin. Chem. 40, 219–259.

opp, M.U., Mello, A.J., Manz, A., 1998. Chemical amplification: continuous-
flow PCR on a chip. Science 280, 1046–1048.

rishnan, M., Ugaz, V.M., Burns, M.A., 2002. PCR in a Rayleigh–Benard
convection cell. Science 298, 25.
agasse-Sugahara, T.K., Kisielius, J.J., Ueda-Ito, M., Curti, S.P., Figueiredo,
C.A., Cruz, A.S., Silva, M.M., Ramos, C.H., Silva, M.C., Sakurai, T., Salles-
Gomes, L.F., 2004. Human vaccinia-like virus outbreaks in Sao Paulo and
Goias States, Brazil: virus detection, isolation and identification. Revista do
Instituto de Medicina Tropical de Sao Paulo 46, 315–322.

Z

al Methods 144 (2007) 98–102

aldini, L., Blomer, U., Gallay, P., Ory, D., Mulligan, R., Gage, F.H., Verma,
I.M., Trono, D., 1996. In vivo gene delivery and stable transduction of non-
dividing cells by a lentiviral vector [see comment]. Science 272, 263–267.

oneoka, Y., Cannon, P.M., Ramsdale, E.E., Griffiths, J.C., Romano, G., Kings-
man, S.M., Kingsman, A.J., 1995. A transient three-plasmid expression
system for the production of high titer retroviral vectors. Nucleic Acids
Res. 23, 628–633.

heeler, E.K., Benett, W., Stratton, P., Richards, J., Chen, A., Christian, A.,
Ness, K.D., Ortega, J., Li, L.G., Weisgraber, T.H., Goodson, K., Milanovich,

F., 2004. Convectively driven polymerase chain reaction thermal cycler.
Anal. Chem. 76, 4011–4016.

ufferey, R., Nagy, D., Mandel, R.J., Naldini, L., Trono, D., 1997. Multiply
attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat.
Biotechnol. 15, 871–875.


	Viral RNA extraction for in-the-field analysis
	Introduction
	Materials and methods
	Retroviral vector
	Design of viral RNA extraction device
	Viral RNA extraction and real-time one-step RT-PCR

	Results
	Infecting 293T cells with HIV retroviral vector
	Viral RNA extraction from serum

	Discussion
	Acknowledgements
	References


