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Viral culture isolation has been widely accepted as the “gold standard” for laboratory confirmation of viral
infection; however, it requires ultralow temperature specimen storage. Storage of specimens in ethanol at room
temperature could expand our ability to conduct active surveillance and retrospective screenings of viruses
with rapid and inexpensive real-time PCR tests, including isolates from remote regions where freezing
specimens for culture is not feasible. Molecular methods allow for rapid identification of viral pathogens
without the need to maintain viability. We hypothesized that ethanol, while inactivating viruses, can preserve
DNA and RNA for PCR-based methods. To evaluate the use of ethanol-stored specimens for augmenting
surveillance for detection of influenza viruses A and B and adenoviruses (AdV), paired nasal swab specimens
were collected from 384 recruits with febrile respiratory illness at Fort Jackson, S.C., in a 2-year study. One
swab was stored at ambient temperature in 100% ethanol for up to 6 months, and the other swab was stored
at �70°C in viral medium. For viral detection, frozen specimens were cultured for a variety of respiratory
viruses, and ethanol-fixed specimens were tested with TaqMan (TM) probe and LightCycler SYBR green (SG)
melting curve assays with at least two different PCR targets for each virus. The sensitivities of the TM and SG
assays on specimens stored in ethanol for 1 month were 75% and 58% for influenza A, 89% and 67% for
influenza B, and 93 to 98% and 57% for AdV, respectively. Lower specificities of the real-time assays corre-
sponded to the increased detection of PCR-positive but culture-negative specimens. Influenza virus RNA was
detected as well or better after 6 months of storage in ethanol.

Outbreaks of febrile respiratory illness (FRI), also known as
influenza-like illness or acute respiratory disease, have the
potential for epidemic spread to at-risk civilian and military
populations and are of grave concern to public health scientists
(34, 35). A myriad of common respiratory viral pathogens may
cause large outbreaks of FRI, including adenoviruses (AdV)
and influenza virus types A (FluA) and B (FluB). Adenovirus
epidemics occur frequently in new U.S. military recruit popu-
lations undergoing the rigors of basic combat training (18, 34).
Influenza A viruses cause global epidemics in humans and
domestic animals and are a major public health concern be-
cause they can change rapidly as they circulate continually in
human, swine, equine, and avian populations (50). Influenza B
viruses can also cause yearly epidemics, primarily in schools
and military camps, but they circulate almost solely in human
populations (21, 26).

Among the group of viruses associated with FRI, influenza
A viruses are the most significant, causing yearly outbreaks and
occasional pandemics (10). The current system of influenza
surveillance requires the culture of viral isolates, severely lim-

iting the reach of the surveillance network because of the
expense associated with the collection and transport of frozen
specimens for culture and serologic characterization in refer-
ence laboratories (20). Respiratory tract swab specimens
stored in ethanol could greatly simplify and expand our ability
to conduct active surveillance and retrospective screenings of
known and newly emerging RNA and DNA viruses with rapid
and inexpensive real-time PCR tests, including influenza iso-
lates from remote regions where the collection and processing
of specimens for routine culture and analysis are not econom-
ically feasible.

Influenza A and B viruses are enveloped negative-strand
RNA viruses with eight gene segments, each encoding one or
two proteins (32). The major surface glycoproteins, hemagglu-
tinin (HA) and neuraminidase (NA), are primarily responsible
for the antigenic variation seen in influenza viruses and serve
as the basis for further subtyping of influenza type A viruses
(51). The extreme genetic variability of influenza A viruses
makes designing useful, rapid, molecular-based assays chal-
lenging (45), but several different approaches have been suc-
cessfully utilized by targeting the highly conserved RNA gene
segment encoding the internally expressed matrix 1 (M1) or
nonstructural (NS) protein (16, 44). Reverse transcription-
PCR (RT-PCR) is effective for initial influenza diagnosis and
has greater sensitivity than other available rapid assays (4, 5, 7,
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17, 36). Molecular assays have also been used to subtype in-
fluenza A isolates, and sequence analysis of the HA gene may
greatly enhance surveillance studies and vaccine strain selec-
tion (45). There is a need for the development of rapid assays
capable of detecting all influenza A variants, including novel
antigenic subtypes, and the emergence of a new pandemic
strain, should it arise (33, 50).

While influenza virus epidemics pose serious problems for
both civilian and military populations, the majority of FRI
outbreaks in U.S. military training centers in recent years have
been caused by adenoviruses (3, 24). Adenoviruses comprise a
large family of double-stranded DNA viruses found in mam-
mals, amphibians, and birds. The 51 human adenovirus sero-
types are divided into six subgroups (A through F) and cause a
great variety of clinical syndromes (28). The serotypes histor-
ically associated with FRI are classified in subgroup B (sero-
types 3, 7, 14, and 21) and subgroup E (serotype 4). Acute
respiratory infections caused by AdV may result in severe
lower respiratory tract disease, requiring hospitalization, and,
rarely, fatal pneumonia (39). From 1971 to 1996, vaccines
against AdV serotype 4 (AdV4) and AdV7 were routinely
administered to military trainees and were highly effective in
minimizing adenovirus epidemics at basic training centers (9,
23). However, vaccine production ended in 1996, and supplies
ran out in 1999. The loss of AdV vaccines precipitated a wave
of AdV4 infections beginning in 1997. AdV4 is now the pre-
dominant cause of large, frequent respiratory disease epidem-
ics in military training centers nationwide, where reported
AdV infection rates can range from 30 to 80% of new recruits
(3, 15, 25, 27, 30, 40). Molecular tests for the DNA genome of
AdV typically target the genes encoding the three coat pro-
teins: hexon, penton base, and fiber. For universal AdV detec-
tion directly from clinical specimens and in fixed tissues, PCR
methods target short conserved regions at the 5� and 3� ends of
the hexon gene (13, 49).

There is a great need for rapid and inexpensive surveillance
methodology to detect respiratory viral pathogens. Although
viral culture has been the “gold standard” for laboratory diag-
nosis, it requires specimen storage and transport in viral media
maintained at ultralow temperatures to optimally preserve in-
fectious viral particles. Viral culture methods are also time-
consuming, labor-intensive, and expensive, and they occasion-
ally fail to grow viruses to detectable titers, thus delaying
characterization. In contrast, universal nucleic acid sequence
detection-based methods can be performed directly on primary
specimens without the need to maintain viability for culture.
We hypothesized that the storage of specimens in ethanol
would inactivate viral infectivity yet preserve viral DNA and
RNA for molecular characterization. Further, we reasoned
that molecular assays would detect viruses that failed to grow
well in traditional cell culture.

The Department of Defense (DoD) Global Emerging Infec-
tions Surveillance and Response System supports active FRI
surveillance for influenza viruses, AdV, and other respiratory
pathogens among U.S. military trainees, active duty military,
and dependents at DoD sites (12). Viral pathogen identifica-
tion is performed at the Naval Health Research Center
(NHRC) in San Diego, Calif., and the Air Force Institute for
Operational Health Virology Laboratory in Brooks City-Base,
Tex. Epidemiological data and new influenza isolates gathered

under the DoD Worldwide Influenza Surveillance Program are
shared with the Centers for Disease Control and Prevention
and the World Health Organization (6). In an effort to simplify
and expand global virological surveillance to regions where
culture-based techniques are not feasible, we conducted a
2-year pilot study at Fort Jackson, S.C., in the 2001-2002 and
2002-2003 influenza seasons to evaluate the potential for stor-
age of collected respiratory samples in room temperature eth-
anol.

MATERIALS AND METHODS

Study design. Nasal swab specimens were collected from 384 trainees who
presented for medical care with FRI at the U.S. Army basic training site at Fort
Jackson, S.C., in winter 2001-2002 and 2002-2003. One hundred ninety-five
specimens were collected between December and March in the first year, and
189 specimens were collected in the second year of the study. The case definition
of FRI was an oral temperature of �100.5°C and cough or sore throat or any case
of radiographically confirmed pneumonia. Two Dacron swabs were taken, one
from each nostril. One swab was placed into a transport vial containing 2.5 ml of
Multi-Microbe media (M4) for viral transport medium (VTM) (Remel, Lenexa,
Kans.) and the other in 2.5 ml of 100% ethanol. The original VTM specimen was
mixed on a vortex mixer and, after the swab was removed, was transferred to four
cryogenic vials in volumes of 1.0, 0.5, 0.5, and 0.5 ml and frozen at �70°C. Two
frozen VTM specimens (1.0 and 0.5 ml) were shipped on dry ice to the NHRC
for viral culture. The ethanol specimen swab was broken off so that the tip
remained in the vial. The ethanol specimens, stored at ambient temperature
between 15 and 35°C, and two 0.5-ml aliquots of frozen VTM specimens stored
on dry ice were batched and shipped monthly to the Armed Forces Institute of
Pathology for molecular studies.

Viral culture. To maximize virus isolation, 1.0-ml frozen specimens were
cultured on two cell lines: the A549 human lung carcinoma cell line and primary
rhesus monkey kidney cells. Cells were followed for cytopathic effect (CPE) for
14 days, and CPE-positive cells were tested by immunofluorescence assay. Pos-
itive cells were passed again and characterized. Influenza was typed by hemag-
glutination inhibition. Rhesus monkey kidney tubes still CPE negative after 14
days were screened for influenza by hemadsorption.

Test comparison. Laboratory investigators were blind to molecular and culture
results and reported data to an independent coordinator at the NHRC (A. W.
Hawksworth) for linkage analysis. Because there were a significant number of
culture-negative but PCR-positive specimens in winter 2001-2002 in the ethanol-
fixed specimens, additional steps were taken in winter 2002-2003 to address these
putative false-positive specimens. In the second year, two different PCR meth-
ods, designated primary and secondary PCRs, were used for the detection of
each virus in the ethanol-fixed specimens. Because PCR-based methods have
been shown to be more sensitive than culture for the detection of many viruses,
a specimen with positive results for two different PCR targets was considered a
“molecular true positive”—a second gold standard—for the comparison of assay
performances (22, 37, 38, 41, 47, 48). Results were calculated based on defining
a true-positive specimen by culture or two molecular tests. Sensitivities, speci-
ficities, and predictive values of a positive or a negative test were calculated.
Specimens that were positive for influenza by any test during the initial screening
were retested at 6 months on new extracts, and sensitivities were calculated. A
small number of negative specimens were retested for control purposes.

Reference stocks, primers, and probes. FluA (A/Hong Kong/68), FluB (B/Lee/
40), and AdV serotypes 1, 4, and 7 were purchased from the American Type
Culture Collection (ATCC), Manassas, Va. The ATCC strains and 12 clinical
strains of FluA (H3N2 and H1N1) and FluB isolated at the NHRC in 2000-2001
were tested by molecular methods at the Armed Forces Institute of Pathology to
compare the analytical sensitivities of new molecular tests. Sequence alignment
of recent strains available in GenBank was done with the DNA Star software
(Madison, WI). Primers and TaqMan (TM) probes for FluB and AdV were
designed using Primer Express 1.0 software (Applied Biosystems [ABI], Weit-
erstadt, Germany). Target genes for PCR assays were the M1 gene of FluA, the
HA and NS genes of FluB, the hexon gene of AdV, and the human beta-2-
microglobulin gene for an RNA amplification control (1). The following reporter
dyes were attached to the 5� ends of different dual-labeled probes: 6-carboxy-
fluorescein (FAM), tetrachlorofluorescein, hexachlorofluorescein, and VIC. The
quencher dyes, 6-carboxytetramethyl-rhodamine (TAMRA) and the black hole
quencher BH1, were attached to the 3� ends of different TM probes. Oligonu-
cleotide primer and probe sequences and locations of gene targets are listed in
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Table 1. Primers and TM probes were synthesized by Integrated DNA Technol-
ogies, Coralville, Iowa, or ABI, Foster City, Calif.

DNA/RNA preparation. A single DNA/RNA preparation was made from each
specimen. Specimens were mixed for 10 s, and the nasal swab was removed using
an aseptic technique. Approximately one-half of the ethanol cell suspension was
transferred to a microcentrifuge tube and centrifuged at 14,000 rpm for 10 min
to pellet cells. Specimens were treated according to a standard phenol-chloro-
form extraction protocol for DNA/RNA preparation (31) and resuspended in 50
�l of molecular-grade water. A known culture-positive specimen and a negative
control (water) were included in each run. RNA was purified from influenza
stocks by the Trizol method (Invitrogen, Carlsbad, CA). The viral copy numbers
were estimated using the A260/A280 RNA/DNA concentration method. Genome
sizes of 13.6 kb for influenza A and B and 36 kb for adenoviruses were used for
copy number calculations.

Influenza A assay development. In preliminary studies to select an assay for
FluA detection, we tested several published RT-PCR assays, including one-step
TaqMan assays for M1, N1, and N2 targets (41, 47) and a 32P incorporation assay
for M1 (46) on culture fluid from 12 FluA strains isolated at the NHRC in
2000-2001. Although the TaqMan assays were reported to detect 10 to 13 FluA
virus particles per assay, we found greatly reduced detection sensitivity in our
hands (data not shown), which could have been due to mutations (genetic drift)
in recent isolates that would cause mismatches and decreased binding efficiency
with these published primer/probe sets (45). Furthermore, the larger expected
amplicon sizes (188 bp and 246 bp) of the older assays could also result in
less-efficient PCRs (41, 47). In the two-step RT-PCR 32P incorporation assay for
the M1 gene (46), 1 �l of RNA extract was used for cDNA synthesis with
moloney murine leukemia virus reverse transcriptase (Invitrogen) and random
hexamers (first step) and 1 �l of cDNA was used for PCR (second step).
Radiolabeled PCR products were separated by 6% denaturing polyacrylamide
gel electrophoresis, and a band of 115 bp was the expected product size for a
positive sample. The older M1 assays were not tested on 2002-2003 specimens.

Primers and probes for the primary FluA TM assay used to test specimens in
both years of the study and the secondary SYBR green (43) assay tested on

winter 2002-2003 specimens targeted different M1 gene sequences and were
designed and validated previously as TaqMan assays on all 15 FluA HA subtypes.
The following reaction conditions were used for the primary TM assay: a one-
step RT-PCR system (ABI), 300 nM concentrations of each primer, 67 nM
probe, and 1.5 �l of template in a total volume of 25 �l. Samples were analyzed
on the ABI PRISM Sequence Detection System 7700 (ABI SDS 7700) pro-
grammed for 30-min RT at 48°C, 10 min at 95°C, and then 50 cycles of 15 s at
95°C and 1 min at 55°C. The secondary SG assay used the one-step LightCycler
(LC) RNA amplification kit SYBR green 1 with two enzymes (avian myeloblas-
tosis virus reverse transcriptase and Taq polymerase), 1.5 �M concentrations of
each primer, 6 mM MgCl2, and 2 �l of template in a total volume of 20 �l. The
LightCycler (Roche Diagnostics Corporation, Indianapolis, IN) was pro-
grammed for 20-min RT at 55°C, 30-s denaturation at 95°C, and 45 cycles of 95°C
for 5 s, 60°C for 8 s, and 72°C for 5 s, followed by standard melting curve analysis.
Two specific FluA melting peaks with different melting temperatures (Tm)
(82.15°C and 83.6 °C � 1°C) were observed, corresponding to the different matrix
gene sequences of H1N1 and H1N2 subtypes cocirculating in winter 2002-2003.
The Tm of the controls used were 85.0°C for the A/H3N2/Hong Kong/68 control,
83.6°C for an H3N2 clinical specimen from winter 2000-2001, and 79.1°C for a
nonspecific peak intermittently observed in no-template water controls and neg-
ative samples. A threshold cycle (CT) cutoff of �39.6 was used.

Influenza B assay development. Primary and secondary FluB assays were
tested on all 2002-2003 specimens. A 140-bp region of the FluB HA gene was
amplified in the one-step RT-PCR primary TM assay. The primary FluB HA TM
reaction used the one-step RT-PCR system (ABI), 150 nM concentrations of
each primer, 67 nM probe, and 2 �l of template in a total volume of 25 �l.
Samples were analyzed on the ABI SDS 7700, programmed for 30-min RT at
48°C, 10 min at 95°C, and then 50 cycles of 12 s at 95°C and 1 min at 56°C. A
positive case had a CT cutoff of �39.6. A 74-bp region of the NS gene was the
target for the secondary SG assay. The secondary SG assay used the one-step
LightCycler RNA amplification kit SYBR green 1, 500 nM concentrations of
each primer, 6 mM MgCl2, and 2 �l of template in a total volume of 20 �l. The
LC was programmed for 30-min RT at 55°C, 30-s denaturation at 95°C, and 45

TABLE 1. Primers and probes for PCR detection of adenovirus and influenza A and influenza B viruses by TaqMan and
LightCycler SYBR green analysesa

Primer or probe Sequence Region (bp) or
reference

AdV
Primary SG and TM (subgroup E) hexon

F CGACAGAACCCGGTATTTCAG 1083–1103
R TGGTTTTCAATAATGCGCACA 1140–1160
Probe (FAM)-TCATAGCTGTCCACCGCCTGATTCCA-(TAMRA) 1108–1133 R

Primary SG and TM (subgroup B) hexon
F CCCATGCGCTGGACATGA 2932–2949
R CTTCGAAAAGAAGATAAAGCAGGGT 2979–3003
Probe (FAM)-TGAGGTGGATCCCATGGATGAGCC-(TAMRA) 2954–2977

Secondary TM (subgroups B and E)
hexon

F GATGGCCACCCCATCGATGMTGC �1–22
R GCGAACTGCACCAGACCCGGAC 74–95
Probe (VIC)-TACATGCACATCGCCGGACAGGAMGCTTCGGAGT-(TAMRA) 34–67 R

FluA
Primary TM matrix

F AGCAAAAGCAGGTAGATRTT 1–20
R TCGGCTTTGAGGGG 79–93
Probe (FAM)-AMCCGAGGTCGAAACGTAYG-(TAMRA) 37–56

Secondary SG matrix Reference 43
F AGATGAGTCTTCTAACCGAGGTCG 24–47
R TGCAAAAACATCTTCAAGTCTCTG 101–124

FluB
Primary TM hemagglutinin

F AAATACGGTGGATTAAACAAAAGCAA 970–995
R AGCTCCGAAGAAACCCCTTTCC 1110–1131
Probe CACCCATATTGGGCAATTTCCTATGGC 1004–1030

Secondary SG nonstructural
F TCACTCTTCGAGCGTCTTAATGAA 768–791
R GGATAAGACTCCCACCGCAG 842–941

a Abbreviations: F, forward; R, reverse.
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cycles of 95°C for 0 s, 55°C for 10 s, and 72°C for 13 s, followed by standard
melting curve analysis. Positive clinical samples had a specific Tm of 80.8°C �
1°C. The Tm of the B/Lee/40 strain and two clinical specimens from winter 2000
was 81.6°C. A nonspecific peak was occasionally observed in no-template water
controls and negative samples at 78.4°C. A CT cutoff of �39.6 was used.

AdV assay development. The AdV hexon gene was the target in all real-time
assays. For initial AdV screening in winter 2001-2002, LightCycler SG melting
curve analysis was used with two primer sets specific for subgroup B or E AdV
(primary SG), and each sample was tested in duplicate (1 �l and 1 �l of a 1:5
dilution). Borderline positive or ambiguous SG results were confirmed with
Southern blot analysis of products with radiolabeled subgroup B- and E-specific
probes. In winter 2002-2003, a single dilution (1 �l of extract) of each sample was
tested by primary SG for rapid screening. The SG assays contained a master mix
developed in-house with 50 mM Tris (pH 8.3), 500 �g/ml of bovine serum
albumin, 200 �M deoxynucleoside triphosphates, 0.34� SYBR green (Molecular
Probes), 3 mM MgCl2, 200 nM concentrations of each primer, and 1.25 U of
FastStart (Roche) in a total volume of 20 �l. The LC was programmed at 95°C
for 4 min enzyme activation, 45 PCR cycles of 95°C for 0 s, 60°C for 10 s, and
72°C for 6 s, followed by standard melting curve analysis. The Tm of the AdV4
positive control (ATCC) was 82.5°C � 1°C. Sequence analysis of the AdV4
prototype strain and recently sequenced variants showed no sequence variation
within the amplicon target, a short conserved region between hypervariable
regions (HVR 6 and HVR 7) of the primary SG assay; however, two sharp
melting peaks centered at 80.8°C and 81.8°C were observed in clinical specimens
with the lower melting product outside the accepted limits (� 1°C) of SYBR
green assays (11). Consequently, the two probes used for Southern blot confir-
mation in winter 2001-2002 were resynthesized as TaqMan probes and used to
confirm SYBR green results on the ABI SDS 7700 (primary TM). Retesting of
each specimen by both primary TM assays for subgroup B and E confirmed the
two different melting peaks as AdV4 strains (subgroup E). A secondary TM assay
using a single primer pair and two dual-labeled probes designed to bind to
conserved sequences at the 5� end of the hexon gene for adenovirus subgroups
B (types 3, 7, 11, 16, 21, and 34) and E (type 4) detection was tested on each
specimen. The expected amplicon is 95 bp. The TaqMan assays contained the
TaqMan Universal PCR master mix (ABI), 200 nM concentrations of each
primer, 67 nM probe, and 1 �l of template in a total volume of 25 �l. The ABI
SDS 7700 was programmed for 2 min at 50°C to activate AmpErase uracil-N-
glycosylase, 10 min at 95°C to activate AmpliTaq Gold DNA polymerase, and 45
cycles of 15 s at 95°C and 1 min at 60°C. For the AdV TM assays, a CT cutoff of
�37.6 was used to define positive samples.

PCR comparison of frozen and ethanol-fixed samples. Additional frozen ali-
quots from parallel nasal swabs were tested with the molecular assays during the
2002-2003 season; however, reduced yields of viral and cellular nucleic acid were
observed in the majority of frozen VTM samples (data not shown). The VTM
and ethanol-fixed samples were not directly comparable after the original 2.5-ml
VTM samples were divided into four aliquots for culture and molecular testing;
the extract prepared from a 0.5-ml frozen VTM (one-fifth of the original spec-
imen) contained less detectable nucleic acid than an extract prepared from
one-half of the parallel ethanol-fixed swab.

RESULTS

Analytical sensitivities of the TaqMan and SYBR green as-
says. Consistent amplification and detection were generally
observed across 6 orders of magnitude with all TaqMan assays
and over a narrower range (104 to 105) with the SG melting
curve assays on the LC. The sensitivity of the primary FluA
assay was evaluated using 10-fold serial dilutions of purified
RNA from the A/H3N2/Hong Kong/68 strain run in triplicate
reactions. The estimated limit of FluA detection was 390 fg of
template RNA (50,716 copies) with the SG assay and 48 fg of
template RNA (6,240 copies) with the TM assay. Serial 10-fold
dilutions of purified RNA from the B/Lee/40 strain were used
to determine the sensitivity of the FluB molecular assays. The
estimated limits of FluB detection were 680 fg of template
RNA (89,054 copies) with the SG assay and 840 fg of template
RNA (111,317 copies) with the TM assay. Serial dilutions of
purified AdV stocks were tested by the SG assay and both TM
PCR assays in quadruplicate. The estimated limits of AdV

detection were 24 fg of template DNA (625 copies) with the
primary SG, 192 fg of template DNA (5 copies) with the
primary TM, and 4.8 fg (125 copies) with the secondary TM
assay.

Influenza A testing. In winter 2001-2002, influenza A was
cultured in 27 of 195 (14%) specimens. All isolates were sub-
typed as H3N2 isolates. Twelve of the ethanol-fixed samples
that were culture negative were positive by two molecular tests
(primary TM and 32P incorporation assays), increasing the
number of FluA true-positive specimens to 39 of 195 (20%).
The primary TM assay tested on extracts prepared from spec-
imens stored in ethanol for 1 month detected 34 of 39 true-
positive samples (87% sensitivity and 95% specificity). The TM
assay detected eight culture-negative specimens that were not
positive by the 32P assay, giving a false-positive rate of 5.1%
(8/156).

In winter 2002-2003, influenza A was cultured in 11 of 189
(6%) specimens (Table 2). All 11 culture-positive isolates were
subtyped as H1 (New Caledonia-like strains). One ethanol-
fixed sample that was culture negative was positive by two
molecular tests (primary TM and secondary SG assays), in-
creasing the number of FluA true-positive specimens to 12 of
189 (6.3%). PCR testing for N1 and N2 targets revealed that
half of the isolates were H1N1 and half were H1N2. In the
initial 1-month screening, the primary TM assay in ethanol-
stored samples detected 9 of the 12 true positives (75% sensi-
tivity and 98% specificity). The SG assay detected 7 of the 12
true positives (58% sensitivity and 100% specificity). The TM
assay detected three culture-negative specimens, giving a false-
positive rate of 1.7% (3/177), and the SG false-positive rate
was 0. After 6 months of storage, new RNA extracts were
prepared from 40 ethanol-fixed specimens. The TM assay and
the SG assay detected 8 of 12 true-positive (67% sensitivity)
specimens. The specificities of the assays were not determined
for this subset of specimens.

Influenza B testing. In winter 2002-2003, influenza B was
cultured from 7 of 189 (3.7%) specimens. All of the B isolates
were B/Hong Kong/1434/02-like. In the screening of ethanol
and frozen specimens at 1 month, two specimens that were
culture negative were positive by two molecular tests (primary
TM and secondary SG assays), increasing the number of FluB
true-positive specimens to 9 of 189 (4.7%). In the initial
1-month screening of ethanol-fixed samples, the primary TM
assay detected 8 of the 9 true positives (89% sensitivity and
100% specificity) and the secondary SG assay detected 6 of 9
true positives (67% sensitivity and 100% specificity). After 6
months of storage, new RNA extracts were prepared from 40
ethanol-fixed specimens. Both RT-PCR assays were highly sen-
sitive for the detection of FluB RNA after 6 months, with TM
detecting 8 out of 9 true-positive specimens and SG detecting
9 out of 9 true-positive specimens. The specificities of the
assays were not determined for this subset of specimens.

Adenovirus testing. In winter 2001-2002, 62 of 195 (32%)
nasal swab specimens were culture positive for AdV and 91
(47%) of the parallel ethanol-fixed swab samples were PCR
positive by AdV SG testing (94% sensitivity and 75% specific-
ity compared to culture alone). Subgroup-specific PCR and
Southern blot confirmation determined that AdV4 predomi-
nated, with subgroup B found in only 2% of isolates. The large
number of PCR-positive, culture-negative specimens prompted
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the use of a secondary PCR test the following season to better
define the gold standard as “true positive.”

In winter 2002-2003, AdV was cultured from 63 of 189
(33%) nasal swab specimens. Subgroup-specific PCR from
these culture-positive samples found 94% to be AdV4 and 6%
to be subgroup B. An analysis of the AdV culture-positive
specimens stored in ethanol found that 58 of 63 (92%) of these
specimens had positive results in two or more PCR assays. Of
these specimens, 48 (76%) were positive in all three PCR
assays, and 10 (16%) had positive results in two PCR assays. Of
the 126 ethanol specimens that were culture negative for AdV,
59 (47%) had positive results in two or more molecular assays,
increasing the number of true-positive specimens for AdV to
122 of 189 (64%). Of these 59 PCR-positive but culture-neg-
ative cases, 16 (27%) were positive for all three PCR assays
and 43 (73%) for two PCR assays. The LC assay was positive
for AdV in 69 of 122 (57% sensitivity and 96% specificity)
true-positive specimens. The primary TM assay detected AdV
in 119 of 122 (98% sensitivity and 70% specificity) true-positive
specimens. Thirty-one culture-negative cases that were positive
in only one PCR assay were considered false positives. The
highest rate of false positives was found with the primary TM
assay (30%, 20/67), followed by the secondary TM assay (12%,
8/67) and the primary SG assay (4%, 3/67).

A quantitative analysis of the TM assay CT values was used
to determine the relative amounts of viral DNA in the samples.
When the AdV4 culture-positive specimens were tested with
the primary AdV4 TM assay, an average mean CT value of 24
(n � 57; median, 23; range, 16 to 37) was found. Similarly,
when the AdV culture-positive specimens were tested with the
secondary TM assay for both group B and E AdV, the average
mean CT value was 24 (n � 59; median, 23; range, 16 to 37). In

contrast, the average mean CT values seen with both AdV TM
assays were significantly higher for the specimens negative by
culture but determined to be true positives by two molecular
tests. An average mean CT value of 32.5 (n � 59; median, 33;
range, 22 to 37) and CT value of 34 (n � 54; median, 34; range,
23 to 37) were found with the primary and secondary TM
assays, respectively. An average mean CT value of 24 in cul-
ture-positive specimens reflects approximately 28-fold more
starting template than an average mean CT value of 32 in
molecular true-positive but culture-negative samples, suggest-
ing that PCR-positive but culture-negative samples contained
approximately 28-fold less AdV DNA than culture-positive
specimens.

DISCUSSION

In this study, we found that storage in 100% ethanol at
ambient temperatures preserves viral RNA and DNA suitable
for PCR analysis. In the FluA and FluB studies, RT-PCR
could detect influenza RNA in nasal swab specimens stored for
up to 6 months. Many recent studies have shown that real-time
RT-PCR for influenza A and B virus detection by TM or
fluorescence resonance energy transfer probe technology de-
tects more positive specimens than viral isolation (29, 41, 42).
PCR is expected to have an increased sensitivity of detection
relative to culture because PCR detects short segments of viral
RNA from viable as well as nonviable viruses; however, the
reported rates of increased PCR detection over culture differ
widely in different studies. Differences in the recovery rates of
viable influenza viruses are frequently attributed to less than
optimal specimen collection, storage, and transport of samples,
RNA degradation during laboratory storage at 4°C and �20°C,

TABLE 2. Detection of influenza A and influenza B viruses and adenovirus in 2002–2003 nasal swab specimens stored in ethanol
at ambient temperature by TM and LightCycler SG PCR methodsa

Detection method Mo
no.

Sensitivity Specificity PPV NPV

No. of culture
positive

specimens/
total no. of
specimens

% of
specimens

culture
positive

(95% CI)

No. of culture
positive

specimens/
total no. of
specimens

% of
specimens

culture
positive

(95% CI)

No. of culture
positive

specimens/
total no. of
specimens

% of
specimens

culture
positive

No. of culture
positive

specimens/
total no. of
specimens

% of
specimens

culture
positive

Influenza A virus (12 TP)
Viral culture 1 11/12 92 (76–100) 177/177 100 11/11 100 177/178 99
Primary TM 1 9/12 75 (51–100) 174/177 98 (96–100) 9/12 75 174/177 98

6 8/12 67 (40–93) nd 8/12 67 nd
Secondary SG 1 7/12 58 (30–86) 177/177 100 7/7 100 177/182 97

6 8/12 67 (40–93) nd 8/8 100 nd

Influenza B virus (9 TP)
Viral culture 1 7/9 78 (51–100) 180/180 100 7/7 100 180/182 99
Primary TM 1 8/9 89 (68–100) 180/180 100 8/8 100 180/181 99

6 8/9 89 (68–100) nd 8/8 100 nd
Secondary SG 1 6/9 67 (36–97) 180/180 100 6/6 100 180/183 98

6 9/9 100 nd 9/9 100 nd

Adenovirus (122 TP)
Viral culture 63/122 52 (43–60) 67/67 100 63/63 100 67/126 53
Primary SG 1 69/122 57 (48–65) 64/67 96 (91–100) 69/72 96 64/117 55
Primary TM 1 119/122 98 (95–100) 47/67 70 (59–81) 119/139 86 47/50 94
Secondary TM 1 113/122 93 (88–97) 59/67 88 (80–96) 113/121 93 59/68 87

a TP, true positive specimen (positive by culture and/or two molecular tests); CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value;
nd, not determined. Specificity and PPV of viral culture are 100% by default, due to the definition of “true positive.”
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and multiple freeze-thaws of specimens before testing (22).
Notably, FluA detection by TM assays was nearly double that
detected by culture when the samples were collected and sent
through the mail at room temperature or at 4°C and were in
transit between 1 and 4 days (41, 47).

In winter 2001-2002, influenza activity was moderate, with
only the H3N2 subtype of influenza A detected. The percent-
ages of nasal swab specimens with positive viral culture results
were 32% for AdV, 14% for FluA, and 0.5% for FluB. The
sensitivity of detection for FluA was increased 6% when spec-
imens negative by culture but positive by two independent
RT-PCR methods were considered. In winter 2002-2003, in-
fluenza activity was mild, with FluA (HIN1 and H1N2 sub-
types) and FluB detected (8). FluB caused approximately 40%
of influenza nationwide in 2002-2003. A similar distribution of
influenza types caused FRI at Fort Jackson (57% FluA and
43% FluB). The percentages of nasal swab specimens with
positive viral culture results were 33% for AdV, 6% for FluA,
and 4% for FluB. The sensitivity of detection for FluA and
FluB was increased by only 1.6% when culture-negative spec-
imens were considered positive by two independent RT-PCR
methods. In contrast to previous studies (29, 41, 42, 47), in
which TM assays detected large numbers of culture-negative
samples, the marginal increase in the PCR detection of influ-
enza viruses (6% for FluA in 2001-2002 and 1.6% for FluA and
FluB combined in 2002-2003) could be attributed to optimal
storage and transport of nasal swab specimens at �70°C in the
current study.

The FluA M1 primers and probes for the primary TM assay
and the primers for the secondary SG assays target highly
conserved sequences at the 5� ends of the M1 gene and gave
small amplicon sizes of 93 bp and 99 bp, respectively, which are
expected to be most efficiently amplified in real-time PCRs.
Since these M1 gene targets are not subject to as much se-
quence variation as externally expressed gene segments (H and
NA) and the primer/probe pairs had been previously validated
on all 15 influenza A HA subtypes as TM assays, we expected
to detect most FluA strains circulating at Fort Jackson during
our study. However, the sensitivity of FluA detection from
ethanol-fixed samples was 87% in 2001-2002 and 75% in 2002-
2003 with our primary TM assay. It is possible that the FluA
strains we studied had changed in the primer or probe binding
site that would have reduced the sensitivity of the assay. The
sensitivities of the RT-PCR assays directly on nasal swab spec-
imens depend on several other factors, including the viral load,
RNA degradation, the RNA extraction protocol, and profi-
ciency of extraction. Sensitivity could be increased in future
studies by using a larger volume of the original ethanol-fixed
sample to prepare an RNA extract and further concentrating
the final RNA extract. Although universal molecular assays for
all FluA strains are achievable using internally expressed gene
segments, such as M1 or NS1, annual sequence analysis of new
strains is needed to detect any recent genetic variations that
can affect the sensitivities of existing assays.

SYBR green melting curve analysis is widely used to identify
and map single base mutations, such as single nucleotide poly-
morphisms, in gene studies and could conceivably be used to
distinguish FluA subtypes. Interestingly, with our SG melting
curve assay, two FluA subtypes cocirculating in 2002-2003
(H1N1 and H1N2) could be distinguished by melting temper-

ature analysis, reflecting sequence variation in different matrix
gene targets. The SG assay was adopted from a one-step RT-
PCR TaqMan probe assay reported to detect approximately
103 matrix gene copies or 10 fg of in vitro-transcribed RNA
(43) and the SG assay sensitivity was decreased about 10-fold
compared to that of TaqMan. The benefits of the SG assay
included providing a quick and inexpensive way to differentiate
viral strain subtypes without requiring a probe binding detec-
tion strategy; however, further characterization studies are re-
quired.

The results of the AdV testing reflected the use of three
assays with different sensitivities of detection. The sensitivities
of the three assays with the primary SG, primary TM, and
secondary TM assays were approximately 625, 5, and 125 cop-
ies of AdV4 per PCR, respectively. Overall, SG results were
most similar to those of culture, but the two TM assays de-
tected a large number of culture-negative specimens. In gen-
eral, the primary TM assay detected more positives than the
secondary TM assay, and the higher assay sensitivity corre-
sponded to the apparent lower specificity when compared to
culture. The majority of the culture-negative, PCR-positive
specimens had low viral copy numbers (10 to 100 copies/PCR
assay) detected by TaqMan quantitative analysis. Culture-pos-
itive specimens contained between 28 and 210 more detectable
AdV genomes than the PCR-positive but culture-negative
specimens.

The detection of a large number of PCR-positive but cul-
ture-negative nasal swab specimens for AdV was unexpected
and in contrast to previous studies. However, real-time TM
assays on clinical specimens have not been reported until re-
cently (19). Previously, PCR detected AdV in a large number
of environmental (air filter) samples that were culture negative
during an AdV-associated respiratory disease outbreak in No-
vember 1998 at Fort Jackson, S.C. (2, 14). The same generic
PCR method (with detection of the 139-bp product by agarose
gel electrophoresis and ethidium bromide staining) gave an
excellent correlation with culture of throat swab specimens
during the outbreak (15). The authors suggested that the
amount of virus present in the air filters was insufficient for
viral detection by culture, although the environmental inacti-
vation of the viral particles, possibly by disinfectants, could not
be excluded. The detection of low numbers of AdV with TM
assays (viable or nonviable) was repeatedly observed in the
current study.

A drawback of the strategy to collect specimens in 100%
ethanol is that viruses cannot be cultured from ethanol-pre-
served samples; thus, cell culture would still be needed to
provide viral isolates for antigenic characterization and future
vaccine production. Nevertheless, because preservation in eth-
anol eliminates viral infectivity and preserves both DNA and
RNA viruses, it may prove useful for rapid molecular testing of
potential viral biothreat agents.

In summary, the real-time PCR tests on specimens stored in
ethanol at room temperature performed well. Ethanol storage
of samples collected in a remote setting where a cold chain
cannot be maintained may augment future rapid molecular
surveillance and could be a useful tool to perform sequence
and phylogenetic analyses in retrospective epidemiological
studies. As global attention is increasingly becoming focused
on the potential for influenza to cause another worldwide
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pandemic, every opportunity to increase global surveillance
should be sought. Room temperature storage of clinical spec-
imens in ethanol could augment future surveillance initiatives
of not only influenza and adenovirus but potentially a host of
other emerging infections.
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