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Abstract

Wehave used the technique of ribonuclease protection to de-
fine genomic variation among circulating isolates of subgroup
A respiratory syncytial (RS) virus. RNAs extracted from
HEp-2 cells infected with strains to be analyzed were hybrid-
ized with a 32P-labeled RNAprobe corresponding to the RS
virus Gglycoprotein (A2 strain). Areas of nonhomology were
detected by cleavage with ribonuclease A. Using this tech-
nique, multiple distinct RNAcleavage patterns could be dis-
tinguished among viral isolates recovered from infants residing
in the same metropolitan area and infected during the same
epidemic season. Epidemiologically related isolates (from
coinfected twins, from infants infected during a nosocomial
outbreak at an extended care facility, and from institutional-
ized adults infected during an outbreak) yielded identical pat-
terns. In two separate outbreaks, differences in cleavage pat-
terns among certain isolates corresponded to epidemiologically
significant differences among the individuals from whom the
isolates were recovered. Weconclude that substantial genomic
heterogeneity exists among circulating isolates of subgroup A
RS virus. Ribonuclease protection can be used as a molecular
fingerprinting tool for expanded studies of the molecular epide-
miology of this virus.

Introduction

Respiratory syncytial (RS)1 virus is the major cause of serious
lower respiratory tract infection in infants < 1 yr of age (1, 2).
Early studies of RSvirus that used polyclonal animal antisera
to characterize numerous isolates found that most were indis-
tinguishable, although occasional variants were detected (3-7).
In the years after the discovery of the virus, numerous studies
were carried out which elucidated the epidemiology of RS
virus (2, 6, 8-12). Because these studies were based on viral
isolation and serology, methods that were not sensitive to vari-
ation among isolates, the studies were not able to discern epi-
demiologic differences related to subtypes or variant strains of
the virus.
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With the development of monoclonal antibodies to RS
virus, several laboratories recognized the existence of two sub-
groups of RS virus (13-17). The two subgroups, designated A
and B (14) or 1 and 2 (13, 17) have been shown to occur in
numerous geographic areas (13-21). Both subgroups are found
in the community at the same time, but the relative propor-
tions vary according to year and location (13-15, 17-19, 21).
More detailed studies of the epidemiology, immunology, and
clinical aspects of the two subgroups are still at an early stage
(22-26).

Although the recognition of the two subgroups of RSvirus
is an important step, there remains a need for a higher resolu-
tion fingerprinting technique capable of differentiating among
individual strains or isolates within either of the two subgroups
of RS virus. Such a system would take advantage of naturally
occurring variation among isolates, and would be applicable to
studies of molecular epidemiology and pathogenesis. Evidence
of both structural and antigenic variation among isolates has
been reported in both subgroups (16, 17, 19, 20, 25, 27-33),
suggesting that sufficient variation may exist to make finger-
printing possible. The recent finding of 4% nonhomology in
the nucleotide sequences of mRNAsencoding for the Gglyco-
protein of the A2 and Long strains of subgroup A RSvirus (34)
also supports the possibility of unique identification of strains.

In this study, we have used the technique of ribonuclease
protection analysis (35) to examine the extent of genomic di-
versity among isolates of subgroup A RSvirus. This technique
has been shown by others to be very sensitive for detecting
small changes in RNAsequences including single-base substi-
tutions (35). The main application previously has been to stud-
ies of human genetics (35-39). One study has used the tech-
nique to analyze genomic variation in influenza A virus (40).
In addition to using the technique to reveal genomic diversity
among circulating isolates of subgroup A RS virus, we also
demonstrate its use as a molecular fingerprinting tool in the
epidemiologic analysis of two outbreaks of RS virus.

Methods

Virus strains and cells. The Long strain of RS virus (41) was obtained
from the American Type Culture Collection (Rockville, MD; ATCC-
VR-26), and the A2 strain (42) was kindly supplied by Dr. Robert
Chanock, National Institutes of Health, Bethesda, MD. Patient isolates
were suppled by the Virology Laboratory of the Washington Univer-
sity Department of Pediatrics at St. Louis Children's Hospital (SLCH).
These isolates were grown in HEp-2 or human diploid fibroblast
(MRC-5) cells from nasopharyngeal swabs or aspirates obtained from
infants hospitalized at SLCHbecause of acute respiratory infection.
Isolates from an outbreak of RS virus infection among institutional-
ized adults (25) were kindly supplied (under code) by Dr. Lawrence
Corey, University of Washington, Seattle, WA, and Dr. Larry J. An-
derson, Centers for Disease Control, Atlanta, GA. Isolates from an

1894 G. A. Storch, C. & Park, and D. E. Dohner



outbreak at an extended care facility for children in St. Louis were
initially recovered from patient specimens in the Virology Laboratory
at SLCHor the Virology Laboratory at Cardinal Glennon Children's
Hospital. The isolates from the Cardinal Glennon Hospital Laboratory
were kindly supplied by Dr. Ella Swierkosz, Departments of Pediatrics
and Pathology, St. Louis University, St. Louis, MO.

Except where otherwise specified, RS virus was propagated in
HEp-2 cells originally obtained from Flow Laboratories (McLean,
VA). Growth media consisted of Eagle's MEMsupplemented with 2
mMglutamine, nonessential amino acids, 100 U/ml penicillin, 100
,gg/ml streptomycin, and 1 Mg/ml amphotericin B. Plaque media con-
sisted of viral growth media containing 1% methyl cellulose.

MAb analysis. All isolates were subjected to antigenic analysis
using a panel of six MAbthat recognize the Gglycoprotein of RSvirus,
including five that can distinguish between subgroup A and subgroup
B RS virus (17). These MAbcan also distinguish selected prototype
strains from one another. The MAb used and the prototype strains
recognized were CA2 (Long and A2), B4 (Long), CD7 (A2), DB3 (CH
18537 and 9320), ABIO (CH 18537), and BD5 (cross-reacting). The
pattern of reactivity of each isolate with the MAbwas defined using
fluorescent antibody staining as previously described ( 17).

Purification of whole cell RNA. Cell RNAswere harvested from RS
virus-infected or uninfected cultures of HEp-2 cells grown in 75-cm2
tissue culture flasks. Harvests from infected cells were carried out when
early cytopathic effect was visible before extensive cell destruction had
occurred. Purification of cell RNAswas by the guanidinium isothio-
cyanate-cesium chloride centrifugation method described by Chirgwin
et al. (43) and Maniatis et al. (44). Infected or uninfected control
HEp-2 cell monolayers were rinsed with PBS and then lysed with 3 ml
of a solution containing 6 Mguanidinium isothiocyanate, 50 mM
Tris-HCI pH 7.5, 10 mMEDTApH 7.5, 0.5% sodium sarkosyl, and
0.2 M2-mercaptoethanol. One gram of CsCl was added to each 2.5 ml
of lysate; the lysate was then layered over 1.2 ml of 5.7 MCsCl in 0.1 M
EDTApH 7.5 and centrifuged at 35,000 rpm for 16 h at 20°C in a
rotor (model SW50. 1; Beckman Instruments, Fullerton, CA). The
RNApellet was dissolved in 10 mMTris-HCl pH 7.5, 5 mMEDTA
(pH 7.5), 1% SDS, and extracted twice with chloroform/l-butanol
(4:1). The RNAwas precipitated by the addition of 0.1 vol of 3 M
sodium acetate pH 5.5 and 2.5 vol of ethanol. The RNAwas pelleted,
redissolved in water, and precipitated again with ethanol.

Synthesis ofRNA probes. The RSvirus Gglycoprotein cDNAclone
(A2 strain) in the plasmid vector pAG-2 was obtained from Dr. Gail
Wertz (University of Alabama, Birmingham, AL) (45, 46) and sub-
cloned into the Bam HI site of the transcription plasmid pGEM-3
(Promega Biotec, Madison, WI). 32P-labeled RNAtranscripts were
synthesized using SP6 and T7 RNApolymerase transcription reagents
obtained from Promega Biotec and used according to the supplier's
directions. Alpha-32P-CTP was obtained from Dupont-New England
Nuclear (Boston, MA). Template for the transcription reactions was 1
,sg of the recombinant plasmid resulting from insertion of the RSVG
glycoprotein cDNA into pGEM-3. The plasmid was linearized using
Xba I for T7 polymerase transcription and SmaI for SP6 polymerase
transcription. Restriction enzymes were obtained from NewEngland
Biolabs (Beverly, MA), Bethesda Research Laboratories (Gaithersburg,
MD), or International Biotechnologies, Inc. (New Haven, CT) and
used according to the supplier's instructions. Analysis of the size of
fragments resulting from digestion of the recombinant plasmid with
the restriction enzymes Pst I and Hinc II suggested that the orientation
of insertion of the RSVGcDNAwithin the recombinant plasmid was
such that the transcript prepared using the T7 polymerase was comple-
mentary to viral mRNAand the transcript prepared using the SP6
polymerase was complementary to the virion RNA(data not shown).

After transcription, the 32P-labeled RNAtranscripts were extracted
with phenol/chloroform/isoamyl alcohol (25:24:1) and chloroform/
isoamyl alcohol (24:1), precipitated with sodium acetate-ethanol, dried
under vacuum, and dissolved in 30,ul of 80% formamide buffer (40
mMpiperazine-N,N'-bis(2-ethane sulfonic acid) [pH 6.65], 400 mM
NaCl, and 1 mMEDTA[pH 8] in 80% formamide).

Hybridization and ribonuclease protection procedure. The applica-
tion of ribonuclease protection analysis to examine the extent of varia-
tion among different isolates of RS virus is shown in Fig. 1. The
procedure used was based on that described by Myers et al. (35). 1 Ml of
32P-labeled transcript was mixed with 2 Mg of unlabeled RNAin 29 Ml
of 80% formamide buffer. The RNAswere denatured by incubation
for 10 min at 850C and then incubated 16 h at 450C to allow
hybridization to occur. The samples were cooled to room temperature,
350 Al of cold RNase digestion solution was added (RNase digestion
solution contained 10 mMTris-HCl pH 7.5, 1 mMEDTApH 8, 200
mMNaCl, 100 mMLiCl, and 10 Mg/ml RNase A). Ribonuclease
digestion was for 30 min at 20'C. 24 Ml of a solution containing 10%
SDS, 2.5 mg proteinase K/ml, and 104 Mg yeast RNA/ml was then
added and digestion continued for an additional 30 min at 370C to
remove the ribonuclease. The RNAwas finally purified by two
phenol/chloroform/isoamyl alcohol (25:24:1) extractions and ethanol
precipitation. The protected fragments were visualized after heat dena-
turation by either 4 or 8%polyacrylamide/8 Murea gel electrophoresis
or glyoxal denaturation followed by 4% NuSieve (FMC BioProducts
Corp., Rockland, ME) agarose gel electrophoresis (47).

Gel electrophoresis: glyoxal/agarose and polyacrylamide/urea. All
electrophoresis was performed basically as described by Maniatis et al.
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Figure 1. Ribonuclease protection analysis of RS virus. RNAwas ex-
tracted using the guanidinium isothiocyanate-cesium chloride
method (details in text) from HEp-2 cells infected with the isolate of
RS virus to be analyzed, and incubated with 32P-labeled RNAprobes
transcribed from RS virus G glycoprotein cDNA as described in the
text. The reaction was performed separately using the RNAprobes
complementary to viral mRNA(left) and virion RNA(right). After
hybridization, the reaction mixture was cooled and ribonuclease A
was added. Cleavage was stopped after 30 min by adding SDSand
proteinase K. After incubation with proteinase K, the cleavage prod-
ucts were purified by phenol/chloroform extraction and ethanol pre-
cipitation. Regions of nonhomology are subject to digestion by ribo-
nuclease A. Two such regions are shown. The protected fragments
were visualized by either 4 or 8% polyacrylamide/8 Murea gel elec-
trophoresis or glyoxal denaturation and 4% agarose gel electrophore-
sis as described in the text, followed by autoradiography.
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(47). 4% polyacrylamide/8 Murea gel electrophoresis was performed
in a dual vertical slab gel electrophoresis cell (Protean; BioRad Labora-
tories, Richmond, CA) for 2 h at 350 V. For some runs, 4 or 8%
polyacrylamide/8 Murea gel electrophoresis was performed in a se-
quencing gel apparatus (model SE 1500; Hoefer Scientific Instru-
ments, San Francisco, CA) using a prerun of 1 h at 110 Wand then
electrophoresis for 1 h at 120 Wor 1.5 h at 115 W. Glyoxal/4% agarose
(NuSieve; FMCBioproducts) gels were run for 6 h at 150 V in a gel
chamber (model HRH, International Biotechnologies) with buffer cir-
culation and cooling. 4% NuSieve agarose (FMC BioProducts Corp.)
was used for separation of RNase-protected fragments. 32P-labeled
bands were visualized by autoradiography using Kodak XAR-5 film
exposed at room temperature. An intensifying screen was used when
necessary to enhance exposure.

Results

Diversity among isolates. Two prototype type A strains (Long
and A2) and five clinical isolates (5383, 10263, 10346, 10348,
and 10667) recovered from infants hospitalized at SLCHwere
analyzed. The A2 strain is the same strain from which the RS
virus Gglycoprotein RNAwas cloned. However, note that the
strain of A2 used in these analyses had been in our laboratory
for - 4 yr, whereas the cloning of the A2 Gglycoprotein RNA
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was carried out by the laboratory of Dr. Gail Wertz using a
culture of A2 maintained in that laboratory. The panel of
MAbto the Gglycoprotein was able to distinguish the Long
and A2 strains from one another and from the clinical isolates,
but did not distinguish among the clinical isolates (17).

The patterns obtained using transcripts prepared with the
T7 and SP6 polymerases are shown in Fig. 2 (A and B, respec-
tively). The Long and A2 strains can be clearly differentiated
from each other using either transcript. The lack of clearly
defined bands seen after ribonuclease cleavage of hybrids
formed from labeled transcript and the A2 strain from our
laboratory is consistent with the identity of this strain and the
A2 strain used to produce the G glycoprotein cDNA from
which the RNAwas transcribed. A similar pattern was ob-
served when unlabeled transcript prepared from the Gglyco-
protein cDNA was hybridized with the labeled probes (not
shown). The five clinical isolates yielded three distinct pat-
terns, each different from those of the Long and A2 strains.
Although the patterns resulting from use of transcripts pre-
pared with the T7 and SP6 systems are different, the same
grouping of isolates resulted from the use of either transcript.

Analysis of genomic diversity within a single culture. To
examine whether genomic variation existed within a single
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Figure 2. Ribonuclease protection analysis

of two prototype strains (Long and A2)

and five clinical isolates (10667, 10263,

10346, 10348, and 5383) of RS virus. (A)

Results obtained using the 2P-labeled

RNAprobe prepared from plasmid DNA

linearized with Xba I and T7 polymerase

(thought to be complementary to viral

mnRNA). (B) shows results obtained using

the 32P-labeled RNAprobe prepared from

plasmid DNAlinearized with SmaI and

5P6 polymerase (thought to be comple-

mentary to virion RNA). Mock-infected

cells, are designated M.I. The cleavage

products were separated by glyoxal/agarose

gel electrophoresis.
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culture, six individual plaques from a culture of the Long
strain grown under growth media containing 1% methyl cellu-
lose were selected and subjected to an additional plaque purifi-
cation. RNAwas extracted from HEp-2 cells infected with
each of the six plaque-purified clones and analyzed as de-
scribed. No differences among the clones were apparent using
the transcripts prepared with either the T7 or the SP6 polymer-
ases (not shown).

Effect of multiple laboratory passages. To examine whether
genomic changes would occur with multiple laboratory pas-
sages, a clinical isolate (5383) was passaged 10 times in HEp-2
cells. RNAwas extracted and analyzed from passage levels 4,
7, and 10. No differences in cleavage patterns were apparent
using either transcript (not shown).

Analysis of serial isolates from individual patients. Serial
isolates from four infants were available for analysis. Two of
the four were twins who had the onset of symptoms within 24
h of one another and thus presumably were infected from the
same source. The others were epidemiologically unrelated.
Isolates recovered from specimens taken two days apart from
each of the twins (SL5 and SL6) yielded identical patterns (Fig.
3). Two isolates recovered from specimens taken one day apart
from a third patient (SL1) yielded patterns that were identical
to each other and to those of SL5 and SL6. Two isolates recov-
ered from specimens taken 6 d apart from the fourth patient
(SL2) yielded patterns identical to one another and different
from the patterns resulting from analysis of isolates from the
other three patients. In all instances, relationships among iso-
lates defined using the T7 polymerase transcript were the same
upon analysis using the SP6 polymerase transcript.

Analysis of isolates from outbreaks. Seven isolates from an
outbreak of RSvirus in institutionalized adults (25) were avail-
able for study. The outbreak involved four young adult resi-
dents and one staff member of hall A and two young adult
residents of hall B at the institution. Antigenic analysis of the
isolates by Finger et al. (25) using MAbrevealed that all of the
isolates were subgroup A, and that they could be separated into
two distinct groups based on the reactivity with the MAb. The
groups corresponded to the two halls with which the patients
were associated. Ribonuclease protection analysis of the iso-
lates in our laboratory also revealed two separate cleavage pat-
terns (Fig. 4). Isolates F4572, F4578, F4603, F4609, and S1979
had a similar pattern, which was distinct from that of HI 586
and H1603. This grouping of isolates corresponds to the halls
with which the individuals were associated and with the
grouping derived from the MAbanalysis. The same grouping
of isolates occurred using the transcripts prepared with either
the SP6 or T7 polymerase (not shown).

In January and February 1988, an outbreak of RS virus
infection occurred among infants residing at an extended care
facility in St. Louis. All seven infants in the nursery of the
facility during the time period were affected. Three additional
infants had manifestations of RSvirus infection present at the
time they were admitted to the facility. Two of these infants
were housed in rooms other than the nursery until their mani-
festations resolved. RS virus isolates were available from five
of the infants, including four who became infected in the nurs-
ery (SL7- 10) and one who had clinical manifestations suggest-
ing that he was already infected at the time of admission
(SLl 1). Three of the isolates were from specimens submitted
to the Virology Laboratory at SLCHand two were from speci-
mens submitted to the Virology Laboratory at Cardinal Glen-
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Figure 3. Ribonuclease protection analysis of serial isolates of RS
virus recovered from infected infants. Nasopharyngeal swabs or aspi-
rates were taken on two or more occasions during the hospitalization
of four infants infected with RS virus. All analyses used the 32P-la-
beled RNAtranscript prepared from plasmid DNAlinearized with
Xba I and transcribed using the T7 polymerase. Cleavage products of
RNAs from SLi, SL5, and SL6 were separated by 8%polyacryl-
amide/8 Murea gel electrophoresis. Those from SL2 were separated
by 4%polyacrylamide/8 Murea gel electrophoresis.

non Children's Hospital. Fluorescent antibody staining using
the panel of MAbto the Gglycoprotein indicated that all five
isolates were subgroup A. The reactivity of the five isolates
with the panel of monoclonal antibodies was identical to one
another, and corresponded to the pattern seen previously with
analysis of type A isolates from infants' in St. Louis (reactivity
only with MAbCA2and BD5) (17). Analysis of RNAfrom the
five isolates revealed that the cleavage patterns of the four
isolates from infants infected in the nursery were identical to
one another using either transcript, whereas the cleavage pat-
tern from SLI 1, the infant already symptomatic at the time of
admission, was unique (Fig. 5).

Additional analysis of diversity. To facilitate comparison,
hybridized and digested RNA from the Long strain and 10
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Figure 4. Ribonuclease protection
=_<AP~b~iIt analysis of seven isolates of RS

virus recovered from an outbreak
involving institutionalized adults.
RNAextracted from cells infected
with each of the seven isolates was

fl^̂ ^̂analyzed using the 32P-labeled
0 3 transcript prepared from DNA

linearized with Xba I and tran-
I W.*̂ By scribed using the T7 polymerase.

The cleavage products were sepa-

Ixx tX rated by 8%polyacrylamide/8 Mso*- w Ad ~urea gel electrophoresis. The lane
with S 1979 is a different exposure
of the same autoradiogram.

I*s ; Mock-infected cells are designated
M.I.

clinical isolates were run on the same gel (Fig. 6). The 10
clinical isolates included single isolates from the four patients
whose isolates were examined in the study of variation in serial
isolates, two additional isolates from patients with commu-
nity-acquired RS virus infection hospitalized at St. Louis
Children's Hospital during the winter of 1987-1988, and iso-
lates representative of each of the two patterns were found in
the Seattle and St. Louis outbreaks.

All isolates other than the prototype strain Long had the
same pattern of reactivity with the panel of MAb to the RS
virus Gglycoprotein. The results of ribonuclease cleavage pat-
terns from HEp-2 cells infected with each of the 10 isolates
revealed six distinct patterns, designated a-f each of which
was different from that of the Long strain. The grouping of the
isolates according to their ribonuclease cleavage patterns is
shown in Table I. Isolate SLl yielded a cleavage pattern iden-
tical to that of isolates SL5 and SL6, which were recovered

i
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Figure 5. Ribonuclease
protection analysis of
RS virus isolates recov-
ered from five infants
residing in an extended
care facility. The pa-
tients from whom
SL7- 10 were recovered
acquired their illness
while residing at the fa-
cility. The patient from
whomSLl 1 was recov-
ered was ill at the time
of admission to the fa-
cility. RNAfrom each
isolate was analyzed
using the 32P-labeled
transcript prepared
from plasmid DNAlin-
earized with Xba I and
transcribed using the
T7 polymerase. The
cleavage products were
separated by 4%poly-
acrylamide/8 Murea
gel electrophoresis.

from coinfected identical twins. The patient from whomSLl
was recovered lived in a different region of the St. Louis metro-
politan area from the twins, and there was no known connec-
tion between the families. Isolates SL3 and SL4 yielded pat-
terns identical to one another and different from that of all
other isolates. These two isolates were recovered from infants
who lived in different communities, and had no known con-
nection with each other. Isolate SL2, which yielded a unique
pattern, was recovered from an infant who lived in a commu-
nity 90 miles from St. Louis. SL7 was chosen as representative
of the outbreak strain at the extended care facility in St. Louis.
This pattern was also different from any other pattern seen.
Interestingly, SLl 1, the isolate recovered in 1988 from the
infant who was ill at the time of admission to the extended care
facility, yielded a cleavage pattern that was identical to that of
H1586, one of the isolates recovered in 1985 from a resident of
Hall B of the Seattle institution. The pattern of F4603, chosen
as representative of the isolates from hall A at the Seattle insti-
tution, was unique.

Discussion

The work reported in this paper is an effort to develop a high-
resolution molecular fingerprinting technique capable of dis-
tinguishing among individual isolates of RSvirus. Certain de-
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Figure 6. Ribonuclease protection analysis of RNAextracted from
multiple isolates of RSvirus from children infected in the St. Louis
metropolitan area during the same RSvirus season and from two
isolates from individuals infected in Seattle in a different RSvirus
season. RNAfrom each isolate was analyzed using the 32P-labeled
transcript prepared from plasmid DNAlinearized with Xba I and
transcribed using the T7 polymerase. The cleavage products were
separated by 8%polyacrylamide/8 Murea gel electrophoresis. Lanes
shown are different exposures of the same gel. Additional informa-
tion concerning these isolates is in Table I.

tailed epidemiologic and pathophysiologic studies of infectious
agents require such capability. For example, A number of
aspects of the epidemiology and pathophysiology of human
herpes virus infections could only have been defined using the
technique of restriction endonuclease analysis to distinguish
among individual strains. The major reasons that genome fin-
gerprinting techniques are more widely available for DNAvi-

Table I. Grouping of Isolates of RS Virus According
to the Results of Ribonuclease Protection

Ribonuclease
cleavage Date of
pattern Isolate(s) onset Residence Comment

a SL2 1/9/88 Mt. Vernon, IL
b SL3 1/16/88 St. Louis City, MO

SL4 1/17/88 Belleville, IL

c SL5 1/11/88 St. Louis City, MO Twin of SL6
SL6 1/21/88 St. Louis City, MO Twin of SL5
SLi 1/16/88 University City, MO

d SL7 1/21/88* St. Louis City, MO Nosocomial
SL8 1/27/88* St. Louis City, MO acquisition at an
SL9 1/27/88* St. Louis City, MO extended care
SLIO 2/2/88* St. Louis City, MO facility

e SLI 1 2/2/88* St Louis City, MO Illness present when
admitted to
extended care
facility

H1586 4/85 Seattle, WA Residents of hall B
H1603 4/85 Seattle, WA at an institution

for the mentally
retarded

f F4572 3/85 Seattle, WA Residents of hall A
F4578 3/85 Seattle, WA
F4603 3/85 Seattle, WA
F4609 3/85 Seattle, WA

fvariant S1979 3/85 Seattle, WA Staff member of
hall A

* Date of diagnosis.

ruses than RNAviruses, especially those such as RSvirUs that
have a nonsegmented genome, are probably the greater tech-
nical ease of working with DNA, and the availability of a wide
range of restriction endonucleases for cleaving DNAat se-
quence-specific sites. The technique that has been most widely
used to characterize the genome of nonsegmented RNAvi-
ruses is ribonuclease TI oligonucleotide fingerprinting
(48-50). Although widely used, this technique is not ideal be-
cause it is relatively cumbersome, and allows analysis of
< 15% of the viral genome of RNAviruses (49).

For many RNAviruses, including RS virus, the major ap-
proach to studying variation among isolates has been the use of
MAb. Antigenic analysis using MAbhas revealed the existence
of two distinct subgroups of RSvirus (13-17), and has permit-
ted limited discrimination among strains within the subgroups
(13, 15, 17, 33). Wereasoned that considerable additional di-
versity might be revealed by analysis of the genome, because
some detectable genome differences might not result in either
structural or antigenic changes in the corresponding proteins.
To search for these differences, we used the ribonuclease pro-
tection technique, as described by Myers et al. (35). The
method takes advantage of the resistance of double-stranded
RNAto cleavage by ribonuclease A. To use the technique, a
32P-labeled RNAprobe chosen to correspond to a nucleotide
sequence of interest is incubated under appropriate conditions
with the RNAbeing analyzed. Hybridization of the target
RNAwith the probe protects homologous regions of the probe
from- ribonuclease cleavage, while areas of mismatch are sus-
ceptible to cleavage. Because the action of ribonuclease A is to
cleave at the 3'-phosphate of pyrimidine nucleotides, not all
mismatches are detected (35).
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In applying ribonuclease protection to RS virus, we used
an RNAprobe corresponding to the Gglycoprotein of the A2
strain, a prototype subgroup A strain. This RNAwas chosen
because the G glycoprotein displays the most strain-to-strain
variation among the individual RS virus proteins (14, 22, 26,
31). The target RNAwas whole cell RNAextracted from
HEp-2 cells infected with the strain or isolate to be analyzed.
The ability to use RNAfrom infected cells without having to
purify the target virus is an important practical advantage of
the method, which has also been demonstrated by Lopez-Ga-
lindez et al. in studies of the influenza hemagglutinin gene
(40). Not surprisingly in light of the extensive sequence differ-
ences known to exist in the genes encoding for the G glyco-
protein of subgroup A and B strains (34), the probe derived
from the A2 strain did not hybridize with RNAfrom cells
infected with subgroup B strains. Thus, at this time our analy-
sis is limited to subgroup A strains, although it is likely that
with the availability of cloned DNAfrom a subgroup B strain,
ribonuclease protection can be used to analyze subgroup B
strains as well.

In addition to its sensitivity for detecting single base-pair
mismatches; ribonuclease protection analysis has other meth-
odological advantages. One is that it is relatively simple to
carry out. Only the RNAprobe is radiolabeled, obviating the
need to radiolabel each isolate being analyzed. A second is that
unlike techniques such as ribonuclease TI oligonucleotide fin-
gerprinting that require more cumbersome two-dimensional
gel electrophoresis, ribonuclease protection analysis allows
multiple isolates to be analyzed on the same gel, facilitating
direct comparison. Wehave not yet fully evaluated the capa-
bility for comparing isolates analyzed in different experiments.
That some of the RNAcleavages are partial and are influenced
by experimental conditions (35) suggests the need for caution
in making such comparisons. Future efforts at careful stan-
dardization of experimental conditions may make interexper-
iment comparisons possible.

Our application of ribonuclease protection analysis to a
group of subgroup A isolates was successful in detecting indi-
vidual fingerprints among a collection of subgroup A isolates
that had been recovered from infants infected in the same
metropolitan area during the same RS virus epidemic season.
As expected, epidemiologically related strains had identical
fingerprints. Although extensive variation was demonstrable,
it is also noteworthy that some epidemiologically unrelated
isolates also yielded indistinguishable patterns. It is particu-
larly interesting that one isolate from St. Louis in 1988 was
apparently identical to an isolate from Seattle in 1985. This
finding suggests the possible existence of discrete variants
within subgroup A RS virus. If such stable variants exist, they
might be of epidemiologic, pathogenetic, or clinical impor-
tance, particularly in relation to the phenomena of multiple
RS virus infections in individual patients and the occurrence
of yearly epidemics of RS virus infection. Further studies are
now possible to investigate these questions.

In applying a technique that is expected to be very sensitive
to small differences in the genome, it was important to define
the extent of background variability, to determine the extent of
difference required to conclude that two isolates were unre-
lated. This question is particularly relevant to studies of an
RNAvirus because of the error proneness of viral RNApoly-
merases (51). However, no differences were detected among
individual clones isolated and purified from within a single

culture, in multiple laboratory passages within the same labo-
ratory, or in serial isolates from the same patient during a
single episode of RS virus infection. That genomic diversity
was not detected in the G glycoprotein gene in these experi-
ments should not be taken as evidence that no such diversity
exists. In the analysis of individual clones, only six were ana-
lyzed, and thus sniall subpopulations could have been missed.
In addition, ribonuclease protection would not be expected to
be sensitive to the presence of small populations of variant
RNAspecies possibly present even within one clone. However,
the importance of the findings is that the in-laboratory repro-
ducibility of the method is not adversely affected by diversity
that might be present within a single culture or that might
result from a limited number of laboratory passages.

The potential power of a technique that can distinguish
among epidemiologically unrelated strains of RSvirus is illus-
trated by the two outbreaks that were analyzed. The Seattle
outbreak strains had previously been analyzed by Finger et al.
using MAb. That analysis revealed that the viruses isolated
from individuals with RS infection could be separated into two
groups, corresponding to two halls with which the ill individ-
uals were associated (25). The isolates from this outbreak were
used as an opportunity to validate the ribonuclease protection
technique. Indeed, the groupings of isolates resulting from the
protection analysis corresponded to those of the MAbanalysis.
In the outbreak at the chronic care facility, fingerprinting con-
firmed that the illness in one patient was unrelated to the
outbreak at the facility. The capacity to make similar distinc-
tions will be even more valuable in other outbreaks in which
the epidemiology is less well defined. The relative roles of
antigenic analysis using MAband analysis of the genome by
techniques such as ribonuclease protection will become more
clear as experience with the two types of analysis is accumu-
lated. Our anticipation is that genome analysis will reveal
some differences not detectable by antigenic analysis.

In summary we have used a new viral genome-based tech-
nique to reveal extensive variation among circulating isolates
of subgroup A RS virus, including isolates recovered from
infants from the same metropolitan area infected during the
same epidemic season that were indistinguishable by MAb
analysis. In addition, our findings suggest the possible exis-
tence of well-defined genome variants within subgroup A that
could be of clinical, epidemiologic, or pathophysiologic im-
portance. Finally, our results are of practical significance in
that they demonstrate that ribonuclease protection analysis
can serve as a technique for RNAfingerprinting of RS virus
that can be applied to studies of the molecular epidemiology
and pathogenesis of this and similar viruses.
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