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Application of RNase T1 One- and Two-Dimensional Analyses
to the Rapid Identification of Foot-and-Mouth Disease Viruses
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The analysis of several isolates of foot-and-mouth disease virus by RNase T,
fingerprinting of the 32P-labeled RNA is described. It has been shown that use of
the 35S induced RNA instead of the virus particle RNA has two advantages. (i)
About 40 times more radioactivity is incorporated into the induced RNA. (ii) The
RNA can be prepared much more rapidly, thus increasing the value of the
technique in rapid diagnosis. One-dimensional maps, in which the RNase T,
oligonucleotides are separated according to size, have been shown to provide a

valuable screening method for distinguishing between viruses. Those viruses
giving similar one-dimensional maps also gave similar two-dimensional maps. The
value of using the length of the polycytidylic acid tract of foot-and-mouth disease
virus as a diagnostic tool is also discussed.

RNase T, fingerprinting has been used for the
identification and differentiation of isolates of
many different families of viruses (3). It has
found application in studying the epidemiology
of the diseases caused by these viruses and has
proved valuable, for example, in the rapid iden-
tification of the virus causing recent outbreaks
of foot-and-mouth disease in France and the
United Kingdom (lOa). It became apparent dur-
ing this investigation that more rapid methods
for characterizing the virus would be valuable.
In consequence, we decided to investigate
whether the 35S induced RNA could be used
instead of the RNA of the virus particle. This
would obviate the need to isolate the virus
particles and would have the additional advan-
tage of providing more material because we had
shown previously that not nuore than 20% of the
35S induced RNA is incorporated into virus
particles (16).

It was also considered that further speeding of
the analysis would be achieved if a rapid screen-
ing for nonidentity of the RNAs were made by
one-dimensional (one-D) separation of the
RNase T, hydrolysates according to the size of
the oligonucleotides. The value of this type of
analysis is described.
Foot-and-mouth disease virus (FMDV), like

the cardioviruses, contains a polycytidylic acid
[poly(C)] residue near the 5' end of its genome
(2, 5, 9, 12). The position of the tract is the same
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for all of the FMDV isolates we have examined
so far, but the length varies considerably be-
tween isolates. This provides another method
for distinguishing between viruses which other-
wise give very similar RNase T, two-dimension-
al (two-D) maps.

Application of these methods to the analysis
of several FMDV isolates of current epidemio-
logical interest is described, and the value of a
library of biochemical profiles of FMDV as an
aid to their rapid identification is discussed.

MATERIALS AND METHODS
Viruses. FMDV, serotype A, subtype 10 (strain

A61), was used for determining the conditions neces-
sary for the different biochemical methods. The fol-
lowing viruses of serotype 0 were then compared by
these methods: United Kingdom (UK) 1848 and 18/81,
Lausanne 1965, India 53/79, and Thailand 1/80. All of
the viruses were obtained from the World Reference
Laboratory at the Animal Virus Research Institute and
are named according to its reference system.

Preparation of 32P-labeled virion RNA. Roux bottles
containing approximately 108 BHK-21 cells were in-
fected at a multiplicity of 10 to 100. After 45 min the
virus was removed, and the sheets were washed with
prewarmed phosphate-free medium (three changes
during 1 h at 37°C) (11). After the last wash medium
containing 3 jig of actinomycin D per ml was added. At
2 h postinfection (p.i.) 200 ,uCi of [32P]orthophosphoric
acid per ml were added (carrier-free from the Radio-
chemical Centre, Amersham, United Kingdom). Virus
was harvested at 5 h p.i. and purified (4, 6), and the
RNA was extracted from the sucrose gradient frac-
tions as described previously (6, 9).

Preparation of 32P-labeled RNA from the cytoplasm
of infected cells. BHK cell monolayers were infected as
described above. Cytoplasmic extracts were made
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when most of the cells were rounded and ready to
leave the glass, which was usually between 3 and 6 h
p.i., depending on the strain of virus used. The medi-
um was poured off, and the cells were disrupted in
TNE buffer (0.05 M Tris [pH 7.5], 0.14 M NaCl, and
0.001 M EDTA containing 0.05% Triton X-100) (15).
Bottles were shaken vigorously for 5 min in the cold,
transferred to 20-ml plastic bottles having a conical
bottom, and centrifuged for 3 min at 1,000 x g to pellet
the nuclei. Supernatants were made 1% with respect to
sodium dodecyl sulfate, and the RNA was extracted
twice with phenol-chloroform. The RNA was precip-
itated from the aqueous phase by the addition of 2
volumes of ethanol, kept for at least 2 h at -70°C,
dissolved in TNE buffer, and reprecipitated with an
equal volume of 4 M LiCl for at least 12 h at 4°C (1).

Sucrose gradient centrifugation of RNA. Ethanol
precipitates of virion or induced RNA were separated
by centrifugation, washed three times with cold etha-
nol, and redissolved in TNE buffer, pH 7.5, containing
0.2% sodium dodecyl sulfate. Each sample was lay-
ered onto a gradient of 10 to 30% (wt/vol) sucrose in
TNE buffer and centrifuged at 60,000 x g for 12 h at
23°C in the Beckman SW28 rotor. Fractions (1 ml
each) were collected, and the radioactivity in each
fraction was assayed by the Cerenkov effect of a 10-p.l
sample, or alternatively, by drying 10-,ul samples on
glass fibre disks and counting in a scintillation fluid of
toluene-2,5-diphenyloxazole (PPO)-1,4-bis-(5-pheny-
loxazolyl) benzene (POPOP) with a Packard spectrom-
eter. Peaks of radioactivity sedimenting at approxi-
mately. 35S were pooled, diluted with an equal volume
of TNE buffer, and precipitated with 2 volumes of
ethanol at -20°C for 18 h.

Cellulose chromatography of induced RNA. A 10-rl
sample containing approximately 60,000 cpm was di-
luted in 200 ,ul of TNE-15% ethanol and passed
through a CF11 column (7). The filtrate was precipitat-
ed with 2 volumes of ethanol at -20°C for subsequent
analysis.
Enzymatic digestion of RNA with RNase TI. RNA

precipitates were centrifuged, dissolved in 0.3 M ace-
tate buffer, pH 5.0, transferred to Eppendorf tubes,
and reprecipitated with ethanol at -70°C for 1 h.
These precipitates were collected by centrifugation at
17,000 x g for 14 min, dried in vacuo, redissolved in
Ti buffer (0.02 M Tris-0.002 M EDTA, pH 7.6), and
digested for 1 h at 37°C with RNase T1 (Sankyo) at an
enzyme/substrate ratio of 1:20. An equal volume of
dye marker mixture was added (6 M urea, 3 M sucrose
in water containing 15 mg of Escherichia coli tRNA
per ml, and 0.2% each ofbromophenol blue and xylene
cyanol).

Separation of oligonucleotides by two-D electrophore-
sis. The method was that described by Frisby et al. (8)
with minor modifications.

Separation of oligonucleotides by one-D electrophore-
sis. RNase T1 digests were precipitated with ethanol at
-70°C for 60 min. Precipitates were deposited by
centrifugation in an Eppendorf centrifuge for 14 min at
17,000 x g, dried in vacuo, and dissolved in 2 Fl of dye
marker solution containing 80o (vol/vol) deionized
formamide. Samples were then analyzed essentially as
described by Sanger and Coulson (14). Gels were
preelectrophoresed for 30 min before the addition of
samples, which were then electrophoresed at 1,200 V
and 20 mA until the bromophenol blue had run 22.5 cm

and the xylene cyanol had run 12.3 cm. After electro-
phoresis the front plate was removed, and the gel was
covered with Saran Wrap and placed in a Dupont
cassette with Fuji X-ray film and a Cronex Lightning
Plus screen. Exposure was carried out at -70°C.
Samples containing 30 to 60,000 cpm gave clearly
visible bands after an overnight exposure.

RESULTS

Preparation of virus and induced RNA. It was
first necessary to determine whether the RNase
T1 fingerprint of virus-induced RNA was the
same as that of the RNA extracted from virus
particles. 32P-labeled RNA was obtained from
A61 virus particles as described previously (6,
9). Induced RNA was obtained from the cyto-
plasm of virus-infected BHK cells at different
times after infection with the virus at a multiplic-
ity of 10 to 100. The preparations of induced
RNA were analyzed by sucrose gradient centrif-
ugation. The profiles in Fig. lb to d show that
the optimal time for harvesting the culture was 3
to 4 h p.i. At this time, about 40 times as much
radioactivity was found in the 35S RNA as was
found in the RNA of virus particles prepared
from a parallel culture (Fig. la).

Clearly the best time for extracting the RNA
from infected cells will vary with the virus strain
and the extent of its adaptation to growth in
tissue culture cells. It was found with the A61
strain of FMDV that it was best to harvest the
cells at a time when most of them were rounded
but had not started to leave the glass. This time
has been used for all other isolates of FMDV
examined in this work. Assessment of the best
time to harvest the cells is subjective, but it
would be impractical to determine it precisely
for each virus as was done for strain A61.
However, by assessing visually the amount of
cytopathic effect and using this as a measure of
RNA synthesis, we were able to obtain sufficient
radioactive RNA for our purpose with all of the
isolates described in the present study.

Characterization of the induced RNA. The
sucrose gradient profile of the A61-induced
RNA at 4 h p.i. is shown in Fig. ld. Chromatog-
raphy on CF11 cellulose of the RNA sediment-
ing at ca. 35S (fractions 5 to 12) showed that it
was 97% single stranded. This RNA gave an
RNase T, fingerprint identical with that ob-
tained previously for virus RNA (Fig. 2a and b),
and a run of a mixture of induced RNA and virus
particle RNA prepared for the present study did
not give any extra spots (Fig. 2c). The reproduc-
ibility of the method over several years is dem-
onstrated by the fact that the virus particle RNA
fingerprint shown in Fig. 2a is taken from a
previous publication from our laboratory (13).
Fingerprints being obtained at present for the
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FIG. 1. Sucrose gradient centrifugation of the virus-induced RNA from FMDV-infected cells at (b) 2, (c) 3,
and (d) 4 h after infection. Panel (a) shows the profile of the virus particle RNA obtained from a parallel culture.
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FIG. 2. RNase T1 two-D fingerprints of (a) virus particle RNA from reference 13, (b) 35S virus-induced RNA,
(c) a mixture of virus particle and virus-induced RNA, and (d) LiCl-precipitated virus-induced RNA.
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A61 virus particle RNA are identical with that
shown in Fig. 2a.

It was appreciated that the separation of the
35S induced RNA from the replicative interme-
diate and replicative form by sucrose gradient
centrifugation would be time-consuming and
consequently undesirable if a rapid analysis
were required. Consequently, the possibility of
fractionating the RNA by a quicker method was
studied. It was found that the best method for
our purpose was the precipitation of the total
induced RNA with 2 M LiCl (1). This method
was rapid, and the RNA gave a fingerprint
identical with that of the 35S peak obtained from
a sucrose gradient (Fig. 2d). Similar experiments
with several different FMDV isolates have
shown that the induced RNAs give patterns
identical with the corresponding virus particle
RNAs.

One-D electrophoresis of RNase T1 hydroly-
sates. The original intention was to study the
one-D patterns obtained when the RNA was
digested with different enzymes. Preliminary
experiments showed that RNase A, which
cleaves the RNA at cytosine and uracil residues,
gave a series of fast-running bands which were
not useful for distinguishing between different
isolates. RNase U2, which hydrolyzes at ade-
nine residues, gave bands which will be useful
for diagnostic purposes. In this study, however,
we have concentrated our attention on the use of
RNase T1 because of the many comparisons
which we are able to make with the data we have
accumulated with two-D mapping of T1 hydroly-
sates.
The virus strains used in this study had al-

ready been analyzed by two-D electrophoresis
in our investigations to identify the viruses caus-
ing the recent outbreaks of foot-and-mouth dis-
ease in France and the United Kingdom (lOa).
Isolates Lausanne 1965 and UK 18/81, which
were indistinguishable by two-D analysis, also
gave one-D maps which could not be distin-
guished (Fig. 3a). However, viruses which could
be distinguished by two-D fingerprints also gave
different one-D patterns. Thus, isolate UK 1848,
which was known from our previous work (8) to
give a two-D fingerprint similar to, but distin-
guishable from, Lausanne 1965 and UK 18/81
(Fig. 4), gave a one-D profile with an extra band
marked A in Fig. 3a. In addition, there was a
band in the Lausanne 1965 and UK 18/81 iso-
lates marked B in Fig. 3a which was not present
in the UK 1848 isolate. This means that one-D
analysis will distinguish even closely related
RNAs.
The India and Thailand isolates, which had

also been examined by two-D fingerprinting at
the time of the outbreaks in France and the
United Kingdom, gave patterns by both one-
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FIG. 3. RNase T1 one-D maps of FMDV RNAs.
Panel (a): (1) Lausanne 1965, (2) UK 18/81, (3) mixture
of UK 18/81 and UK 1848, (4) UK 1848; panel (b): (1)
India 53/9, (2) Thailand 1/80, (3) A61. 0 = origin. In
panel (a), note the extra band marked (A) that appears
for UK 1848, but not for Lausanne 1965 and UK 18/81
which, instead, exhibit the band marked B. The ap-
pearance of these bands distinguishes these closely
related RNAs.

and two-D analysis which were readily distin-
guishable from each other and from the viruses
already mentioned (Fig. 3b).
Use of the poly(C) tract in the identification of

FMDV isolates. The intense band nearest to the
origin of the one-D maps (shown arrowed in Fig.
3) consists of a poly(C) tract. The length of this
tract varies between different virus isolates (5).
The reason for this is not known, but it was
found that its length was affected by repeated
passage of the virus in cells (10). The value of
this property was found in comparisons of the
UK 1848, UK 18/81, and Lausanne 1965 iso-
lates. The last two viruses gave identical one-D
maps, and the length of the poly(C) tract in the
two viruses was the same. However, the length
of the poly(C) tract in the closely related UK
1848 isolate was clearly shorter.
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FIG. 4. Two-D fingerprints of (a) UK 1848 and (b) UK 18/81.

DISCUSSION
The value of using biochemical methods for

the characterization of viruses has become in-
creasingly apparent during the last few years (3).
With the development of simple methods for the
examination of nucleic acids and proteins, virus-
es can now be examined in considerable detail
very rapidly. An important application of this
new technology is in the epidemiology of virus
diseases, and several examples have been de-
scribed (3).
We have been particularly concerned with the

epidemiology of foot-and-mouth disease and
have shown the value of RNase T1 two-D finger-
printing in the identification and differentiation
of virus isolates (lOa). In this paper we describe
the use of one-D maps for the rapid screening of
isolates so that the more complex and time-
consuming two-D fingerprinting can be avoided.
In addition, we have found that the 35S induced
RNA and the virus particle RNA give identical
fingerprints. This means that isolation of the
labeled virus particles for the preparation of the
virus RNA can be dispensed with and the analy-
sis speeded up considerably.
An additional property of the RNA of FMDV

which can be used for identification is the length
of the poly(C) tract. Thus, the one- and two-D
maps of the Lausanne 1965 and UK 18/81 iso-
lates are indistinguishable. However, the one-D
map of UK 1848, which is similar to, but distin-
guishable from, the maps of these two viruses,
clearly has a shorter poly(C) tract. The reason
for the variation in the length of the poly(C) tract
of different isolates of FMDV is not known, but
it is not unique to this virus because it is also
found in encephalomyocarditis virus, a member
of the cardiovirus genus (2). It was found that
the length of the poly(C) tract in an FMDV
isolate which had been passaged 82 times in

BHK-21 cells was only about half of the length
of that of the same virus isolate passaged 7 times
in the same cells (10). Clearly, the factors under-
lying the change in length of the poly(C) tract
require further investigation, and passage his-
tory, from the example cited above, may be of
importance.
The potential value of the biochemical analy-

sis of viruses in epidemiological studies is appar-
ent from the present work with FMDV. A wider
survey of recent foot-and-mouth disease out-
breaks will provide more decisive information
regarding the source of the causal viruses. The
application of one-D analysis to the examination
of the virus-induced RNA provides a rapid
screening method which will allow a more exten-
sive survey to be conducted.
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