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Cross-Neutralization Studies with Group A
Arthropod-borne Viruses*

J. S. PORTERFIELD1

In an extension of recent work on the antigenic interrelationships of arthropod-borne
viruses, the plaque-inhibition test has been applied to the study of 15 Group A strains.
Middelburg and eastern equine encephalomyelitis viruses show no relationship to any other
virus in the group. Sindbis and western equine encephalomyelitis viruses show a one-way
relationship only. The remaining viruses all share some antigenic components which react
with hyperimmune rabbit sera prepared against Semliki Forest virus. However, using single-
dose rabbit sera, or more specific mouse-immune sera, four distinct subgroups can be
defined. One includes Semliki Forest virus strains; another Chikungunya virus and its
substrains, Vereeniging and TH 35 viruses; the third contains O'nyong-nyong virus; and
the fourth Mayaro and Uruma viruses.

This paper also demonstrates how the plaque-inhibition technique may be used for the
rapid identification ofnew virus isolates.

The Group A arthropod-borne viruses were first
defined by Casals & Brown (1954) on the basis of
haemagglutination and haemagglutination-inhibition
tests. Further studies have confirmed the validity of
the original classification, and have shown that some,
at least, of the serological overlaps may also be
detected by the more specific neutralization test
(Smithburn, 1952; Casals & Reeves, 1959). No
extensive cross-neutralization studies have been
reported, probably because work of this nature has
in the past required very large numbers of mice.
Tissue culture techniques now offer a practical
alternative approach to this problem, and some pre-
liminary results of the application of the plaque-
inhibition test to the study of antigenic inter-
relationships within the Group A viruses have been
published earlier (Porterfield, 1960). The present
paper describes a further extension of this work, and
demonstrates how the technique may be used for the
rapid identification of new virus isolates.

MATERIALS AND METHODS

The technique of growing, infecting and overlaying
chick fibroblast cultures has been described in detail
elsewhere (Porterfield, 1960).
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Preparation ofimmune sera

Three different routines were adopted:
(a) Triple-dose rabbit antisera were prepared by

giving at intervals of seven days three intravenous
injections of 0.5 ml of a 10% infected mouse brain
suspension in saline (occasionally 10% serum saline)
which had been centrifuged at 10 000 r.p.m. for one
hour, the animals being bled out 7-10 days after the
third inoculation.

(b) Single-dose rabbit antisera were prepared by
inoculating 5.0 ml of a crude uncentrifuged 10%
suspension of infected mouse brain by the intra-
peritoneal route. The animals were bled out 3-4
weeks later.

(c) Mouse antisera were prepared by inoculating
groups of 6-8-week old mice with 0.03 ml of a 10-3
dilution of virus by the intracerebral route. Surviving
mice were bled from the heart 14 days later.

All sera were inactivated at 56°C for 30 minutes.
Rabbit sera were dried in 3.0 ml volumes. Smaller
quantities were stored frozen at -1I0°C.

Viruses

The 15 Group A viruses studied, their origins and
mouse passage level, where known, are shown in
Table 1. All stock virus preparations were in the
form of 10% infected mouse brain in 10% inactivated
normal calf serum in saline, centrifuged at 10 000
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TABLE I
LIST OF GROUP A ARTHROPOD-BORNE VIRUSES STUDIED

Virus Straign Received from Passage Reference
nation in tests

EEE SID Professor G. W. A. Dick ?

EEE 142 Dr V. Bardos 8 Bardos (1957)

WEE Rockefeller Professor G. W. A. Dick ?

Sindbis AR 339 Dr M. Theiler 5 Taylor et al. (1955)

to AR 166 Dr R. H. Kokernot 8 Weinbren et al. (1956)
Semliki Forest Original Professor G. W. A. Dick ? Smithburn & Haddow (1944)
(SF)

of Kumba Dr F. N. Macnamara 3 Smithburn (1952)

to AAR 2066 Dr R. H. Kokernot 7 Unpublished

Chikungunya Original Dr M. Theiler 172 Ross (1956)

Vereeniging Original Dr R. H. Kokernot 9 Gear & Reid (1957)
TH 35 Original Dr W. M. Hammon 21 Hammon et al. (1960)
O'nyong-nyong MP 30 Dr M. C. Williams 7 Williams & Woodall (1961)
Mayaro TR 4675 Dr M. Theiler 9 Casals & Whitman (1957)
Uruma Original Dr Rachael H. Gorrie 6 Schmidt et al. (1959)
Middelburg AR 749 Dr R. H. Kokernot 9 Kokernot et al. (1957)

r.p.m. for one hour in a refrigerated centrifuge, and
stored in capillary tubes in a dry-ice cabinet.
Plaque-inhibition tests
The usual procedure was to determine first the

plaque titre of a stock virus preparation. When this
was known, a set of 60-mm plates was infected with a
dilution of virus calculated to give between 2000 and
5000 plaques per dish. Four fish-spine beads dipped
in antiserum were applied to the surface of the agar
overlay of each plate, and the preparations, with
appropriate controls to determine the actual virus
dose in the test, were incubated at 35°C in a humidi-
fied incubator without added CO2. The plates were
inspected daily, and the diameters of the inhibition
zones were read with the aid of calipers to the nearest
millimetre. The time of reading varied with different
viruses; with most the results were clearly defined
by the third day, although there was little alteration
in the size of the inhibition zones on prolonged
incubation.

RESULTS

Table 2 summarizes the results of a number of
different experiments. Most of the figures for zone
diameters are based on at least two different tests

on the same serum, and some of them are derived
from as many as five separate determinations.
Whilst the zone diameters sometimes varied by two
or three millimetres in different tests carried out on
the same serum, as shown in Table 3 replicate tests
were always consistent in the presence or absence
of plaque inhibition.
Table 2 shows a number of clearly defined group-

ings or subgroupings of viruses. Middelburg virus is
quite separate from any other agent. EEE is in-
distinguishable from the Czechoslovak strain 142.
WEE shows a one-way relationship with Sindbis
virus. The three strains of Semliki Forest virus form
another compact group. Uruma and Mayaro viruses
cannot be distinguished on the basis of their be-
haviour in plaque-inhibition tests. The remaining
four viruses form a very interesting subgroup. Since
O'nyong-nyong virus had not, before this study,
been characterized in detail, this study will be
described more fully.
The MP 30 strain of O'nyong-nyong virus was

received from Entebbe in the form of desiccated
virus of fifth infant mouse passage level. This
material was rehydrated, and dilutions of the virus
were used to infect chick fibroblast cultures. Anti-
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TABLE 2
RESULTS a OF PLAQUE-INHIBITION TESTS USING RABBIT ANTISERA AND VARIOUS GROUP A VIRUSES

Antiserum and number of injections

Virus EE WE Sind- Middel-SF F Kub Chikun- Veree- H5M3 May- Ur- Virus doseVrs |EEE |WEE|Sns|brG~ SF SF |KumbaChkalleree- TH35 MP30lar-lum in testbbis burg gunya niging aro uma i et
1 1 3 1 3 1 1 3 1 1 3 3 1

EEE 15 0 0 0 0 NT c 0 0 0 0 0 0 0 1 400
142 16 0 0 0 0 NT 0 0 0 0 0 0 0 1 200
WEE 0 10 8 0 0 NT 0 0 0 0 0 0 0 2 000

Sindbis AR 339 0 0 13 0 0 NT 0 0 0 0 0 0 0 5000

Sindbis AR 166 0 0 15 0 0 NT 0 0 0 0 0 0 0 4000

Middelburg 0 0 0 20 0 NT 0 0 0 0 0 0 0 1900

SF 0 0 0 0 20 17 17 0 0 0 0 0 0 2 000

SF Kumba 0 0 0 0 18 16 16 0 0 0 0 0 0 1000

SF AR 2066 0 0 0 0 17 16 16 0 0 0 0 0 0 3 000

Chikungunya 0 0 0 0 18 0 0 18 20 16 10 7 0 3100

Vereeniging 0 0 0 0 21 0 0 17 20 16 11 0 0 3 400

TH 35 0 0 0 NT 0 0 17 18 17 0 0 0 4200

MP 30 0 0 0 0 20 9 7 18 20 15 18 Tr Tr 2 100

Mayaro 0 0 0 0 20 Tr d 0 0 0 0 0 18 16 4 000

Uruma 0 0 0 0 23 9 0 0 0 0 0 21 17 3 000

a Expressed as plaque-forming units of virus per Petri dish.
b Diameter of zone of inhibition in millimetres.

sera prepared in rabbits against Chikungunya,
Semliki Forest, Mayaro and Sindbis viruses, and a
homologous mouse immune serum prepared in
Entebbe were tested against dilutions of virus. There
was clear inhibition of plaque formation around

TABLE 3
RESULTS a OF FOUR SEPARATE PLAQUE-INHIBITION
TESTS CARRIED OUT WITH O'NYONG-NYONG VIRUS

Experiment
Antiserum

Semliki Forest 20 19 17 19

Chikungunya 18 20 21 21

O'nyong-nyong 23 21 NT b 21

Mayaro 0 0 0 0

Sindbis 0 0 0 0

a Expressed as diameter of zone of inhibition in millimetres.
b Not tested.

c Not tested.
d Trace of inhibition

beads dipped in homologous antiserum, and, as
shown in Fig. 1, also around beads containing
Chikungunya and Semliki Forest antisera. The same
sera were next set up against Semliki Forest and
Chikungunya viruses with the results shown in
Table 4. The three agents-Semliki Forest, Chikun-
gunya and O'nyong-nyong-can be arranged in a
gradient, the last-named virus being sensitive to the
effects of antisera prepared against all three, Chikun-
gunya being acted upon by Semliki Forest and
Chikungunya antisera, whilst Semliki Forest virus
is inhibited only by homologous antiserum. The
absence of a reciprocal relationship between
O'nyong-nyong and Chikungunya viruses makes it
legitimate to consider the former a distinct agent and
not merely another strain of Chikungunya virus.
The relationship between O'nyong-nyong and Chi-
kungunya viruses is obviously a close one, since a
rabbit serum collected 14 days after inoculation with
Chikungunya virus neutralizes both viruses equally
well. Yet an O'nyong-nyong mouse-immune serum
was without effect upon Chikungunya virus, although
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TABLE 4

RELATIONSHIP BETWEEN O'NYONG-NYONG,
CHIKUNGUNYA AND SEMLIKI FOREST VIRUSES,
AS SHOWN BY PLAQUE-INHIBITION TESTS a

Virus
Antiserum O'nyong- Chikun- Semliki

nyong gunya Forest

Rabbit pre-infection 0 0 0

It 7 days post Chikungunya 0 0 0

it 14 it .. to 14 12 0

of 28 ,, .. it 21 19 0

of 28 ,, ,, Mayaro 0 0 0

of 28,, ,,Sindbis 0 0 0

to 28 ,, ,, Semliki Forest 22 17 19

Mouse 14 ,, ,, O'nyong-nyong 21 0 0

a Expressed as diameter of zone of inhibition in millimetres.

it was considerably more active against the homo-
logous virus than was the 14-day Chikungunya
antiserum.
At a later stage in this investigation, a rabbit

serum prepared against O'nyong-nyong virus was

tested against all the available Group A viruses.
This triple-dose serum was found to have a slight
inhibitory effect upon Chikungunya and Vereeniging

viruses (see Table 2). This raised the suggestion that
it might be possible to distinguish between Chikun-
gunya, Vereeniging and TH 35 viruses, or between
Mayaro and Uruma viruses by the use of mouse, as
opposed to rabbit, antisera. Accordingly, antisera
were prepared in mice against these six closely
related agents; and these six sera, together with their
corresponding rabbit-immune sera, were tested
against all six viruses, with the results shown in
Table 5. As in earlier tests, O'nyong-nyong virus
could be distinguished from the others, but the mouse
sera failed to show any clear differences between
Chikungunya, Vereeniging and TH 35 viruses, nor
did they differentiate between Mayaro and Uruma
viruses. Fig. 2 shows a plate infected with approxi-
mately 1000 plaque-forming units of Uruma virus
and treated with beads containing both mouse- and
rabbit-immune sera against Uruma and Mayaro
viruses. Plates infected with Mayaro virus and
exposed to the same four antisera gave an exactly
similar result.

All the tests so far mentioned were carried out
with undiluted sera. It seemed possible that quanti-
tative tests based on serial dilutions of serum might
distinguish between the reactions produced by
homologous and heterologous cross-reacting anti-
bodies. Accordingly, twofold dilutions of O'nyong-
nyong, Chikungunya, Vereeniging and TH 35 anti-
sera were tested against O'nyong-nyong virus. Fig. 3
shows that the slopes of the regression lines are
almost identical.

BLE 5

COMPARATIVE RESULTS a WITH PLAQUE-INHIBITION TESTS USING
MOUSE-IMMUNE AND RABBIT-IMMUNE SERA

Antiserum b

Virus Chikungunya Vereeniging Th 35 MP 30 Mayaro Uruma

M R M R M R M R M R M R

Chlkungunya 13 15 14 15 13 12 0 13 0 0 0 0

Vereeniging 17 18 19 17 18 17 0 13 0 0 0 0

TH 35 12 11 15 16 13 14 0 10 0 0 0 0

MP30 13 14 13 17 13 14 14 19 7 0 10 7

Mayaro 0 0 0 0 0 0 0 0 12 13 12 14

Uruma 0 0 0 0 0 9 0 0 12 16 17 18

a Expressed as diameter of zone of inhibition In millimetres.
bM = mouse-immune serum; R= rabbit-immune serum
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FIG. 1

CHICK FIBROBLAST MONOLAYER CULTURE INFECTED WITH 800 PLAQUE-FORMING UNITS OF O'NYONG-NYONG

VIRUS AND TREATED WITH THE FOLLOWING RABBIT ANTISERA: (1) CHIKUNGUNYA. (2) MAYARO, (3) SINDBIS

(4) SEMLIKI FOREST

Photograph taken on the fourth day.



FIG. 2

CHICK FIBROBLAST MONOLAYER CULTURE INFECTED WITH 1000 PLAQUE-FORMING UNITS OF URUMA VIRUS

AND TREATED WITH THE FOLLOWING ANTISERA: (9) MAYARO MOUSE-IMMUNE, (10) MAYARO RABBIT-IMMUNE,
(11) URUMA MOUSE-IMMUNE, (12) URUMA RABBIT-IMMUNE

Photograph taken on the fifth day.
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FIG. 3
EFFECT UPON AREA OF ZONES OF INHIBITION OF TESTING DILUTIONS OF HOMOLOGOUS
AND THREE HETEROLOGOUS BUT RELATED ANTISERA AGAINST O'NYONG-NYONG VIRUS

BY PLAQUE-INHIBITION TESTS

DISCUSSION

The results presented in Table 2 show that the
plaque-inhibition test can provide a great deal of
information on the serological interrelationships of
the Group A arthropod-borne viruses. To have
attempted to obtain the same amount of infor-
mation by classical mouse-neutralization tests would
have required many thousands of mice and consider-
able quantities of immune sera. The same table also
serves as a guide to the selection of sera which
might be used to help in the identification of an

unknown Group A virus. The choice of the serum
to be used, whether prepared by a single-dose or a

multiple-dose regime, will depend to some extent
upon the purpose for which the serum is required.
Thus a serum prepared against Semliki Forest virus
by three injections showed a much broader spectrum
than another prepared against the same virus by a
single inoculation. The triple-dose antiserum would
be excellent for preliminary screening, in that it

should pick up not only Semliki Forest strains, but
also Chikungunya variants and Mayaro variants;
however, for more precise typing a serum with such
a broad response would not be desirable. At this
stage, single-dose antisera prepared in mice would
probably be the most useful reagents.
The failure to distinguish between Uruma and

Mayaro viruses, or between Chikungunya, Vereeni-
ging and TH 35 viruses does not exclude the possi-
bility that, were Uruma and Mayaro viruses and
their respective antisera to be incubated together
and the fractions of surviving virus determined by
the very precise technique of plaque-counting,
minor differences might be revealed. For practical
purposes, however, there seem to be strong reasons
for considering them to be merely strains of the
same virus. Likewise, there would appear to be
good grounds for regarding Chikungunya, Vereeni-
ging and TH 35 viruses as serologically the same
agent. The behaviour of the first two of this trio
was such that they could be used interchangeably.

300 300

y......v O'NYONG - NYONG
o--o CHIKUNGUNYA

*X--- -K VEREENIGING

\*-* TH 35

200 200

_

O O

2 4 8 16 32 128 256
Dilution WHo 6490
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TH 35 virus, although antigenically the same as the
other two, grew much more slowly in tissue culture,
and the plaques obtained with this virus never
reached the same size as those produced by either
of the other two. It seems likely that these differences
probably represent differences in adaptation rather
than in antigenic structure.

It should be pointed out that all these tests have
been carried out with virus grown in mouse brain
and that no attempt has been made to select out
variants which might be specially cytopathic for
chick cells. In spite of this, no Group A virus has
been found which has failed to produce clear
plaques in chick fibroblast cultures with the tech-
nique described. This point is stressed, since others
have reported that certain Group A viruses fail to
multiply in chick embryo fibroblasts. Thus Buckley
(1959) reported that Chikungunya virus would not
multiply in chick tissue culture, and Aitken et al.
(1960) state that the Tr 4675 strain of Mayaro virus
does not multiply nor produce a cytopathic effect
in chick cells. The plaque technique differs in two
important respects from the conventional procedure

of growing viruses in tube cultures under liquid
media. In the first place, cells under agar are not
normally capable of multiplying, as they are in the
conditions used in most tube culture systems.
Secondly, the diffusion of oxygen and carbon
dioxide through agar provides a local micro-climate
for the cells which is probably quite different from
that which exists under liquids. It has been found
that variations in the overlay medium have a marked
effect upon the size and clarity of the plaques which
develop, although this property has been most
clearly seen with Group B viruses (Porterfield, 1960).
The most successful media have been those incorpo-
rating both serum and embryo extract. Without
the restraint provided by the overlying film of agar,
this type of medium would lead to vigorous cell
division. It is possible that the more fastidious
viruses require richly nourished cells in which to
multiply, and only when adequate nutriments are pro-
vided and are not utilized for cell division are the con-
ditions for virus synthesis satisfied. Some evidence
in support of this view is provided in the work of
Morgan (1960) on virus growth in deficient media.
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RtSUMt

Le groupe A des virus transmis par les arthropodes a
ete 6tabli des 1954 sur la base des reactions d'h6magglu-
tination et d'inhibition de l'hemagglutination. Ce classe-
ment a 6t6 plus tard confirme par d'autres tests. Les
tests de neutralisation sur la souris, plus fins que les
pr6cedents, permettent de classer les cas ambigus. Mais
tant que ces derniers tests ont d(u etre effectues sur la
souris, ils ont ete peu appliques, en raison de leur cofut
et du grand nombre d'animaux qu'ils demandent. La
technique de neutralisation des virus en culture de tissus
sous couche de gelose, par les antis6rums specifiques, a
permis d'intensifier les recherches serologiques et d'6tudier
en particulier les relations antig6niques entre les virus
du groupe A.

L'auteur d6crit comment cette technique a pu etre
appliqu6e, non seulement a l'identification rapide de
nouveaux virus, mais a 1'6tude de la parent6 des virus
au sein d'un groupe. Suivant le degr6 de sp6cificite d6sir6,
on utilise des serums pr6pares sur lapin par une ou trois
infections de virus. I1 a ete possible, en utilisant des
serums prepar6s a partir d'une dose unique, de classer
les virus du groupe A en quatre sous-groupes: 1) les
virus SF (Semliki Forest); 2) le virus Chikungunya
et ses sous-souches, les virus Vereenigung et TH 35;
3) le virus O'nyong-nyong; 4) les virus Mayaro et
Uruma.
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