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Epidemiology of the Arthropod-borne Encephalitides*
J. A. R. MILES, M.A., M.D., F.R.A.C.P.1

Since the recognition that louping-ill, known for well over 100 years as an epizootic
disease of sheep in Scotland, was caused by a virus transmitted by arthropods, many other
arthropod-borne viruses capable of causing encephalitis in domestic animals or man have
been discovered. The author reviews here the knowledge at present available on these
viruses, originally termed " arthropod-borne encephalitides viruses" but now often referred
to as " arbor viruses".
In this discussion of the host and vector relationships of the two broad groups of arbor
viruses - the mosquito-borne and the tick-borne-and of the distribution, epidemiology and
control of the various diseases they cause, the author includes an outline of the types of
investigation likely to provide the most useful information, stressing in this connexion the
value of ecological surveys.

There are numerous viruses which are transmitted
by arthropods and are capable of causing disease
in mammals, at least under experimental conditions,
and new viruses belonging to this group are being discovered regularly. More than seventy such viruses
are now recognized (Rockefeller Foundation, 1957;
Sabin, 1959). The term "arbor viruses" for this
group is becoming widely accepted despite the valid
criticism that this name tends to suggest trees rather
than arthropods to anyone not particularly interested
in the viruses.
Casals & Brown (1954) subdivided the group on
the basis of the characters of the haemagglutinins

into sub-groups A, B and C and there remains a
large number of ungrouped viruses also. Within
this large group the present review is concerned
solely with those viruses which have been proved to
cause encephalitis in man and domestic animals
and for which we may still use the old term " arthropod-borne encephalitides ". Other arbor viruses
will be mentioned only where the consideration of
related viruses may help our understanding of the
behaviour of those mainly under consideration and
in discussing the value of serological methods in
epidemiological work on this group.

HISTORY OF THE ARTHROPOD-BORNE ENCEPHALITIDES

Certain of the syndromes caused by these viruses
have been recognized for a long time and probably
the first to be recognized was louping-ill, which has
been known as an epizootic disease of sheep in
Scotland for well over 100 years; however, the first
of the viruses to be isolated was that known as the
virus of Australian " X " disease. In the years 1917
and 1918 epidemics broke out in rural Victoria and
New South Wales in south-eastern Australia; these
epidemics occurred mainly in the summer months
of February and March, and were almost entirely
* Expanded version of paper submitted to Joint
WHO/
FAO Expert Committee on Zoonoses, August 1958
1 Professor of Microbiology, Medical School, University
of Otago, Dunedin, New Zealand
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confined to the period between January and April.
Cleland & Bradley (1917) gave a full description of
the outbreaks and further studies were reported by
Cleland, Campbell & Bradley (1919-20). The virus
was isolated in rhesus monkeys by intracerebral
inoculation and the histology of the lesions in the
monkey was distinctly different from that of poliomyelitis, although some authorities at the time
were under the impression that this was an aberrant
outbreak of poliomyelitis. Unfortunately, the strains
of the virus isolated in the outbreaks of 1917, 1918
and 1925 were lost and it has not been possible to
compare them with the strains of virus which were
isolated from the large outbreaks occurring in 1951
and which have been given the new name of Murray
339-
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Valley encephalitis (MVE). It is, however, virtually
certain that the virus of Australian " X " disease
and that of MVE are the same (Anderson, 1954;
McLean & Stevenson, 1954; Miles & Howes,
1953).
Japanese B encephalitis (JBE) originally received
that name to differentiate it from type A encephalitis,
which was encephalitis lethargica. Probably the
earliest isolations of JBE virus were those made
in 1925 by several Japanese workers (Ito, Tsuchiya
& Nakajo; Kojima & Ono; Nishibe; Takaki).
This virus is one of great importance which is
found over a very wide area of Asia, from southern
India through Japan and out to the islands in the
Pacific, and is responsible for many severe cases of
encephalitis.
A third virus, related to the previous two, suddenly
became epidemic in 1933 in St. Louis and other cities
of the USA. This virus was fully investigated at that
time by the US Public Health Service and the outbreak was fully described in a report (Publ. Hlth
Bull (Wash.), 1935). Since the first big outbreak
infections with the virus of St. Louis encephalitis
(SLE) have been recognized widely over the USA
and have been extensively studied.
The first of the equine encephalomyelitis viruses
to be recognized was that virus now known as
western equine encephalomyelitis (WEE), the more
widespread and possibly the more important of the
two North American equine encephalitides. This
virus was first isolated by Meyer, Haring & Howitt
(1931). In 1933 Tenbroeck & Merrill and Giltner
& Shahan (1933) isolated a different type of encephalomyelitis in the eastern states of the USA and
this virus is known as the virus of eastern equine
encephalomyelitis (EEE). These two viruses together
have been responsible for a great deal of disease
and Miller (1945) states that in the worst-affected
year, 1938, there were 184 162 cases in equines.
Large numbers of human cases have also occurred.
A further type of equine encephalomyelitis virus
is found in South America. It was isolated in Venezuela and is therefore known as Venezuelan equine
encephalomyelitis (VEE) (Beck & Wyckoff, 1938).
This virus is highly infectious for man in the laboratory, but not so many human cases have been
reported in the field as there have been of the North
American equine encephalomyelitides, but this
difference may in part be due to differences in
reporting.
All the viruses which have been mentioned to
date are viruses normally transmitted by mosquitos.

There is a further group of closely related viruses
transmitted by ticks, and although there appears
to be considerable variation in the biological properties of these viruses they are all so closely related
serologically that they are regarded as variant
strains of one virus. However, for the present
discussion it will be convenient to use the names
associated with the various syndromes seen in
different parts of the world.
It has already been mentioned that the disease
louping-ill has been recognized in Scotland for well
over 100 years, but the etiology of the condition was
not understood until Pool, Brownlee & Wilson
first isolated the agent in 1930 and Alston & Gibson
in 1931 demonstrated that the agent was a filtrable
virus transmissible to mice. The disease is a disease
of sheep of very considerable economic importance
in certain areas, but in Great Britain the number of
human cases is quite small and only very few have
been recognized until recently. Now it is realized
that this virus can cause a paralytic disease resembling poliomyelitis, and more cases are being discovered since virus diagnostic techniques are more
advanced and are being more widely used.
The next tick-borne encephalitis virus to be
isolated was that of Russian far-eastern (springsummer) encephalitis, which was first isolated by
Silber and co-workers in 1937 (see Silber & Shubladze, 1945). This virus caused a disease mainly
in forest areas and was responsible for disease in
man rather than in domestic animals. The disease
was a highly fatal encephalitis and the maximum
incidence was in the spring and summer. A further
virus of this group was isolated in Czechoslovakia
in 1948 (Hloucal, 1953; Krej'i, 1949). This virus
causes a biphasic meningo-encephalitis and can be
transmitted by milk as well as by ticks. More
recently similar viruses have been isolated in the
European USSR and several Eastern and Central
European countries. All these viruses belong to
either group A or group B of Casals & Brown, and
the way in which they will be treated in this review
will bear some relation to this grouping, but will be
primarily based on the main vectors for the transmission of the different viruses. First the equine
encephalomyelitides will be considered. These
viruses all belong to group A. Then the Japanese
B group of viruses will be considered. These are
mosquito-borne viruses belonging to group B. After
that the tick-borne viruses will be discussed separately, although these strains also belong to group B
of the arbor viruses.
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DISTRIBUTION, OCCURRENCE OF EPIDEMICS, AND TRANSMISSION
WESTERN EQUINE ENCEPHALOMYELITIS (WEE)

Distribution
The distribution of WEE in the USA and Canada
has been carefully studied. In the USA, the disease
has repeatedly been present in man and domestic
animals in the western States and in the Middle
West, west of the Mississippi, and occasional outbreaks have been recorded in States further to the
east and even along the eastern seaboard. In Canada
the disease has been recorded only east of the Rocky
Mountains in Saskatchewan, Manitoba and Ontario.
It has extended north as far as the southern part of
Hudson's Bay. In South America it has been conclusively proved to exist in Argentina, and evidence
of the occurrence of the disease in horses has been
obtained from Peru and Chile (American Geographical Society, 1955; Hess & Holden, 1958; Pennimpede, 1950). Recently this virus has been reported
from Czechoslovakia, but unfortunately the standard strains of the virus which were sent to
Czechoslovakia for the identification of the local
strain were confused and in fact the virus isolated
in that country was eastern equine encephalomyelitis
and not the western type (Libikova, Albrecht &
ktehacek, 1958).
Occurrence of epidemics
WEE is a disease of the summer months; in Kern
County, Calif., in 1938-40 all human cases occurred
between May and September. The peak in 1938
and 1939 was reached in August and that in 1940 in
July. No cases are reported to have occurred after
September (Buss & Howitt, 1941). In the 1941 outbreak in Minnesota 55 % of the cases occurred during
the three-week period between 20 July and 9 August,
the warmest period during that summer. The
earliest case was on 21 June and, with one exception,
the latest was on 18 September. The last case
occurred on 27 November. The disease is essentially
a rural disease. In the Minnesota outbreak, 60.9 %
of the total number of cases (317) were in strictly
rural areas and only 6.3 % of the total number were
in towns with a population of over 100 000. The
attack rate was eight times as high in those living
in population groups of under 10 000 as in those in
population groups of over 100 000 (Eklund, 1946).
In most urban cases the patient might have been
infected during a visit to the country, but occasional

cases have been recorded-for example, Richter's
(1942) Chicago case-where it was reasonably
certain that the patient had been infected in a metropolitan area. Cases of the disease are particularly
common in well-watered and irrigated areas. In the
studies of Kern County already cited (Buss &
Howitt, 1941) all the cases were centred in the
farming and irrigated areas of the county and
none was reported from the mountain and desert;
similarly, the Yakima valley in the State of Washington, a hot irrigated valley, has had numbers of
outbreaks due to western equine and St. Louis
viruses which have been studied in detail by Hammon and his associates.
Transmission

It is now generally accepted that the basic cycle
of transmission of WEE virus is a bird-mosquito
cycle, and it is thought that both wild birds and
domestic birds can be involved. The virus has been
isolated from a wide variety of mosquitos in the
field; most of these mosquitos are culicines, but
isolation from one species of Anopheles has been
recorded (Hess & Holden, 1958). The full list
is shown in Table 1. The virus has been isolated
many times from Culex tarsalis, and there seems to
be little doubt that over the main part of the range
of this disease in the USA this mosquito is the main
vector. Jenkins (1950) has shown that the distribution of this species in North America bears a close
relation to the areas in which outbreaks of the disease
commonly occur, and from the work of many
authors it has become clear that this species is the
only one which is consistently present in epidemics,
which has an adequate population density, which
feeds mainly on birds (Hammon & Reeves, 1947)
but also readily on mammals (including man), and
which is commonly infected and can be shown to
be a very efficient vector (Cockburn, Sooter &
Langmuir, 1957; Eklund, 1954; Hammon & Reeves,
1945). While it is clear that C. tarsalis is the main
vector of WEE and the importance of birds as the
hosts in the basic cycle of the virus is well established,
the most important species of bird is quite obscure.
According to Hess & Holden (1958), published and
unpublished records indicate that the virus has been
recovered from 20 species of birds and 6 species of
mammals and that antibodies have been found in
more than 75 species of wild birds as well as in
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TABLE I
RELATION OF MOSQUITOS TO WESTERN
EQUINE ENCEPHALOMYELITIS*

Species found
carrying virus
in field

Species

incriminated on
epidemiological

grounds

Culex tarsalis
Culex tarsalis
Culex pipiens
Culex quinquefasciatus
Culex restuans
Culex stigmatosa
Culiseta melanura
Culiseta inornata
Aedes infirmatus
AMdes melanimon
(dorsalis)
Aedes nigromaculis
A6des vexans
Anopheles freeborni

Efiin
Efficiifent
transmitters
inlbrty

Psorophora discolor
Psorophora confinnis
Psorophora ferox
Aedes aegypti
Aedes triseriatus
Aedes atropalpus
Aedes sollicitans

*
References: Chamberlain et al. (1954); Hess & Holden
(1958); Jenkins (1950).

most of the common domestic birds and mammals.
This problem will be discussed more fully later, in
a general discussion on the relative importance of
different hosts and vectors for these viruses.
The virus commonly infects man or mammals
only when there is already a high rate of infection
in birds and a consequent high infection rate in the
vector. In most cases it appears that infection of
mammalian hosts is a dead-end infection and no
further transmission occurs because of the low and
transient viraemia, but there is some suggestion that
squirrels may act as a secondary host of rather more
significance than man and domestic animals (Lennette et al., 1956).
EASTERN EQUINE ENCEPHALOMYELITIS (EEE)

Distribution
The reported distribution of EEE is very extensive
but patchy, and it would seem very likely that our
present knowledge of the distribution of the virus
is incomplete. The virus is endemic on the eastern
seaboard of the USA and extends down into
Mexico. Outbreaks have occurred in the Middle

West and in Canada, mainly in the province of
Ontario. Infection has also been observed in Panama, Cuba, the Dominican Republic and Pecanha,
Brazil, and the virus has been isolated in the Amazon
region recently. Outside the Americas this virus has
been reported from the Philippines and also, as already stated, from Czechoslovakia (American Geographical Society, 1955; Causey, Causey & Maroja,
1957; Eklund, Bell & Brennan, 1951; Hess & Holden,
1958; Libikova, Albrecht & rehdcek, 1958; Mace,
Ott & Cortez, 1949).

Occurrence of epidemics
Epidemics of EEE have occurred in the latter
part of the summer as have those of WEE, but the
number of human cases has always been lower
than in the major outbreaks of WEE. In the 1938
Massachussetts outbreaks nearly all the human
cases occurred between 27 August and 1 October
and the vast majority of equine cases between
6 August and 24 September. The Louisiana outbreak
in 1947, which involved about 14 000 horses and
15 human beings, began in May and continued
until October (Feemster, 1938; Howitt et al., 1948a;
Olitsky & Casals, 1952).

Transmission
Despite the large amount of work carried out on
the subject, the understanding of the natural history
of EEE is not nearly so complete as is that of WEE.
The virus has been more commonly isolated from
the mosquito Culiseta melanura than from any
other species, but this mosquito appears to be very
strictly zoophilic and even when present in large
numbers is not found to bite man (Hess & Holden,
1958; Holden, Miller & Jobbins, 1954). It seems
probable that this mosquito is responsible mainly
for the sylvatic cycle of the disease and transmits
the virus from bird to bird. A few isolations (see
Table 2) have been made in the field from other
species: Anopheles crucians (Karstad et al., 1957;
Kissling et al., 1955), Mansonia perturbans (Howitt
et al., 1949), Culex salinarius (Burbutis & Jobbins,
quoted by Hess & Holden, 1958), Aedes mitchellae
and a pool of unidentified Culicoides sp. (Karstad
et al., 1957). On epidemiological grounds it seems
likely that other mosquitos, which can be shown to
transmit the virus readily under laboratory conditions, may be more important in the occurrence of
epidemics in man and domestic animals than those
species from which the virus has been isolated in
the field.
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TABLE 2
RELATION OF MOSQUITOS TO EASTERN
EQUINE ENCEPHALOMYELITIS *

Species found
carrying virus
in field

Culiseta melanura
Aedes mitchellae
Anopheles crucians
Culex salinarius
Mansonia perturbans
Culicoides sp.

Species

incriminated on

epidemiological
grounds

Aedes sollicitans
Aedes taeniorhynchus
Culiseta melanura
(avian infection

only)

Efficient
transmitters
in
inlbrty

laoratory

Aedes sollicitans
Aedes aegypti
Aedes triseriatus

Culex restuans

* References: Burbutis & Jobbins (quoted by Hess & Holden,
1958); Chamberlain et al. (1951, 1954); Eklund, Bell & Brennan
(1951); Howitt et al. (1949); Karstad et al. (1957); Kissling et al.

(1955).

VENEZUELAN EQUINE ENCEPHALOMYELITIS (VEE)

Distribution
Evidence of infection with VEE has not yet been
found outside South America and Central America.
The disease has been known in Venezuela, Colombia,
Ecuador and on the Island of Trinidad for some
years, and recently the virus has been isolated in
the Amazon region of Brazil, and Sabin has reported
that VEE has been present in Panama (American
Geographical Society, 1955; Causey, Causey &
Maroja, 1957; Olitsky & Casals, 1952).
Occurrence of epidemics
It is natural to expect that in the case of a
mosquito-borne virus which is found exclusively in
the tropics and mainly in wet tropical areas the
epidemics will not be strictly seasonal, since there
is an adequate mosquito population and temperatures are high all the year round. This appears to
be the case in VEE (O. R. Causey-personal communication, 1959). The Trinidad outbreak, which
was well documented, commenced early in October
1943 and continued through the winter months
(Gallia & Kubes, 1944; Gilyard, 1944; Kubes, 1944).
Although numerous laboratory infections with this
virus have been reported in man, the number of
human cases reported in the field remains quite low
and the majority of these cases have been quite
mild, although deaths have been recorded. However,
severe outbreaks have occurred in horses and mules,
particularly in Venezuela and Colombia.

Transmission
The studies reported by Gilyard (1944) and LeviCastillo (1952) have shown the presence of several
species of mosquito in large numbers in epidemic
zones in various places, but on epidemiological
grounds Mansonia tittilans, which has been present
in very large numbers in various places, and which
comprised 90% of the mosquitos caught in stable
traps baited with equines in Trinidad, seems likely
to be the most important vector. Levi-Castillo (1952)
suggested that in Ecuador Aedes serratus might be
of considerable importance and Gilyard suggested
that Aedes taeniorhynchus, because of its long flight
range, might be responsible for bringing the virus
from the mainland to Trinidad. Three mosquitos
have been shown to transmit the virus in the laboratory: Mansonia tittilans, Ae!des taeniorhynchus and
Culex quinquefasciatus (see Table 3). Eklund (1954)
has suggested that M. tittilans is probably the main
vector of this virus and that the limitation of the
virus to tropical regions is due to the fact that this
vector species is strictly a tropical mosquito.
The writer has been unable to find any significant
publication on the wild-life cycle of VEE, but
experimental evidence suggests that infection of
mammals may be more important in this disease
than in the North American equine encephalomyelitides (Chamberlain et al., 1956; Kissling et al.,
1956).
TABLE 3
RELATION OF MOSQUITOS TO VENEZUELAN
EQUINE ENCEPHALOMYELITIS *

Species found
in epizootic areas

incriminated on

epidemiological
grounds

Sbpecbles

shown to

in laboratory

Anopheles albiMansonia tittilans
Aedes taeniorhynmanus
chus
Anopheles aquaAedes serratus
Culex quinquefassalis
ciatus
Anopheles neo(Aedes taeniorhynmaculipalpus
Mansonia tittilans
chus)
Aedes taeniorhynchus
AMdes serratus
Culex quinquefasciatus
Mansonia tittilans
* References: Eklund (1954); Gilyard (1944); Levi-Castillo
(1952).
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JAPANESE B ENCEPHALITIS (JBE)

The JBE virus is a member of a group of serologically related mosquito-borne viruses of which
three members are known to cause encephalitis in
man; the JBE virus also causes the disease in equines.

Distribution
Infections with JBE virus are known to occur
widely in Asia and in certain Pacific islands. The
infection has been recognized on all the main islands
of Japan as well as on Okinawa, in Korea, widely
in China, in the Philippines, in Taiwan and in Java,
Sumatra, Malaya and Burma (American Geographical Society, 1955). It is present in the far east
of the USSR (Smorodintsev, Shubladze & Neustroev, 1940). In India antibodies to this virus have
been found over a large part of the country (Smithburn, Kerr & Gatne, 1954), but in most cases the
individuals had antibodies to other group-B viruses
also, and, therefore, their presence does not necessarily prove infection with JBE virus. However,
more recently Work & Shah (1956) have shown that
JBE does occur in southern India and numerous
cases have been found in the region around Vellore.
Serological evidence of infection in North Borneo
is very strong and it seems highly likely that JBE
is also present there (Hale, Lim & Lee, 1956;
Pond et al., 1954; Smithburn, 1954a). There was
an epidemic in Guam in 1947-48 which appeared
to be an isolated episode with disappearance of the
virus from the island after the acute outbreak
(Hammon, Tigertt & Sather, 1958). The lastmentioned authors also recorded serological evidence
of infection by group-B viruses in American Samoa,
but only a very few of the sera had antibody against
JBE virus and it is reasonable to suspect that such
antibodies were heterospecific due to infections
with another group-B virus, probably dengue
type 1.
Occurence of epidemics
Large epidemics of the disease have occurred in
Japan from time to time and these epidemics have
always broken out in the latter part of the summer,
particularly the months of August and September
(Inada, 1938; Sabin, Ginder & Matumoto, 1947).
Further south, in Okinawa in the Ryukyu Islands,
the disease is also a summer disease. In the fareastern USSR the infection with JBE virus contrasts
with that of Russian spring-summer encephalitis
in occurring in the late summer and autumn, and
the disease is often known as autumn encephalitis

(Smorodintsev, Shubladze & Neustroev, 1940). On
the other hand, in tropical Malaya, where mosquitos
are prevalent throughout the year, cases of infection
due to JBE virus are not seasonal in incidence and
may occur at any time of the year. The age distribution of cases of this disease in Japan is very wide.
Although numerous cases have occurred in children,
in proportion to the numbers alive at different ages
there has been a higher rate at greater ages. The
over-all case-fatality rate has been about 65%, but
the mortality varies greatly with age, being, in
different outbreaks, between 25% and 50% in
persons under 10 years of age and rising to 70-90%
in those over 70 years of age (Inada, 1938). Southam
(1956), in an investigation on the 8-11-year agegroup, concluded that in this group there was one
clinical case of encephalitis for every 500-1000
inapparent immunizing infections.
Transmission
Like the viruses of the North American equine
encephalomyelitides the virus of JBE appears to
exist normally in a bird-mosquito cycle, with wild
birds-particularly water birds-as the main hosts
and culicine mosquitos as the main vectors (see
Table 4). The virus has been isolated from Culex

TABLE 4
RELATION OF MOSQUITOS TO JAPANESE B
ENCEPHALITIS *
Speciefound
found
Species

carrying virus
in field

Species
incriminated
.inrmina on
epidemiological
grounds

Spcefon
Species
found
to transmit
in laboratory

Culex tritaeniorhyn- Culex tritaeniorhyn- A#des albopictus
chus
chus
Culex pipiens var. Culex vishnu
Culex pipiens
pallens
(several varieties)
Culex tritaenioCulex pipiens var.
rhynchus
fatigans
Transmission was
Culex vishnui
also successful
with a variety of
North American
(Aedes albopictus) *
culicine mosquitos
tested.
Anopheles hyrcanus
sinensis
* References: Gresser et al. (1958); Hale, Colless & Lim
(1957); Hammon et al. (1949); Mitamura et al. (1938); Petrlscheva
& Shubladze (quoted by Eklund, 1954); Sabin (1950); Tigertt &
Hammon (1950); Tsai et al. (1957); Work & Shah (1956); Wu &
Wu (1957b).
* Virus found in adults reared from larvae found in breedingplaces near the homes of Infected people (Wu & Wu, 1957b)
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tritaeniorhynchus more frequently than from any
other mosquito in the maritime regions of the USSR
(Petrischeva & Shubladze, quoted by Eklund, 1954)
and in Japan (Hammon et al., 1949; Sabin, 1950;
Tigertt & Hammon, 1950). Other species from
which isolations have been made will be found in
Table 4. In India, on epidemiological grounds,
members of the Culex vishnui complex appear much
more likely to be the vectors and the virus has been
isolated from these mosquitos. Sasa & Sabin (1950)
have suggested that Culex vishnui is likely to be the
most important mosquito in the mountainous areas
in the prefecture of Okayama in Japan. Domestic
animals are often infected (Bawell et al., 1950;
Deuel et al., 1950) and pigs may be of some significance in the epidemic cycle in areas where large
numbers of these animals are bred (Gresser et al.,
1958; Hale, Lim & Colless, 1957).
ST. LOUIS ENCEPHALITIS (SLE)

Distribution
SLE is a disease which appears to be almost
confined to the USA. In that country the distribution is very similar to that of WEE, although outbreaks of infection with the SLE virus have occurred
more often in Indiana, Ohio and Kentucky than
have outbreaks of WEE. Along the eastern seaboard
the virus has only occasionally been found to be
active. Infection does spread south into Mexico
and human cases have been reported from the more
northern parts of that country. Sera with antibodies
to this virus have been found both in India and
Africa, but not in the absence of antibody to other
members of group B of the arbor viruses, and their
presence, therefore, does not prove the existence of
the virus outside North America (American Geographical Society, 1955; Hess & Holden, 1958).
Occurrence of epidemics
As in the case of other epidemics due to mosquitoborne viruses in temperate climates, the epidemics
due to SLE virus have taken place in the summer
and autumn. For instance, in the 1937 outbreak in
St. Louis cases occurred between the end of June
and the middle of October (Zentay & Basman, 1939).
In the Yakima valley, Wash., similar epidemics
occurred each year from 1939 to 1942, beginning

early in July and reaching their peak by August
(Hammon, 1941; Hammon & Howitt, 1942). There
has been some evidence of an age distribution of
clinical cases of the disease similar to that in the

1345

case of JBE, but the age incidence has varied in
different reported outbreaks (Leake, 1933; Slesinger,
1936).
Transmission
As in the case of the other North American encephalitides the normal cycle of SLE is a sylvatic
cycle in wild birds and mosquitos, but an important
difference between SLE and the equine encephalomyelitides is that, particularly in the central States,
epidemics of SLE have been very largely in urban
centres as was the original epidemic in St. Louis
in 1933. This immediately suggests that urban
mosquitos are likely to be important, at least in
human epidemics of SLE. The suggestion that
household mosquitos such as Culex pipiens might
be very important in the transmission of SLE first
came from Lumsden in 1934 (quoted by Hess &
Holden, 1958) and since then there has been increasing evidence that the C. pipiens complex is of
considerable importance in the epidemiology of
infection with this virus. SLE virus has been
isolated a number of times from C. pipiens and
also from C. quinquefasciatus, a member of the
pipiens complex (Chamberlain, 1958), and recent
studies have strongly suggested the importance of
these mosquitos in the urban epidemiology of the
disease (Beadle et al., 1957; Ranzenhofer et al.,
1957). Very numerous isolations have also been
made from C. tarsalis, Beadle et al. (1957) recording
197 isolations of the virus from this mosquito in
California. It seems very likely that C. tarsalis is
the important vector in the rural cycle of the disease.
However, isolations have also been obtained from
C. stigmatosa and Aedes melanimon (dorsalis)
(Ferguson, 1954; Reeves, 1953) (sew Table 5).
MURRAY VALLEY ENCEPHALITIS (MVE) AND AUSTRALIAN
" X ' DISEASE

The reason for regarding these two conditions as
identical has been stated earlier and we will assume
that they are both caused by the same virus, which
is a member of the Japanese B group.
Distribution
Clear-cut evidence of infection with this virus
has only been obtained from Australasia, where
evidence of infection with the virus has been obtained
from all Australian states and also from New Guinea.
Neutralizing antibodies have been found in human
sera in India, but in all cases those possessing these
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TABLE 5
RELATION OF MOSQUITOS TO ST. LOUIS
ENCEPHALITIS *

Species found
virus
carrying
in field

SpeciesSpce
epidemiological
griemoundsca

A6des melanimon
(dorsalis)

Culex pipiens

Culex pipiens

Culex quinquefas-

Culex quinquefasciatus
Culex stigmatosa
Culex tarsalis

found to transmit
in laboratory

Culex tarsalis
and other Culex
species

ciatus
Culex tarsalis

Not AMdes or
Psorophora

* References: Beadle et al. (1957); Chamberlain (1958);
Chamberlain et al. (1954); Ferguson (1954); Lumsden (quoted
by Hess & Holden, 1958); Ranzenhofer et al. (1957); Reeves

(1953).

antibodies had also antibodies against other members of group B of the arbor viruses and it cannot
therefore be assumed that infection with MVE virus
has actually taken place in India (American Geographical Society, 1955; Anderson, 1952; Anderson
& Eagle, 1953; Beech et al., 1953; French et al., 1957;
Miles & Howes, 1953; Smithbum, Kerr & Gatne,

1954).
Occurrence of epidemics
Epidemics of this disease have only been observed
in the more closely settled areas of southern Australia and the coastal areas in the southern half of
Queensland. These epidemics have invariably
occurred in the second half of the summer, the
earliest cases being in January and the main epidemics
between February and April; no cases have been
recorded as occurring after May. While infections
with this virus have been known to occur commonly
in tropical Australia and in New Guinea, epidemics
of MVE have not been observed in these sparsely
inhabited areas. Investigation of the serological
data available indicated that, as in the case of JBE,
500-1000 inapparent immunizing infections occur
for every clinical case of encephalitis. In contrast
to JBE and SLE, in all MVE epidemics a large
proportion of the cases have been in children, 21
out of 40 cases detailed by Anderson (1952) being
under 10 years of age. There were 17 deaths among
the 40 cases, a mortality rate similar to that reported
for other outbreaks. There has been little difference

in mortality between the cases occurring in children
and those occurring in adults.
Transmission
MVE virus has not yet been isolated in the field
from any animal species other than man, but there
is good evidence that the normal enzootic cycle of
the disease is a bird-mosquito cycle similar to that
of the other members of the JBE group. Neutralizing antibodies have been found in a wide variety
of wild and domestic birds and also in some mammals (Anderson, 1953; Anderson et al., 1952;
Miles & Dane, 1956; Miles & Howes, 1953). Epidemiological investigations on the last major outbreak in 1951 led to the conclusion that Culex
annulirostris was almost certainly the main epidemic
vector of the virus, but unfortunately in the succeeding year, when large numbers of mosquitos were
collected for virus isolation, the virus was completely
absent from the Murray Valley area and in fact
no isolations were made (Burnet, 1952; Reeves et al.,
1954). More than a thousand specimens of Culex
annulirostris, C. fatigans, Mansonia linealis and
Anopheles annulipes were examined and also substantial numbers of Aedes vittiger and Aedes theobaldi. C. annulirostris is among the mosquitos which
McLean (1953a, 1957) has shown to be able to
transmit this virus in the laboratory, and indeed
all the culicine species tested were capable of being
infected by the virus and those fully tested were
able to transmit. The virus did not multiply in
Anopheles annulipes (see Table 6). Since good
evidence has been obtained that MVE virus is
absent from south-eastern Australia except in those
years when human cases are seen, it is clear that
the endemic areas must be in some other part of
the known range of this virus-probably in the
tropical areas in the north of Australia and New
Guinea. This matter will be discussed more fully
in a later section.
TICK-BORNE ENCEPHALITIS

The viruses causing tick-borne encephalitis in
different parts of the world are all very closely
related and are regarded as strains of a single
virus. However, their biological differences are so
substantial that they deserve some separate consideration.
Distribution
Louping-ill has been known as an epizootic disease
of sheep for very many years in Scotland and north-
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ern England and more recently it has been shown
to be present also in Northern Ireland. European
tick-borne encephalitis does not cause an encephalitis in sheep, but is responsible for large-scale
epidemics in man and can be transmitted by milk as
well as by the bites of Ixodes ricinus. This virus has
been reported from Germany, Austria, Czechoslovakia, Yugoslavia, Sweden, Finland, Poland and
the European USSR. The disease is sometimes
known as biphasic meningo-encephalitis. The fareastern form of the disease is usually known as
Russian spring-summer encephalitis (RSSE), the
virus of which causes very severe encephalitis in
quite large outbreaks in forest areas of the Asiatic
USSR. The virus is transmitted by the bites of the
tick L persulcatus and it is possible that this severe
form occurs in those parts of the European USSR
which are in the zone in which the main Ixodes tick
is persulcatus and not ricinus (American Geographical Society, 1955; Bader & Hengel, 1951; Kaxvecki & Wysoczynfka, 1958; Kmet et al., 1955;
Krejci, 1949; Likar & Dane, 1958; Richling, 1955;
Smorodintsev, 1958; von Zeipel et al., 1958).
Serological evidence of infection with a strain of
this virus was obtained in India by Smithburn, Kerr

TABLE 6
RELATION OF MOSQUITOS TO MURRAY
VALLEY ENCEPHALITIS *

Species
epidemic areas

numerous in the

Culex annulirostris
Culex fatigans
Mansonia linealis
Anopheles annulipes
Aedes theobaldi
Aedes vittiger

Species

incriminated on

epidemiological
grounds

Culex annulirostris

Species

found to transmit
in laboratory
inlbrty

Aedes aegypti
A6des occidentalis
Aedes queenslandensis
Aedes vigilax
Aedes vittiger
Culex annulirostris
Culex fatigans
Transmission was
also successful
with certain
mosquitos not found
in the present
enzootic or
epidemic zones.

* References: Burnet, 1952; McLean (1953a, 1957); Reeves
et al. (1954).
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& Gatne (1954). More recent work has shown that
in Mysore State there is present an epidemic haemorrhagic disease similar to Omsk haemorrhagic fever
which is due to a virus closely related to the RSSE
virus, but causing a generalized haemorrhagic condition rather than encephalitis (Work, 1958; Work
et al., 1957). A strain of tick-borne encephalitis
has also been isolated in Malaya from a pool of
L granulatus ticks (Smith, 1956).

Louping-ill
Occurrence of epidemics. The louping-ill (LI)
virus has caused numerous laboratory infections,
most of which have been quite mild (Edward, 1948b;
Rivers & Schwentker, 1934). Apart from laboratory
infections, human cases of LI have rarely been
recorded (Brewis, Neubauer & Hurst, 1949; Davison, Neubauer & Hurst, 1948), but the recent demonstration by Likar & Dane (1958) that cases clinically
resembling poliomyelitis may be due to LI virus in
areas where this disease is enzootic raises the possibility that in such areas a number of cases may in
the past have been falsely diagnosed as adult poliomyelitis. In certain upland areas in northern
England and Scotland where the vector, I. ricinus,
is present in large numbers, LI may be a disease of
sheep of great economic importance. In some areas
almost all sheep are infected during their first year,
having either the clinical disease or an inapparent
immunizing infection. The mortality is particularly
high among rams brought in from areas free from
the infection for breeding purposes. The epizootics
occur mainly between mid-March and mid-May-the
period of maximum activity of the vector-but in
the West Highlands of Scotland there may also be
a late summer outbreak (Gordon, 1933-34; Pool,
1933-34).
Transmission. Apart from laboratory infections
only one method of transmission of LI virus is
recognized at present and that is by the bite of the
tick L ricinus. Larval ticks are infected by engorging
on the blood of a sheep in the viraemic phase of
infection and are then capable of transmitting the
virus to any other sheep which they may bite during
the rest of their lives. There does not appear to be
any clear-cut evidence of infection of unengorged
larvae. The normal cycle appears to be a sheeptick cycle and the badly affected farms, which always
have large areas of rough hill grazing-country
heavily infected with ticks, may be quite isolated
with clean areas around them. No very serious
attempts seem to have been made to establish the

348

J. A.R. MILES

existence of a wild-life cycle, although it is known
that the red deer (Cervus elephas) can be infected.
However, the patchy distribution of infected farms
does suggest that the sheep-tick cycle is more
important than any wild-life cycle.
European tick-borne encephalitis
Occurrence of epidemics. Despite the very close
relation between the louping-ill virus and the virus
of European tick-borne encephalitis, the latter virus
does not cause encephalitis or a generalized illness
in sheep. However, it has been responsible for a
number of quite large epidemics in man in many
countries of central and eastern Europe. Smorodintsev (1958) states that in the Rojniava outbreak
in Czechoslovakia in 1951 more than 660 cases were
recognized. Although there appears to be some
difference in the mode of transmission in different
parts of the range of this disease, the season of
epidemic incidence seems to be very similar in
all areas. The maximum incidence is normally in
July and August, the number of cases beginning
to rise at the end of April or early May and falling
to a low level again in September (Kmet et al., 1955;
Richling, 1955; Smorodintsev, 1958). As -in the
case of laboratory infections with LI virus, a high
proportion of infections with this virus have a
biphasic course, the first phase of which is an
influenzal type of illness, after which there may be
a period of apparent recovery, followed by a more
severe meningo-encephalitic phase commonly complicated by shoulder-girdle paralysis. The mortality
from this condition is very slight and in the Czechoslovakian outbreak already referred to there was
only one death and that was of an elderly man
whose encephalitis was thought to be merely a
contributory cause of death.
Transmission. The main vector of this virus is
undoubtedly the tick L ricinus and the virus appears
to survive in a wild-life cycle which is most probably
a small-rodent/tick cycle, but in endemic areas a
large number of birds and bats have been found to
have antibodies against the virus. The significance
of different warm-blooded hosts will be discussed
more fully in a later section (Bardos, 1957; Havlik,
1954; Havlik & Kolman, 1957; Havlik, Kolman &
Lim, 1957; Jettmar, summarized in Bull. Hyg.
(Lond.), 1957; Kawecki & Wysoczynika, 1958;
Mornsteinova & Albrecht, 1957).
In Yugoslavia it appears that the main method
of transmission to man is by the bite of the tick
l. ricinus (Kmet et al., 1955; Likar & Kmet, 1956);

however, in Czechoslovakia, Finland and the European USSR, although tick bite is important in
transmission, drinking the milk of infected cows,
goats or sheep appears to be of considerably greater
importance (Gresikova, 1958a, 1958b, 1958c;
Ilyenko, 1957; Nedvidek, Boschetty & Harudova,
1958; Oker-Blom, 1958; Smorodintsev, 1958).
There is good evidence that the virus, as well as
being excreted in the milk, actually multiplies in
the mammary tissue of both goats and cows. The
period of excretion in the milk is not usually longer
than five days.

Russian spring-summer encephalitis
Occurrence of epidemics. Epidemics of RSSE
commence with a few cases towards the end of
April, rise to a maximum in May and June, and
thereafter decline, only sporadic cases occurring
after August (Smorodintsev, 1944). Most of the
areas with a high incidence of encephalitis are settlements (particularly new settlements) situated in
forest areas, and those who work in the forest are
the most often affected. Young children, women
and old men, who are not often exposed to tick
bites in the forest, are not commonly infected. In
man the disease is much more severe than its
European counterpart, the mortality being from
20 % to 30 %. The disease has not the biphasic
character of the European type, but shouldergirdle paralyses are also very common. According
to Pavlovsky (1944) and Smorodintsev (1958), the
disease occurs widely in forests infested by the tick
I. persulcatus, and mixed forests or pure deciduous
forests are far more dangerous than pure coniferous
forests.
Transmission. The work of Pavlovsky (1944) and
others has shown that there is a natural cycle of this
disease in the tick I. persulcatus and a variety of
warm-blooded animals. As in the European type
small rodents may play an important part in the
wild-life cycle, but many species of birds have been
shown to develop antibodies and they may be
responsible for transporting infected ticks over large
distances. Smorodintsev says that vector ticks have
been known to feed on 100 different species of birds
and mammals, and the relative importance of these
two groups in the wild-life cycle of the disease is
still unknown. Usually, if not always, the virus
is transmitted to man through the bite of infected
ticks; Smorodintsev (1944) states that approximately 75% of cases give a history of tick bite
occurring 8-18 days prior to onset of the disease.
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HOST AND

VECTOR

The brief account which has just been given of
the epidemiology of the various viruses causing
arthropod-borne encephalitis in man has indicated
that numerous species of birds and mammals can
be infected with these viruses and that most of the
viruses can infect a number of arthropods, some or
all of which are capable of transmitting them to other
warm-blooded hosts. Because of the wide variety
of potential hosts and vectors it is of value to come
to some conclusion as to what we should look for
in trying to decide which hosts and vectors are likely
to be most important in any epidemiological situation.
VECTORS

There are three ways in which the relative importance of the arthropod vectors of encephalitis viruses
can be investigated. First, a survey can be made
of the species, numbers and habits of potential
vectors in the epidemic areas. Secondly, attempts
can be made to isolate virus from collections of
these potential vectors made in the field; and,
thirdly, laboratory studies can be made on the
capacity of these vectors to become infected and
then transmit the infection to susceptible hosts.
Clearly, if a vector is to be important it must be
present in large numbers at the relevant time and
it must feed freely on the species which are most
affected by the disease. It has been suggested in
the USA that the relative infrequency of human
cases of EEE as against WEE is due to a difference
in the main vectors of the two diseases. Culiseta
mnelanura is the main vector of the wild-life cycle
of EEE and this mosquito is very reluctant to bite
any species but birds. Other mosquitos are not so
frequently infected, and for infection of horses or
men to take place such mosquitos as Aedes serratus
or Aides taeniorhynchus would be required to act
as vectors. On the other hand Culex tarsalis, which
is clearly the most important vector of WEE in the
wild-life cycle, is almost an indifferent feeder and
although primarily a bird-biting mosquito it will
commonly be found feeding on horses and man

(Chamberlain, 1958).
In some cases the chief evidence incriminating a
species of mosquito as the main vector of a virus
in any particular area is epidemiological. The
importance of members of the Culex vishnui complex
in the epidemiology of JBE in southern India was
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originally inferred on the grounds of probability
(Work & Shah, 1956). The MVE virus has not as
yet been isolated from any mosquito in the field,
but there are very strong epidemiological grounds
for regarding Culex annulirostris as the main vector
of this virus in the epidemic zones of southern
Australia (Reeves et al., 1954). This belief is based
on knowledge of the habits of the mosquitos, the
numbers present in the epidemic area at the relevant
time of year, and the correspondence between the
epidemic area and the area in which there are the
greatest numbers of this mosquito.
Obviously the case against a vector will be greatly
strengthened if the virus can be isolated from that
vector in the field, and will be even further strengthened if such isolations are common during epidemics. Isolation of virus does not necessarily mean
that the mosquito in question is important in the
ecology of the virus concerned. WEE has been
isolated from 12 mosquito species in the field, but
the number, distribution and season of maximal
incidence of Culex tarsalis, together with the very
large number of virus isolations from that mosquito,
strongly suggest that it is the really important vector.
On the other hand, some viruses are mainly transmitted by different vectors in different parts of their
range. Some member of the Culex vishnui complex
appears to be the main vector of West Nile virus
in southern India, but this virus is chiefly transmitted by Culex molestus in Israel (Taylor et al.,
1956).
While much information can be obtained in field
studies, no investigation is complete without careful
laboratory studies of the relation of the virus to
the potential vector-studies, for instance, of how
easily the vector becomes infected, how readily the
virus multiplies in the vector, and how efficient is
transmission by the vector.
WARM-BLOODED HOSTS

An antibody survey after an epidemic of an
arthropod-borne encephalitis will normally show
that a wide variety of birds and mammals has been
infected, but this does not necessarily mean that all
those infected are of equal importance in the transmission of the virus. Further, when one is considering endemic areas the proportion of animals with
antibodies may be the same in two species, but the
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rate of infection be totally different owing to a
different age-distribution in the two populations.
Work at the Bureau of Animal Population and at
the Edward Grey Institute, both in Oxford, England,
has indicated that the mortality of small mammals
(including the European rabbit, Oryctylagus cuniculus) is such that virtually all the individuals which
survive till the spring are under one year old,
whereas in small passerine birds about 40 % are
from 2 to 5 years old, and in larger birds the proportion of older individuals is even higher. Therefore, in an endemic area, if one finds early in the
year the same proportion of small mammals and
birds with antibody it is probable that the annual
infection rate in the mammals is approximately
twice as high as that in the birds.
However, the proportion of a species infected
does not necessarily indicate the importance of that
species in the ecology of the disease, for unless a
viraemia sufficiently intense to infect vectors occurs,
infections of the animal will prove a dead end to
the virus, and unless the habits of the animal expose
it to efficient vectors again the virus will not be
transmitted. The significance of the horse in the
equine encephalitides has been studied and it is
now held that it is probably unimportant for the
survival of the virus. For instance, Sudia et al.
(1956) expressed the view, based on their own
experimental work, that only an occasional horse
had a degree of viraemia adequate to infect mosquitos and that horses rarely play an important role
in EEE propagation.
THE EQUINE ENCEPHALITIDES

species of birds, and there is therefore a close association between the mosquito and nestlings. Isolations
of virus from naturally infected wild birds are listed
in Table 7. In birds the virus reaches a high titre
in the blood and in many species substantial amounts
of virus circulate for several days. Kissling et al.
(1957a) showed that a variety of passerine birds
might have a viraemia lasting for four days and that,
for mice, the LD50 of virus in blood might be over
10-6 and was commonly over 10-4.5 Similar results
in wild birds have been reported by Hammon,
Reeves & Sather (1951b), while Kaplan, Winn
& Palmer (1955) have demonstrated a similar
viraemia in domestic pigeons (Columbia livia) and
Hammon & Reeves (1943) have shown that domestic
TABLE 7
SPECIES OF WILD BIRDS FROM WHICH ARTHROPODBORNE ENCEPHALITIS VIRUSES NATURALLY ACQUIRED
HAVE BEEN ISOLATED IN NORTH AMERICA

Species

Eastern equine encephalomyelitis
(Richmondea cardi- Kissling et al. (1954b)

Cardinal
nalis)
(Dumetella caroliCatbird
nensis)
Purple grackle (Quiscalus quiscula)
Hermit thrush (Hylocichla guttata)
Pigeon (Columba livia)
Ring-necked pheasant (Phasianus

The North American equine encephalitides have
been more thoroughly investigated than any other
members of this group of viruses, with the possible
exception of SLE. The ecology of WEE virus has
been very thoroughly studied and hundreds of
isolations of virus have been obtained from the
mosquito Culex tarsalis. The isolations from this
mosquito greatly outnumber all those from the other
species recorded (see Table 1). Investigations on
the feeding habits of C. tarsalis have shown that it
most frequently feeds upon birds, but that it is also
prepared to feed on a variety of mammals, including
man, and a recent study has shown that it is also
prepared to feed on reptilian blood (Thomas,
Eklund & Rush, 1958). The breeding-places of this
mosquito in temporary collections of water and in
irrigation areas are very similar to those of many

Reference

colchicus)

Kissling et al. (1954b)
Kissling et al. (1951)
Kissling et al. (1954b)
Fothergill & Dingle (1938)
Tyzzer, Sellards & Bennett
(1938)

Western equine encephalomyelitis
Sooter et al. (1951)
Red-winged blackbird (Agelaius
phoeniceus)
Cardinal (Richmondea cardiKissling et al. (1954b)
nalis)
Carolina chickadee (Parus caroKissling et al. (1954b)
linensis)
Prairie chicken (Tympanuchus
Cox, Jellison & Hughes
cupido)
(1941)
Sooter et al. (1951)
Magpie (Pica pica)
Loggerhead shrike (Lanius ludoKissling et al. (1954b)

vicianus)
English
sparrow

domesticus)

(Passer

Holden (1955)

St. Louis encephalitis
Chamberlain et al. (1957)
Flicker (Colaptes auratus)
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fowls can circulate sufficient virus to infect C. tarsalis.
In contrast it has been found that WEE virus in
horses is not usually present in the blood in sufficient
quantity to infect mice by intracerebral inoculation,
and more sensitive techniques have been required
to demonstrate the presence of any viraemia at
all (Chamberlain, 1958; Kissling, 1958).
Lennette et al. (1956) have isolated WEE virus
from naturally infected squirrels in California.
Isolations were made from three tree-squirrels
(Sciurus griseus) and two ground-squirrels (Citellus
beecheyi). All five animals showed obvious signs
of illness, but the authors do not think that squirrels
constitute an important reservoir of WEE although
no studies have been made -of viraemia in these
mammals. Recently Thomas, Eklund & Rush (1958)
have demonstrated that the mosquito C. tarsalis
can infect garter snakes (Thamnophis spp.) with
WEE virus and that the virus multiples in these
reptiles and gives a viraemia which may last from
four to twenty days, and at its highest point reaches
so high a concentration that it can be recognized
in blood at a dilution of 10-6. It is thought that
infection of these reptiles may be of greater importance for the winter survival of the virus than for
the summer epidemic cycle.
The range of WEE is wider than that of Culex
tarsalis and other vectors must be responsible for
the survival of the virus in areas where C. tarsalis is
absent. It is clear that the virus survives in a wildlife cycle in such areas and it has been suggested
that the relative rarity of human and equine cases
east of the Mississippi is due to this difference in
vectors, and that the main vector of the sylvatic
cycle in these parts is a mosquito, such as Culiseta
melanura, which is most reluctant to feed on any
blood other than avian.
In the case of EEE the situation is, as already
indicated, more complicated than for WEE, because the mosquito responsible for the normal
wild-life cycle is undoubtedly different from that
responsible for infections of horses and man. The
work of Chamberlain et al. (1954) has indicated
that four of the six mosquito species which have
been found carrying this virus in the field are incompetent transmitters. The other two were not
tested. Of the two species which have been incriminated on epidemiological grounds (Aides solicitans
and Aides taeniorhynchus), the former has been
shown to be an extremely efficient transmitter in the
laboratory and to be infected by virus at quite low
titres in the blood of pigeons. The latter was
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strongly incriminated epidemiologically in the
Dominican outbreak of 194849 (Eklund, Bell &
Brennan, 1951).
There has been a number of isolations of EEE
virus from wild birds (see Table 7), but the bird
most commonly found infected has been the ringnecked pheasant and extensive studies have been
made on pheasant farms in the eastern USA. Antibodies have been found in the serum of more than
forty bird species.
Culiseta melanura is a swamp-breeding mosquito
and feeds preferentially on birds to such an extent
that even swamp mammals, such as otters and
swamp rabbits, do not become involved in the
cycle. Kissling (1958) states that serological studies
on small mammals resident in swamps endemic
for EEE have failed to show any evidence of infection with the virus. As in the case of WEE the
significance of the horse in the ecology of EEE is
probably very slight. Sudia et al. (1956) expressed
the view, based on their own experimental work,
that only an occasional horse had a viraemia
sufficiently intense to infect mosquitos, and that
horses rarely play an important role in EEE propagation. Recently extensive studies have been
carried out in the State of Connecticut to assess
the importance of ring-necked pheasants in the
epidemiology of EEE in that State. There are
numerous game farms in Connecticut where these
birds are bred for release, and very large epizootics
occur among the birds on these farms. It has
become clear that in this case the virus commonly
passes direct from pheasant to pheasant without
the intervention of a vector, and it has been found
that the virus survived at least 48 hours longer in
the feather quills and cloacae of infected pheasants
than in the blood-stream. It was clearly shown that
feather-pecking and cannibalism could cause direct
transmission from one bird to another and that the
spread of infection inside a pen could be stopped
by de-beaking (Jungherr et al., 1958; Jungherr &
Wallis, 1958; Luginbuhl et al., 1958; Satriano et al.,
1958; Wallis et al., 1958).
VEE has not been studied with anything like the
thoroughness of the studies on the North American
viruses, but there is some evidence that the behaviour
of the VEE virus is different and that mammals are
of much greater significance in its ecology. Chamberlain et al. (1956) and Kissling et al. (1956) have
studied VEE in wild birds and horses in the laboratory. In North American birds, passerines and
columbiformes, viraemia lasted for up to four days
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and sometimes reached titres as high as 10-5 although
the level was more often rather lower. Normal
mosquitos were infected by feeding upon infected
birds and the disease was transmitted by mosquito
bite from sparrow (Passer domesticus) to sparrow.
Proof of multiplication of VEE virus in Aides
triseriatus was obtained. However, in contrast to
the North American encephalitides, the viraemia
found in horses was substantially higher and longerlasting than that in birds. In some cases blood was
infectious for mice when diluted as much as 10-7.5
and viraemia commonly lasted five days and on one
occasion was recorded as lasting for six. However,
without extensive field studies the ecological significance of different species, all of which are capable
of supporting virus growth and a viraemia capable
of infecting mosquitos, must remain obscure. While
it is clear that the most important vectors of the
equine encephalitides are mosquitos, some investigations have been made to attempt to discover the
significance of other arthropods in the ecology of
these diseases. In particular the significance of bird
mites in the sylvatic cycle has been studied in some
detail. Both EEE and WEE have been isolated
from mites in the wild (see Table 8), but Hammon,
Reeves & Sather (1951b) have reported that only
one mite in 10 736 has been found to be infected in
all the investigations which have been carried out
in their laboratory. Chamberlain & Sikes (1955)
found that EEE persisted in Dermanyssus gallinae
for up to 15 days, but they could obtain no evidence
of transovarial transmission in 2750 protonymphs.
They obtained similar results with WEE and also
similar results when they used the mites Bdellonyssus
sylviarum and B. bursa. Sulkin et al. (1955) also
failed to transmit equine encephalitis viruses by the
bites of mites and found no evidence of transovarial
transmission. Similarly, Reeves et al. (1955) were
unable to obtain unequivocal evidence that mites
could transmit WEE in any other than a purely
mechanical manner. All these groups of authors
conclude that the mites tested are probably of little
importance as reservoirs and vectors of equine
encephalitis viruses, and it seems probable that the
infection of mites merely means that the mites in
question have recently had a meal of infected blood
and that virus is surviving in them. The isolation
of EEE by Howitt et al. (1948a) from the biting-louse
Eomenacanthus stramineus is probably of no great
significance and the habits of these lice would make
it most improbable that they would be of any
importance in the ecology of these viruses.

TABLE 8
INFECTION OF ARTHROPODS OTHER THAN MOSQUITOS
WITH MOSQUITO-BORNE ENCEPHALITIS VIRUSES

Arthropods found
infected

Mites:
Dermanyssus gallinae

Type of

Reference

EEE
WEE

Howitt et al. (1948b)
Reeves et al. (1955);
Sulkin (1945)
Reeves et al. (1955);
Smith, Blattner & Heys

virus

SLE

(1944)

Dermanyssus americanus
Bdelionyssus sylviarum
is

to

Bdellonyssus bursa
Lice:
Eomenacanthus strami-

WEE

Miles et al. (1951)

WEE
SLE
WEE

Reeves et al. (1947, 1955)
Reeves (1951); Reeves et
al. (1955)
Sulkin & Izumi (1947)

EEE

Howitt et al. (1948b)

neus
Ticks:
/xodes ricinus
Midges:
Lasiohelea taiwana

EEE

Libikov& (1957)

JBE

Wu & Wu (1957a)

Bugs:
Triatoma sanguisuga

WEE

Grundmann et al. (1943)

Consideration has been given to the significance
of ticks. Several failures to isolate WEE from the
fowl tick Argas persicus have been reported (Hammon & Reeves, 1945; Sulkin, 1945; Sulkin & Izumi,
1947). On the other hand, Libikova (1957) has
recently reported the isolation of EEE in Czechoslovakia from Ixodes ricinus and, earlier, Syverton
& Berry (1941) reported that Dermacentor andersoni
could be infected with WEE and that larvae of the
next generation could also transmit virus. However,
Grundmann et al. (1943) were unable to infect
Dermacentor variabilis with this virus by feeding,
and found that ticks infected by inoculation failed
to transmit virus on feeding and that eggs laid by
such infected ticks were not themselves infected.
These authors reported natural infection of the bug
Triatoma sanguisuga, but no later reports of infection
of this insect are available. In view of the single
reported isolation of an equine encephalitis virus
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from a tick, despite extensive investigations, it
seems improbable that these arthropods are of any
great significance for the survival or the epidemic
incidence of infections with the virus.
THE JAPANESE B GROUP

More studies have been carried out on the SLE
virus than on the other members of this group,
and it is therefore convenient to consider the host
and vector relationships of this virus before going
on to the other members of the group. Numerous
reports have shown that SLE, like the other North
American encephalitides, is primarily a virus of
birds transmitted by mosquitos (Chamberlain et al.,
1957; Eklund, 1954; Ferguson, 1954; Hammon,
Reeves & Sather, 1951b; Ranzenhofer et al., 1957).
Very extensive studies in California have left little
doubt that Culex tarsalis is the main vector in the
area responsible for both the sylvatic and the
epidemic cycles of the disease. In that area the
majority of cases have been rural rather than urban
(Longshore et al., 1956). In contrast, in the central
eastern States the disease has been predominantly
an urban disease, and several reports have indicated
that human cases have been associated with very
heavy breeding of the Culex pipiens complex (Beadle
et al., 1957; Chin et al., 1957; Lumsden, quoted by
Hess & Holden, 1958; Ranzenhofer et al., 1957).
Chamberlain (1958) has suggested that in these
areas the sylvatic cycle may be accomplished by a
widespread non-domestic species such as Culex
salinarius, which he and Sudia have shown to be
an excellent transmitter under laboratory conditions.
The virus of SLE is thought normally to spread in a
wild-bird/mosquito cycle in the same way as the
North American equine encephalomyelitides. Antibodies have been found in the sera of birds on many
occasions (Hammon et al., 1942; Howitt & von
Herick, 1941; Kissling et al., 1954b; Reeves et al.,
1952; Reeves, Mack & Hammon, 1947). However,
the virus has apparently only once been isolated
from the blood of a wild bird, and that was by
Kissling, who obtained it from a flicker (Colaptes
auratus), one of the Picidae (Chamberlain et al.,
1957). Chamberlain et al. (1957) studied viraemia
in the English sparrow (Passer domesticus), the redwinged blackbird (Agelaius phoeniceus) and the
cowbird (Molothrus ater). They found that all these
birds could be infected by the bite of Culex tarsalis
mosquitos, but viraemia was at a low level and could
only be detected in blood diluted 1 : 10; however,
this amount of virus in the blood was sufficient to
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infect normal C. tarsalis when they engorged on
birds on the viraemic phase. At least a million-fold
increase in virus occurred in these mosquitos. This
evidence establishes the practicability of a wildbird/mosquito cycle, with C. tarsalis as the vector.
There is good evidence of infection of a wide
variety of wild birds.
The circulation of this virus by mammals has been
both irregular and at a very low level. Cox, Philip
& Kilpatrick (1941) failed to demonstrate any
viraemia in horses infected by intracerebral inoculation, and Stamm has been quoted by Kissling
(1958) as finding viraemia in only one of four cottontail rabbits and none of six Rattus rattus infected
by subcutaneous inoculation of virus. It therefore
appears that the rural enzootic cycle of SLE is a
wild-bird/mosquito cycle like that of the North
American equine encephalomyelitides and it is
likely that the urban epidemic cycle involved
domestic birds, particularly fowls, and household
mosquitos, with man casually infected and acting
as a dead-end host. It appears clear that the urban
epidemics of this disease must follow the introduction
of the virus by a wild bird in the viraemic phase
at a time when the household mosquitos are breeding
up to a very high level. The cycle will then be
established in urban wild and domestic birds, and
men will become infected when they are bitten by an
infected household mosquito.
The ecology of a widespread virus such as JBE
is necessarily more complex than that of one with
a more limited range, such as SLE. We have already
shown that JBE ranges from the Pacific islands to
India and from cool temperate zones to equatorial
areas, and it is very likely that there are substantial
differences in the host and vector relationships
within this great range. The most extensive and
prolonged studies have been those carried out in
Japan, but until recently little attention has been
paid to the possibility that JBE, like the North
American viruses, might be primarily a bird virus
and that mammals are only secondarily infected.
The first paper in which this possibility was extensively studied was that of Hammon, Sather &
McClure (1958). JBE like SLE is a disease which
may occur in either urban or rural epidemics and,
therefore, it might be expected that different mosquitos would be the most important in the epidemiology in different areas even of the same country.
Several mosquito species have been found carrying
JBE virus in the field (see Table 4). The virus has,
however, been more commonly isolated from Culex
11
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tritaeniorhynchus than from any other mosquito
(Hale, Colless & Lim, 1957; Hammon et al., 1949;
Mitamura et al., 1938; Petrischeva & Shubladze,
quoted by Eklund, 1954; Sabin, 1950; Tigertt &
Hammon, 1950) and this mosquito is both very
widespread and has a great variety of habitats.
Sasa & Sabin (1950) found larvae both in ricefields and in cesspools in which decomposition was
complete and algae were growing. In the City of
Okayama, 81 % of the captures in traps baited with
man or mammals were C. tritaeniorynchus, as were
65 % in a village in the same area. C. pipiens, another
species from which virus has been isolated (Hammon
et al., 1949; Mitamura et al., 1938; Tsai et al., 1957;
Wu & Wu, 1957b), was not nearly so readily captured.
This species bites mainly chickens and man, and the
absence of antibodies in fowls in areas where
neutralizing antibodies were present in nearly 100%
of the domestic mammals and men made Sasa &
Sabin very doubtful of its importance as a vector.
Aeides albopictus, from which virus has been reported
in Fukien (Wu & Wu, 1957b), was not common in
Okayama, accounting for only about 2 % of captures.
In the mountain areas of Okayama prefecture a
member of the C. vishnui complex was dominant
(57 % of captures) and this is the mosquito which has
been incriminated in south India (Work & Shah, 1956).
Mitamura et al. (quoted by von Rooyen & Rhodes,
1948) reported transovarial passage of the virus in
C. pipiens and this possibility has been raised again
by the report of Wu & Wu (1957b) that they had
isolated 7 strains of virus from adults of Aedes
albopictus reared from larvae found in breedingplaces near the homes of infected people.
Huang (1957) has studied the multiplication of
JBE virus in C. pipiens kept at different temperatures.
When the mosquitos were kept at 26-31°C, a range
of temperature similar to that obtaining during the
epidemic season, most developed virus titres of
more than 10-3 and 17 mosquitos out of 20 transmitted infection, as against 3 out of 21 kept at
18-22°C. Laboratory experiments strongly suggest
that Culex tritaeniorhynchus is an extremely efficient
vector of JBE virus (Gresser et al., 1958). This
mosquito could be infected with as little as 0.15
mouse LDs0 per mosquito. However, the proportion
of mosquitos infected was directly proportional to
the amount of virus in the ingested blood, and a
much larger dose was required to obtain regular
infection.
Relatively little work was done on the relation
between JBE and wild birds before the investigations

of Hammon, Sather & McClure (1958). Mitamura
et al. (1938) had reported that 2 out of 126 sera
from sparrows contained antibodies and Hammon
and co-workers state that both Smorodintsev and
Shubladze had reported that birds were infected
with JBE in the maritime districts of the USSR.
Hammon, Reeves & Sather (1951a) had carried out
experimental work on American wild birds and had
shown that viraemia persisted for some days and
reached quite a high titre in some of the inoculated
birds. Hammon and his colleagues (1958) reported
a serological investigation on 1532 individual birds,
representing 154 separate species, from Japan; 294
of these sera (19.2%) had antibody against JBE
virus. Among the species represented in substantial
numbers, Phalacrocorax carbo, Turdus naumanni,
Cyanopica cyanus, Nycticorax nycticorax, Ixos
amaurotis and Charadrius alexandrinus showed very
high infection rates; 162 specimens of Passer
montanus were found to have a minimum positive
percentage of 19.7, and 241 Sturnus cineraceus a
minimum positive percentage of 12.9. No infections
were found in certain species, among them Egretta
garzetta, Anas platyrhynchos and Anas crecca. The
other species showing no positive sera had less than
20 specimens tested. The majority of the specimens
investigated came from the island of Honshu, but
substantial numbers also came from Kyushu and
Hokkaido. Some of the more important results are
shown in Table 9. These extensive findings clearly
indicate that it is reasonable to conclude that the
JBE virus has a similar wild-life cycle to the SLE
virus and the North American equine encephalomyelitides.
Although it seems reasonably clear that the normal
enzootic cycle of JBE is a wild-bird/mosquito cycle,
there has been a number of suggestions that domestic
pigs, animals which have a rapid turnover and which
are used extensively by the Chinese and Japanese,
may be important in the establishment of epidemics
in man. Hale, Lim & Colless (1957) have shown
that pigs could be infected by Culex tritaeniorhynchus
and that such pigs developed a low-titre viraemia
which was sufficient to infect an occasional mosquito.
Gresser et al. (1958) also showed the possibility of
transmission by mosquitos to pigs and the possibility
of infecting a colonized strain of C. tritaeniorhynchus
from infected pigs.
Unlike the other members of this group, JBE
virus causes encephalitis in horses and is responsible
for epizootic equine encephalitis in Japan (Burns,
Tigertt & Matumoto, 1949).
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La Motte (1958) has recently shown that three
species of insectivorous bats could be infected by
JBE virus and have a quite prolonged viraemia,
in which the blood titre was above the minimal
TABLE 9
WILD BIRDS OF WHICH 20 OR MORE INDIVIDUAL
SERUM SPECIMENS HAVE BEEN INVESTIGATED FOR
ANTIBODIES TO JAPANESE B VIRUS *

Species
Cormorant
(Phalacrocorax carbo)
Dusky thrush
(Turdus naumanni)
Blue magpie
(Cyanopica cyanus)
Black-crowned night heron
(Nycticorax nycticorax)
Brown-eared bulbul
(Ixos amaurotis)
Kentish plover
Charadrius alexandrinus)
House swallow
(Hirundo rustica)
Skylark
(Alauda arvensis)
Japanese iay

(Garrulus glandarius)
Wandering tattler
(Heteroscelus incanus)
Black-tailed gull
(Larus crassirostris)
Plumed egret
(Egretta intermedia)
Tree sparrow
(Passer montanus)
Common sandpiper
(Actitis hypoleucos)
Great reed-warbler
(Acrocephalus arundinaceus)
Grey starling
(Sturnus cineraceus)
Carrion crow

(Corvus corone)
Eastern turtle-dove
(Streptopelia orientalis)
Jungle crow
(Corvus levaillanti)
Little egret
(Egretta garzetta)
Mallard duck
(Anas platyrhynchos)
Teal
(Anas crecca)
*

No.
tested

Positive
No.

20

10

24

12

47

23

58

25

41

16

34

13

25

8

40

10

22

6

27

6

27

6

37

8

162

32

34

5

22

3

241

31

39

5

41

3

41

2

24

0

21

0

35

0

Reference: Hammon, Sather & McClure (1958).
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infectious dose for mosquitos. La Motte also showed
that bats might be important in the survival of the
JBE virus through the winter-an aspect which will
be discussed more fully later in this review. It would
therefore appear that, although JBE virus is normally transmitted in a bird-mosquito cycle, certain
mammals may be important in human epidemics
and possibly of greater importance than in the case
of the North American encephalitides in the wildlife cycle.
MVE virus has not been isolated in the field from
any animal other than man, but epidemiological
and serological investigations clearly indicate that
the normal cycle of this virus also is a wild-bird/
mosquito cycle and, as has already been indicated,
Culex annulirostris has been incriminated epidemiologically in the epidemic area in the Murray Valley.
McLean (1953a, 1957) found that the virus multiplied
in all the culicine mosquitos he infected and could
be transmitted by those of them which he was able
to test, but did not multiply in the one anopheline
species (Anopheles annulipes) tested.
However, C. annulirostris is not present throughout
the area in which infections are known to occur
and Miles & Dane (1956), investigating an area
in northern Australia thought likely to be an
endemic focus, found C. fraudator to be the dominant
swamp mosquito and only captured C. fatigans in
the nearby settlement.
Antibodies have been found in many birds and
mammals (Anderson, 1953; Anderson et al., 1952;
Miles & Dane, 1956; Miles & Howes, 1953). In the
Murray Valley area approximately twice as many
water birds as land birds had antibody after the
1951 epidemic (40 % as against 18 %), and this,
together with the distribution of human cases along
the river, suggests that they were the most important
source of virus in that area. In contrast there was
no significant difference between land and water
birds in north Australia, where the virus was thought
to be enzootic.
The levels and duration of viraemia, however,
varied greatly in different birds and with the same
bird at different ages (McLean, 1953b; Miles, 1954).
Adult domestic fowls produced only a transient
viraemia, lasting 24 to 48 hours, and required more
than 50 mouse LD50 of virus to develop viraemia,
but two-day-old chicks developed a very high titre
of virus (up to 107-6 egg LD50) and were viraemic
for up to 8 days. The susceptibility fell rapidly
with age (Table 10). Among other adult birds tested,
silver gulls (Larus novae-hollandiae) and an Austra-
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TABLE 10
MEAN TITRE OF VIRUS IN BLOOD OF INFECTED FOWLS
OF DIFFERENT AGES 48 HOURS AFTER INFECTION WITH
MVE VIRUS*
Age of bird

Infecting
dose
(LD5o)

2 days
4 ,,

1061'5.4
103

,,
Adult

109

28

of

103

50

Titre of virus

(LDso)

44

103.3
Undiluted blood only
infective
0

* References: McLean (1953b); Miles (1954).

lian magpie (Gymnorhina hypoleuca) had a viraemia
lasting over six days and blood titres up to 10-4,
domestic ducks were viraemic for four days and
feral Indian doves (Streptopelia suratensis) were
viraemic for from three to five days. These last
were readily infected with 50 mouse LD50 given
intradermally, but not with 10 LD50. Domestic
pigeons (Columba livia) were viraemic only for 2448 hours and usually the blood titre of virus was low.
Macdonald (1952) showed that viraemia decreased
with age in laboratory mice. She found that 5to 10-day-old mice had a viraemia lasting four days
and reaching a titre of 10-4, but that only one out
of four 28-day-old mice developed any viraemia.
A very high proportion of horses in the Murray
Valley area were found to have antibodies to MVE
(Anderson et al., 1952; Miles & Howes, 1953), but
Miles (1952b) failed to demonstrate viraemia in
either of two horses infected experimentally. One
of these horses, inoculated intracerebrally, developed
signs of encephalitis but recovered completely
within a week. No evidence of encephalitis was
obtained from naturally infected horses. Sheep were
insusceptible to peripheral inoculation, but died after
intracerebral inoculation of large amounts of virus.
It seems clear that birds are the most likely
reservoir hosts of this virus and that species which
develop a high titre and prolonged viraemia are
likely to be more important than others. Further,
effective contact with the vector is necessary and
this probably explains the difference between the
infection rates of water and land birds in the
Murray Valley.
More extensive investigations of potential vectors
of virus other than mosquitos have been made in
the case of SLE than in that of the other members
of the JBE group. Large series of bird mites have

been investigated and several isolations have been
made from Dermanyssus gallinae and Bdellonyssus
sylviarum (Reeves, 1951; Reeves et al., 1955; Smith,
Blattner & Heys, 1944). Transovarial transmission
in mites has been reported (Smith, Blattner & Heys,
1947; Smith et al., 1948), but isolations from these
mites required more than one passage and some of
the results obtained were rather surprising. Other
workers have completely failed to find any evidence
of transovarial transmission or of prolonged survival
of the virus in mites, and it is now generally accepted
that the presence of SLE virus in bird mites merely
means that the mites in question had been feeding
on the blood of an infected bird shortly before
examination (Chamberlain, Sikes & Sudia, 1957;
Eklund, 1954; Reeves, 1951). Sabin (1950) has
reported on a small investigation of bird mites for
the presence of JBE virus from which he obtained
no convincing isolations.
No reports are available of the isolation of SLE
virus from field-caught ticks, and Sabin (1950) failed
to find infection of ticks of the genera Dermacentor
and Haemaphysalis in Japan. Blattner & Heys
(1944) reported experimental infection of the tick
Dermacentor variabilis and transovarial transmission of SLE virus to the third generation. However,
the failure to isolate virus in the field despite the
investigation of very considerable collections of
ticks suggests that these arthropods are unimportant
in the ecology of the JBE group of viruses.
Sabin (1950) also examined blood-sucking lice
from a number of animals for the presence of virus.
He failed to obtain any convincing evidence of virus
isolation from any of these groups of lice. Miles
(1954) failed to isolate virus from a pool of bitinglice (Ostromenopon sp.) which had fed for several
days on a silver gull (Larus novae-hollandiae) with
a high-titre viraemia. The only other report on
biting-lice is that of the isolation of EEE from a
related species by Howitt et al. (1948b).
The recent report by Wu & Wu (1957a) of the
isolation of JBE virus from a pool of the midge
Lasiohelea taiwana suggests the possibility that this
group of insects, which has been little considered
in the past, may possibly be of some significance
in the epidemiology of JBE virus and of other
members of the group.
Sabin (1950), in the paper already referred to,
has discussed the conditions necessary before one
can confidently accept the isolation of an arthropodborne virus from field material. He points out the
extreme ease with which laboratory contamination
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dence shows that a wide variety of bird species can
be infected by all these viruses and laboratory
experiments suggest that many of them do develop
a high-titre viraemia lasting for several days. Clearly,
only those birds which spend substantial amounts of
time in the habitat of the important vectors are
likely to be regularly infected, so that in the epidemic
areas in southern Australia MVE virus much more
commonly infects water birds than land birds. Since
adult ducks develop a viraemia lasting a considerable time they may well be important in the epidemiology of this virus, but inadequate studies have
been made on other species and, further, the diffeGENERAL CONCLUSIONS WITH REGARD TO MOSQUITOrence in age susceptibility in such resistant species
BORNE VIRUSES
as the domestic fowl complicates the picture consiWe may therefore conclude that, with the possible derably. While it may be possible in a particular
exception of VEE, all these mosquito-borne viruses incident to indicate some species of bird as partiexist naturally in a bird-mosquito cycle and that cularly important, there is so far not sufficient
the infected birds normally have a viraemia lasting evidence to incriminate any particular bird species
for a period of days, seldom more than six, which as the main reservoir of any of these viruses.
In general, mammals do not appear to be of great
reaches a sufficiently high titre readily to infect
some species of mosquito. Particularly when the importance for the ecology of these viruses and it is
summer temperature is high, virus multiplies rapidly probable that they are usually dead-end hosts.
in culicine mosquitos, and it may sometimes multiply Admittedly, the very high-titre viraemia which horses
in mosquitos at substantially lower air temperatures. develop when infected with VEE suggests that they
Although anopheline mosquitos have sometimes may be important hosts for that virus, but the very
been found infected there is no evidence of their high mortality of VEE-infected horses would indicate
ability to transmit these viruses and although there that this is not a long-established infection of the
is great variation in the capacity of culicine mos- horse and suggests that other hosts may be the
quitos both to be infected and to transmit, a very normal reservoir. Although birds do not develop
large number of species are capable of transmitting such a high-titre viraemia it would seem probable
under suitable conditions. McLean (1955) found that the natural reservoir hosts of the VEE cycle are
that MVE virus could multiply readily in both wild birds, just as they are of the other mosquitoculicine and anopheline mosquitos if it were intro- borne encephalitis viruses.
In the case of the JBE virus there is some evidence
duced parenterally, but no multiplication occurred
in the gut of anophelines whereas high titres of that pigs may be important in the epidemic cycle of
virus were found in the gut of culicines. He suggested the disease, although it seems highly improbable
that multiplication in the intestinal tissues may be that they have any significance as reservoir hosts.
an essential step in order that the virus may gene- On the other hand, the recent experimental work of
ralize and infection of the salivary glands, which La Motte (1958) on the infection of insectivorous
is necessary for transmission, can occur. This bats with JBE does suggest that these mammals at
finding may well explain the inability of anopheline least may be of considerable importance, particumosquitos to transmit these viruses and would larly for the survival of the virus through the winter.
suggest that the occasional isolation of such viruses Studies of reptiles as reservoir hosts of these viruses
from Anopheles sp. is due to a recent meal of virus- have been neglected until recently, but the paper by
infected blood rather than to multiplication of the Thomas, Eklund & Rush (1958) on infection of
garter snakes does raise the possibility that reptiles
virus in that mosquito.
While in the case of the viruses more intensively may be important reservoir hosts, especially for the
studied we have good reason to believe that certain winter survival of WEE virus.
There seems to be little doubt that vectors other
specified mosquitos are of particular epidemiological
importance, there is no such definite recognition of than mosquitos are unimportant in the ecology of
important reservoir host species. Serological evi- the mosquito-borne viruses.

can occur, especially when staff members are not
very well trained, and he regards any isolations not
made in the first passage as very suspect unless the
laboratory concerned has no strains of arthropodborne viruses in use. It would seem desirable when
primary isolations are being attempted that they
should be carried out in a laboratory in which no
active work with related viruses is in progress, and
unless this condition can be satisfied it is most
unwise to accept any isolations as authentic field
recoveries unless they have been obtained in the
original passage from the field material.

358

J. A. R. MILES
TICK-BORNE VIRUSES

There is no doubt that the most important vectors
of the tick-borne encephalitis viruses are ixodid
ticks. For louping-ill and European tick-borne
encephalitis, I. ricinus; for RSSE, L persulcatus;
for Malayan tick-borne virus, I. granulatus; and
for the virus of Kyasanur forest disease, Haemaphysalis spp. (particularly H. spinigera) are probably
the most important (Trapido et al., 1959). Kolman
& Havlk (1955) attempted to infect the argasid tick
Ornithodoros moubata with a strain of tick-borne
virus. When this tick was fed on blood containing
virus of the Czechoslovakian strain, the virus
survived for five days but had disappeared by the
sixth day. Smorodintsev (1944) reported that RSSE
virus, whose normal vector is I. persulcatus, survived
only from ten to thirty days in the ticks Dermacentor
sylviarum and Haemaphysalis concinna and H.
iaponica. In a recent review, Smorodintsev (1958)
stated that the status of these latter ticks as vectors
for RSSE virus was still uncertain, and possibly
later experiments, of which reports are not readily
available, have suggested better survival of virus.
Certainly the evidence available suggests that the
tick-borne viruses are highly specific in the ticks
in which they will multiply.
In the case of RSSE virus in L persulcatus, experiments by Soviet workers have repeatedly shown
transovarial transmission and Smorodintsev (1958)
has stated that it is often easier to isolate virus from
larvae hatched from eggs laid by an infected adult
tick than from the adult tick itself. There is no such
clear-cut evidence of transovarial transmission of
other strains of tick-borne virus and it remains uncertain whether this is a general mechanism for
infection of succeeding generations of the vector.
Although there is quite good evidence that some
mosquito-borne viruses can multiply in ticks, such
evidence as is available suggests that tick-borne
viruses are incapable of multiplying in mosquitos.
Slonim & Kramar (1955) fed large quantities of
Czechoslovakian virus to Culex pipiens, C. molestus,
Aides vexans and Anopheles messeae. The virus did
not survive more than two days in any of these
mosquitos.
The question of the reservoir host of tick-borne
viruses is far more complicated than that of the
vector, since many species of bird and mammal can
be infected by tick bite and can develop a viraemia
sufficiently intense to infect a susceptible tick en-

gorging on their blood. From the point of view of
human infection, the infection of goats, sheep and
cows with European strains is of particular epidemiological significance because the virus multiplies
in the mammary glands and is excreted in the milk,
and drinking infected milk or eating butter or cheese
appears to be the chief mode of infection over large
areas of Europe, including the European USSR.
However, except in the case of louping-ill, for which
the sheep appears to be the main reservoir host,
there is good evidence that wild rather than domestic
animals are the more important reservoir hosts.
Smorodintsev (1958) states that over 100 different
species of birds and mammals act as hosts for the
vector ticks, and that different species are favoured
by different stages in the development of the tick.
The larvae particularly choose small rodents, the
nymphs somewhat larger animals as well as field
voles, and the adults feed particularly on domestic
animals and elks, wolves and hares. He regards birds
as very important as distributors of infected ticks
over large areas and states that the most frequent
carriers of the tick are the fieldfare (Turdus pilaris),
the nutcracker (Nucifraga caryocatactes), the tree
pipit (Anthus trivialis) and the yellow bunting
(Emberiza citrinella). Havlik & Kolman (1957)
have recently shown that several species of insectivorous bats also have neutralizing antibodies, and
they obtained positive tests on sera from Myotis
myotis, the lesser horse-shoe bat (Rhinolophus
hipposideros), the long-eared bat (Plecotus auritus),
and the barbastelle (Barbastella barbastella).
Among this plethora of susceptible hosts it is
difficult to decide whether any particular individual
species or group is especially important, but what
seems likely to be a highly significant epidemiological
observation has been reported by Havlik (1954).
In Czechoslovakia, the year 1952 was a peak year
in respect of rodent density, the field vole (Microtus
arvalis) and the bank vole (Clethyrionomys glareolus)
being present in very large numbers. The immature
ticks of L ricinus feed mainly on small rodents and
this peak rodent year was followed by a large epidemic
of encephalitis in 1953. Similarly, the epidemic
in 1948 followed a peak in rodent density in 1947.
This does at least suggest that in Czechoslovakia
the small rodents may be of especial importance as
reservoir hosts of European tick-borne encephalitis
virus. No published records have been discovered
of the examination of reptiles for infection with
tick-borne encephalitis viruses.
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INTER-EPIDEMIC SURVIVAL OF VIRUS AND COMMENCEMENT OF EPIDEMICS
In all countries in which epidemics of arthropodborne encephalitides occur a notable feature is the
irregularity with which these epidemics are seen
and the tendency for different areas to be worst
affected in different years.
Two main problems arise from these irregular
epidemics. First, what are the conditions which are
required for an epidemic to start? Secondly, how
does the virus survive during inter-epidemic periods?
The second of these two problems will be considered
first and then some attempt will be made to indicate
some of the factors which may be associated with
the onset of an epidemic.
MOSQUITO-BORNE VIRUSES

Survival in small endemic areas in mosquito-bird cycles
of the normal summer enzootic type
Murray Valley encephalitis has become epidemic
in southern Australia only very infrequently.
Epidemics occurred along the river Murray in 1917
and 1918, in the Broken Hill region of New South
Wales in 1925 and again along the river Murray in
1951 (Anderson, 1952; Cleland, Campbell & Bradley, 1919-20; Kneebone & Cleland, 1926; Miles &
Howes, 1953). Three human cases occurred in the
Murray Valley in 1956 (Anderson, Dobrotworksy &
Stevenson, 1958). When the virus was re-isolated
in 1951, serological surveys were made to determine
the extent of infection and further investigations
have been made over a period of years which have
proved the absence of the virus from the Murray
Valley in the years in which no clinically recognizable
human infections had taken place (Anderson,
Dobrotworsky & Stevenson, 1958; Anderson &
Eagle, 1953; Anderson, White & McLean, 1954;
Miles, 1955). Examinations of meteorological data
showed that on each occasion on which there had
been a major outbreak of the disease there had been
a particular pattern of rainfall, not in the southern
epidemic area, but in northern Australia. Epidemics
occurring in southern Australia during the summer
were associated with exceptionally high spring
rainfall in northern Australia. It was also noted in
1951 that there was a very large influx of northern
birds into southern Australia (Anderson & Eagle,
1953; Miles, 1952a; Miles & Howes, 1953). A very
small outbreak in Queensland in 1922 and the three
cases along the river Murray in 1956 were not

associated with any very widespread high rainfall
in the north. In a field survey which covered 11 areas
widely separated in the Northern Territory of
Australia it was found that the proportion of aborigines with neutralizing antibodies against this virus
varied between 7% and 89% and that three areas
had a much higher rate of sero-positives (86-89%)
than any of the others. It was therefore postulated
that endemic areas might exist in the tribal regions
of the nomadic groups which gave such a high
proportion of sero-positives (Beech, Howes &
Miles, 1953). A later investigation gave confirmatory
evidence and although no actual strain of virus was
isolated, small areas of permanent swamp were
examined where all the year round mosquito breeding continued, where a high proportion of wild
birds had antibodies and where good evidence of
recent infection was obtained in years when the
virus was known to be absent from southern Australia. It was therefore concluded that it was
probable that these limited areas of swamp in which
mosquitos continued throughout the year provided
permanent endemic foci for the disease. During
the dry season more and more water-holes and
swampy areas dry up, and as they dry increasing
numbers of birds will be forced to visit the remaining
swamps. As a result it would be quite possible for a
continual supply of susceptible birds to be brought
to a small endemic focus throughout the year and
the virus could survive in a bird-mosquito cycle,
with the mosquito surviving a relatively short period
and the birds having a viraemia lasting only a few
days followed by a solid immunity (Miles & Dane,
1956). More recently French et al. (1957) have
isolated this virus from a fatal human case from New
Guinea and the possibility exists that the main
endemic focus may be there rather than on the
Australian mainland; but it is virtually certain that
this disease is brought south through bird movements
and that climatic conditions conducive to early and
successful breeding, followed by exceptionally large
southward movements of infected young birds, are
associated with the major outbreaks of the dLsease
in the more thickly populated parts of Australia.
Similar theories of the survival of the North
American encephalitides in endemic southern areas,
with re-introduction each summer with migrating
birds, have been proposed, but no confirmatory
evidence has been forthcoming and it is not now
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thought likely that this is the main mechanism of
virus survival for the North American encephalitides
(Kissling et al., 1957b).
Survival in hibernating mosquitos
The problem in North America is to explain the
survival of mosquito-borne viruses in areas in which
they appear to be endemic, despite a period of
several months during which mosquitos are completely inactive. The situation of WEE has been
carefully studied and in Weld County, Colo., for
instance, although human epidemics occur relatively
infrequently infection of nestling birds occurs every
year (Cockburn, Sooter & Langmuir, 1957) and
WEE virus was isolated from one of fourteen lots
of Culex tarsalis collected while hibernating in an
abandoned mine in December 1953. Reeves,
Bellamy & Scrivani (1958) reported that WEE virus
was isolated from pools of C. tarsalis collected in
Kern County, Calif., in all months of the year
except December. The strains isolated between
January and March were attenuated and of low
titre. They were non-pathogenic for mice and poorly
immunogenic for fowls. Save for one isolation in
March SLE virus was isolated only between June
and September from C. tarsalis. Bellamy, Reeves
and Scrivani (1958) have made direct observations
on the survival of both WEE and SLE under conditions of hibernation and showed that, when
mosquitos were fed infected blood and kept for
13 days at 75-84°F (24-29°C) before being subjected
to 55°F (13°C), WEE virus survived under hibernation conditions in C. tarsalis for 41 days and SLE
virus survived in C. pipiens for 31 days and in
C. quinquefasciatus for 14 days. However, when the
mosquitos were placed in a cellar at 50-60°F (1016°C) immediately after feeding on blood infected
with WEE, the virus survived in C. tarsalis for up
to 113 days and the mosquitos transmitted virus
when removed to the warmth after periods of
simulated hibernation of 97-109 days. Under the
same conditions SLE survived 116 days in C.
quinquefasciatus, but no transmission experiments
were carried out.
A further observation of considerable interest
is that recently reported by Wu & Wu (1957b) from
Fukien. As reported earlier in this review, these
workers isolated virus from 7 pools of adult Aedes
albopictus derived from larvae collected in breedingplaces close to the homes of cases of JBE. This
suggested transovarial transmission of the virus in
this mosquito and renewed interest in the report of

transovarial transmission in C. pipiens given earlier
by Mitamura et al. (quoted by von Rooyen &
Rhodes, 1948). These results contrast with those
of Chamberlain & Sudia (1957), who failed to find
WEE, EEE or SLE in eggs laid by infected C.
tarsalis. Clearly, further careful laboratory experiments will be required before it can be accepted that
transovarial transmission commonly occurs in
mosquitos infected with JBE virus.
Survival in acarines
An attractive theory, which held for some time,
was that these viruses might survive through transovarial transmission in bird mites. The repeated
isolations from bird mites and the reports of transovarial transmission in such mites made such a
theory seem plausible. However, the later experiments of Chamberlain & Sikes (1955) with EEE, of
Reeves et al. (1955) with WEE, and of Chamberlain,
Sikes & Sudia (1957) with SLE have completely failed
to confirm the earlier findings and it is now generally
believed that mites are unimportant in the natural
history of this group of viruses.
Recently Libikova (1957) has reported the isolation of the Czechoslovakian strain of EEE from a
pool of 20 nymphs of L ricinus out of a collection of
1300 ticks. This brings to mind the earlier reports
of laboratory infection and transovarial transmission
of North American encephalitis viruses in ticks.
However, none of the North American viruses have
been isolated from ticks in the field in the USA,
where the importance of ticks as vectors has been
very thoroughly studied, and it would seem unlikely
that survival in ticks is normal or of great importance
for these viruses.
Survival in bats
As mentioned earlier, La Motte (1958) has
recently published an extremely interesting paper
on the infection of bats with JBE virus during
simulated hibernation. It was shown that three
species of insectivorous bats could be infected by
bites from infected mosquitos of the C. pipiens group
and that such infected bats had a viraemia lasting
six or more days without obvious illness. The
concentration of virus in the blood was generally
high enough to infect members of the C. pipiens
group. Eptesicus fuscus (the big brown bat) was
used in the main part of the work. Under hibernation conditions this bat was capable of maintaining
a latent virus infection for as long as 107 days.
When the bats were removed to room temperature
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the virus could not be isolated from them for about
three days, but then a viraemia occurred with blood
titres of virus above the minimum infectious dose
for mosquitos.- One infected C. pipiens engorged
on an E. fuscus held at 10WC, and three days after
this bat had been removed to room temperature
viraemia occurred.

It does, therefore, seem probable that the virus
of JBE could survive through the winter in caves
containing both hibernating bats and mosquitos,
with occasional transmissions taking place in milder
spells of weather. However, it must be remembered
that multiplication of the virus in mosquitos is far
less at low temperatures than at temperatures of
26-31°C (Huang, 1957) and, therefore, the inefficiency of such transmissions would very substantially
reduce the chance of successful winter survival.
If, however, the mosquito were able to transmit
after hibernating for up to 100 days and the bat
were then able to develop viraemia after a further
100 days, a single transmission during the hibernation period would be adequate to allow the full
required winter survival. This would be likely to
occur in a warm spell. Whether it could, in fact,
occur remains for future experiments to determine.

Survival in birds
Limited investigations have been carried out to
examine the theory that mosquito-borne viruses
may survive in a latent form in birds, and that, as
in the case of psittacosis, the virus may become
active through the endocrine changes and physiological stresses associated with breeding or migration and thus, with the aid of suitable vectors,
infection might be transmitted, particularly in the
nest, and a new epidemic cycle be started. With
this idea in mind Kissling et al. (1957b) attempted
to isolate EEE and WEE from resident and migratory birds during the winter and early spring in
endemic areas but had no success. Kissling (1958)
also reported that, based on the hypothesis that the
latent virus may be masked in some form, a limited
experiment was carried out in which the tissues
of sparrows which had recovered from SLE infection
were grown in tissue culture. In this manner it
would be possible to free the tissues from antibodies
and the rapid proliferation of tissue might encourage
a build-up of virus. This experiment met with
negative results. Miles & Maguire (unpublished
data) have carried out a limited series of experiments
on domestic fowls infected with MVE virus at the
age of six weeks. They examined 44 fowls half

of which had received substantial doses of cortisone
twice weekly from 14 days after infection with the
virus. The birds were killed from one to three
months after infection. Emulsions of a variety of
tissues were injected into chick embryos, and the
spleens were minced and cultured in plasma clot
cultures in roller tubes. No virus was isolated from
any of these birds.
However, Reeves et al. (1958), in an extensive
investigation on WEE virus in 284 birds belonging
to 9 species, obtained 8 isolations from birds of
5 of those species at times between 55 and 306 days
after the initial infection (see Table 11). These
results suggest that this mechanism may be of some
importance and, in view of the low percentage of
positive results, it is perhaps not surprising that the
limited experiments carried out by other workers
have been completely negative.
Survival in reptiles
Thomas, Eklund & Rush (1958) have reported
the only investigation of which we are aware on the
susceptibility of reptiles to WEE virus. They state
that their studies have shown that C. tarsalis commonly spends the winter in rock piles and that
many snakes also hibernate in these sites. Laboratory

TABLE 11
ISOLATIONS OF WEE VIRUS FROM LATENTLY INFECTED
BIRDS *

Species

Brewer's blackbird (Euphagus cyanocepha-

lus)

150

Gallbladder

178

198

Lung
Blood, lung

..

133
55

Liver
Brain

VI

306

Spleen

245

Brain

234

Blood

Cowbird (Molothrus
ater)
..

Tricoloured blackbird

(Agelaius tricolor)

House finch (Carpodacus

mexicanus)

English sparrow
(Passer domesticus)
*

Datys
atr |Tissue
inocun- containing
virus

Reference: Reeves (1958).

Method
of
isolation

Chick embryo

to

Mouse embryo
it

it

Tissue culture
Po

of
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investigations had revealed that this mosquito would
feed on garter snakes (Thamnophis spp.) in the
absence of other hosts and Dow, Reeves & Bellamy
(1957) have collected blood-engorged C. tarsalis
in snake-baited traps. Thomas and his colleagues
report on four garter snakes infected by intraperitoneal inoculation and three infected by the bites
of C. tarsalis. Virus persisted in the three snakes
bitten by mosquitos for 4-20 days and in one of
the snakes infected by intraperitoneal inoculation
for up to 36 days, at which time the snake died.
Five of the seven snakes died while still viraemic
but it is thought that death was due to repeated
bleeding rather than to the action of the virus.
These results make it clear that snakes may play
a part in the winter survival of arthropod-borne
viruses and that far more extensive investigations
of this possibility are required.
Conclusions
In those wet tropical areas where mosquito
breeding continues all the year round and cases of
arthropod-bome encephalitis are more commonly
sporadic and occur at any time of year, there appears
to be no difficulty in explaining the survival of the
virus. In other areas a number of mechanisms have
been suggested and it would appear that different
mechanisms would be likely to be the most important
in different areas. Migrating or dispersing birds may
be of great importance where the disease occurs
only in the epidemic form and at irregular and infrequent intervals, but the failure to find infection of
migrating birds in the investigation of Kissling et al.
(1957b), who obtained no positives in 739 birds
tested, suggests that it is an unlikely mechanism in
cases where the virus reappears every summer. The
other possible mechanisms studied all appear to be
rather incompetent and likely to fail, and it would
seem probable that a combination of more than
one of these survival mechanisms is responsible for
the regular reappearance of virus in each summer
season in endemic areas in temperate regions.
Wild-life epizootics will begin when there are
good conditions for bird and mosquito breeding
at a time when the temperature is optimal for the
development of virus in the mosquito so that
transmission will be highly efficient. In those cases
where the epidemic vector differs from the sylvatic
vector epidemics affecting man and his domestic

animals will occur only when there is an overflow
from the sylvatic cycle affecting household mosquitos
or other indifferent feeders during a season when the
conditions are ideal for mosquito breeding and virus
multiplication.
TICK-BORNE VIRUSES

There appears to be little difficulty in explaining
the survival of tick-borne encephalitis viruses in
vectors as long-lived as ticks. It is clear that a tick
infected as a larva or nymph can carry virus through
to the next season and then infect the animals on
which it will engorge. Further, in the case of RSSE
in Ixodes persulcatus, transovarial transmission
appears to be a normal method of infecting further
generations of ticks, but such transmission has not
been clearly established for the other strains of
virus and it seems unlikely that this mechanism is
equally important in all strains.'
The reason for the occurrence of epidemics is not
so clear. Smorodintsev (1944) observed that epidemics commonly occurred in new settlements
established in forest areas where there were large
numbers of ticks and a population of non-immune
human beings, but this does not explain the epidemic
years, particularly in Europe where infection takes
place in areas which have been fully settled for many
generations. The epidemiological observation which
appears most likely to be significant is that of
Havlik (1954) on the association of epidemics of
tick-borne encephalitis with the years following peak
numbers of field and bank voles. In the year
following the peak, when vole numbers have
usually fallen to a low level, ticks would necessarily
be seeking other hosts more vigorously than usual
and would be likely to be present in unusually high
numbers and therefore the chance of an epidemic
developing in such a year would be very high. The
cycles of vole numbers have been extensively studied
in Europe and the Asiatic USSR and it should not
be difficult to follow up this very interesting epidemiological observation.
1 Benda (1958) has recently found that females of Ixodes
ricinus infected by feeding on blood containing the European
tick-borne encephalitis virus may transmit the virus to
their eggs and larvae, but that when the feeding on infected
blood was limited to 3-5 days, only 6% of the females
transmitted virus to their larvae, while if, as is unlikely under
natural conditions, the females fed for 7-10 days on blood
with a high-titre viraemia, transovarial transmission was
observed in 3 out of 14 ticks tested.
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CONTROL

personnel, such as laboratory workers, vaccination
Insufficient is known of the natural history of is recommended.
In the case of VEE, which causes a very large
the mosquito-borne encephalitis viruses for satisnumber
of laboratory infections, a purified formolfactory control to be practised. In some cases the
ized
chick-embryo
vaccine was developed by Randallmain vector is clearly defined, but even in those
the importance of different animals as reservoir Maurer & Smadel (1949) which led to the formahosts and in the epidemic situation remains un- tion of high-titre neutralizing antibody in the
certain. Where the most important vector has a inoculated personnel. After its use no further cases
highly specialized habitat-as has the Culex of VEE occurred among the staff making vaccine
pipiens group, which is important in the case of on a large scale. This vaccine stored well when
SLE, and C. annulirostris, which appears to be lyophilized and was found to be potent after at least
very important in the case of MVE-vector control fourteen months. Sutton & Brooke (1954) described
in the centres of population may prove effective, an accident with a vaccine of this type in which
at least in reducing the disease. It is particularly 14 fairly mild cases of VEE occurred among 32 perlikely to be so in cases where a very definite set sons who had received reputedly inactivated vacof meteorological conditions is likely to precede cine; it is clear, therefore, that great care is required
the epidemic, so that active vector-control measures in testing this vaccine for complete inactivation of
may be taken in good time. The most effective virus.
Vaccination against JBE has been carried out on
results will be obtained in those cases in which
good town-planning and active sanitary control quite a large scale, both formolized mouse-brain
will largely eliminate the breeding-places of the and formolized chick-embryo vaccines being used.
vectors. The use of insecticides is limited by the Sabin (1947) reported that over 300 000 US troops
speed with which mosquitos are developing resist- had been vaccinated with a mouse-brain vaccine
ance to all the modern insecticides when they are with no case of allergic encephalitis occurring.
repeatedly exposed to them. Despite some very Under the conditions of the trial no assessment of
thorough attempts, no success has been achieved the efficacy of the vaccine could be made. However,
in completely eradicating a widespread indigenous more recently Tigertt & Berge (1957) reported the
mosquito, although immigrant mosquitos have some- results of vaccinating children between the ages of
times been completely eliminated from a limited 4 and 10 years in the Okayama prefecture of Japan
habitat. It has been suggested that the presence of over a period of three years. They used both formoltrees, which act as bird roosts and nesting-sites, inactivated mouse-brain and formol-inactivated
close to houses may increase the risk of infection chick-embryo vaccine, and in the groups which had
for the inhabitants. In the present state of our actually been exposed to infection there were 33 910
knowledge reduction in the numbers of vectors vaccinated and 63 168 of the same age-group unpresents the best hope of obtaining some control. vaccinated. During the three-year period the
Vaccines have been developed against most of encephalitis rate in the vaccinated was 11.8 per
these viruses and the vaccine against EEE and WEE 100 000 as against 57 per 100 000 in the unvaccinhas given excellent results in preventing losses among ated.
horses. This vaccine was developed by Beard et al.
Imam & Hammon (1957a, 1957b) have reported
(1938) and is a formolized chick-embryo vaccine. experiments on vaccination using live West Nile
At first it was given in large doses subcutaneously virus followed by other members of the JBE group.
but more recently it has been given intradermally. The experimental hamsters and monkeys were first
It is available as a monovalent vaccine for either injected with live West Nile virus and then received
EEE or WEE, or as a bivalent vaccine; in the formol-inactivated doses of the encephalitis-proformer case it is normally given in 1-ml doses and ducing virus. This procedure resulted in a very high
in the latter in 2-ml doses (Schoening et al., 1940). grade immunity and the authors concluded that,
Vaccination in man has not been practised on a if a safe attenuated strain of West Nile virus could
mass scale because of the rather excessive reactions be developed, this method of obtaining first a basic
which have occurred, but for specially exposed immunity with live West Nile virus and then supMOSQUITO-BORNE VIRUSES
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plementing it by one or two doses of the inactivated
vaccine of the virus against which protection is
required would be likely to lead to a much more
solid immunity than that conferred by the vaccines
at present in use. Experiments were carried out
using JBE, SLE and MVE, and in all cases the
results were good, although those with MVE
appeared the most satisfactory of all.
TICK-BORNE VIRUSES

Mainly through work carried out in the USSR
and, more recently, in Czechoslovakia, the position
with regard to vector control for the tick-borne
viruses is distinctly more promising than it is for
the mosquito-borne. Smorodintsev (1958) has
recently summarized the position in the USSR and
Blaskovic (1958) that in Czechoslovakia, and the
following account is based mainly on these two
reviews. Vector control can be divided into three
main parts:
1. Alteration of the ecological conditions to make
the habitat unsuitable for ticks.
2. Direct attack on the ticks by the use of insecticides.
3. Measures directed to protecting workers in
danger areas from tick bites.
The tick L persulcatus is almost entirely a tick of
forests, particularly deciduous or mixed forests,
while L ricinus is present in deciduous forests,
around the neglected borders of fields and also in
rough pastures, particularly on sub-marginal land.
Therefore in the case of L ricinus a great deal can be
done to control the tick by improved agricultural
methods. Improving pasture and controlling hedges
or replacing them by fences will rapidly reduce the
tick population and thus reduce the risk of human
infection. Further, some degree of control can be
obtained by removing one of the groups of mammalian hosts important for some stage of the tick lifecycle. Where it is practicable the extermination of
rodents will lead to the disappearance of the majority
of young ticks, both larvae and nymphs, and will
lead to some degree of control of the vector. Similarly, adult ticks can be to some extent controlled
by removing the large and widely ranging mammals
on which they mainly feed. In the USSR it is
recommended that cattle be kept as far as possible
out of forest areas heavily infested with L persulcatus, and in Scotland Darling (1947) has reported
that fencing an area against widely ranging mammals
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has led to a considerable reduction in the population
of L ricinus without any attempt at rodent control.
In the USSR great success has been obtained in
destroying ticks in forest areas by the use of modern
insecticides. Large areas have been treated with
DDT or BHC preparations by either ground or
air dusting, using a 10% dust of either DDT or
BHC at a rate of 30-50 kg per hectare. BHC gives
very good control for the first year, but by the third
season very substantial numbers of ticks have
reappeared. On the other hand, after a spraying
with DDT, the population of nymphs on rodents
in one survey was decreased by 97.60% in the first
season, by 96.70% in the second and by 99.5% in
the third. In another small area treated, no young
or adult ticks were found four years after the spraying. In some cases spraying has been concentrated
along roads to give good control in those areas
where human beings are most likely to be exposed.
Exposed workers should be encouraged to wear
protective clothing impregnated with an insect
repellent or with an insecticide. Further, persons
working in tick-infested areas should be trained to
examine themselves for ticks both during the lunch
hour and at the end of work and to remove any
ticks found promptly.
The transmission of European tick-borne encephalitis by milk adds a further control problem,
as the virus cannot be destroyed by normal pasteurization, but requires 65-70°C for 20 minutes. All
persons using milk which is liable to be infected
should be encouraged to boil their milk, since this
is the only really effective method of destroying the
virus in it . Since the virus is excreted but transiently
in the milk (up to about 5 days), it is only necessary
to recommend the boiling of milk in the epidemic
season (Gresikova, 1958a, 1958b).
A vaccine made from formolized mouse-brain has
been used extensively in the USSR for the vaccination of persons likely to be exposed to tick-borne
encephalitis. This vaccine was developed by Smorodintsev shortly after the virus was first isolated, but
recently the realization of the risks of the development of allergic encephalitis through the use of
mouse-brain vaccine has led to an attempt to develop
a chick-embryo vaccine; according to Smorodintsev
(1958), Shubladze has developed such a vaccine,
but it has not proved as effective as the mouse-brain
vaccine. Edward (1948a) found a formolized chickembryo vaccine against louping-ill virus not very
effective in protecting sheep against experimental
infection. The early tests on the Soviet mouse-brain
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vaccine showed it to be highly effective. In 1935
among 925 vaccinated persons there were two mild
cases of encephalitis, as compared with 27 cases
(7 of which were fatal) among 1185 unvacccinated
persons. The next year, among 9578 persons
vaccinated there was one case of encephalitis,
whereas among 6180 unvaccinated persons there
were 38 cases with 9 deaths. This vaccine when
lyophilized is very stable and survives shipping
satisfactorily.
Smorodintsev states that unvaccinated persons
who have been bitten by ticks in areas where the
virus is highly endemic may be given sero-prophylaxis
with gamma-globulin from hyper-immunized horses
or goats. Such sero-prophylaxis will reduce the
number of cases amongst persons bitten by ticks
at least fourfold.
ECOLOGICAL SURVEY

The use of the ecological survey as a basic measure
in the control of zoonoses, particularly when new
areas are to be opened up for close settlement or
exploitation, has been advocated by many workers,
but it is particularly associated with the name of
Pavlovsky, who has carried out this kind of work on
a much larger scale than anyone else. While the
ecological survey is a general measure to control
both zoonoses and diseases transmitted by arthropods which are strictly human diseases, nevertheless
such surveys are so important for the control of
arthropod-borne encephalitides that mention should
be made of them at this point. In any area which is
likely to be opened up for close settlement there
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will be many types of environment, some of which
may act as small endemic foci for a particular
zoonosis. For instance, in an arid area there may
be one or more swampy areas which contain large
bird and mosquito populations which are clearly
ideally suited to act as endemic foci of a mosquitoborne encephalitis. If such an area is scheduled to be
opened up as an irrigation area, the available area
suitable for mosquito breeding and carrying a large
bird population will be greatly increased and a very
large zoonosis problem may rapidly develop and
become almost unmanageable. However, if a preliminary survey has been made it might well prove
possible to clear such small foci of dangerous hosts
and eliminate the vectors before starting an irrigation
scheme which would make later elimination of the
vector almost impossible.
CONCLUSIONS

It may be concluded, then, that the control of
arthropod-borne encephalitides at the present stage
consists first in attempts to control the vector;
secondly in vaccination of the population specially
at risk; thirdly, in a few instances, in the use of
passive immunization for persons probably infected;
and fourthly in carrying out preliminary ecological
surveys of areas about to be closely settled so that,
through timely warning of a potential major problem, full control measures may be introduced to
avert the danger of an enzootic infection becoming
an epidemic disease of importance in the newly
settled area.

INTERPRETATION OF SEROLOGICAL FINDINGS
Much of the understanding of the ecology and
epidemiology of the arthropod-borne encephalitides
is based on serological studies for the presence of
antibodies to these viruses in birds, mammals and
man. Since there are now over seventy types of
arbor virus recognized, since a large proportion of
these fall into three groups based on the nature of
their haemagglutinins, and since within these groups
there are certain shared antigens, the interpretation
of serological findings may be complicated. An
extensive serological survey in India was reported
by Smithburn, Kerr & Gatne (1954). Among the
viruses which they studied were several group-B

viruses. They found that 35 % of the sera tested had
neutralizing antibodies to West Nile virus, 8.7 %
to MVE, 3.20% to JBE and 2.80% to SLE. All the
sera positive for other members of the group also
protected against West Nile virus, and it was not
possible from these results to conclude definitely
that any of the viruses other than West Nile were
present in India. The other positive results might
have been due entirely to cross-protection. Since
then it has been clearly shown that both West Nile
virus and JBE are present in India (Taylor et al., 1956;
Work & Shah, 1956). At present JBE virus appears
to be localized in an area in Madras State and West
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Nile virus to be widespread. The other viruses have
not been shown to occur in India.
Casals (1957) has shown that there are important
differences in the serological response of individuals
infected by a single group-B virus and those infected
by two such viruses. He found that after multiple
infections the antibodies became far less specific
and that it would be impossible by haemagglutination-inhibiting, complement-fixing or neutralizing
antibodies to decide what members of group B
had infected an individual who had been infected
by more than one virus. Where infection with only
one virus had taken place, one individual still gave
a very broad cover in the haemagglutinationinhibition test and none was highly specific, but
the majority gave a much higher complementfixation titre against the homologous antigen than
against the heterologous, although even here there
was substantial overlap in certain cases. Smithburn
(1952, 1954b) has produced evidence that in individuals and animals with a single infection the
neutralizing antibodies are highly specific and that
the amount of crossing is relatively small. All these
results have been obtained only with mammalian
sera and to what extent they apply to avian is not
certain, but work on other problems would not
lead one to expect that the results would be substantially different.
Macnamara, Horn & Porterfield (1950) have
employed statistical methods in studying the association between antibodies to various arthropodborne viruses in West Africa and in their discussion
they point out that there are five possible causes of
such an association.
1. The arthropod vector of certain of these viruses
is the same and certain individuals are more protected than others against the bites of the vector.
It is a common observation which has been backed
by experimental work that individuals vary in their
attractiveness to mosquitos and those persons who
were most bitten by the vector mosquito would
have the greatest chance of being infected by all
the viruses. The observed groupings do not fit well
with this theory.
2. An association could be demonstrated in an
area where several viruses were common, if, in
analysing the results, old persons and young were
not differentiated. All or nearly all old persons
who had been exposed for a long time would be
likely to show serological immunity to two or more
viruses, while the very young would show practically
no immunity; this would, of course, be true rather of
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viruses which were endemic than of those like
yellow fever, which in most areas is enzootic in a
sylvatic cycle and only occasionally causes epidemics.
3. If certain mosquitos were more easily infected
than others it is possible that double infection in
mosquitos might occur more often than would be
expected by chance. For this to be an important
factor a high rate of infection of mosquitos would be
needed.
4. If the disease caused by one virus was relatively
very mild in individuals previously infected with
and immunized against another virus, but was
severe, causing considerable mortality, in individuals
who had not previously been infected with the other
virus, an association of serum antibodies would
be indicated.
5. The association of antibodies could be due to a
serological overlap, so that if an individual is
infected with one virus he becomes immune not
only to the infecting virus but also to others as well.
Since there is good evidence of serological overlap
in group-B viruses it is attractive to accept this view.
However, the authors quote as an example Iburu
in Eastern Nigeria where there was an epidemic of
yellow fever late in 1952. There is a highly significant
correlation between antibodies to yellow fever and
Zika viruses. Before the epidemic 18 out of 84
individuals had antibodies to yellow fever virus and
50 out of 84 to Zika. Infection with yellow fever had
not led to any increase in the antibody rate to Zika,
and this finding weighs against the theory that the
association between these two antibodies, as shown
by the mouse-protection tests used by the authors, is
due to antigenic overlap. It is, however, known that
there is an antigenic overlap between the haemagglutination antigens of the two viruses and that there
is crossing of the haemagglutination antibodies
(Casals, 1957).
It is probably fair to say that the presence of
haemagglutination-inhibiting antibodies against one
member of a group of arbor viruses, in the absence
of other evidence of what virus is present, and
provided adequate precautions have been taken to
control non-specific inhibition of haemagglutination, really means that a virus of that group has
infected some of the individuals whose sera are being
examined. The complement-fixing antibodies are
somewhat more specific, but there is still a very wide
cover even in some individuals who have only been
infected by one virus. However, where only one
known virus has been present the relatively transient
nature of the complement-fixing antibodies may be
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of use in deciding how recently the virus has infected
people in a given area. In an area along the Murray
Valley six months after the 1951 epidemic half those
who possessed neutralizing antibodies also gave
complement-fixation reactions, whereas two years
later only 1 in 8 gave complement-fixation reactions
(Miles, 1955). This alteration in the proportion of
positive sera showing complement-fixing as well as
neutralizing antibodies has been used as one of the
types of evidence suggesting recent infection in
later work (Miles & Dane, 1956).
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In individuals who have only had one infection
the titre of neutralizing antibody against the homologous virus is always substantially higher than that
against the heterologous virus, but in some cases,
such as MVE and JBE, there may be substantial
crossing even in the sera of individuals who have
only had one infection (Smithburn, 1954b). Unless
a comparative titration of neutralizing antibodies
can be made against all the possible viruses, even a
high neutralizing titre does not conclusively prove
infection by that virus.

RSUM t
L'article rend compte de la distribution des virus
transmis par les arthropodes, qui ont provoque des
epid6mies d'encephalite chez I'homme, ou des epizooties
chez les animaux domestiques avec des cas sporadiques
chez I'homme. Ces epid6mies tendent 'a presenter un
maximum au debut de l'ete, lorsqu'il s'agit de virus
transmis par les tiques, et un peu plus tard, dans le cas
de virus transmis par les moustiques. Mais, dans les
r6gions tropicales, la frequence des maladies en question
est liee aux chutes de pluie plut6t qu'a la saison. Dans les
zones equatoriales humides, des cas peuvent survenir 'a
tout moment de l'annee.
Le cycle enzootique normal d'ete des virus transmis
par les moustiques est un cycle oiseau-moustique, avec
une seule exception possible, mais douteuse, celle de
l'encephalomyelite equine du Venezuela. II se peut
d'autre part, qu'un stade de latence du virus chez les
oiseaux et les moustiques puisse expliquer sa survie
pendant l'hiver, dans les zones d'endemicite oLu la saison
hivemale provoque un arret complet de l'activite des
moustiques, mais la possibilite demeure que les chauvessouris ou les reptiles jouent un r6le dans la survie de ces
virus pendant I'hiver, dans ces conditions-la.
On a des raisons d'admettre que seuls les culicines
interviennent de fagon importante dans la transmission
de ces virus, et de soupgonner que les anophelines en
sont incapables, bien qu'on les ait parfois trouves
porteurs de ces virus.
A I'heure actueUle, aucune observation ne suggere que
d'autres arthropodes interviennent dans l'ecologie des
encephalites transmises par les moustiques.
Dans le cas des virus transmis par les tiques, on pense
que les oiseaux et les mammiferes peuvent jouer le r6le
de reservoirs. Mais, en Europe orientale tout au moins, il

semblerait que les petits rongeurs ont une importance
particuliere, et que, dans le Royaume-Uni, ce sont les
moutons qui hebergent le virus et deviennent ses victimes
preferees lors d'epizooties.
Certaines observations tendent 'a prouver que le virus
de la souche russe extreme orientale passe, par voie
transovarienne, dans la tique Ixodes persulcatus, mais on
ne peut affirmer qu'il en est de meme pour les autres
souches. Cependant, il est clair que les larves ou nymphes
infect6es peuvent heberger le virus jusqu'a la saison
suivante, ce qui expliquerait la survie des virus des
encephalites transmises par les tiques au cours de l'hiver.
Les virus de l'encephalite transmise par les tiques
semblent etre hautement specifiques dans le choix de
leurs vecteurs, et seuls les Ixodes paraissent aptes 'a ce
r6le. Les travaux experimentaux indiquent que ces virus
ne survivent que peu de temps chez les Argasides ou chez
les moustiques, et qu'ils n'ont que peu de chances de
survivre chez les Ixodes appartenant 'a un genre different
de celui de leur vecteur normal.
La lutte contre les encephalites transmises par les
arthropodes restera peu satisfaisante tant que l'on ne
connaitra pas mieux leur ecologie. Mais la destruction
des vecteurs semble offrir certaines possibilites, notamment pour combattre les virus transmis par les tiques:
on a obtenu des succes encourageants avec des vaccins,
tout imparfaits qu'ils soient encore.
L'article souligne l'interet que presente une enquete
ecologique avant l'ouverture au peuplement de toute
nouvelle zone.
Dans une note, l'auteur releve l'interet des enquetes
serologiques pour 1'etude de la distribution de ces virus,
et les difficultes que souleve l'interpretation de leurs
resultats.
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