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A MEMORIAL TO FINLAY, REED, GORGAS AND SOPER AS
MAJOR CONTRIBUTORS TO PRESENT DAY CONCEPTS
ESSENTIAL FOR CONTROL OF MOSQUITO-BORNE
ARBOVIRUSES?-2

WILLIAM C. REEVES

Department of Biomedical and Environmental Health Sciences, School of Public Health,
University of California, Berkeley, CA 94720

It is a privilege to memorialize the con-
tributions that Carlos Finlay, Walter Reed
and William Gorgas made to our under-
standing of the epidemiology and control
of diseases caused by mosquito-borne vi-
ruses. As you will see, I have added Fred
Soper to this distinguished group. I also
took this opportunity to review our pres-
ent knowledge of vector biology that is
critical to the control of epidemics of
these diseases in North America.

First, let me review the significance of
the early contributions of the above
pioneers in this area of science.

The first major discovery relevant to
the control of arboviral diseases was in
1900 when Reed (1901, 1902) reported
on the Yellow Fever Commission’s studies
in Cuba. The studies were based in large
part on the observations and hypotheses
developed by a Cuban, Carlos Finlay. The
Yellow Fever Commission reported that
they had transmitted yellow fever from
man to man by the bite of a mosquito
Aedes aegypti. Gorgas (1911) quickly
applied these findings in a program for
control of Ae. aegypti and successfully
eradicated yellow fever from Cuba where
it had prevailed for over 150 years. Con-
trol of this major mosquito-borne disease

! Fourth annual AMCA Memorial Lecture
delivered before the American Mosquito Con-
trol Association, Sacramento, California, April
19, 1982.

2 Acknowledgment is made to the Lowndes
Engineering Company, Inc. for its participa-
tion in sponsoring the 1982 Memorial Lecture.

depended on the finding and removal or
treatment of almost every breeding
source of the vector in the domestic envi-
ronment. The principle was to reduce the
vector population below the threshold
level essential to maintain the viral
transmission cycle.

Subsequently, eradication of Ae. aegypti
became the focus of a major program of
the Rockefeller Foundation led by Fred
Soper (1943). For practical purposes yel-
low fever was controlled and eradicated
from major urban centers of the World
where it had prevailed for over a century.
However, the discovery of jungle and
rural cycles of yellow fever in the
Americas and Africa (Strode 1951) put a
damper on the hopes of yellow fever
eradication and explained the reappear-
ance of virus in urban centers where it
had been eradicated. Subsequently, an ef-
fective vaccine was developed (Thieler
and Downs 1973) and this provided an
alternative approach to protect rural
populations in areas where vector control
was impractical.

The point of the preceding brief his-
torical review was to emphasize that for
over 80 years we have understood the
epidemiological factors that control the
spread of a major mosquito-borne viral
disease. Studies over the past 40 years
have extended this knowledge to a wide
array of other arboviruses including the
demonstration that prevention and con-
trol of epidemics caused by such agents is
feasible by vector control although it is
expensive.
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My concern is that permanent and ef-
fective control programs for mosquito-
borne viruses are non-existent in most
areas even though we continue in a most
impressive fashion to add to our
epidemiological knowledge of the <dis-
eases associated with mosquito-borne vi-
ruses and have extended our degree of
sophistication regarding the vectors and
the causative viruses.

The above background on yellow fever
in its urban cycle serves well for an exten-
sion of this discussion to dengue fever. It
has been known since 1902 (Graham
1903), that dengue fever was a viral in-
fection transmitted in an urban cycle by
Ae. aegypti. In recent years it was found
that 4 distinct viruses can cause the dis-
ease; that the infection spectrum goes
from inapparent infection through feb-
rile illnesses to hemorrhagic fever, shock
syndrome and death; and that there are
alternative vectors to Ae. aegypti particu-
larly in the Pacific area. None of these
important findings has changed the basic
concept that developed from the yellow
fever studies, namely, that reduction of
the vector population to levels that cannot
support the transmission cycle is the most
feasible approach to control. In spite of
this knowledge, the dengue fevers con-
tinue to occur at endemic or epidemic
levels or are reintroduced repetitively
over extensive areas of Asia, the Pacific
and Caribbean islands, and South and
Central America. As a further expansion
of this concern, an Ae. aegypis control and
eradication program was making excel-
lent progress in the United States in the
1960’s (Smith 1967) when our govern-
ment decided that it was costing too much
and was not that important. The annual
budget in 1968 was 16 million dollars and
2,610 persons were employed. For practi-
cal purposes, the program was aban-
doned within 2 years. Major urban cen-
ters in the southeastern United States
now report that Ae. aegypti is a major pest
and I assume that these are potentially
receptive areas for dengue and yellow
fever.

Until recently the occurrence of den-

gue was referred to as a problem of the
underdeveloped areas of the World. If
this is the case, we can now include parts
of Texas and Queensland, Australia in
that classification as dengue virus was
reintroduced into those areas and they
were receptive as there was an adequate
population of Ae. aegypti to support
transmission and there was a susceptible
human population.

Arbovirus epidemiologists were not
surprised and had anticipated these de-
velopments. The point is that there was
no concerted effort to carry out the prin-
ciples of vector control that were estab-
lished by Gorgas and Soper. A dengue
fever epidemic was reported recently in
Cuba with over 300,000 cases and 158
deaths. This could not have happened in
the early 1900’s at the time of Gorgas’
successful vector control program. The
response of the Cuban government is
noteworthy and is reported in detail in
the Epidemiological Bulletin of the Pan
American Health Organization (Anony-
mous 1982). The Cuban Government has
established a program that can serve as a
model for complete response which in-
cludes island-wide house-to-house search
for and eradication of Ae. aegypti which is
being supplemented by island-wide appli-
cations of organophosphorous insec-
ticides. I recommend the above report as
essential reading. Few countries in the
Western Hemisphere are prepared to
meet the inevitable high cost of such a
program today. I would add that dengue
virus infections have remained endemic
in Puerto Rico and Southeast Asia since
the 1960’s in spite of any efforts to estab-
lish control programs.

1 have expressed concern previously
(Reeves 1972, 1980) as have others
(Downs 1981), that areas where dengue
viruses prevail are potentially receptive to
yellow fever. A recent conference on yel-
low fever (Woodall 1981) reiterated this
concern and recommended the use of
17D vaccine in the event of an epidemic.
However, further study revealed that
only 7 million doses of the vaccine were
available in the world and that this supply
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probably could not be doubled in the
event of an epidemic. That amount of
vaccine will not control yellow fever if it is
introduced into major urban centers in
the Americas, Asia or Africa. Similarly,
there is little chance that effective vac-
cines for other arboviruses will be avail-
able in large amounts in the near future.

I do not believe that the failure to con-
trol dengue or yellow fever is for lack of
knowledge on the populations at risk, the
causative viruses or which mosquitoes are
vectors. In February of this year I pre-
sented a paper (Reeves 1982) at the In-
ternational Seminar on Viral Diseases in
South-East Asia and the Western Pacific
on the expanding gap between the
epidemiological knowledge of ar-
boviruses and their effective control. 1
concluded that vector control programs
were ineffective becaue of:

1. A primary dependence on insec-
ticides rather than source reduction
for vector control.

2. Legal restrictions on the use of in-
secticides and lack of a legal basis for
water resource management in both
urban and rural environments.

3. A limited knowledge of vector be-
havior that is essential for control of
the adult female population that is
transmitting infection.

4. A low priority by political bodies for
funding of control programs due to
lack of belief by the public that there
is a need for action until an
epidemic is in progress or a pest
population is out of control.

5. An acute shortage of adequately
trained persons to investigate the
problems and initiate effective con-
trol programs.

I believe that these comments are
equally applicable to control of the
mosquito-borne viral diseases that prevail
in North America and that concern the
majority of this audience. What are my
thoughts on the problem?

Western equine encephalomyelitis
(WEE), Eastern equine encephalomyelitis
(EEE), St. Louis encephalitis (SLE) and
representatives of the California en-

cephalitis (CE) complex are the principal
mosquito-borne viral diseases of concern
in North America. On an international
scope we could add Japanese encephalitis,
Murray Valley encephalitis, West Nile,
Venezuelan equine encephalitis and
other diseases as examples. These infec-
tions differ from yellow fever and the
dengues in that they rarely or never are
spread from man to man by a vector but
rather depend on transmission between
wildlife hosts or transovarial infection in
their vectors for their basic maintenance.
Spread to man is an accidental event and
of no importance in viral perpetuation.
Regardless of that, the principles devel-
oped by Gorgas and Soper apply—reduce
the vector population to threshold levels
below that required for effective
transmission if you wish to prevent
epidemics. To accomplish that objective,
requires the establishment of a long-
range program of vector abatement
backed up with a surveillance system and
a capacity to act rapidly when envi-
ronmental conditions. provide a warning
of impending epidemics that will require
emergency abatement of large adult vec-
tor populations. )

Detailed epidemiological studies of
WEE and SLE in California (Reeves and
Hammon 1962) provided a basis for de-
velopment of a state-wide surveillance
program in California in the 1960s.
Similar programs, each tailored to fit the
epidemiological variations of the dif-
ferent mosquito-borne viruses that pre-
vail, are now established in at least 18
states and several provinces in Canada.
The Vector-Borne Viral Diseases Division
of the Centers for Disease Control sum-
marizes information that is gathered into
their Encephalitis Surveillance Reports.
The 6 types of information that represent
the core content of an arboviral surveil-
lance program (Reeves and Milby 1980)
are knowledge on:

1. Water availability from precipitation
and other water resources that are
available for vector production.

2. Occurrence of temperatures that
favor or disfavor development of
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vector populations and viral devel-
opment in those populations.

3. Monitoring the levels of the primary
mosquito vector populations.

4. Viral activity in: a) Vectors, b) Sen-
tinel hosts and ¢) Clinical cases.

5. The economic manpower and
equipment resources available for
routine and emergency vector con-
trol programs.

6. Assessment of the probable effec-
tiveness of alternative programs to
control the adult female vectors that
are infected and are transmitting in-
fection.

It must be emphasized that surveillance
is based on information gathered at and
used by agencies concerned with control
at the local level. Centralized reporting
and services at the state or national level
only serve to spread knowledge and to
extend the system to a broader geo-
graphical area.

The experiences in Kern County,
California in 1958 (Reeves et al. 1964),
Dallas, Texas in 1966 (Hopkins et al.
1975) and Manitoba, Canada in 1981
demonstrated how impending or in-
progress epidemics of WEE and SLE can
be attacked and how impeortant a surveil-
lance program ¢an be. There is no reason
to question that the emergency control of
vector populations in these and other
epidemics had a desirable effect. At the
same time I believe that we learned cer-
tain lessons from these experiences.

When emergency control programs
have to be instituted in an epidemic, the
cost of human suffering is already high.
There were 15 WEE and 2 SLE cases in
Kern County, 145 cases of SLE in the
Dallas epidemic and 25 cases of WEE in
Manitoba. Cases willi have occurred and
other individuals will be in the incubation
period when the emergency program is
started. Such programs are expensive—
almost $2,000,000 was spent to apply
ULV Baygon (propoxur) by air over an
area of 450,000 hectares (over 1,000,000
acres) in Mamnitoba. Programs can also be
ineffective because of insecticide resis-
tance of the vector or delays in action by

endless debate over the health implica-
tions of insecticide exposure or regu-
lations that limit the use of effective in-
secticides. However, we have come a long
ways from the 1950’s and 1960’s as we
now know that centrol of the adult female
vectors that are infected and are
transmitting infection is the only measure
that will immediately abate an epidemic
of WEE or SLE. Ultra-low volume aerial
application of insecticides is the current
method of choice to control such
epidemics. Elimination of the infected
and infective mosquito population over a
large geographic area for the 4-5 day
period of viremia in vertebrate hosts will
eliminate the etiological reservoir and
prevent new infections in the vectors and
transmission to humans.

I want now to identify some areas of
research on the biology of vectors of ar-
boviruses that will further our knowledge
of the epidemiology of these infections
and improve programs to control the dis-
eases. In the interest of time, I will pre-
sent concepts and problems rather than
detailed data.

The ovaries of female mosquitoes con-
tain markers that allow us to separate
nulliparous from parous individuals.
These markers can be used in combina-
tion with fluorescent dusts in mark-
release-recapture studies to make esti-
mates of adult survivorship and popula-
tion levels (Milby 1979, Nelson et al. 1978,
Nelson and Milby 1980). The resulting
life tables have contributed to our under-
standing of the dynamics of viral
transmission and led us to fully appre-
ciate that the older viral transmitting fe-
males are relatively few in the population
and should be the primary target for
control in the event of an epidemic.

However, there is a gap in our knowl-
edge if we wish to implement such pro-
grams. I do not know of any current in-
depth field research to determine if the
usual ultra-low volume applications of in-
secticides for adult mosquito control are
equally effective against parous and nul-
liparous females, old versus freshly
emerged females, or females derived
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from insecticide resistant versus suscepti-
ble larval populations. Such data are es-
sential if the objective of epidemic control
is to eliminate the older adult vector
population and interrupt viral transmis-
sion.

Tests of mosquito pools for viral isola-
tions is a most important aspect of sur-
veillance programs. However, little atten-
tion has been given to the collecting tech-
niques for such pools. A method may be
selected because it is easy and will provide
large samples rather than be a technique
that will assure that the samples contain
significant numbers of the feeding parous
females that can be infected and transmit
virus. There is little purpose in testing
large numbers of freshly emerged nul-
liparous females unless one is looking for
transovarially transmitted viruses.

If a vector control program is to be
effective and epidemics are to be con-
trolled, it is essential that the primary
vector species be identified for each virus
in the area of concern. We used to assume
that the isolation of virus from a species
was sufficient reason to condemn a spe-
cies as a vector. We now know this is not
so as studies on vector competence
(Hardy et al. 1979) have shown that many
species that feed on infected vertebrate
hosts will ingest virus but are ineffective
vectors. A significant number of even the
most efficient primary vector species can
be infected with but never transmit vi-
ruses effectively. The following experi-
ences illustrate the problem. We have ob-
served that the levels of WEE viral
transmission can remain low or be unde-
tectable in a Culex tarsalis population that
has risen to a high level over an extensive
area (Reeves 1970). This was contrary to
our earlier epidemiological experience
and required an explanation. We also had
observed that in years of high levels of
viral transmission an average of only 1 in
4 Cx. tarsalis infected with WEE virus
could transmit infection (Reeves et al.
1961). It seemed unlikely that a failure to
have completed the extrinsic incubation
period was a sufficient explanation for
these observations.

Studies have revealed there are wide
variations in the vector competence of Cx.
tarsalis subpopulations for WEE virus
(Hardy et al. 1976). Subpopulations have
been selected from a single colony that
are either highly resistant to or highly
susceptible to WEE viral infection and re-
sistance is a recessive genetic trait (Hardy
et al. 1978). To our surprise, many Cx.
tarsalis that became infected when fed on
low titer viremias never transmitted in-
fection by bite even though the virus
multiplied to high levels after incubation
for over 21 days at high temperatures.
These studies revealed that there were
dose-dependent gut and salivary gland
barriers that limited vector competence
(Kramer et al. 1981). The studies are now
extended into very sophisticated evalua-
tions of the influence on viral infection of
cell receptors, cell membranes, enzymes,
inhibiting substances in haemolymph and
various temperatures of incubation in the
vector.

Extrinsic incubation temperatures have
profound effects on the growth of dif-
ferent viruses in their vectors. It is in-
teresting that no studies on extrinsic in-
cubation of arboviruses have been done
in climate chambers that duplicate ithe
fluctuating temperatures where vectors
live. Such studies could lead to exciting
and unexpected results.

Dr. Hardy and associates are studying
the interesting question of why Cx. tarsalis
is the primary vector of SLE virus in the
Western United States while the Culex pi-
piens complex, although abundant in the
same area, is a secondary vector at best. In
contrast, in other parts of the United
States the Cx. pipiens complex is a primary
vector of SLE virus during epidemics
(Monath 1980). Vector competence
studies indicate that Cx. tarsalis is an effi-
cient vector of SLE viral strains collected
from a wide range of areas in the United
States. It has few salivary gland barriers to
efficient transmission. In contrast, Cx. pi-
piens from California is an inefficient
vector of California viral strains as com-
pared with Cx. tarsalis. There are several
hypotheses to explain these differences
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which are under study. The significance
is that with confirmation we will be able to
concentrate vector -control programs in
California and other western areas on the
competent Cx. tarsalis even though Cx. pi-
piens are abundant.

Field studies on the life table of adult
female Cx. tarsalis combined with the
studies on vector competence have made

" us realize how tenuous viral transmission
cycles can be. We find for Cx. farsalis that
the fertility rate of females, survival of
immatures and resulting numbers of
adult females is quite low as compared to
the average of over 150 eggs deposited
per female at each oviposition. Once an
adult female emerges she does not mate
until 24 to 48 hours of age. If autogenous,
she delays the first blood-meal wuntil
oviposition of those eggs 4 to 5 days later.
Her first possible contact with a viremic
blood-meal is at 3 to 6 days of age and the
majority of such meals will not be viremic.
Meanwhile, daily mortality or losses from
the resident vector population by disper-
sal may range from 25 to 40% per day
(Nelson and Milby 1980, Nelson et al
1978). Even if infected with virus, a sur-
viving female probably will oviposit and
seek the next blood-meal within 5 to 7
days at which time she may not have
completed extrinsic incubation so she
cannot transmit infection. She must take a
third blood-meal and be a competent in-
dividual who has passed virus in infec-
tious quantities into the salivary glands
and the host must be susceptible to infec-
tion or the cycle is broken. This biological
situation is so tenuous that you must
wonder how arboviruses persist and why
they are so hard to control, but they do.
However, this background increases our
confidence that detailed knowledge of the
interaction -of biological variables is the
basis for planning the most efficient vec-
tor control program. The older viral
transmitting female vector populations
are clearly identified as the primary
target in the event of an epidemic. An
effective adulticiding program should in-
crease daily mortality to over 90% which
should stop the viral transmission cycle.

I could extend this discussion to con-
sider the importance of genetic studies on
vectors, other types of biological studies
and statistical modelling of vector popu-
lations but time will not permit. Sufficient
to conclude this section with my belief
that ‘many such areas can still be studied
profitably to improve control programs
and epidemiological studies. We have a
wide array of new techniques that can
contribute to the studies. Until recently, it
has been relatively easy to obtain funds
for basic laboratory research on vectors
and to train students and staff, but this is
no longer true. It has always been and will
continue to be difficult to obtain adequate
funding to put into operation and main-
tain effective control programs. So, I reit-
erate the point I made at the opening of
this paper, that we have the basic tools to
extend our epidemiological knowledge
and to implement effective control pro-
grams but must continue to develop more
complete knowledge and increased con-
trol efficiency in those programs.

I believe that we must all make an ef-
fort to influence the public and its elected
officials to utilize present knowledge for
effective control of arboviral diseases.
Such action is a most fitting memorial to
the contributions of Finlay, Reed, Gorgas,
Soper and their successors.
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