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Partial Suppression of Malaria Parasites, and
of the Transmission of Malaria, in Aedes aegypti (L.)

Doubly-infected with Semliki Forest Virus
and Plasmodium gallinaceum Brumpt*

D. S. BERTRAM," M. G. R. VARMA 2 & J. R. BAKER 3

Laboratory experiments were undertaken with Aedes aegypti infected with both Semliki
Forest virus (SFV) from infant mice and Plasmodium gallinaceumfromfowls to determine
ifsuch double infection ofmosquitos suppressed their ability to transmit the malariaparasite,
a possibility suggested to explain reduction in malaria transmission in Uganda in 1960 when
Anopheles funestus and Anopheles gambiae were transmitting both malaria and o'nyong-
nyong virus to the African population. In general, transmission offowl malaria was not
prevented by SFV infection in Aedes, although some malariometric indices, and consistently
the mean oocyst count, were slightly lower in doubly-infected mosquitos than in controls.
In one experiment, however, 60 % of the Aedes infected 8 days previously with SFV died
within 48 hours of ingesting a malarious meal. Mortality was selectively in favour of the
survival of SFV-infected mosquitos negative for, or least heavily infected with, malaria;
depression in the presence of the virus of the intensity of malaria infection in the individual
Aedes also occurred. Some physiological factor-a stress in adult life or, possibly more
important, suboptimal larval nutrition-appears to have been crucial to eliciting the adverse
effect on the mosquitos themselves and on their malaria infections. Suppression of the
development ofa malaria parasite in a mosquito, and ofmalaria transmission, by concurrent
infection of the vector with an arbovirus can happen, but is by no means inevitable.

It is shown that a doubly-infected Aedes can transmit both Semliki Forest virus and
P. gallinaceum simultaneously.

De Zulueta et al. (1962) suggested tentatively,
from field observations in 1960-61 in Masaka dis-
trict, Uganda, that considerable suppression of the
transmission of human malaria by Anophelesfunestus
and Anopheles gambiae occurred when, in March to
July and particularly in May 1960, these mosquitos
were also transmitting o'nyong-nyong virus to the
African population. Interference by the virus with
the development of the malaria parasite might, it was
realized, occur in the human host, or in the vector.
As regards interaction of Plasmodium parasites and
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viruses in a vertebrate host, Barnett (1956) had ob-
served that infection of canaries with Plasmodium
relictum seemed to lower the level of their viraemia
with western equine encephalitis virus (WEE); con-
versely, the malaria parasite of ducklings, P. lophu-
rae, was inhibited by their infection with " spleen
necrosis virus " (Trager, 1959).
At the request of the World Health Organization,

the present authors undertook to investigate whether
or not in a vector mosquito the extrinsic cycle of a
malaria parasite was affected by the presence also of
an arbovirus.
To take up the problem with the actual compo-

nents of the Uganda situation, or other complex
closely simulating it, would have been to enter into
rather elaborate experimentation with costly and
difficult materials for which, in any case, some know-
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ledge fundamental to the experimental procedures
envisaged was lacking. Accordingly, experiments
were made in which Aedes aegypti was infected first
with Semliki Forest virus (SFV) from infant mice
and, a few days later, with Plasmodium gallinaceum
from fowl; some observations were also made on the
effects of initial infection of the vector with P.
gallinaceum followed later by SFV infection, and,
finally, a triple sequence of SFV + P. gallinaceum +
SFV at four-day intervals was briefly examined. The
main biological features of each pathogen separately,
and its transmission by Aedes aegypti, were well
enough understood (Lumsden & Bertram, 1940, for
P. gallinaceum; Woodall & Bertram, 1959, for SFV)
to justify comparative studies with them as concur-
rent infections in the vector; mice, fowls and chicks
were relatively inexpensive and the model as a whole
was amenable to experimentation on the scale of
replication which seemed desirable.

The results of these experiments are reported in
this paper. They show that Aedes aegypti is well
capable of harbouring both SFV and P. gallinaceum
without marked effect on its efficiency in transmitting
the malaria parasite, although one of the seven ex-
periments indicated that, in certain circumstances,
malaria infection in, and its transmission by, the
mosquito can be severely suppressed in the presence
of concurrent virus infection.

This study material was not considered suitable for
investigations of simultaneous initial infection of the
mosquito with both the malaria parasite and the
virus. It would be necessary to infect the mosquitos,
by artificial feeding, on a doubly-infected medium
derived from both mouse and fowl-the separate
susceptible hosts for, respectively, SFV and P. gal-
linaceum-or by interrupted feeding on these separ-
ate hosts. Both techniques raise problems in ob-
taining satisfactory control data.

MATERIALS AND METHODS

STRAINS

The following strains were used.

Aedes aegypti
A laboratory colony maintained continuously in

the Department of Entomology, London School of
Hygiene and Tropical Medicine, since 1926 from
material collected in West Africa.

P. gallinaceum
The Dhanapala strain (8B) isolated from a domes-

tic fowl in Ceylon in 1960 and maintained in 3-day-
old chicks by Professor P. C. C. Garnham, Depart-
ment of Parasitology, London School of Hygiene and
Tropical Medicine, mainly by blood passage.

Semliki Forest virus

A high-level passage strain maintained as infant
mouse-brain suspension by Dr C. E. Gordon Smith,
Medical Research Council Arthropod-borne Virus
Research Unit, London School of Hygiene and
Tropical Medicine.

INFECTION TECHNIQUES

SFV infection
The general techniques followed those adopted by

Woodall & Bertram (1959) in their study of the
efficiency of Aedes aegypti as a vector of SFV to

infant mice. Mosquitos were infected by feeding on
viraemic infant mice inoculated intraperitoneally the
previous day with mouse-brain suspension of SFV.
Subsequent transmission of virus by mosquito bite
was tested by allowing a single Aedes to feed on an
infant mouse, paralysis or death of a mouse within
three days being accepted as evidence of transmis-
sion; on occasions, mice which showed no overt
evidence of infection following engorgement, or
probing, by a mosquito of an SFV-infected group
were bled 21 days later and the sera tested for anti-
bodies by the haemaglutination-inhibition (HI) test.
The viraemia of donor mice in each experiment

was estimated by titration of suspensions of gorged
mosquitos sampled immediately after the infecting
meal. Mosquitos, either singly or in groups, were
also tested at later stages in the virus extrinsic cycle
either for the presence of virus or for virus titre.
The diluent used for mosquito suspensions was

0.75 % bovine albumin in phosphate-buffered saline
(BAPS) at pH 7, to each 1 ml of which were added
1000 units of penicillin and 1 mg of streptomycin.
The amount of diluent used per one whole mosquito
was 0.2 ml. This suspension was considered to be
neat, i.e., 100 dilution. The suspension was cen-
trifuged after trituration at approximately 2500
rev/min for 10 minutes and either 0.03 ml of the
supernatant inoculated intracerebrally into one
group of five 3-week-old mice to test for the pre-
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sence of virus, or 0.03 ml of 10-fold dilutions in
BAPS intracerebrally into groups of five 3-week-old
mice to obtain virus titre. The 50% end-point was
calculated by the method of Reed & Muench; the vi-
rus titre is expressed as the logarithm of mouse
intracerebral LD50 per amount of inoculum (i.e.,
0.03 ml).

In some instances, presence of virus or virus titre
in a single mosquito was determined after the insect
had had its midgut or salivary glands removed for
malariometric data on, respectively, oocyst numbers
or sporozoites. These gutless, or glandless, mos-
quitos were ground up immediately in 0.5 ml of
BAPS plus the antibiotics in a tissue grinder; the
suspension was considered to be at 100 dilution.
After centrifugation (as above) the supernatant was
taken, an equal amount of inactivated rabbit serum
added to it to give a final dilution of 10-0.3 and the
mixture sealed in a glass ampoule and stored in a
dry-ice chest until inoculated into mice for, simply,
detection of virus, or determination of virus titre, by
the methods described above for whole mosquitos.
When preparing a series of these gutless, or gland-

less, Aedes for virus determinations, a dissector used
three pairs of dissecting needles in rotation. Each
pair was used for the dissection of one mosquito,
then flamed and left in 70% alcohol until required in
sequence for a further mosquito.

P. gallinaceum infection
The general techniques followed those of Lumsden

& Bertram (1940). A single 6- to 8-week-old fowl
previously inoculated intramuscularly with P. gal-
linaceum was, when its blood became positive, used
as the sole source of malaria infection for all mos-
quitos in any one experiment. Cylinders containing
the mosquitos were applied to the sides of the fowl as
it lay confined in a box with wide lateral holes. Cy-
linders were changed from side to side of the fowl at

RESl

VIRUS-FREE CONTROL AEDES AEGYPTI

It was conceivable that the presumptively virus-
free " clean " stock of Aedes aegypti used in this work
harboured an unknown virus or that, in the course of
an experiment, a "rogue" virus might be acquired
by the Aedes in their blood meals on infant mice,
fowl or chicks. To test this, intracerebral inocula-
tions of 3-week-old mice were made with suspensions
of 21 Aedes females either individually or in pools,

frequent intervals. The total feeding period ranged
from half an hour to two hours in the different
experiments.
The mosquitos, which were kept at 29°C-30°C,

were dissected on from the fourth to sixth day for
counts of oocysts on the gut, from the eighth day or
later for gland infections with sporozoites, and after
feeds on recipient 3-day-old chicks for some of the
malaria transmission tests.

MOSQUITO FEEDS AND MAINTENANCE

Only Aedes well-gorged and distended, on mouse
or fowl, were accepted for the experiments; all were
3-4 days old when given their first blood meal. Feeds
were at the ambient conditions of the laboratory, but
between blood meals the mosquitos were housed in
Barraud-type cages slung on wire frames in large
sealed glass jars at 80% relative humidity over
caustic potash solution in an incubator at 29°C-
30°C. Sugar solution was provided, soaked in cotton
wool in a small glass dish. Wet filter-paper cones in
another dish sufficed to allow eggs to be laid.

STATISTICAL TREATMENT

In view of the wide range of oocysts per stomach,
the negative values for some Aedes, and the low to
moderate-sized samples practicable, mean oocyst
counts are calculated throughout as geometric
means(wm) (Williams, 1937). Table 1 summarizes
the numerical data for infection and transmission
rates for SFV, P. gallinaceum alone, and double in-
fections of SFV and P. gallinaceum in Aedes. Table 2
gives details of double infections for one particu-
larly interesting experiment (Experiment 1A). Table 3
summarizes mortality rates in Aedes with different
combinations of meals and infections; much of this,
however, is also found in the text.

ULTS

representative of the SFV-free control Aedes from
each experimental batch. The tested females included
two fed only on clean infant mouse, nine fed on
clean infant mouse and also P. gallinaceum-infected
fowl, and 10 which had completed the full schedule
of successive SFV-free blood meals, i.e., on clean
infant mouse followed by P. gallinaceum-infected
fowl and, finally, on 3-day-old recipient chicks
for malaria transmission. None of the 50 3-week-
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TABLE
SUMMARY OF INFECTION AND TRANSMISSION RATES

SFV infections P. gallinaceum
Sequence in double Infections

Experiment (last columns) of SFV Determined by: Geom. _
No. and P. gallinaceum Infecting SFortal Oocyst Mn (Wm) Ocs

l meals (and Interval) | Assay | Bite | IF Ae rate oocysts | range InAssay Bite In Aedes
prgt Ipos. gutsI

-- meals (and interval) __________ 8th daypegu ______

1st: SFV 33/37 7/9 a 43/49 b 9/12 20.9 15-153
A 2nd: P. gallinaceum (89.2 %) (77.8 %) (87.8 %) (75 %)

(Interval: 8 days) 16th day
7/21 a

(33.3%)

B P. galilnaceum only - - - 38/40 73.2 6-236
(95%)

1st: SFV 8th day
A 2nd: P. gallinaceum 16/17 4/9 20/26 30/31 66.1 4-386

(Interval: 8 days) (94.1 %) (44.4%) (76.9 %) (96.8 %)

1st: clean mouse
B 2nd: P. gallinaceum _ _ _ 13/14 69.2 10-720

(Interval: 8 days) (92.9 %)

1st: SFV 10th day
3 2nd: P.gallinaceum 10/10 18/19 28/29 22/27 11.5 1-97

(interval: 9 days) (100 %) (94.7 %) (96.6 %) (81.5 %)

1st: SFV
4 2nd: P. gallinaceum 13/13 - 13/13 13/13 61.4 7-252

(Interval: 4 days) (100%) (100 %) (100 %)

1st: SFV
5 2nd: P. gallinaceum 9/9 I 9/9 1/1 1 _

(Interval: 5 days) (100%) (100%) (100%)

I1st: P. gallinaceum
6 d 1 2nd: SFV 7/7 - 7/7 - -_

(Interval: 4 days) (100%) (100 %)

I1st: P. gallinaceum
7d 1 2nd: SFV 7/7 7/7 3/6 - -

(Interval: 3 days) (100%) (100%) (50%)

Total = 127/140
(90.7%)

a No HI tests done, as in Experiment 3; transmissions were probably better than the pathogenic end-point in mice shows (see text).
b Total number (denominator) of Aedes tested is not additive of preceding columns because some Aedes were tested both by bite

and by other methods (dissection for malaria; intracerebral inoculation for virus) after feeding.

old-mice died in the two weeks after these intra-
cerebral inoculations. These observations do not,
of course, wholly exclude the possibility of " rogue "
virus being present but show rather that any
unknown entity did not manifest itself like SFV.
Thus, the results and interpretations of the tests for
SFV in the SFV-infected Aedes can be, we feel,
confidently ascribed to SFV.

MALARIA INFECTIONS IN AEDES AEGYPTI INFECTED

FIRST WITH SFV AND 8 (OR 9) DAYS LATER WITH
P. GALLINACEUM

It was reasoned that any interference by an arbo-
virus with the development ofamalaria parasite would
most likelybecomeevident in mosquitos whose tissues,
including salivary glands and gut epithelium, were,
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FOR SFV, P. GALLINACEUM AND DOUBLE INFECTIONS

Infection only (controls) Double Infections: SFV and P. gallinaceum

Sporozolte Trans- Total malaria Oocyst |Mn (Wm) Oocyst Sporozoite Transmission Total malaria
rate mission rate rate in Aedes rate oocysts Pos guts (dissections) rate by bite rate In Aedes

6/6 6/6 c 15/18 b 10/22 2.6 1-190 3/9 c 2/6 c 13/31 b
(100%) (100%) (83.3%) (45.5%) (33.3%) (33.3%) (41.9%)

- 313 41/43 - - - - -

(100%) (95.3%)

- | 12114 42/45 30/32 53.6 1-497 - 12/16 42/48
(85.7%) (93.3%) (93.8%) (75%) (87.5%)

- | - 13/14 - - - - -

(92.9%)

- 5/8 27/35 54/66 7.4 1-262 - 8/13 62/79
(62.5%) (77.1 %) (81.8%) (61.5%) (78.5%)

2/2 3/3 18/18 16/16 51.3 3-262 6/6 2/3 24/25
(100%) (100%) (100%) (100%) (100%) (66.7%) (96%)

5/6 4/5 10/12 1/1 - - 6/6 1/3 8/10
(83.3%) (80%) (83.3%) (100%) (100%) (33.3%) (80%)

11/11 2/2 13/13 - - - 5/5 2/2 7/7
(100%) (100%) (100%) (100%) (100%) (100%)

13/14 2/2 18/22 4/4 - - 11/11 3/3 18/18
(92.9 %) (100 %) (81.8 %) (100 %) (100 %) (100 %) (100 O

Total = 197/220 Total = 1741218
(89.5 %) (79.8 %)

c See Table 2 and text for detail of sporozolte Infection in, and transmission of P. gallinaceum by, doubly-infected Aedes.
d Data combined In text.

presumptively, already widely infected with the virus,
before ingestion of the malaria parasite. The follow-
ing experiments examined this proposition.
Two experiments were made, allowing an interval

of eight days between the initial SFV meal and the
P. gallinaceum infection, this period being chosen to
allow the virus to become well distributed in the
vector and transmissible by bite.

First Experiment

SFV infection (Experiment 1A, Table 1)
About 250 Aedes aegypti females were infected with

SFV by engorging on SFV-infected infant mice circu-
lating the virus at a concentration giving 10'66 LD5/
0.03 ml in the gorged Aedes (based on five females
engorged from infant donor mice of two litters).
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TABLE 2
DETAILS OF DOUBLE INFECTIONS IN NINE AEDES OF EXPERIMENT IA

SFV P. gallinaceum

Aedes dissection
Aedes action Rsl eutb
on infant Result in infant SFV assay Aedes action Result Result by Gland
mouse mouse in Aedes on chick chick of 2nd chick sporo- Oocysts

zoltes in gut

Gorged Dead in 2 days Pos. Probed Pos. Pos. A few |

Probed Eaten by mother a Pos. Gorged Neg. Pos. Nil seen -
24-33 hours later

Probed Paralysis Pos. Gorged Neg. Neg. Nil seen -

No probing Normal at 14 days Pos. Gorged Pos. Pos. A few
or feeding seen after exposure

Pos. Gorged Neg. Pos. Nil seen -

Pos. Probed Neg. Chick died Pos.I
prematurely

Too weakPos. to test Neg. Nil seen 1 oocyst
by feeding

Pos. ,, - Chick died Nil seen I oocyst
prematurely

,,________| ?Pos. ] ,, - [ Neg. Nil seen -

a The mother mouse died 5 days after eating this infant mouse, the only one she ate in the litter. Deaths of mother mice at
about 5 days after eating SFV-exposed (and presumed infected) infant mice have been observed frequently in various other studies
with SFV.

Virus infection was successful. Titres in the mos-
quitos (samples of five females) eight and 12 days
later were, respectively, 104'7 LD50 and 10*3 LDr50
/0.03 ml, while 31 of 35 females were positive for
SFV when tested individually by inoculation in mice
12-16 days after the initial ingestion of the virus.
Thus, the SFV infection rate by inoculative assay is
33/37 Aedes positive (89.2%) eight or more days
after ingesting the virus.

In addition, in transmission tests on the eighth day
of the virus extrinsic cycle, 7/9 (77.8 %) infant mice,
each exposed only to a single Aedes, were infected
(as observed by paralysis and death in three days)
when the mosquito had gorged or probed while, by
the same criteria, 7/21 mice (33.3%/0) were infected
when bitten or probed on the 16th day. As controls,
all of 16 infant mice not observed to be probed on the
eighth or 16th day, as well as 23 siblings not exposed
at all to Aedes and representative of the nine litters in
use, remained healthy for two to three weeks.

Actual transmission efficiency was apparently
declining by the 16th day; this is in agreement with
previous findings by Davies & Yoshpe-Purer (1954)
and Woodall & Bertram (1959). However, in later
experiments in this series, mice surviving two weeks
after engorgement or probing by mosquitos of an
SFV group were shown to have developed HI anti-
bodies in their blood.
Of the 21 infant mice exposed on the 16th day in

the present experiment, seven mice (as above) were
infected with pathogenic result; four of the Aedes
concerned were also inoculated into mice afterwards
and proven SFV-positive. In the case of eight of the
14 mice which remained healthy, seven of the Aedes
which bit them were shown later as SFV-positive and
one ?SFV-positive by inoculative test (?SFV-positive
is classified as negative). In view of the positive
evidence of transmission from HI tests in a later
experiment, it may be accepted that these seven
SFV-positive Aedes probably transmitted subclinical
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TABLE 3
MORTALITY RATES IN AEDES WITHIN FOUR DAYS

OF DIFFERENT COMBINATIONS OF MEALS
AND INFECTIONS

Aedes mortality
Hosts and infection No. of in 3-4 daysExperiment (if any) of blood Aedes

No. meals of Aedes gorged No. Mortality
dead (%)

SFV mouse only 44 3 6.8

P. gallinaceum a fowl 100 1 1
only (Exp. IB) (approx.) (approx.)

1 A Clean mouse+ 21 3 14.3
P. gallinaceum fowl

SFV mouse + 70 42 60
P. gallinaceum fowl

Clean mouse + clean 29 0 Nil
fowl

SFV mouse + clean 25 0 Nil
fowl

SFV mouse only 40 0 Nil
A

2 b P. gallinaceum fowl 75 1 1.3
only
Clean mouse + 88 0 Nil
P. gallinaceum fowl

SFV mouse + 80 2 2.5
P. gallinaceum fowl

B No mortalities recorded

Clean mouse + 59 0 Nil
P. gallinaceum fowl

3
SFV mouse + 159 2 1.3
P. gallinaceum

Clean mouse + 79 1 1.3
From P. gallinaceum fowl

4 and 5
combined SFV mouse + 64 0 Nil

P. gallinaceum fowl

P. gallinaceum c fowl 29 1 3.4
with or without sub-
sequent clean mouse

From meal
6 and 7

combined P. gallinaceum c 25 1 4
fowl + SFV mouse

a Not the same rearing as other Aedes in Experiment IA.
b All 6 records within Experiment 2A for Aedes of same

rearing.
c Interval of 6 days after second (SFV) meal applies to mor-

tality readings.

infections to their mice. Thus, the transmission rate
on the 16th day would be of the order of 93.3%
(14/15), closely agreeing with the SFV infection rate

of 89.2% (33/37) Aedes SFV-positive in Aedes tested
by methods other than feeding on infant mice. It is
probable that the same infection rate and transmis-
sion success are applicable to the remaining six mice
remaining healthy after engorgement on the 16th day
by single Aedes, but since these Aedes were not tested
by inoculation into mice, these six records are not
included in the following final assessment of SFV
infection. Including all methods of virus assay, the
over-all SFV infection rate is certainly 87.8% (43/49)
-probably an underestimate since, in the absence of
HI tests, transmission data are likely to be lower
than the true value.

P. gallinaceum control infection (Experiment 1A,
Tables 1 and 3)
Only 21 Aedes females of those originally fed on

healthy infant mice engorged eight days later on a
malarious fowl to give control malariometric data.
Data from this control group are as follows:

No. of
Aedes

dissected

12

No.
positive
for

oocysts

9

Infection Oocyst Geom. Mn (Wm)
rate range in for

(oocysts) positive oocysts
females per gut

75% 15-153 20.9

Successful transmissions to 6/6 chicks on the eighth
day were each by a different single Aedes which
gorged fully in four and probed only in two cases.
Sporozoites in the salivary glands were confirmed by
dissection for four of these females, and graded at
+ to + + +. Second chicks, into which these glands
were finally inoculated after maceration in saline,
also developed a parasitaemia. These inoculations
were done as controls to doubly-infected Aedes
similarly tested (see below, and Table 2).
The over-all malaria infection rate was, therefore,

15/18 Aedes positive (83.3 %).
Only three of these 21 P. gallinaceum-infected

Aedes died (14.3 %) in the eight days after feeding on
the fowl, the deaths occurring within 42 hours of the
malarious meal (Table 3).

Double infection with SFV and P. gallinaceum (Ex-
periment IA, Tables 1, 2 and 3).
The malaria infection in the 21 females infected

with P. gallinaceum only (83.3% positive) and the
over-all SFV infection rate (87.8% positive) were
sufficiently high in the case of each pathogen to
justify comparison of possible effects of an initial
SFV infection on the development of the malaria
parasite in doubly-infected Aedes. A total of 70
Aedes females, infected initially with SFV from the
same viraemic donor infant mice as above, fed eight
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days later simultaneously with the above P. gallina-
ceum control group on the same P. gallinaceum-
infected fowl.
The most striking result in this doubly-infected

group of Aedes was that 42 of these 70 females (60 %)
were found dead 42 hours after ingesting P. gallina-
ceum from the donor fowl (Table 3). The previous
observation was at 18 hours after the malarious meal,
so that the mean time of death after this meal lies
between 18 and 42 hours.
No studies were made of virus or malaria parasites

in the dead females as they were too brittle to
dissect, and were presumed also particularly un-
suitable for virus determinations. The 28 survivors
gave, however, the following interesting information.

(a) Oocyst counts.
No. of
Aedes

dissected

22

No.
positive
for

oocysts

10

Infection Oocyst Geom. Mn (Wm)
rate range in for

(oocysts) positive oocysts
females per gut

45.5% 1-190 2.6

Thus, the oocyst rate and mean oocyst count were

considerably lower than control values; the oocyst
range is not a very satisfactory criterion, although
perhaps it is worth noting that the lowest positive
count in the SFV group is one, but 15 in the control.
In addition, oocyst counts were correlated with SFV
infection (but not titre) for 17 of these individual
Aedes, with the following results.

(b) Oocyst counts related to SFV infection.
No. offemale

Aedes

8
1
2
1

1

1

1

SFV
infection

+

+

+

+

No. ofoocysts
per gut

0

2
3

27
44
45
53
190

These comparisons suggest that, in the presence of
a pre-existing SFV infection, development of the
malaria parasite tends to be suppressed to the extent
of being eliminated in some Aedes. Suppression of
oocyst densities in SFV-infected Aedes is further
suggested from the mean counts per positive female
-60 oocysts per gut (based on nine Aedes) in con-

trols, and only 16.7 oocysts per gut (based on 10
Aedes) in the doubly-infected group. It may well
follow that the infections of 45 and 53 oocysts in
SFV-positive Aedes would have been higher if the

virus had not been present and, by this interpretation,
these two Aedes are not, as they seem, at variance
with the concept that the virus suppressed oocyst
densities. Unfortunately, we did not attempt SFV
titration of remnants of dissected Aedes in this
experiment. In view of this, we cannot relate virus
concentration to oocyst count.

(Subsidiary controls were made to ensure that the
body of an SFV-infected Aedes, after dissection
which removed and discarded the gut as in an oocyst
count, would still retain detectable virus. SFV was
detected in each of four Aedes infected only with the
virus 12 days previously, but from which the gut was
first removed in the usual way as for oocyst counts.)

(c) Malaria transmission and SFV transmission by
individual doubly-infected Aedes. On the eighth
day of the malaria infection (16th of the SFV infec-
tion) nine of the survivors of the group of doubly-
infected Aedes were tested for both SFV and P. gal-
linaceum infection, and also for transmission of both
pathogens, in the following manner.
Each of the nine Aedes (Table 2) was given an

opportunity first to feed partially on a separate infant
mouse and then to complete its meal at once on a
different 3-day-old chick. With the mouse host, one
female gorged fully, two probed and six failed even
to probe (at least while under observation); on the
chicks, four females gorged, two probed and three
were by then too weak even to probe (see Table 2).

After exposure of the mouse and chick hosts, each
mosquito was dissected to check presence or absence
of sporozoites in their glands; the crushed glands,
mostly negative for sporozoites by microscopical
examination, were then inoculated in sterile saline
into a second chick; two guts were examined for
oocysts. Finally, the remnant of each mosquito was
tested, as described under " Materials and Methods "
above, for the presence of SFV. (Again, controls of
three Aedes infected with SFV only, 16 days pre-
viously, were shown separately to be positive for
virus after the usual dissection and removal of their
salivary glands, as in dissections for sporozoites.)

Table 2 shows that certainly eight of the nine Aedes
were SFV-infected, and that three of them trans-
mitted a lethal SFV infection to mice by bite. Failure
even to probe at the mouse in five other instances
precludes the drawing of any conclusion on trans-
mission of the virus shown to be present in these
insects.
As regards P. gallinaceum infection in the presence

of SFV in the same individual Aedes, Table 2 also
shows that only two doubly-infected Aedes (one
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gorging, one probing) transmitted P. gallinaceum by
bite (sporozoites, be it noted, were few in their
glands) and four (three gorging, one probing) failed
to do so. Sporozoites were actually seen only in the
glands of the one which probed; the failure of this
gland-positive Aedes to transmit may be due to its
having probed only once, so far as observed. Inoc-
ulation of chicks demonstrated, however, that at
least a few sporozoites were present in two of those
non-transmitting SFV-positive Aedes with apparent-
ly negative glands by dissection, and for which
feeding tests were unsuccessful. But one proven
SFV-positive Aedes was, by all these tests, completely
malaria-negative. Finally, for the last three Aedes of
Table 2, too weak even to probe the chick, the only
evidence of malaria infection was a single oocyst in
the gut of two females which were certainly SFV-
positive, with no evidence of malaria infection in the
last female; this female was also only ?SFV-positive.
The malaria infection rate (for, notably, very

low sporozoite infections) in the eight certainly SFV-
positive females was 7/8 (87.5 %), but the natural
transmission rate by biting, or probing, was much
lower-2/6 (33.3 %). Malaria transmission is, there-
fore, distinctly lower than in the successful control
transmissions (Experiment IA, Table 1) to 6/6 chicks
(100 %) bitten or probed by the control Aedes
infected with P. gallinaceum only and with gland
infection classified as + to + + + for sporozoites.
The total P. gallinaceum infection in this group of

Aedes infected with both SFV and P. gallinaceum
(13/31, or 41.9%; Experiment 1A, Table 1) is sig-
nificantly lower (P<0.02) than for the control group
with malaria infection only (15/18, or 83.3%; Ex-
periment IA, Table 1). These data for sporozoites
in, and transmissions by, the doubly-infected Aedes
correspond fairly closely to the low oocyst rate in the
same group (only 45.5% as compared with 75% in
controls), and the lower mean oocyst count of 2.6
oocysts as opposed to 20.5 oocysts per stomach in the
controls or of, respectively, 16.7 oocysts and 60
oocysts per positive female. Perhaps little emphasis
should be placed on the maximum oocyst counts-
respectively 153 (controls) and 190 (SFV group)
since the range in oocyst count per individual mos-
quito is so great and, relative to that, the dissection
sample small. Possibly, however, the 190 oocysts
value might have been greater if the mosquito had
been SFV-free.
Death-rates (Experiment IA, Table 3)

It may be argued in connexion with the 60% kill
of doubly-infected Aedes (42 died of 70 females) that

the control group was initially of only 21 females
(of which only three (14.3%) died; Experiment 1A,
Table 3) and that, by chance, the control group may
not have included sufficient individuals with oocyst
infections heavy enough to give lethal malarious
infections to the vector. In the first place, there is no
good evidence in the literature generally that heavy
infections of malaria parasites alone reduce the lon-
gevity of a mosquito vector. When, however, so few
of this control group fed (an experimental imperfec-
tion which had, at the moment of the malarious
feedings, no direct solution) about 100 other 3-day-
old Aedes were allowed to engorge on the same
malarious fowl (Experiment IB, Tables 1 and 3).
This was accomplished, however, about four to five
hours after the 21 proper control females had fed.
The parasitaemia of the fowl had certainly altered in
the interval. The malariometric and mortality
results for this group are not, therefore, strictly valid
as additional malarious controls to the doubly-infec-
ted series. Nevertheless, the infection rate for oocysts
in this secondary control was 95.0% in 40 females,
with a mean oocyst count (Geom. Mn (Wm)) of 73.2,
and a range of 6-236 oocysts per gut in the 38
positive Aedes (Table 1). On the eighth day, three
females transmitted to chicks by engorging, and
their glands were sporozoite-positive, graded + to
+ +. Yet only one of these died (1 % approximately)
within 48 hours of ingesting such a heavy malarial
infection (Table 3).

It is convenient to record here, in connexion with
deaths of Aedes generally, that of 44 Aedes infected
with SFV only on the same litters as used to infect
with SFV the doubly-infected group, only three died
in 48 hours (6.8 %). In another test, none died of 40
Aedes females infected with SFV only (Table 3).
This indicates that the SFV infection alone, like
heavy malaria infection alone, did not cause heavy
mortality in the Aedes, again the usual experience
with virus-infected mosquitos generally.
Conclusions
The conclusions to be drawn from the results of

this first experiment were that concurrent infection
of Aedes aegypti with SFV and P. gallinaceum could
be lethal to the mosquito if its malarial infection was
heavy. On the whole, mosquitos with light infections
of, or those negative for, malaria survived despite
their concurrent SFV infection. By this selective kill,
malaria infection in surviving mosquitos and their
transmission of malaria was significantly lower than
in SFV-free Aedes. In addition, the presence of SFV
in the mosquito seemed to suppress the development
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of the Plasmodium in the individual Aedes, so that in
malaria-positive, and also SFV-positive, Aedes
oocyst counts were lower than they might otherwise
have been, sporozoites were few in the salivary
glands, and transmission was correspondingly
inefficient.

It was interesting that the heavy death-rate in the
doubly-infected Aedes occurred within 18-24 hours
(at 29°C-30°C) of the P. gallinaceum meal, a period
when the gut epithelium, presumably already
exposed to SFV invasions and replications for nearly
10 days, had to contend physiologically with the
further parasitization of malaria ookinetes.

Second Experiment

The experiment was now repeated with some anti-
cipation of confirming these results and of making
additional observations during the selective kill
expected at, approximately, 48 hours (Experiment
2A, Tables 1 and 3). This kill was, however, never
repeated in later experiments, although there is some
evidence of SFV interfering with the intensity of
malaria parasitization in the mosquitos. The second
experiment, reported below, differed little from the
foregoing. Some minor improvements were, how-
ever, made in technique. Some doubly-infected
Aedes were titrated for SFV concentration in relation
to oocyst counts, and additional control series (Table
3) were set up to observe deaths in the critical 48
hours after the second of the blood meals. Death-
rates are considered first.

Death-rates in Aedes in the 72 hours after various
combinations of SFV and P. gallinaceum meals
(Experiment 2A, Table 3)
In the foregoing experiment (lA) the heavy mor-

tality of the doubly-infected Aedes (SFV + P. gal-
linaceum) was a conspicuous, and apparently impor-
tant, phenomenon in reducing the efficiency of the
mosquito as a malaria vector. In this second ex-
periment, a fuller series of combinations of feeds
given to different Aedes groups was observed for
lethal effects on the Aedes (Table 3). It is convenient
to consider this aspect first, before proceeding to the
details of malaria infection in the Aedes in relation
to concurrent SFV infection.

Clearly, none of the combinations tested in Experi-
ment 2A (Table 3) was markedly lethal, and only two
deaths out of 80 females (? important) occurred in
the doubly-infected Aedes in the 72 hours after the
malaria infection had been superimposed on the

pre-existing SFV infection. The total deaths for this
doubly-infected group amounted, indeed, to only
three females for the whole nine days of observation
after the malarious meal; at most, similarly few
deaths occurred in this same period in other groups.

It remains to consider the details of SFV infection
and of P. gallinaceum infection separately, and as
concurrent infections, in the Aedes with special
regard to any evidence of suppression of their mala-
ria infection by the virus, even although no selective
kill occurred of the doubly-infected vectors.

SFV infection (Experiment 2A, Table 1)
Altogether 265 Aedes females were infected from

viraemic infant mice of two litters. Two Aedes taken
at engorgement gave a titre of 106.8 LD50/0.03 ml.

Virus infection was successful: 16/17 Aedes were
SFV-positive 12 and 13 days after the SFV-infecting
meal; the 17th Aedes was ?positive. Transmission
by single Aedes to infant mice of four litters on the
eighth day (none was attempted later) gave 44.4%
(4/9) success, based on paralysis or deaths of probed
or bitten mice; 21 siblings not seen to be probed
(nine) or not at all exposed (12) remained fit for 14
days. No antibody assay was done on persistently
healthy mice which had been bitten. The over-all
SFV infection rate (20/26 Aedes positive) was, there-
fore, at least 76.9% or, ignoring the transmission
tests which were possibly more efficient than patho-
genic end-point alone revealed, as high as 16/17
(94.1 %) nearly two weeks after virus intake.

P. gallinaceum control infection (Experiment 2A,
Table 1)
After a clean mouse meal on the same day as the

above SFV feeds, 88 Aedes females took a second
blood meal on a P. gallinaceum-positive fowl eight
days later. The malariometric data for this malaria
control group were as follows:

No. of
Aedes

dissected

31

No.
positive

.for
oocysts

30

Infeto Oocyst Geom. Mn(Wm)Infection range in for

(oocysts) positive oocysts(oo6.sts)8 femaks per gut

96.8%Y 4-386 66.1

On the ninth day of the malaria infection 14 chicks
were bitten, each by a single Aedes female, and 12
developed malaria (85.7 %).
The over-all infection rate for malaria in the Aedes

was therefore 93.3 %.
A secondary control (Experiment 2B, Table 1)

satisfied us that the initial clean mouse meal in the
malaria control (Experiment 2A, Table 1) did not
affect the malaria parasites which the Aedes ingested
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eight days later: 75 3-day-old Aedes not previously
blood-fed were fed on the same donor fowl simul-
taneously with the above principal control. The
infection rate (for oocysts) was 92.9 %, with a mean
oocyst count of 69.2 oocysts per gut in 31 Aedes, and
a range of 10-720 oocysts per positive gut-a satis-
factory demonstration that a preceding clean mouse
meal in no way depressed malaria parasites ingested
later from a fowl.

Double infection with SFV and P. gallinaceum
(Experiment 2A, Table 1)
A group of 80 Aedes females, fed initially on SFV-

infected infant mice, were fed eight days later on the
same malarious fowl simultaneously with the above
two control series. The following malariometric
data and SFV data were obtained in this doubly-
infected group, for which the SFV infection rate was
of the order of 94% (see above).

(a) Oocyst counts.

No. of
Aedes

dissected

32

No.
positive
for

oocysts

30

Infection Oocyst Geom. Mn(Wm)
rate range in for

(oocysts) positive oocysts
females per gut

93.8% 1-497 53.6

In contrast to the findings of the first experiment,
the oocyst rate, in the presence of SFV, is only little
lower (3 % lower) than control malaria infections in
the vector. On the other hand, the mean oocyst
count works out at 12-13 oocysts less than in the
controls and, although oocyst range is not a very
convincing criterion, the lowest count in the SFV-
positive group is one oocyst, against four in the
controls. At least this group has a lower maximum
count (497 oocysts) than the secondary control
(720 oocysts). There seems to be some slight sup-
pression of the intensity of malaria infections in the
doubly-infected group, although a heavy mortality
of the mosquitos did not occur.

(b) Oocyst counts and SFV titre in individual
Aedes. Oocyst counts and SFV titre were correlated
for eight of these Aedes.

SFV titre
per I Aedes V

(log LD,0/0.03 ml)

1.8
2.9
3.8
4.1
4.3
4.3
4.5

Oocyst colnt
in same
Aedes 9

0

112

309
165
26
0

22
206

These titres are probably rather lower than they
would have been for the whole mosquito, since they
are based on gutless insects. Nevertheless, three of
these SFV-positive Aedes (those with 0, 22 and 26
oocysts) indicate that high SFV titre (4 logs) is
associated with a negative or low oocyst count;
inverse relationship is substantiated further in the
lower titres of 1.8 and 2.9 logs coupled with high
counts of 112 and 309 oocysts. This inverse relation-
ship in 5/8 (63 %) of these Aedes supports the concept,
emergent from the first experiment, that SFV infec-
tion of the vector suppresses its malaria infection.
Regarding the three other Aedes, one is virtually a
double-negative, which is certainly possible since
neither SFV nor P. gallinaceum alone completely
infected all Aedes (respectively, 94% and 97%
approximately); the other two mosquitos appear
to be at variance with this concept of suppres-
sion, but this could be explained by supposing
that, had they not been SFV-infected, the oocyst
counts would have been even higher than they are.
Indeed, extending this qualification to at least seven
of these Aedes further strengthens the view that
concurrent SFV infection in Aedes aegypti suppresses
the intensity of its P. gallinaceum infection; this is
also consistent with the slightly lower oocyst rate,
and particularly the lower mean oocyst count, of this
doubly-infected group.

Explanation of the failure of the heavy oocyst
infections to cause conspicuous numbers of early
deaths in this doubly-infected group (and it is a
heavier oocyst infection level than in the first experi-
ment, in which selective kill appears to have oc-
curred) is considered in the final discussion (see
page 695).

(c) Malaria transmission and SFV infection.
Transmissions of malaria to chicks by individual
Aedes of this doubly-infected group on the ninth day
after ingestion of the plasmodium (17th day after
SFV uptake) were also quite successful; 12/16 chicks
bitten by a single different Aedes later became
positive (75% transmission), which is slightly less
efficient than 12/14 transmissions by controls
(85.7%O).
Conclusion
There was no confirmation in this experiment of

the first finding that SFV-infected Aedes aegypti,
subsequently heavily infected with P. gallinaceum,
were liable to die within the first two days when
ookinetes are penetrating the gut wall. There is,
however, slight, but statistically insignificant, evid-
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ence of SFV infection suppressing the malaria
parasite. This is consistent, the data always being
slightly lower for the doubly-infected group than
for the control series except in maximum oocyst
count (see Table 1). Analysis of paired malaria
densities (oocysts) with SFV titres support this view.

It may be added that some suggestion in the first
experiment that doubly-infected Aedes fed less
readily than Aedes with only malaria infection re-
ceived no confirmation in this trial; in controls, 14 of
20 Aedes engorged (70 %) and of the doubly-infected
Aedes 15 of 20 engorged (75%) and one probed on
chicks.

Third Experiment

It was necessary to repeat the experiment again. In
this third experiment, the interval between the initial
SFV meal and the subsequent P. gallinaceum feed
happens to be nine days, otherwise the procedure and
techniques followed those of the second experiment;
no importance is attached to the one extra day be-
tween infecting meals.

Death-rates of Aedes groups (Experiment 3, Table 3)
Before proceeding to the detail of SFV and P.

gallinaceum infections separately, and concurrently,
in the Aedes, it is worth making the point that, again,
infection rates were high-namely 96.6% for SFV,
77.1 % for P. gallinaceum alone and 78.5% for P.
gallinaceum in the presence of SFV. But, again,
deaths were few. Thus, no deaths occurred in the 48
hours following the malarious meal in 59 females of
the P. gallinaceum-infected group and only two of
159 (1.3 %) died in the group infected with both SFV
and P. gallinaceum; deaths were also few in both
groups after this early period.

SFV infection (Experiment 3, Table 1)
Altogether 220 Aedes females engorged on infant

mice which were inoculated intraperitoneally with
SFV 24 hours previously; four females taken at
engorgement gave a titre of 106-4 LD50/0.03 ml.

Virus infection was successful, all of 10 Aedes
tested 14-15 days later proving SFV-positive by
mouse inoculations. In transmission tests of single
Aedes, each feeding on a separate infant mouse on the
10th day, 17 females gorged and two probed on their
respective hosts. Of these 19 bitten mice, only four
developed paralysis or died within three days, and 15
were apparently healthy two weeks after exposure.
Of these, however, 14 were shown to have developed
HI antibodies in their blood by the 21st day after

being bitten; one was ?HI-positive. All of 13 siblings
not exposed to Aedes remained fit. Thus, including
HI-positive mice, the SFV transmission rate was
94.7% (18/19), and the over-all SFV infection rate
96.6% (28/29 Aedes SFV-positive).

P. gallinaceum control infection (Experiment 3,
Table 1)
Some 51 Aedes females, previously fed on clean

infant mice, were infected nine days later on a fowl
infected with P. gallinaceum. Malariometric data in
this control group were as follows:

No. of
Aedes

dissected

27

No.
positive
for

oocysts

22

Infection
rate

(oocysts)

81.5%

Oocyst
range In
positive
females

1-97

Geou, Mn (Wm)
for

oocysts
per gut

11.5

Transmission tests for P. gallinaceum, by feeding
single Aedes on separate 3-day-old chicks, were made
10 days after the infecting feed on the fowl. Of eight
chicks, each fed upon by a single mosquito, five
developed a parasitaemia-a transmission rate of
62.5%. No glands were dissected to check for
sporozoites. The over-all infection rate for this P.
gallinaceum control group was 77.1 % (27/35 Aedes
malaria-positive).

Double infection with SFV and P. gallinaceum
(Experiment 3, Table 1).
A group of 159 Aedes females, initially fed on the

SFV-infected infant mice, as above, engorged nine
days later on the same malarious fowl simultaneously
with the above P. gallinaceum control group. Malar-
iometric data for this doubly-infected group with a
96.6% SFV infection rate were as follows.

(a) Oocyst counts.

No. of
Aedes

dissected

66

Nosltive Infection Oocyst Geom. Mn(Wm)No.it nfection range in for

poositv ra te positive oocysts
oocysts females per gut
54 81.8% 1-262 7.4

(b) Oocyst counts and SFV infection. Ten of these
Aedes, each separately tested for the presence of SFV
(but not titrated), had the following oocyst counts:

No. of
Aedes

3

1

1

Aje

l
l
l
I

SFV
infection

±

Oocyst
count

0
+ 4
+ 22
+ 25
+ 34
+ 73
+ 112
+ 146
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These 10 paired infections prove that dual infec-
tions of SFV and malaria existed in these vectors.
But, except by conceiving that the oocyst counts
could, in the absence of SFV, have been higher, there
is little other information to be certainly gained, in
the absence of titres for SFV.

(c) Malaria transmission and SFV infection. In
transmission tests, 10 days after the malarious blood
meal (19 days after the SFV meal), 13 Aedes fed on
3-day-old chicks; eight of these chicks developed a
parasitaemia-a transmission rate of 61.5 %.
The over-all infection rate for P. gallinaceum in the

presence also of SFV infection in this group was
therefore 78.5% (62/79 malaria-positive Aedes).

Conclusions
This experiment confirmed the findings of the

second one in that there was no lethal effect on the
doubly-infected vector nor marked suppressive effect
of the SFV infection on the development and infec-
tivity of the malaria parasite in Aedes aegypti. In-
deed, only the mean oocyst count suggests, slightly,
an interaction of SFV and P. gallinaceum adversely
affecting development of the malaria parasite, the
respective values being 11.5 oocysts (controls) and
7.4 oocysts (double infections).

MALARIA INFECTIONS IN AEDES AEG YPTI INFECTED
FIRST WITH SFV AND AT THE SHORTER INTERVALS OF

4 (OR 5) DAYS LATER WITH P. GALLINACEUM

It was now reasoned that the rapid 2-3-day
gonotrophic cycle of Anopheles funestus in Africa
may have led to a malarious meal being ingested
within two or three days of an o'nyong-nyong-
infected meal. This shorter interval might have
intensified any interaction between the virus and the
plasmodium in the gut epithelium, either killing
some of the anophelines or inhibiting severely the
development of the human malaria parasites in the
vector. Two further experiments were now made
which were similar to the experiments above, except
that the interval between the initial SFV meal and
the subsequent P. gallinaceum meal was reduced to
four or five days-the minimum time in which the
mosquitos were persuaded to take a second blood
meal.

This reduction of the interval between the two
infecting meals failed, as shown below, to demon-
strate an adverse effect on the survival of the Aedes
aegypti, although once more there was slight evidence
of suppression of the development of the malaria

parasite in the Aedes. Only one female died in the
48 hours following the malaria-infecting meal out of
79 control Aedes, and none of 64 of the doubly-
infected Aedes group previously infected with SFV
(Experiments 4 and 5, Table 3). These mortality
data combine the results for both the four-day and
the five-day interval experiments. The infection
data are now considered.

Four-Day Interval

SFV infection (Experiment 4, Table 1)
Here 155 Aedes females engorged on infant mice

24 hours after their intraperitoneal inoculation with
SFV; the SFV titre per freshly engorged female,
based on six females, was 106.1 LDl0/0.03 ml.

It was accepted, on the basis of the previous
experiments, that this intake would give good
infection and transmission rates for SFV. No
transmission tests, therefore, were made to infant
mice and only 13 Aedes were tested for SFV. Each
of the 13 Aedes was SFV-positive, either at nine days
or at 14 days after the SFV-infecting meal.
The over-all infection rate for SFV was 100%

(13/13).

P. gallinaceum control infection (Experiment 4,
Table 1)
A group of 56 Aedes females, fed four days

previously on a clean mouse, engorged on a
P. gallinaceum-positive fowl. Malariometric data
were as follows:

No. of
Aedes

dissected

13

No.
positive
for

oocysts

13

Infection
rate

(oocysts)

100%

Oocyst
range in
positive
females

7-252

Geom. Mn (Wm)
for

oocysts
per gut

61.4

On the eighth day after the malarious meal five
chicks were each exposed to the bite of single Aedes;
three chicks on which the Aedes fed developed a
parasitaemia, and the glands of the remaining two
mosquitos (which failed to feed on the chick host)
were positive for sporozoites. Thus, the transmission
rate, and also the over-all infection rate for the
18 Aedes examined, was 100% (18/18).

Double infection with SFV land P. gallinaceum
(Experiment 4, Table 1)
For double infection 48 Aedes females, initially

fed on the SFV-infected mice, gorged simultaneously
on the same malarious fowl as the above control
group, i.e., four days after the SFV meal on the mice.
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Malariometric data for this doubly-infected group
were as follows.

(a) Oocyst count.

No. of
N.

Infection
Aedes pos tive rate

dissected four (oocysts)
oocysts

16 16 100%

Oocyst Geom. Mn(Wm)
range in for
positive oocysts
females per gut

3-262 51.3

The mean oocyst count (51.3) is about 10 oocysts
less than in the controls (61.4).

(b) Oocyst counts and SFV infection per Aedes.
The oocyst counts for eight of these Aedes were 3, 6,
38, 52, 67, 84, 85 and 112, and all eight Aedes were

also positive for SFV. Titres were not measured.
Thus, all eight mosquitos, whether oocyst counts
are low (3) or moderately high (112), were SFV-
positive; the interpretation of these paired infections
is the same as for similar data in the previous
experiment and not inconsistent with the view that
SFV infection suppresses oocyst counts.

(c) Malaria transmission and SFV infections.
On the eighth day, three Aedes of this doubly-infected
group each gorged fully on a separate 3-day-old
chick. Only two chicks, however, developed a

parasitaemia. All three gorged Aedes were triturated
as whole insects and these, and also two other
females shown to have sporozoite-positive glands at
dissection, proved SFV-positive by inoculation into
mice. Four other females with sporozoite-positive
glands at dissection were not tested for SFV.
The actual malaria transmission rate was, there-

fore, 2/3 (66.7%) but, if sporozoite-positive glands
in non-feeding Aedes are accepted as a criterion for
successful transmission, the transmission rate is
8/9 (88.9%).
The over-all malaria infection rate in this group,

with concurrent SFV infection, is, then, 96%
(24/25 malaria-positive Aedes). In 12/13 proven

SFV-positive mosquitos, P. gallinaceum developed
successfully, including gland infection and trans-
mission of malaria to chicks.

Five-Day Interval

A slight elaboration of the above experiment
resulted from feeding 40 Aedes females on the same

litters of infant mice infected with SFV as in the
above experiment except that the Aedes were

infected 10 hours after the intraperitoneal infection
of the infant mice with SFV. A control series of 43
Aedes was, at the same time, fed on clean infant

mice. The subsequent P. gallinaceum meal was
taken along with the Aedes of the preceding experi-
ment simultaneously on the same fowl and was,
therefore, five days after the SFV meal.

SFV infection (Experiment 5, Table 1)
The initial intake from viraemic donor infant mice

was 105'3 LD50/0.03 ml. All of nine Aedes separately
tested eight days later were SFV-positive (100%).

P. gallinaceum control infection
A group of 23 Aedes, previously fed on clean mice,

engorged well five days later on the malarious fowl.
One Aedes contained 136 oocysts, 5/6 were sporozoite-
positive, and of five others which gorged on chicks
on the eighth day, four transmitted malaria. The
Aedes which failed to transmit was negative for
sporozoites in the glands at dissection, and had only
many small degenerate oocysts on the gut. (This is
an interesting observation of severe inhibition of the
malaria extrinsic cycle in a normal Aedes; this has
been observed only occasionally in many dissections
with this material in this and other experiments. It
is not considered an important factor in interpreting
the present experiments.) The transmission rate by
bite was, thus, 4/5 (80 %); the total rate for gland-
positive females was 9/11 (81.8 %); the over-all
malaria infection rate was 10/12 (83.3 %).

Double infection with SFV and P. gallinaceum
(Experiment 5, Table 1).
For double infection, 16 Aedes fed five days

previously on the above SFV-infected infant mice
gorged simultaneously on the same malarious fowl
as the above control.
The single gut dissected contained six oocysts. Of

nine proven SFV-positive Aedes, 6/6 showed, by
dissection, sporozoites in their glands; one other
infected the chick on which it fed; two others failed
to transmit by bite. Thus, malaria transmission by
bites was 33.3% successful (1/3) but, if Aedes with
sporozoite-positive glands are included as capable
of transmission, the transmission rate would be 77.8%
(7/9 Aedes gland-positive). The over-all malaria
rate was 80% (8/10 positive Aedes) for this doubly-
infected group.

Conclusion
These two experiments investigating the interaction

of SFV infection and P. gallinaceum ingested by
Aedes aegypti in that order, at short intervals,
suggest again only a slight lowering of the malario-
metric indices in the presence of SFV, but certainly
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there was no lethal effect on the doubly-infected
Aedes themselves in the first few days of the malaria
extrinsic cycle.

MALARIA INFECTIONS IN AEDES AEG YPTI INFECTED
FIRST WITH P. GALLINACEUM AND 3 (OR 4) DAYS

LATER WITH SFV

The preceding experiments indicated that an
initial SFV infection in Aedes aegypti caused
consistently some suppression in the development of
a subsequent P. gallinaceum infection and, at least
on one occasion when the over-all malaria rate in
survivors was statistically lower in the doubly-
infected group, caused the death of apparently
heavily malarious vectors. It was of interest to
examine the converse-the effects on an initial
P. gallinaceum infection of a subsequent intake by
the mosquito of SFV. The following observations
were made in which the interval between the initial
malarious meal on fowl and the later SFV infection
from infant mice was three, or four, days. With this
short interval the malaria parasite would still be at
the oocyst stage, with possibly a few late ookinetes
present, at the time of the SFV intake. Although it
was thought less probable, the malaria parasite, or
the vector, might prove susceptible to adverse
influences by the additional invasion of, and replica-
tion in, the gut epithelium by the freshly ingested
SFV.
The results for the two experiments, one with a

four-day (Experiment 6) and the other with a three-
day (Experiment 7) interval before SFV infection
was superimposed on the developing malaria infec-
tion, are combined below.

P. gallinaceum control infection (Experiments 6 and
7, Table 1)

Clean Aedes females were infected from malarious
fowls. Few oocyst counts were attempted after the
Aedes had fed on the malarious fowls as the clean
mouse blood meal from infant mice for these con-
trols followed so closely (three or four days later)
that the blood of this second meal made recognition
of oocysts difficult or impossible; counts were, at
best, likely to be unsatisfactory. Of six Aedes
examined, no oocysts were seen in three, and 118,
133 and 159 oocysts in the other three.
However, 24/25 Aedes (96%) were gland-positive

for sporozoites in dissections later on the ninth or
tenth day, and four others at the same time each
transmitted malaria to a chick (100% transmission).

The two experiments are about equally represented
in these data with, respectively, 11 and 14 Aedes
dissected and two Aedes from each transmitting to
chicks. Including the oocyst counts, the over-all
malaria infection rate for these controls was 31/35
Aedes malaria-positive (88.6%); the three negative
records for oocysts might have been incorrect and
the malaria rate nearer 100 %.

SFV infection (Experiments 6 and 7, Table 1)
A total of 29 Aedes infected as above with

P. gallinaceum engorged three, or four, days after the
malarious meal on SFV-infected infant mice; three
freshly engorged Aedes giving a titre of 106.5
LD50/0.03 ml.

All 14 doubly-infected Aedes tested by inoculation
into mice six days after the SFV meal were SFV-
positive; seven were representative of each experi-
ment, indicating a high infection rate, if not actually
100%, for SFV.

Double infection with P. gallinaceum followed by
SFV (Experiments 6 and 7, Table 1)
All these 14 SFV-positive females were gland-

positive for sporozoites; two of them from one
experiment and three from the other transmitted
the malaria to chicks by bite. Of a further 11
mosquitos of this doubly-infected group, not
actually tested for SFV, seven were gland-positive
for sporozoites and four were oocyst-positive, one
showing at least 109 oocysts.

Thus, the over-all malaria rate in the presence of a
subsequent SFV infection may be accepted as 25/25
Aedes positive (100%), and if, again, sporozoites in
glands are taken as evidence for actual transmission,
this was also 100% (16/16 Aedes positive).

Death-rates in Aedes (Experiments 6 and 7, Table 3)
Deaths were few. In the control Aedes (P.

gallinaceumn meal + clean mouse meal) only one of
29 females (3.4 %) died in the six days following the
second of these blood meals on the clean mouse
while only one of 25 (4 %) died in this same period
in the doubly-infected Aedes group. (These death-
rates exclude the Aedes removed for dissection for
oocysts early in this six-day period.)

Conclusion
There was thus no evidence of malaria infection

in the mosquitos being suppressed, nor of its
transmission being prevented, in Aedes first infected
with P. gallinaceum and three, or four, days later
with SFV. Indeed, the data indicate the converse,
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by inspection. In the absence of oocyst counts,
lack of suppression cannot be completely sub-
stantiated, but with the high sporozoite rate (and for
abundant sporozoites) it could hardly be more than
slight. Nor was there adverse effect on the vectors
themselves, at least within six days of double
infection.

INFE3CION OF P. GALLINACEUM IN AEDES
AEG YPTI TWICE INFECTED WITH SFV

Clearly, numerous permutations and combinations
of clean meals on fowl or mouse, SFV infection from
mouse, or P. gallinaceum infection from fowl are
possible in the course of several blood meals which
Aedes aegypti could be persuaded to take. Only one
triple combination was briefly examined-namely,
a sequence of SFV + P. gallinaceum + SFV again
at four-day intervals in that order. These data are
not included in Tables 1 and 3. A few Aedes females
of a preceding experiment with SFV and P. gallina-
ceum infections, given in that order at a four-day
interval (Experiment 4, Table 1), were allowed a
second SFV meal on viraemic infant mice four days
later. As SFV controls, previously uninfected Aedes
were fed at the same time on infant mice of the same
SFV-infected litter as was used for this second SFV
infection; six days later the single female tested by
mouse inoculation proved SFV-positive. Presu-
mably, therefore, the triply-infected Aedes acquired

a second infection of SFV, although their second
SFV infection could not be conclusively differen-
tiated from the first, and thus demonstrated to
exist, by any method of assay for virus known to us.
In any case, one female of this triply-infected group-
proven SFV-positive-transmitted P. gallinaceum
to a chick six days after the second SFV meal, while
another SFV-positive female was negative for
sporozoites; a third female of the group, not actually
tested for SFV, transmitted malaria to a chick. This
transmission by 2/3 (66.7%) of the triply-infected
Aedes group was the same as the transmission rate of
66.7% (2/3 chicks positive) by three malarious, but
SFV-free, control Aedes.
How far this competence to transmit malaria

despite SFV infection before, and after, the malaria-
infecting meal may be true for other elaborations of
multiple infections with both pathogens is a matter
for speculation, and the effects of the present, or
other, multiple infections on the densities of the
malaria parasite developing in the vector, or on the
longevity of the mosquitos themselves, are still open
questions. We suppose that, with multiple infections
in which a P. gallinaceum infection followed an
SFV infection, the development of the malaria
parasite could probably be partially, at least slightly,
suppressed. Whether the less usual event of reduced
longevity of the vector would necessarily result is
another aspect of the problem and is considered in
the discussion which follows.

DISCUSSION

In general, Aedes aegypti was not itself usually
adversely affected when infected with both Semliki
Forest virus (SFV) and Plasmodium gallinaceum, nor
was transmission of the malaria usually prevented to
any appreciable extent, even although the number of
malaria parasites developing in the vector tended to
be slightly reduced in the presence in the vector of the
virus infection. In one of seven experiments, how-
ever, a considerable kill (60%) of doubly-infected
mosquitos occurred; this appeared to be a selective
kill of those SFV-infected mosquitos in which the
midgut epithelium was heavily parasitized by recently
ingested malaria parasites. Besides this selective kill,
the development of malaria parasites in the survivors
(as evident from low oocyst counts, very low sporo-
zoite rates and densities, and the resultant low
efficiency of malaria transmission to chicks by bite)

was substantially suppressed, the over-all lower
malariometric index compared with the control value
being statistically significant. In this respect, there is
some agreement between this double infection, so
lethal to the vector, and the other experiments in
which double infection was not lethal yet some slight
reduction in malariometric indices in the doubly-
infected vector was often obtained, and fairly con-
sistently so in most of the component elements of
malaria analyses, including always in mean oocyst
counts.

Suppression of human malaria infections in
Anophelesfunestus and Anopheles gambiae in Uganda
by concurrent infections in these vectors of o'nyong-
nyong virus which they were also transmitting to the
African population (de Zulueta et al., 1962) could
have come about by either one, or both, of these
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mechanisms reported here for the SFV-P. gallina-
ceum model in Aedes aegypti.
Consider first the possibility of suppression of the

density ofhuman malaria parasites in o'nyong-nyong
infected anophelines. Malaria infections in both the
individual anopheline vector and in anopheline
populations transmitting human malaria in nature
are very much lower than those obtained in the
present experiments with fowl malaria in the Aedes.
Suppression of malariometric indices in the anophe-
lines in Uganda could have led, therefore, more
readily than in the heavily malarious Aedes, to few
anophelines retaining any malaria infection at all.
Thus, as de Zulueta et al. (1962) observed, reduction
in the mosquito infection rates and in transmission
efficiency of malaria could have occurred. This
seems the most probable mechanism. However, as a
second mechanism, selective kill in Uganda of the
more heavily malaria-infected anophelines which
were also infected with o'nyong-nyong would result,
as in these Aedes experiments, in the surviving ano-
pheline population being relatively lightly infected
with malaria and in their efficiency as malaria vectors
to man being reduced accordingly. But selective kill
of anophelines transmitting human malaria in nature
may be thought less likely than with the present
Aedes infections since, as already discussed above,
the level of malaria infections they experience is
generally low in the first place and less of a physio-
logical challenge than in the Aedes material. Thirdly,
lowered transmission efficiency of human malaria by
anophelines could be, as in the Aedes model, all the
more marked if both selective kill (possibly improb-
able) and also malaria suppression (more probable)
in survivors were operating together.

It is puzzling why the selective kill was obtained in
only one of seven experiments with the Aedes model.
The levels of malaria infections and SFV infections
differed from one experiment to another but not
greatly, nor, we conclude, sufficiently to explain this
anomalous result; indeed, malaria infections and
SFV infection levels were heavier in some non-lethal
experiments. Now, the conspicuous kill occurred in
the first of this series of experiments; the temptation
is to discard this result as due to technical imperfec-
tions. But, provocatively, mortality occurred not
randomly during the extrinsic cycle but at a poten-
tially challenging phase of double infection in the
mosquito gut epithelium. Even more informative,
the malariometric indices for the survivors indicated
that deaths of individuals had likewise not been
random but, in the main, of SFV-infected Aedes

most heavily infected with the developing malaria
parasite. What was the selective force? This re-
mains uncertain, but the following points are worth
recording. The selective kill in the first experiment
might be attributed to, possibly, the sugar solution
which, kept moist by recurringly adding further
sugar solution by pipette, may have become con-
taminated, developing a mould or otherwise deterio-
rating. Suspicious of this, we renewed the sugar
pads, and holders, virtually daily in all the subse-
quent experiments; and in these, no heavy mortal-
ities occurred. Some batches of doubly-infected
Aedes in a later experiment (Experiment 3) were
entirely denied sugar or water for four days after the
malarious meal, and others were kept crowded in
their cages, but without causing deaths. Thus,
rigours of starvation, or overcrowding, during adult
life were not apparently predisposing causes of selec-
tive kill. Perhaps more obvious as selective forces
on adults would be temperature and humidity
fluctuations, but these were stable and favourable;
this may deserve investigation in this whole context.
Climate, however, appears to have been favourable
at the time of the Uganda observations (de Zulueta
et al., 1962); mosquitos were abundant. Possibly,
however, stresses of flight in seeking hosts, resting
places and in manoeuvres of oviposition could have
imposed greater physiological demands on doubly-
infected anophelines than on others-causing earlier
deaths of females with both o'nyong-nyong and
malaria infections or, possibly, their refuge in sites
other than those customarily sampled in malariology.
Doubly-infected vectors might be more susceptible
than other individuals to doses of insecticides nor-
mally sublethal, although this was not (at least
officially) a factor in the Uganda situation.

It seems that some stress factor may be necessary
to elicit, in the laboratory and in nature, the physio-
logical disadvantages which double infection with
arbovirus and malaria parasites may impose on a
vector. In this connexion, the general experience
that, separately, human parasites are not pathogenic
to their arthropod vectors (some exceptions being
filariae often in Diptera, rickettsiae in lice) may
deserve reappraisal by experiments making more
exacting demands on the infected vectors than
obtain in the quiet and relative immobility usually
afforded by cages (often of females only) kept in
favourable and stable environmental conditions,
and providing facilities for feeding and oviposition
requiring little effort from the insects. There are,
however, these further considerations. The Aedes

6
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stock for the first highly lethal experiment were
reared rather differently from those for all sub-
sequent experiments, larvae being reared in an initial
highly nutritious medium, less frequently replenished
with fresh nutrients than were the later larval rearings.
Conceivably, the first experiment was with Aedes
adults subtly less robust than in the later groups. It
remains to postulate that, since, in Uganda, anophe-
line adults were abundant in the season in question,
larval competition for food may have resulted in
some such subtle deficiency, or insufficiency, in
larval nutrition as may have pertained in our first
Aedes experiment, resulting in adults of both
Anopheles funestus and Anopheles gambiae in nature
and Aedes aegypti in the laboratory being less
tolerant of double-pathogen infection than would
otherwise have been the case. There is a suggestion
of the Aedes of the first experiment being, in general,
less vigorous in their slightly higher mortalities even
in the SFV-only and P. gallinaceum-only groups
compared with all other groups in the later experi-
ments (Table 3).

It is worth comment that de Zulueta, Kafuko &
Cullen (1963) re-emphasize that adult mosquito
densities (Anopheles gambiae) were exceptionally
high in Masaka district in Uganda where, in 1960,
the decline in malariometric indices in the presence
of o'nyong-nyong transmission was reported.
Moreover, such high densities have not since
occurred in studies still continuing in the area
(de Zulueta, personal communication). This does
suggest that, in 1960, this very large mosquito
population may have been in one or more aspects of
its physiological needs, either as adults or larvae,
under unusual stress from natural limiting factors,
and sufficiently so to elicit reduced malaria infection
and transmission in the presence of their concurrent
transmission of o'nyong-nyong fever.
The present work did not investigate the effects of

simultaneous infection of the Aedes with P. gallina-
ceum and SFV for, as mentioned earlier, the separate
susceptible hosts, respectively fowl and infant mice,
required in this model seem to preclude satisfactory
control infections. Nevertheless, the anophelines in
Uganda may have on occasion, or often, taken up
both human malaria parasites and o'nyong-nyong
virus in a single meal, besides separately at different
meals. We cannot show, from our present observa-
tions, that this would materially influence the malaria
parasite, although the three-day to five-day intervals
simulating the rapid gonotrophic cycle and feeding
of tropical anophelines failed to intensify any

interaction and might point also to simultaneous
infection being not necessarily critical.

It has yet to be shown, as de Zulueta et al. (1962)
noted, whether the decline in malariometric indices
in the human population and in the anopheline
vectors in Uganda had its origin in interactions of
the two pathogens in the human host rather than in
the vector, suppressing the malaria infection in
humans and the sources of malaria infection for the
mosquitos. However, laboratory study-of another
arbovirus-malaria complex-does not support this
concept, the viraemia of Western equine encephalitis
virus in canaries being depressed by concurrent
infections of P. relictum (Barnett, 1956) and not
conversely. The present findings with concurrent
infections of SFV and P. gallinaceum in Aedes
aegypti indicate that a malaria parasite can be, at
least partially, suppressed in its extrinsic develop-
ment by the presence of an arbovirus in a vector.
This suppression, particularly when coupled with
a physiological stress (perhaps initiated basically in
larval life) which is selectively unfavourable to the
survival of heavily malarious and virus-infected
mosquitos, lowers the efficiency of the vector in its
transmission of malaria. One or both of these factors
may well have sufficed to initiate the reduction obser-
vedin the transmission byanopheline vectors ofhuman
malaria in Uganda, when the anophelines were, at the
same time, acting as vectors of o'nyong-nyong virus
to the African population. But interference by an
arbovirus with a malaria parasite in a mosquito vec-
tor need not occur inevitably, nor on a detectable
scale, nor sufficiently to reduce malaria transmission.

In conclusion, lack of obvious adverse effect of
malaria parasitization in the Aedes on their SFV
infection is worth these comments. The virus
persisted in most doubly-infected mosquitos, and in
high titre certainly in some individuals, for up to six
days after double infection and 14 days after initial
SFV infection. SFV was transmitted to infant mice
by Aedes bite eight days after double infection with
the malaria parasite, 16 days after initial intake of
the virus. One Aedes transmitted both SFV and
P. gallinaceum in a single engorgement (partly on
mouse, partly on chick), the intervals since initial
uptake of each pathogen being eight days (P. gallina-
ceum) and 16 days (SFV).

Finally, no rogue virus, at least none which
could be confused with SFV in our tests, was found
in 21 SFV-free control Aedes which, in the course of
the experiments, had taken a blood meal on clean
infant mice, clean or malarious fowls or clean chicks.
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Annex

NOTE ON THE STATISTICAL TESTS USED

Two statistical tests were performed on the data:
1. The over-all malaria rates in Experiments IA,
2A and 3A were compared and it was found that, for
the doubly-infected group, Experiment IA differed
significantly from 2A and 3A (P < 0.001), and that
for the singly-infected group Experiments 1A, 2A
and 3A did not differ from one another.

2. A comparison between the over-all malaria rates
of the doubly and singly infected groups was made
for Experiment IA and for the pooled results of
Experiments 2A and 3A. The difference was sig-
nificant (P < 0.02) for Experiment lA but not
significant (at the 5% level) for the pooled results
of 2A and 3A.
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RIESUMI

Des observations faites en Ouganda en 1960 avaient
fait supposer que la transmission du paludisme par
Anopheles funestus et A. gambiae etait beaucoup plus
faible durant la saison oii ces memes insectes transmettent
le virus O'nyong nyong dans la population africaine. Des
faits analogues d'interference entre virus et plasmodes
avaient et notes chez les animaux.

A la demande de 1'OMS, les auteurs ont repris la
question sur une base experimentale et ont cherche a
determiner si le cycle du plasmode a l'interieur du mous-
tique est affecte par la presence d'un arbovirus. Pour des
raisons de commodite, les essais ont ete faits avec Aedes
aegypti, infecte successivement par le virus de la Foret
de Semliki (SFV) et le Plasmodium gallinaceum, ou dans
l'ordre inverse.

En g6n6ral, la transmission du paludisme aviaire n'a

pas e empech6e par l'infection virale, bien que certains
indices paludometriques aient et legerement plus bas
chez les moustiques doublement infect6s que chez les
temoins. Dans un des essais, cependant, 60% des Aedes
infectes 8 jours auparavant par le virus moururent dans
les 2 jours suivant le repas de sang impalude. La mortalit6
etait inf6rieure chez les moustiques qui etaient infectes
par le virus mais peu ou pas par les plasmodes. II se peut
que certains facteurs physiologiques, une influence
stressante du milieu, ou une alimentation larvaire subopti-
male aient ete a l'origine des effets nocifs de l'infection
plasmodique sur le moustique. I1 peut arriver que la
presence d'un arbovirus arrete le developpement du
parasite du paludisme chez le moustique, mais cela n'est
pas constant. La preuve a 6t6 faite qu'un Aedes double-
ment infecte peut transmettre simultanement le plasmode
et l'arbovirus.
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