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EFFECT OF BODY SIZE ON THE VECTOR COMPETENCE OF
FIELD AND LABORATORY POPULATIONS OF AEDES

TRISERIA?US FOR LA CROSSE VIRUS

SALLY L. PAULSON' eNo WILLIAM A. HAWLEY,

ABSTRACT. Aedes triseriatus females collected as pupae from 2 tireyards and one woodlot were
tested for.susceptibility to La Crosse virus infection and abitity to transmit the virus to suckling mice.
Rates of disseminated infection and oral transmission were inverselv correlated with mean bodv size.
The smallest population developed disseminated infections and transmitted virus at significantly irigher
rates than the 2 larger populations. Adults derived from Fr eggs of the largest and smallest popllatlon.
t.horyg! no significant differences in rates of disseminated infection and lransmission, suggesting that
the differences between the field populations were primarily caused by larval rearing co.rdit"ions. ivhen
pupae of 2 strains of Ae. triseriatus were arranged into discrete size groups and tested for susceptibility
to virus, an invetse relationship was observed between rate of disseminated infections and mean pupal
wet weight. In contrast, Ae. hendersoni exhibited low transmission rates (7-10%) regardless of body size.

INTRODUCTION

Aedes triseriotus (Say) commonly breeds in
artificial containers, especially discarded tires,
as well as in its natural tree hole habitat (Jen-
kins and Carpenter 1946, Baumgartner 1988).
Emerging adults from both tree holes and tires
vary greatly in body size (McCombs 1980,3 Har-
amis 1984). When artificial diets are used to
create size variation in this species, vector com-
petence for La Crosse virus (LACV) is inversely
correlated with body size for both oral and
transovarial transmission (Grimstad and Har-
amis 1984, Patrican and DeFoliart 1985). Thus.
larval nutrition may influence vector compe-
tence. However, genetic factors may also play a
role, since geographic populations vary in vector
competence (Grimstad et al. 197 7 ). In this paper,
we show that field-collected populations which
differ in body size also differ in vector compe-
tence and virus susceptibility and that the dif-
ferences in body size and vector competence are
primarily environmentally induced. We discuss
our results in relation to the vectorial capacity
of Ae. triseriarlus for LACV.

MATERIALS AND METHODS

Origin of rnosquito strains: The TREE HOLE
strain of Ae. triseriatus was collected from tree
holes in American beech (Fogus grandifolia
Ehrh.) and sugar maple (Acer sacchorurn Marsh)
trees in Bendix Woods County Park, St. Joseph
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3 McCombs, S. D. 1980. Effect of differential nutri-
tion of larvae on adult fitness of Aedes triserintus.
M.S. Thesis, Univ. of Notre Dame, IN, 123 pp.

County, IN. Pupae from approximately 10 tree
holes were used. The TIRES-1 strain originated
from tires located in a commercial auto salvage
yard in South Bend, St. Joseph County, IN.
This site contains thousands of discarded tires.
but sampling was restricted to 10 tires situated
in a partially shaded section at the northern
perimeter of the tireyard. The TIRES-2 strain
was collected from tires in a small tire dump,
approximately 30 tires, located in South Bend,
IN. These tires were located in a woodlot com-
posed primarily of sugar maple, American beech
and black oak (Quercus uelutinaLam.), and were
completely shaded. Collections were made on
June 25 and 26, 1984. Pupae were held in an
insectary at2I'C until adult emergence.

To obtain eggs for Iaboratory rearing, 3 ovi-
traps equipped with presoaked balsawood pad-
dles were fixed at ground level in the Bendix
Woods site. Egg paddles were collected on July
3 and August 6, 1984. At the TIRES-I site, 3
ovitraps were also set out but few eggs were
deposited. Instead, females were collected on
July 14, 1984, with a battery powered aspirator
(Nasci 1981), placed in cages, blood fed and
allowed to oviposit.

The FORT WAYNE strain of Ae. triseriatus
was collected as eggs from ovitraps in Fort
Wayne, Allen County, IN, in August 1985. The
WALTON strain of Ae. triseriatus was a labo-
ratory colony established from mosquitoes col-
lected in the lzaac Walton Preserve, St. Joseph
County, IN, in June 1969. The generation tested
is not known. The YANKEE WOODS strain of
Aedes hendersoni Cockerell was collected as eggs
from ovitraps in Yankee Woods Forest Preserve,
Cook County, IL, in August 1983. The fifth
Iaboratory generation was used in this study.

Mosquito rearing techniques: Eggs were
hatched in a nutrient broth solution (Novak and
Shroyer 1978). First instar larvae were distrib-
uted 300 per pan in 1 liter of water and fed a
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Table 1. Mean wing lengths and rates of infection and transmission of LACV by field-collected and
Iaboratory-reared populations of Aedes triseriatus.

Source No.
Rearing

conditions

Wing length (mm)

Mean Range
% disseminated

infections
%

transmitting

TIRES-1

TIRES-2
TREE HOLES

Field 3.46 a*
Laboratory 3.84 b
Field 3.97 b,c
Field 4.20 cd
Laboratory 4.06 d

29
30
25
19
22

(2.86-4.44)
(3.26-4.13)
(3.2L-4.49)
(3.67-4.69)
(3.11-4.49)

86 e**
67 e,f
4 0 f
5 3 f
5 9 f

6 6 o

43 g,h
32h,i
2 7 i
32 h, i

* Means followed by different letters are significantly different (l-way ANOVA, P < 0.001; Duncan multiple
rangetes t ,P<0.05) .

+* Rates followed by different letters (by column) are significantly different (G-test of independence, P <
0.05).

standardized solution of liver powder ad lib. To
produce mosquitoes of different size classes, first
instar larvae were distributed 100 per pan in 1
Iiter oftap water and fed according to the dietary
regime of McCombs (19803) as described in
Grimstad and Haramis (1984).

Size determinations: Wing length was selected
as a criterion for comparing size of adult mos-
quitoes since it is easily measured and is posi-
tively correlated with dry weight (McCombs
19803). Wings were removed with forceps, placed
on a slide and covered with a coverslip. Length
was measured under a dissecting microscope
with an ocular micrometer. Measurements were
taken from the proximal edge of the costal scales
to the most distal point on the lateral margin,
excluding the wing fringe.

Pupal wet weight was used to generate non-
overlapping size groups of mosquitoes before
infection because it is diffrcult to accurately
measure the wings of live specimens. Individual
pupae were sexed under a dissecting microscope.
Females were dried briefly on a paper towel and
then weighed on an analy'tical balance to the
nearest 0.1 mg.

Mosquito infection: Approximately 7 days
after emergence, mosquitoes were allowed to
feed on a virus suspension in defibrinated,
LACV antibody-free rabbit or human blood con-
tained in an artificial membrane feeder (Rut-
ledge et al. 1964) equipped with a Baudrauche@
membrane (J. Long Inc., Belleville, NJ). Indi-
viduals that failed to fully engorge after a B0-
min feeding period were removed. The remain-
der were held for a 3-wk extrinsic incubation
period at 21"C. A sample of the infectious blood
was taken at the end of the feeding period, and
virus content was determined by titration using
the methods of Grimstad and Haramis (1983).
The endpoint titers (TCIDs0/0.025 ml) of the
blood meals were 104'6-1048 in the experiments
with the TREE HOLE, TIRES-Iand TIRES-2
strains, and 105'5 in the WALTON, FORT
WAYNE and YANKEE WOODS experiments.

The LACV used in all experiments was isolated
from adult Ae. triseriatus collected in Muncie.
IN (Pinger et al. 1983), and was in its third
suckling mouse passage.

Measurement of mosquito infection and trans-
mission: Oral transmission was demonstrated by
allowing individual mosquitoes to feed on 1- to
2-day-old suckling mice (Harlan ICR strain).
Mice were marked and then monitored for 7
days. Sick or moribund mice were removed and
frozen at -70"C.

Disseminated infections were identified by de-
tection ofLa Crosse viral antigen in head squash
preparations using an indirect immunofluores-
cent antibody staining procedure (Paulson et al.
1989). Alternately, the virus content of the sep-
arated thorax and abdomen of individual mos-
quitoes was determined by plaque assay on Af-
rican green monkey kidney (VERO) cells. Spec-
imen preparation and plaque assay techniques
have been described elsewhere (Paulson et al.
1989, Grimstad and Haramis 1983). Individuals
that contained virus both in the thorax and
abdomen were considered to have a dissemi-
nated infection. Those with virus limited to the
abdomen only were determined to have a non-
disseminated infection. These 2 methods yield
roughly equivalent results (Grimstad and Har-
amis 1983).

Statistfual analysis: Rates of infection and
transmission by groups within experiments were
compared using the G-test with Williams' cor-
rection (Sokal and Rolhf 1981). The wing length
distributions were analyzed by one-way ANOVA
followed by Duncan's multiple range test (Steel
and Torrie 1980).

RESULTS

Size and uector competence of fieLd-coll,ected
Ae. triseriatus: The 3 populations collected as
pupae had significantly different mean wing
Iengths; the 2 tireyard populations were smaller
than the tree hole population (Table 1). The
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field-reared tree hole population showed a sig-
nificantly lower rate of disseminated infectiorr
than the smallest field-reared tireyard popula-
tion (P < 0.05) (Table 1). The smaller tirevard
population transmitted virus at a significantly
higher rate than the other 2 field-reared popu-
Iations (P < 0.05); the rates of transmissionbv
the tree hole population and the second tireyarl
population did not differ significantly (P > 0.10)
(Table 1).

When the TREE HOLE and TIRES-I larvae
were reared in the laboratory on a lx diet
(McCombs 19803), the resulting mosquitoes
were intermediate in size compared with the
field-reared populations (Table 1). The larger,
laboratory-reared TIRES-I mosquitoes devel-
oped disseminated infections at a lower rate
than the smaller, field-collected individuals (6?
vs. 86%) and transmitted at a correspondingly
lower rate (43 vs.65%). A decrease in size in the
TREE HOLE mosquitoes resulted in an in-
crease in infection and transmission rates
(Table 1). None of these differences were statis-
tically significant (P > 0.10). However. when
the mosquitoes from these 5 populations were
placed in 10 non-overlapping groups based on
wing length, an inverse relationship between
rate of transmission and size was observed (p <
0.005) (Fig. 1).

Size and uector conxpetence of laboratory-
reared Ae. triseriatus and Ae. hendersoni: Lar-
vae of the WALTON and FORT WAYNE
strains of Ae. triseriatus wete reared on the
McCombs diet to generate a variety of size
classes. For each strain, female pupae were ar-
ranged into 5 discrete groups based on 1-mg
increments of wet weight. Rates of infection and
transmission for each size class are shown in
Table 2. By regression analysis, both strains

Y = 1 4 3 . 7 - 2 6 . 4 X

" '  =  o . r o

P  <  0 . 0 0 5

3 . 4  3 . 8  4 . 2

WING LENGTH (mm.)

Fig. 1. The relationship between rate of transmis-
sion (%) of LACV and size as measured by wing length
(mm) for Aedes triseriatus. Each point represents the
transmission percentage for 10-15 mosquitoes.

showed an inverse relationship between rate of
disseminated infection and mean pupal wet
weight (P < 0.05) (Fig. 2). The 2 smallest size
classes of WALTON transmitted LACV at a
significantly higher rate than the larger groups
(P < 0.05).

When pupae of the YANKEE WOODS strairr
of Ae. hendersoni were placed into 3 non-over-
lapping size classes based on pupal wet weight,
the rate of disseminated infection declined with
increasing size, but not significantly so (Table
2). The rate of transmission of virus bv
A e. he nde r s o ni remained Iow (7 - I\Vo\ regardless
of the size of the population tested.

DISCUSSION

Our results show that environmental condi-
tions in natural larval habitats have a dramatic
effect on the vector competence ofAe. triseriatus
mosquitoes. A previous study (Grimstad and
Haramis 1984) showed that size and vector com-
petence are inversely correlated for laboratory
populations of this species reared on specialized
laboratory diets. Our study confirms this general
result and extends it to the field. In addition,
our study shows that the relationship between
vector competence and size is linear (Fig. 1), as
is the relationship between the proportion of
disseminated infections and size (Fig. 2). In
marked contrast, Ae. hendersoni exhibited low
transmission rates irrespective of lerval diet and
adult size.

The findings of this study have implications
in 2 major areas: 1) the mechanics of virus
dissemination in Ae. triseriatus and Ae. hender-
sonl, and 2) the epidemiolog.v of La Crosse en-
cephalitis.

Mechanics of uirus dissemination: The pri-
mary barrier to LACV dissemination in Ae. tri-
seriatus is the midgut escape barrier; cells of the
midgut almost always become infected, but a
portion may fail to develop disseminated infec-
tions (Paulson et al. 1989). Disseminated infec-
tions occur only if the virus escapes from the
midgut. Our results indicate that the "strength"

of the midgut escape barrier is linearly related
to size of the adult mosquito. In more concrete
terms, the weakening of the barrier may be
related to an alteration of the midgut ultrastruc-
ture due to nutritional stress. Grimstad and
Walker (in press) have shown that the basal
lamina on the serosal side of the gut epithelium
in large mosquitoes is 10-16 layers thick while
only 4-6 layers are present in small mosquitoes.
Our results imply that the thickness of the basal
lamina should be linearly related to adult size.

For Ae. hendersoni, the primary barrier to
LACV transmission is a salivary gland escape

z
o
o - 7 so
=
2 s o
E,



JUNE 1991 Boov Srzr AND VEcroR CouperrNcr

Table 2. Rates of infection and transmission of LACV by different size classes of strains of laboratory-reared
Aedes triseriatus and Ae. hend.ersoni.

Pupal weight (mg)

Species/strain Mean Range No.
% disseminated

infections
%

transmitting

Ae. triseriatus
WALTON

FORT WAYNE

Ae. hendersoni
YANKEE WOODS

1.9
2.8
3.8
/ o

5.8
' Q

O R

4.5

6.6

9 Q

3.5
5.0

(r.5-2.2)
(2.5-3.2)
(3.5-4.2)
(4.5,5.2)
(5.5-6.2)
(r.7-2.8)
(3.1-3.e)
(4.2-4.8)
(5.1-5.9)
(6.2-7.2)

(1.8-2.8)
(3.3-4.3)
(4.8-5.5)

93 a*
9 7 a
7 7 b
6 7 b
7 0 b
6 7 e
4 0 f
2'�7 f o

9 7 f o

1 7 e

30
30
30
30
30
24
30
30
30
30

8 7 c
9 3 c
4 7 d
4 0 d
5 0 d

1 0 i
1 0 i

9 3 h
8 0 h
/ J  n

15
20
20

* Rates followed by different letters are significantly different (G-test ofindependence, P < 0.05).
** No data.

5 0
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o WALTON
Y = 1 1 0 . 6 - 7 . 7 X
n2 =  O,a t
P <  O,O5

. FORT WAYNE
Y = 8 4 . 6 - . l l x
n2  =  0 ,ao
P  <  0 , 0 5

MEAN PUPAL WEIGHT (mg.)

Fig. 2. The relationship between the rate of dissem-
inated infections (%) and size as measured by mean
pupal wet weight (mg) for the WALTON and FORT
WAYNE strains of Aedes triseriatus. Each point rep-
resents the percentage of infection of 30 mosquitoes.

barrier; individuals with infective virus in their
salivary glands fail to transmit by bite (Grimstad
et al. 1985, Paulson and Grimstad 1989). Our
study shows that larval nutrition does not affect
this barrier. Ae. hendersoni of all size classes
transmitted LACV at low rates.

Mosquito size and the epidemiology of LACV:
Our data show that vector competence of natural
populations of. Ae. triseriatus is greatly influ-
enced by environmentally determined size vari-
ation. Small field-reared parentals have high
vector competence; when eggs are obtained from

the field, hatched in the laboratory and provided
with excess food, large offspring with low vector
competence result. In general, the vector com-
petence of the smallest females is 2-3 times
greater than that of the largest females (Figs. 1
and 2). Though within population variation in
vector competence is primarily environmentally
determined, genetic differences between popu-
Iations are also important (Grimstad et aI.1977).
The WALTON and FORT WAYNE strains
both exhibit a clear inverse correlation between
size and rate of disseminated infection, but
the strains also show clear inherent differences
(Fie. 2).

Though it is tempting to hypothesize that tires
produce smaller mosquitoes which transmit
LACV at higher rates, Ieading to higher inci-
dence of this disease, we are hesitant to do so
for several reasons. First, though tree hole mos-
quitoes were larger than tireyard mosquitoes in
the study of Haramis (1984) and corroborated
for the same sites in our study, a broad conela-
tion between mosquito body size and habitat has
not been confirmed. Indeed, the TIRES-2 strain
was nearly equal in size to the TREE HOLE
strain with a correspondingly low transmission
rate. The 3 habitats studied are separated by
10-15 km of residential area and farmland.
Though there is enough gene flow to homogenize
allozyme frequencies (Matthews and Craig 1980,
Matthews 1983), factors affecting population
size and food Ievels in the 3 habitats may operate
independently. When the size of pupae yielded
by tires and tree holes in the same woodlot was
compared, no differences were observed (W. A.
Hawley, unpublished data). Thus, though we



r74 JouRNer, oF THE ArrleRrCaN MosQurro CoNrRor, Assocrnrrou VoL. 7, No. 2

have demonstratedthe importance of Iarval food
in natural habitats as a factor affecting vector
competence, we have not shown that the quality
(or quantity) of such food is correlated with
habitat type.

Second, vector competence is correlated with
vectorial capacity only if all other things are
equal. Vector competence is the proportion of
mosquitoes ingesting a pathogen that, after a
given extrinsic incubation period, transmit the
pathogen. Vectorial capacity is a complex field
parameter that provides a true measure of the
ability of a vector to sustain natural transmis-
sion of a pathogen. If size affects the vector
competence, it might also affect other parame-
ters that determine vectorial capacity such as
blood feeding behavior, duration of the gono-
trophic cycle, intrinsic incubation period or, es-
pecially, longevity. For Ae. triseriatus, size and
parous rate are positively conelated (Nasci
1988, Haramis 1983), suggesting that larger
adults live longer. However, a mark-release-re-
capture study failed to show size-related differ-
ences in longevity in this species (Walker et al.
1987). The extent to which higher survivorship
in larger mosquitoes would counteract, or out-
weigh, the greater vector competence observed
for smaller mosquitoes would depend on the
quantitative relationship between size and sur-
vival rate. This relationship is unknown, and
might also vary between habitats and popula-
tions.

Though we wish to avoid a simplistic mode.
of LACV epidemiology where tires : smaller
mosquitoes : increased vector competence :
greater incidence of La Crosse encephalitis, we
do not wish to underestimate the importance of
tires as producers of Iarge numbers of Ae. tri-
seriatus. Given an EPA estimate that 200 mil-
lion tires are discarded each year (Deese et al.
1981), it is a factor of increasing importance. In
La Crosse, WI, Thompson and Gunderson
(1983) found the highest rates ofvirus isolation
from larvae collected from tires, and Parry
(1983) reported a reduction in the cases of en-
cephalitis in La Crosse county following an erad-
ication program that included the removal of
thousands of tires. Discarded tires were the pre-
dominant breeding sites in Ohio and, based on
larval counts, surpassed tree holes in production
of Ae. triseriotus (Berry 1983). Also important
in the production of mosquitoes are other man-
made water-holding containers. Berry (1983) es-
timates that water-holding trash, including
tires, increases the Ae. triseriatus population
around human habitations by a factor of ?.7. In
a Minnesota study, Ae. triseriatus was collected
from various artificial containers located in close
proximity to 78% of the human La Crosse en-

cephalitis cases where exposure was presumed
to have been at their residence (Hedberg et al.
1985). Vectorial capacity depends to a Iarge ex-
tent on simple numbers of biting vectors-and
carelessly discarded tires most definitelv multi-
ply this number.
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