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ABSTRACT Knowledge of ecological differences between the molecular forms of Anopheles gam-
biae Giles (Diptera: Culicidae) might lead to understanding of their unique contribution to disease
transmission, to better vector control, and to identification of the forces that have separated them. We
compared female fecundity measured as egg batch size in relation to body size between the molecular
forms in Mali and contrasted them with their sibling species, Anopheles arabiensis Patton. To determine
whether eggs of different egg batches are of similar “quality,” we compared the total protein content
of first-stage larvae (L1s), collected <2 h after hatching in deionized water. Egg batch size significantly
varied between An. gambiae and An. arabiensis and between the molecular forms of An. gambiae (mean
batch size was 186.3, 182.5, and 162.0 eggs in An. arabiensis and the M and the S molecular form of
An. gambiae, respectively). After accommodating female body size, however, the difference in batch
size was not significant. In the S molecular form, egg protein content was not correlated with egg batch
size (r = —0.08, P> 0.7) nor with female body size (r = —0.18, P > 0.4), suggesting that females with
more resources invest in more eggs rather than in higher quality eggs. The mean total protein in eggs
of the M form (0.407 ug per L1) was 6% higher than that of the S form (0.384 ug per L1), indicating
that the M form invests a greater portion of her resources into current (rather than future) repro-
duction. A greater investment per offspring coupled with larger egg batch size may reflect an

adaptation of the M form to low productivity larval sites as independent evidence suggests.
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Sub-Saharan Africa bears the brunt of malaria with
>70% of the 500 million cases estimated to occur
annually over the world and an even higher percent-
age of the malaria-related mortality (Snow et al. 2005).
Malaria transmission is driven by the mosquito vector
system, which in most of Sub-Saharan Africa consists
of three primary species, namely, Anopheles gambiae
Giles, Anopheles arabiensis Patton, and Anopheles fu-
nestus Giles (Diptera: Culicidae). Both An. gambiae
and An. funestus are further subdivided into semi-
isolated populations, typically referred to as forms
(Coluzzi et al. 1979, Bryan et al. 1982, Coluzzi et al.
1985, Lochouarn et al. 1998, Toure et al. 1998, Costan-
tini et al. 1999, della Torre et al. 2001, Favia et al. 2001,
Gentile et al. 2001). The extent of genetic isolation
between forms was studied extensively (Lanzaro et al.
1998, Taylor et al. 2001, Tripet et al. 2001, Lehmann et
al. 2003, Cohuet et al. 2004, Michel et al. 2005), but the
mechanisms of isolation (Tripet et al. 2001, 2004; Dia-
bate et al. 2006), and the driving forces are poorly
understood. The body of knowledge that has been
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recently accumulating on the genetics and molecular
biology of An. gambiae must be interpreted in relation
to phenotypic variation, but such knowledge is sur-
prisingly meager.

Spatial and temporal associations between abun-
dance of certain species and forms in relation to aridity
and to rice cultivation (Coluzzi et al. 1979, Coluzzi et
al. 1985, Toure et al. 1998) lead to the notion that the
molecular forms are diverging ecologically (della
Torre et al. 2005). Field studies failed to detect adap-
tive differences between the larvae of the molecular
forms in different habitats (Edillo et al. 2002, Diabate
et al. 2005). If the molecular forms have adapted to
different niches (see above), they must have diverged
in key adaptive (phenotypic) traits. Fecundity and
female’s investment per egg are key determinants of
fitness and are expected to diverge rapidly in response
to selection for different optima in allocating re-
sources in different ecological environments (Bell
1980, Fox and Czesak 2000, Armbruster et al. 2001,
Hatle et al. 2002). To our knowledge, no information
is available on comparing the reproductive output of
the molecular forms of An. gambiae in natural settings.

Laboratory and field studies have shown that larger
mosquitoes produce larger egg batches (Kittayapong
et al. 1992, Ameneshewa et al. 1996, Hogg et al. 1996).
Low temperature, low nutrient availability, and high
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density result in longer larval development and
smaller adult size (Briegel 1990, Lyimo et al. 1992,
Gimnig et al. 2002), but density can interact with
temperature to produce unexpected results (Lyimo et
al. 1992). Intraspecific genetic variation also contrib-
utes to the variation in adult mosquito size (Lehmann
et al. 2006) and indirectly affects egg batch size. Stud-
ies that evaluated the relationship between female size
and egg batch size in anophelines assumed that female
investment in all eggs is equal or at least that the mean
egg “quality” per egg batch is the same. To our knowl-
edge, this assumption has not been tested in
anophelines.

We compared the molecular forms of An. gambiae
in terms of female reproductive output based on 1) the
number of eggs laid (egg batch size) in relation to her
body size and 2) the total protein content of the eggs
measured on 2-h-old first-stage larvae (Lls). This
comparison is a prerequisite to test the hypothesis that
these species and molecular forms have adapted to
different conditions, in which the optimal strategy of
allocating female resources to various components of
its reproduction is not the same. Such differences can
affect the role the forms play in disease transmission

Materials and Methods

Indoor resting mosquitoes were collected (using an
aspirator) during the end of October and early No-
vember 2004 from three villages in Mali: Donéguébo-
ugou (7°59'5" W, 12° 48'38" N), located 15 km north
of Bamako, Pimperena (5° 42" W, 11° 28’ N), located
280 km southwest of Bamako, and Selingué (8° 17’ W,
and 11° 42’ N), located 120 km south of Bamako. An
additional collection was done on 8 -9 September 2005
from Donéguébougou by using the same methods to
obtain sympatric populations of the molecular forms
for the comparison of egg total protein (see below).
Mosquitoes were transported to the insectary at the
Malaria Research and Training Center, Bamako,
where they were kept at 27°C and 75-85% RH. They
were housed in 1-gal cages and provided with fresh
sugar solution daily. On the third day after collection,
each female was placed in a 50-ml Falcon tube con-
taining 15 ml filtered water for oviposition. A strip of
filter paper (2 cm in width) surrounded the water
edge, providing a wet surface to collect the eggs. The
next morning, females that laid eggs were removed
and preserved by desiccation. The species and the
molecular form of each female were determined using
polymerase chain reaction (PCR) assays (Scott et al.
1993, Favia and Louis 1999). The eggs were counted
(including eggs that remained in the tube) and placed
in a labeled petri plate (10 cm in diameter by 2 cm in
height) containing filtered laboratory water. The eggs
were inspected every 2 h, beginning in the second day
postoviposition for hatching. To quantify the female’s
investment in individual eggs, newly hatched Ll1s of
each family (<2 h old) were removed from the deion-
ized water and preserved separately in 85% ethanol for
total protein analysis.
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Total protein content of individual Lls was mea-
sured using the Micro BCA protein assay (Pierce
Chemical, Rockford, IL) as described previously
(Yaro etal. 2006). Briefly, individual larvae were dried,
and protein was extracted by 12 min of vortexing at
medium speed after the samples underwent two
freeze-thaw cycles in 115 ul of 50 mM NaOH. After
centrifugation for 7 min at 14,000 rpm, 110 ul of the
supernatant was removed and loaded into individual
microplate wells with replicate standard curves (in-
cluding NaOH blanks) prepared with bovine serum
albumin (provided with the Micro BCA kit) in the
same solution according to the manufacturer’s direc-
tions. The logarithm of the protein concentration was
regressed against the logarithm of the absorbance val-
ues to predict the protein concentration of individual
larvae based on the standard curve of each plate. The
total larval protein was calculated based on the vol-
umes used in the colorimetric reaction and in the
extraction.

Female body size was measured by her wing length
defined as the distance from the alular notch to the
wing’s distal tip by using a dissecting scope at 20X
magnification fitted with a millimeter ruler. A single
wing was removed from each female, spread over a
small drop of water placed on a microscope slide, and
covered with coverslip. All wings were measured to
the nearest 0.1 mm by using the same microscope and
settings.

Infection with Plasmodium falciparum was deter-
mined in individual females by using enzyme-linked
immunosorbent assay to detect the circumsporozoite
protein (CSP), which is secreted by the parasite dur-
ing development in the mosquito. Briefly, protein ex-
traction was performed and tested in 96-well microti-
tration plates. A colorimetric reaction was used to
visually recognize positive samples by comparisons
with positive and negative controls.

Analysis of variance (ANOVA) and covariance
(ANCOVA) including a priori comparisons (con-
trasts) were performed using SAS (SAS Institute
2002). Least-square means were used in comparing
the body size “adjusted” means of egg batch size as part
of the ANCOVA. Lack of fit analysis was used to
determine whether the regression model provided
adequate fit to the data.

Results

Egg batches were collected from a total of 262 fe-
males, consisting of 90, 119, and 53 of An. arabiensis
and S and M molecular forms of An. gambiae, respec-
tively. In each location one species or molecular form
predominated. Thus, 88 of 90 An. arabiensis females
were collected in Doneguebougou, 102 of 119 of S
form were collected in Pimperena, and 49 of 53 M form
were collected in Selingue. Overall prevalence of
P. falciparum infection was 12.6%, and differences
between the species and molecular forms (9.4, 16.0,
and 10.0% of the M, S, and An. arabiensis, respectively)
were not statistically significant () = 2.3, df =2, P>
0.3). Infected mosquitoes were excluded from the
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Comparison of female reproductive output of the molecular forms of An. gambiae (M and S) and An. arabiensis (A) in terms

of egg batch size (egg) given female body size (wing length, WL), and total protein content per egg

ANOVA results

a

Means and contrast significance

Response

Source df F/MS” A P, M P S
Egg Model 2
R = 6% Pop 2 7.2/15,026 0.001 186.3 0.03 182.5 0.011 162.0
Error 226
WL mm Model 2
R* = 8% Pop 2 15.5/0.558 0.0001 3.19 0.0001 3.11 0.025 3.03
Error 226
Egg/WL Model 5 9/16,853 0.0001
R*=17% Pop 2 0.6/1,067 0.57 180° 0.73 182¢ 0.37 169¢
WL 1 23/43,361 0.0001
P X WL 2 0.4/817 0.65
Error 223
Prot/L1¢ Model 44 3.2/1.23 0.0001
(mg/Ll) Family (pop) 43 50/1.16 0.0001 0.407 0.023 0.384
R* = 27% Pop 1 6.4 0.023
Error 392

Only the molecular forms were compared in terms of total protein content per egg (see text for details).

“P, is the statistical significance of the contrast between An. arabiensis and both molecular forms of An. gambiae. P,,, , is the statistical
significance of the contrast between the molecular forms of An. gambiae.

b F test value and the mean squares term associated with the source. For one-way ANOVA, it is the same as that of the model.

¢ Least-square means estimate mean egg batch size given the same WL (see Fig. 1). The relationship between female body size and egg batch

size.

4 Based on the second collection from Doneguebougou (September 2005). Only M and S were analyzed because of insufficient numbers
of An. arabiensis families (n = 9). Family nested within population was treated as a random factor and the test of the effect of the molecular

form was performed accordingly.

analysis because their numbers were not large enough
to evaluate the effect of infection on female repro-
ductive output.

The mean number of eggs per batch was 186.3,182.5,
and 162.0 in An. arabiensis and the M and S molecular

forms of An. gambiae, respectively (Table 1). The
differences in egg batch size were significant. How-
ever, variation in body size measured by wing length
was also significant (Table 1), with the mean wing
length of An. arabiensis and the M and S molecular
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Fig. 1.

Relationship between egg batch size and body size (wing length) of the molecular forms of An. gambiae and An.

arabiensis. Lines represent predicted egg batch size for each species and form based on a covariance analysis (see Table 1

and text for details).
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Fig. 2. Variation in the mean protein content per 2-h-old Lls against variation in egg batch size. Regression line show

insignificant trend (slope = —0.0009; df = 1, 19; P > 0.7).

forms of An. gambiae being 3.2, 3.1, and 3.0, respec-
tively (Table 1). Because body size is an important
determinant (covariate) of egg batch size in mosqui-
toes (see Introduction), we compared the female egg
production between species and forms, accommodat-
ing variation in body size by using a covariance anal-
ysis (Table 1; Fig. 1). Lack-of-fit test indicated no
systematic deviation from linear relationships be-
tween egg batch size and wing length (P > 0.11; data
not shown). After accommodating female size, the
differences among the species and the molecular
forms were not significant and the interaction be-
tween species/form and body size was insignificant,
indicating that females of the same size are predicted
to lay the same number of eggs regardless of their
molecular form or species. These results suggest that
females of the same size of the molecular forms of
An. gambiae and their sibling species An. arabienisis
similarly invest in egg batch size, although the ex-
pected egg batch size may differ among them because
of differences in their mean body size.

Female’s reproductive output consists of the num-
ber of eggs and her investment in each egg. The total
protein in individual Lls <2 h old that hatched in
deionized water is a reasonable measure of the female
investment in her eggs, although comparing it with
other measures would help future studies of mosquito
fitness. The relationship between egg batch size, fe-
male body size, and the mean protein content per egg
was evaluated in 701 Lls representing 21 families of
the S molecular form from Pimperena. Egg protein
content was not correlated with egg batch size (r =
—0.08, df = 20, P > 0.7; Fig. 2) nor with female body
size (r = —0.18, df = 19, P > 0.4), suggesting that
females with more resources invest in a greater num-
ber of eggs of the same quality rather than in higher
quality eggs.

To compare the nutritional content of eggs of the
molecular forms, we used an additional collection of
mosquitoes from Doneguebougou (8-9 September
2005), representing both forms in the same location
and time. We measured protein content of individual
Lls comprising 203 M form and 204 S form respec-
tively representing 22 and 23 families by sampling
8-10 L1s per family (except one M family sampled by
four L1s). The mean total protein in eggs of the M form
(0.407 ug per L1; Table 1) was higher than that of the
S form (0.384 pg per L1; Table 1). No heterogeneity
was found in the variances of the molecular forms with
respect to protein content (Levene’s test for homo-
geneity of variance: df = 1, 43; MS = 0.0329,0.0211; F =
156, P > 0.21).

Discussion

Surprisingly little is known about the ecological
differences between the molecular forms of An. gam-
biae and between them and An. arabiensis except that
the M form and An. arabiensis extend their distribution
into drier environments (Coluzzi et al. 1985, Toure et
al. 1998) and that their larvae predominate in rice
(Oryza spp.) fields (Githeko et al. 1996, Toure et al.
1998). Ecological differences between the molecular
forms can reveal the basis for the selection that “pulls
apart” these incipient species. However, field surveys
in areas of sympatry revealed that they cohabit the
same larval sites (Minakawa et al. 1999, Gimnig et al.
2001, Edillo et al. 2002), and field experiments re-
vealed no adaptive difference that explain the spatial
segregation between rice fields and puddles or quar-
ries (Diabate et al. 2005). Phenotypic divergence due
to adaptation to different habitats is expected to be
especially rapid on components of fitness assuming
different optima in resource allocation between hab-
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itats (Stearns 1992, Hatle et al. 2002). We compared
the females of An. arabiensis and the molecular forms
of An. gambiae in their reproductive output, including
both 1) female’s investment in individual eggs and 2)
total egg batch size given female size. Differences
between the molecular forms in resource allocation
between egg number and egg quality as well as be-
tween current and future reproduction can affect
their abundance and longevity, hence their role in
disease transmission (Stearns 1992, Sheldon 2000).

Evaluating different measures of female invest-
ment in individual eggs would help future studies of
mosquito fitness. As measured by the total protein
in recently hatched larvae, female investment per egg
remained constant regardless of the size of her egg
batch or her own body size, confirming that mean
egg size is equal within the S molecular form. How-
ever, mean investment per egg was not equal between
the molecular forms, indicating that the total repro-
ductive output between forms (and possibly species)
can be misleading unless it includes the mean invest-
ment per egg. The difference in the mean egg protein
content between forms amounted to 6%, indicating
that the M form invests more resources in current
reproduction (rather than in future reproduction). A
greater investment per offspring of the M form is
consistent with the lower productivity (per first in-
star) of rice fields, where the M form predominates
compared with puddles in the surrounding areas,
where the S form predominates, but not with the
lower developmental success of the M form in both
habitats (Diabate et al. 2005). A greater investment
in current reproduction is usually associated with
smaller future reproduction, including shorter longev-
ity (Stearns 1992, Sheldon 2000). Hence, it suggests a
shorter longevity for the M form, which in turn may
reduce its vectorial capacity. This conjecture is con-
sistent with the M form lower rate of infection with
P. falciparum, its shorter longevity near rice cultiva-
tion areas (Robert et al. 1988, Diuk-Wasser et al. 2005),
and the trend (although not statistically significant) of
lower prevalence reported here.

The mean egg batch size was largest in An. arabien-
sis and smallest in the S molecular form of An. gambiae,
as were the differences in the mean body size. Im-
portantly, the expected egg batch size of females of the
same size was similar regardless of their species and
molecular form, suggesting a similar resource alloca-
tion to current and future reproduction with respect
to offspring number. However, if the difference in
body size between the molecular forms reported here
is stable, then the females of the molecular forms differ
in their egg batch size. Conditions in larval sites such
as temperature, larval density, and abundance of nu-
tritional resources play a major role in determining
adult size (Briegel 1990, Kittayapong et al. 1992, Lyimo
et al. 1992, Gimnig et al. 2002) and such factors vary
considerably among larval sites and time points of the
same site; suggesting that the differences in body size
between the molecular forms (and hence in egg batch
size) are not stable. Despite the large environmental
variation, independent studies consistently found that
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An. arabiensis is larger than An. gambiae (Hogg et al.
1996, Petrarca et al. 1998) and high heritability for
body size was measured in the M molecular form
(Lehmann et al. 2006). Testing the stability of the
difference in body size between the molecular forms
requires additional studies.

The source of the bloodmeal is known to affect
fecundity (Briegel 1990). In West Africa, however,
previous studies found very high human biting rate
from indoor collected mosquitoes across the species
and molecular forms (Diatta et al. 1998, Dao 2003).
Presumably, the species and forms in our study all fed
on people. Variation in bloodmeal size due to inter-
rupted feeding probably contributed to the large un-
accounted variation in our analysis (Hogg et al. 1996).
It is possible that some females retained some eggs
after oviposition, but preliminary data suggest that this
is exceedingly rare in field-collected An. gambiae and
their F;s (T.L. et al., unpublished data). Our inter-
pretation of these results assumed that these factors
did not differ between the species and forms or that
their effects were minimal.

The variation in egg batch size and body size be-
tween species and forms may represent not only tax-
onomic units, but possibly geographical difference
between populations (of the same form) because most
An. arabiensis (88 of 103) were collected in Donegue-
bougou, whereas most of the M form (49 of 53) and the
S form (102 of 119) were collected in Selingue and
Pimperena, respectively. Despite including an addi-
tional source of variation between species and forms,
the relationship between egg batch size and female
size was similar across populations, suggesting a similar
reproductive strategy where differences are mediated
by variation in body size. Elucidating whether varia-
tion in body size and its corollaries represent rapid
adaptive response to divergent conditions experi-
enced by the molecular forms requires additional
studies.
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