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ABSTRACT We examined the utilization of sugar and human blood as nutrient sources for small
and large female Aedes aegypti (L.) when they were fed blood 2 or 5 d after emergence. Laboratory-
reared mosquitoes were fed human blood alone or sugar plus human blood and assayed at 4, 12, 24,
and 48 h after the blood meal. Starved and well-fed mosquitoes were obtained by holding teneral
females (#1 d old) with 0, 5, 10, and 15% sucrose solutions ad libidum from emergence. Both small
and largemosquitoes increased their glycogen and sugar levels signiÞcantly by feeding onbloodonly
or onbloodplus sugarwhen they imbibed ahumanbloodmeal onday 2 after emergence.Mosquitoes
only fed blood on day 2 had the highest lipid levels of any treatment group. Both size classes and
all feeding regimes failed to increase the total amount of glycogen, lipid, or sugar when they fed on
blood 5 d after emergence. We conclude that there is an energetic advantage to Ae. aegypti when
they feed on blood early in adult life (#day 2 after emergence).
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BLOOD IS ESSENTIAL for egg production by anautog-
enous female mosquitoes. Most mosquito species feed
onmammalsother thanhumansorbirds to satisfy their
proteinÐreproductive requirement (Clements 1992).
However, Aedes aegypti (L.) prefer to feed on human
blood (Scott et al. 1993a), even though it produces
fewer eggs than feeding on similar quantities of the
blood of other animal hosts (Woke 1937). Although
nutrients from ingested blood are used principally for
egg development, there is evidence that they also are
used as an energy source (Nayar and Sauerman 1975,
Edman et al. 1992, Hancock and Foster 1993, Van
Handel et al. 1994, Scott et al. 1997, Costero et al.
1998a, Naksathit and Scott 1998b).

Ingestion of carbohydrates versus starvation can
modify signiÞcantly the effects of a blood meal on
mosquito reproduction and maintenance reserves
(Klowden et al. 1988, Clements 1992). Because sugar-
fed mosquitoes already have reached a plateau of
maximum glycogen accumulation, energy obtained
from blood meals should be used to increase lipid
reserves unless it can be used for vitellogenesis (Van
Handel 1965, Clements 1992). Nayar and Sauerman
(1975) found that starved Ae. aegypti accumulate tri-
glycerols for 1Ð2 d after a blood meal. This accumu-
lation begins to decline within 2Ð3 d and stabilizes by
5 d after feeding when all detectable triglycerols are
associatedwith eggs. At that time, if themosquito does

not feed soon, it will die of starvation. Female mos-
quitoes can replenish their energy reserves by feeding
onblood, but the process ismetabolically less efÞcient
than if they imbibe sugar (VanHandel 1965, Clements
1992, Foster 1995).

Our objective in the current studywas to determine
how large and small female Ae. aegypti that are fed
sugar or blood as adults utilize nutrients in those foods
during a single gonotrophic cycle. To examine the
effect of diet, mosquitoes were offered human blood
at 1 of 2 times, 2 or 5 d after emergence. An improved
understanding of accumulation of energy reserves af-
ter feeding on blood and sugar may help explain why
this species appears to forego sugar feeding (Edmanet
al. 1992, Van Handel et al. 1994, Costero et al. 1998b)
to preferentially (Scott et al. 1993a) and frequently
feed on human blood (Scott et al. 1993b).

This is the 2nd of 3 publications on the effect of diet
on glycogen, lipid, and sugar levels in Ae. aegypti. The
1st paper concerns utilization of sugar alone (Nak-
sathit et al. 1998a) and the 3rd examines partitioning
of nutrients from a human blood meal between body
remnants (reserves that can be used for maintenance
activities) and ovaries (nutrients directed toward re-
production and that are presumably not available as
maternal reserves) (Naksathit et al. 1998b).

Materials and Methods

Two 2 3 4 factorial experiments were carried out in
randomized complete block designs with repeated
measures (SAS Institute 1989). Blocks were the 3
repetitions of each experiment. The 2 factors were
mosquito size (2 levels: small [low energy reserves at
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emergence] and large [high energy reserves at emer-
gence]) (Briegel 1990), and sugar feeding (4 sucrose
concentrations: 0, 5, 10, and 15%)measured 4 times (4,
12, 24, and 48 h after blood feeding). In experiment 1,
mosquitoes were allowed to feed on human blood on
day 2 after emergence, whereas in experiment 2, the
same treatments were used except mosquitoes were
not allowed to feed on human blood until day 5 after
emergence. The Ae. aegypti colony, methods for rear-
ing small and large mosquitoes, and conditions under
which adult mosquitoes were held were described in
the 1st article of this series by Naksathit et al. (1998a).

Groups of 50 teneral female mosquitoes (#1 d old)
in the 2 different size classes were introduced into a
cage (30 by 30 by 30 cm) supplied with water or one
of the above sugar solutions, and allowed to feed ad
libidum for the duration of the experiment. Each cage
was treated as an experimental unit. Blood meals on
day 2 or 5 were obtained from the arm of a human
volunteer (Institutional Review Board protocol num-
ber A-3433-01 for use of human subjects). Mosquitoes
that didnot imbibebloodwere removed fromthecage
and excluded from analysis.

Five representative adult females from each cage
were collected at the 4 time intervals (see above) and
held in a freezer (248C)overnight. Thenextmorning,
a wing was removed for size determination, and spec-
imens were dried in a 1008C oven for 1 h, after which
they were held at room temperature ('268C) until
they were analyzed individually for glycogen, lipid,
and sugar as described by Naksathit et al. (1998a).

Results from both experiments were examined by
multivariate analysis as randomized complete block
design with split plot in time using general linear
model procedures (SAS Institute 1989). Sources of
variation are presented in Table 1. Means within fac-
tors found to vary signiÞcantly (P # 0.05) were sep-
arated using a least signiÞcant difference (LSD, Sokal
and Rohlf 1981) procedure (P 5 0.05).

Results

Mosquito Size. Small (i.e., nutritionally deprived as
larvae) mosquitoes had an average wing length of
2.47 6 0.01 (mean 6 SE) mm, which was signiÞcantly

less (F 5 771.26, df 5 1, P , 0.0001) than that of large,
well-fed mosquitoes, which had a wing length of 2.92
6 0.01 mm.

Experiment 1: Mosquitoes Fed Blood on Day 2
After Emergence. Glycogen. The effects of the 2 treat-
ments (size and sucrose) on the amount of total gly-
cogen ineach femalewere signiÞcant(Table1).There
was no signiÞcant difference between total glycogen
in small and largemosquitoes fedonlyonhumanblood
(0% sucrose group), but all largemosquitoes fedblood
plus sugarhada signiÞcantlymoreglycogen than small
mosquitoes fed blood plus sugar for all sucrose con-
centrations (Table 2). Glycogen levels increased sig-
niÞcantly 48 h after feeding on blood only (Table 3).
Overall, large mosquitoes contained more glycogen
per female than small mosquitoes (Table 4). Mosqui-
toes fed sugar containedmore glycogen than those fed
only blood (Table 2).However, total glycogen inmos-
quitoes fed only blood increased over time, indicating
that part of the digested blood meal was converted to
glycogen (Fig. 1).

Lipid. The effects of size, sucrose diet, and size 3
sucrose interaction were signiÞcant for lipids (Table
1). Small mosquitoes had signiÞcantly less lipids per
female than large mosquitoes (Table 4). Overall, mos-

Table 1. F values from the ANOVA for the effect of size,
sucrose concentration, and time on the amount of glycogen, lipid,
and sugar per female Ae. aegypti fed human blood on day 2 after
emergence

Source of
variation

df
F values

Glycogen Lipid Sugar

Replicate 2 1.21 0.06 2.75
Size 1 37.74** 57.55** 0.01
Sucrose concentration 3 38.83** 3.37* 16.94**
Size 3 sucrose 3 5.80** 4.69** 1.08
Time 3 7.38** 0.20 4.71**
Size 3 time 3 1.59 0.08 0.96
Sucrose 3 time 9 1.58 0.87 1.75
Size 3 sucrose 3 time 9 0.65 1.07 1.13

* , P # 0.05; ** , P # 0.01.

Table 2. Means and LSD values for the amounts of glycogen,
lipid, and sugar for small and large female Ae. aegypti fed ad libidum
different concentrations of sucrose and a blood meal 2 d after
emergence

Size 1 % sucrosea Glycogen Lipid Sugar

Small 1 0 31 46 26
Small 1 5 64 67 34
Small 1 10 57 65 33
Small 1 15 57 64 90
Large 1 0 32 444 3
Large 1 5 91 217 37
Large 1 10 75 244 49
Large 1 15 98 198 96
LSD 11 95 22

Values are milligrams per female.
a n 5 60 for each size category 1 sucrose concentration.

Table 3. Means and LSD values for the amount of glycogen,
lipid, and sugar in female Ae. aegypti fed only human blood on
either day 2 or day 5 after emergence and collected for analysis at
different times after blood feeding

Time, ha Glycogen Lipid Sugar, mg//

Blood-fed on day 2

4 62.4 154.3 46.3
12 56.5 167.2 35.8
24 61.5 176.7 44.1
48 71.9 174.3 58.0

LSD 7.5 66.8 15.2

Blood-fed on day 5

4 55.7 139.0 59.3
12 51.3 121.1 55.0
24 51.6 151.5 61.6
48 54.6 143.4 72.1

LSD 11.1 69.1 17.3

Values are milligrams per female.
a n 5 120 for each collection time.
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quitoes fed only bloodhadmore total lipids than those
in any of the groups fed sucrose (Fig. 1). Lipids in
small mosquitoes did not change according to the
sucrose treatment (Table 2). However, large mosqui-
toes fed only blood had signiÞcantly more lipids than
mosquitoes fed blood plus sucrose solutions. Lipids
did not change signiÞcantly during the time periods
following blood feeding (Table 3; Fig. 1).

Sugar. The only signiÞcant effects on sugar in mos-
quitoes were sucrose concentration and time (Table
1). Mosquitoes fed human blood alone had signiÞ-
cantly lower total sugars than mosquitoes fed blood
plus sugar (Fig. 1). Mosquitoes fed human blood plus
5% and 10% sucrose solutions had higher total sugars
than mosquitoes fed blood alone, but there was no
signiÞcant difference in the amount of sugar between
these 2 treatments. The most sugar was observed in
mosquitoes fed the 15% sucrose solution (93 mg per
mosquito); a signiÞcantly higher amount than mos-
quitoes in anyother treatment. The average amount of
total sugar per female did not change signiÞcantly up
to the 24-h collection period and increased signiÞ-
cantly thereafter (Table 3; Fig. 1).

Experiment 2: Mosquitoes Fed Human Blood on
Day 5 After Emergence. Glycogen. The only effect of
sucrose that was signiÞcant on glycogen occurred
when mosquitoes fed on blood 5 d after emergence
(Table 5). Glycogen did not signiÞcantly change dur-
ing the 48-h mosquito collection period (Table 3).
There was no effect of size on the amount of glycogen
(Table 4). The least amount of glycogen was observed
in mosquitoes fed human blood alone (30 mg per
mosquito), whereas the highest amount was in mos-
quitoes fed on a human blood meal plus 5% sucrose
(Table 6).

Lipid. There was no effect of size or sucrose on the
amount of lipid per female fed blood on day 5 (Tables
4Ð6). Although the effect of sucrose was not signiÞ-
cant, there was a substantial difference in the average
amount of lipid among mosquitoes fed blood plus
different sucrose solutions (Table 6). The lowest
amount of lipid was observed in mosquitoes fed on
blood alone and the highestwas inmosquitoes offered
the 10% sucrose solution. Amounts of lipid per female
did not change during the 48 h following feeding on
blood (Table 3).

Sugar. Both the effects of size and sucrose treat-
mentwere signiÞcant for amounts of sugar per female,
although the effect of time was not (Table 6). Large
mosquitoes contained more total sugars than small
ones (Table 4). The lowest amount of sugar was in
mosquitoes thatwere fedonlyhumanblood(Table 6).
Mosquitoes fed human blood plus a 10% and 15%
sucrose solution had higher amounts of sugar than
mosquitoes fed blood plus a 5% sucrose solution.

Discussion

Energy reserves accumulated in female Ae. aegypti
vary according to the type of food they imbibe, their
nutrient reserves at emergence (indicated by body
size), their age when they feed on blood, and the time
theyareexaminedafter feedingonblood(VanHandel
1965, Briegel 1990, Foster 1995). Our results indicated
that it was advantageous, from the perspective of ac-

Fig. 1. Mean amounts of (A) glycogen, (B) lipid, and (C)
sugar (mg/female) for female Ae. aegypti fed ad libitum
different percentages of sucrose concentrations and human
blood on day 2 after emergence, and collected for analysis at
different times after blood feeding (n 5 30 for each sucrose
concentration 1 collection time).

Table 4. Means and LSD values for the amount of glycogen,
lipid, and sugar in small and large female Ae. aegypti fed a blood
meal on either day 2 or day 5 after emergence

Sizea Glycogen Lipid Sugar, mg//

Blood-fed on day 2

Small 52.2 61 46.3
Large 73.9 276 45.9
LSD 5.3 47 10.8

Blood-fed on day 5

Small 48.2 136.4 46
Large 58.4 141.2 78
LSD 3.9 1.3 10

Values are milligrams per female.
a n 5 240 for each size category.
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cumulating energy reserves, for Ae. aegypti to feed on
human blood early in adult life; that is, during the 2nd
or perhaps 3rd d after emergence.

When fed blood on day 2 after emergence, large
mosquitoes accumulated signiÞcantly more glycogen
and lipid than did small mosquitoes. This result is
consistent with the outcome from our study of mos-
quito fed only sugar (Naksathit et al. 1998a). The
patternofutilizationof a sugarmealwasdependenton
teneral reserves which are correlated positively with
size (Briegel 1990). There was no size effect in the
current study on total sugars. Conversely, when fed
blood 5 d after emergence, size did not effect the
amount of glycogen or lipid, but was associated with
more sugar in large than in small mosquitoes. These
data indicated that if mosquitoes with relatively high
energy reserves imbibed blood early in life (when
#2 d old), they had an energetic advantage. If blood
feeding was delayed ('5 d old), energy reserves ac-
cumulated during larval development did not effect
the synthesis of new energy reserves. It should be
noted that differences associated with large and small
mosquitoesmaybecausedbydifferences inbodymass
rather than inherent differences in the ways that large
and small mosquitoes manage their energy reserves.

In all but 1 case, access to sugar resulted in greater
accumulation of glycogen, lipid, and sugar regardless of
mosquito size, sugar concentration, orwhenmosquitoes
fed on blood. When mosquitoes fed only on blood early
in life, regardless of their size, they accumulated signif-
icantly more lipid than cohorts that fed on blood plus
sugar. Similarly, in a study of mosquitoes fed chicken
blood,Nayar andSauerman(1975) reported an increase

in lipids within 24Ð72 h. In our study on partitioning of
compounds between ovaries and body remnants, Ae.
aegypti fed only human blood deposited similar portions
of lipid reserves in ovaries regardless of size ('55% at
72 h) (Naksathit et al. 1998b).

Increases over time were detected only for glyco-
gen and sugar when mosquitoes fed on blood 2 d after
emergence. For all other treatments and kinds of com-
pounds, no differences were detected over the time
periods we studied. Given that mosquitoes not fed
sugar had no source of nutrition, we expected at least
the 0% sucrose treatment to cause a signiÞcant change
in mosquito nutrient levels. The lack of a detectable
change could be caused by starved mosquitoes using
all available nonreproductive reserves acquired from
blood for their survival and maintenance, leaving no
excess for accumulation.

Energetic differences associated with feeding on
blood early in life are consistent with the notion that
human blood meals are used to fulÞll energy as well as
egg production requirements (Briegel 1985). Except
in the case of lipids in mosquitoes that fed only on
blood early in life, mosquitoes fed only blood accu-
mulated relatively lower amounts of glycogen, lipid,
and sugars than those fed blood plus sugar. An exten-
sion of this result is that when feeding only on blood,
Ae. aegypti will need to feed early in adult life and/or
more than once during each gonotrophic cycle to
avoid starvation (Scott et al. 1993a, 1997; Costero et al.
1998a, b; Naksathit and Scott 1998; Naksathit et al.
1998b). Nayar and Sauerman (1975) pointed out that
at '72 h after feeding on blood, energy reserves begin
to decline in Ae. aegypti, and between 72 and 120 h,
energy reserves are exhausted. Unless they feed on
sugar or blood to replenish the reserves, female Ae.
aegypti that fed only on blood die of starvation after
72Ð120 h. This indicates that imbibing multiple blood
meals during a single gonotrophic cycle (Scott et al.
1993b) may overcome potential nutritional disadvan-
tages when blood is the sole source of adult female
nutrition.

About 90% of the dry weight of a blood meal is
protein, and human blood contains a small amount of
carbohydrate, mostly in plasma (Lehane 1991). Nayar
and Sauerman (1975) suggested that when a blood
meal is imbibed, the serum separates from the coag-
ulated blood and is absorbed quickly by mosquitoes.
Relatively more sugar at 4 h in mosquitoes fed no
sucrosemaybebecauseof the sugar obtained from the
blood meal. Digestion of the coagulated blood is
thought to start '4 h after blood engorgement. The
increase in sugar among mosquitoes fed only blood is
consistent with the notion that part of the digested
blood meal is converted to energy reserves (Briegel
1985).

The increase in glycogenafter humanblood feeding
agreed with results of Nayar and Sauerman (1975),
who used chicken blood. Absence of a signiÞcant
time 3 sucrose interaction indicated that the increase
in glycogen was not affected by sucrose feeding, al-
though mosquitoes fed sucrose had more glycogen
than those fed only blood. This observation indicated

Table 5. F values from the ANOVA for the effect of size,
sucrose concentration, and time on the amount of glycogen, lipid,
and sugar per female Ae. aegypti fed human blood on day 5 after
emergence

Source of
variation

df
F values

Glycogen Lipid Sugar

Replicate 2 27.62 15.57 0.54
Size 1 2.45 0.01 14.25*
Sucrose 3 9.65* 2.66 17.69*
Size 3 sucrose 3 0.71 0.62 0.70
Time 3 1.32 0.87 1.76
Size 3 time 9 2.90 1.15 0.82
Size 3 sucrose 3 time 9 1.39 1.01 0.23

* , P # 0.01.

Table 6. Means and LSD values for the amount of glycogen,
lipid, and sugar in female Ae. aegypti fed ad libidum different
concentrations of sucrose and imbibed blood on day 5 after
emergence

% sucrose concentrationa Glycogen Lipid Sugar

0 30 73 12
5 79 97 64

10 54 219 81
15 50 166 92

LSD 11 69 171

Values are milligrams per female.
a n 5 120 for each sucrose concentration.
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that a portion of the blood meal was converted to
glycogen regardless of the level of energy reserves of
mosquitoes at emergence. However, in experiment 2
when sugar-fed mosquitoes had access to sucrose ad
libidum for 5 d, amounts of glycogen per female did
not change from 4 to 48 h after blood feeding. As
explained by Van Handel (1984), glycogen in sugar-
fedmosquitoes reaches amaximum,and thereafter the
accumulation of lipids increases and amounts of gly-
cogen stay constant or decreases, if mosquitoes do not
feed again. The observation that glycogen did not
change in mosquitoes that had access to ad libidum
sugar for 5 d may be because they had already accu-
mulated the maximum glycogen levels from sugar
meals.

Although therewas a trendof increasing amounts of
lipid with time, lipid per female did not change sig-
niÞcantly during the course of our 2 experiments. This
is contrary to results reported by Nayar and Sauerman
(1975), Van Handel (1984), and Hancock and Foster
(1993), who reported an increase in lipids after blood
feeding. However, in their studies, mosquitoes were
examined at 24-h intervals and for longer periods of
time than 48 h after the blood meal. The lack of a
statistically signiÞcant change in lipids in our study
may be caused by the slow synthesis of lipid reserves
fromahumanbloodmeal, signiÞcant changeoccurred
after 48 h, and/or high variance in amounts of lipid
among individual mosquitoes.
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