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ABSTRACT Adult female Aedes aegypti (L.), the vector of dengue and yellow fever viruses, have
an affinity for feeding on human blood and a tendency to forego feeding on sugar. This observation
challenges two tenets of mosquito biology: (1) mosquitoes imbibe plant carbohydrates for synthesis
of energy reserves and blood for reproduction and (2) egg production is reduced when mosquitoes
feed on human blood compared with blood from other species. Sub-optimal amounts of the amino
acid isoleucine in human blood (particularly free isoleucine in plasma) are thought to be responsible
for lowered egg production when human blood is ingested. We tested the hypothesis that feeding
on human blood is associated with a selective advantage for Ae. aegypti and is an underlying reason
for this mosquito’s intimate and epidemiologically important relationship with human beings. Our
five experiments examined the effects of different isoleucine concentrations on accumulated energy
reserves, frequency of host contact, survival, and egg production. When mosquitoes imbibed blood
meals over a 7- to 10-d period and were not fed sugar, increased isoleucine concentration decreased
energy reserves and did not increase egg production. Aedes aegypti took smaller but more frequent
blood meals when feeding on a low-isoleucine human host daily compared with a high-isoleucine
mouse host. Previous reports that isoleucine enhances egg production were confirmed only when
females were fed sugar, an unusual behavior for most domestic Ae. aegypti populations. Females fed
human blood and water had greater age-specific survival (1), reproductive output (m,), and
cumulative net replacement (R,,) than cohorts fed human blood plus sugar or isoleucine-rich mouse
blood with or without access to sugar. The unique isoleucine concentration of human blood is
associated with Ae. aegypti’s unusual propensity to feed preferentially and frequently on humans—a
behavior that increases this mosquito’s fitness, synthesis of energy reserves, and contact with human

hosts, making it an especially effective disseminator of human pathogens.
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FOR BLOOD-SUCKING ARTHROPODS that transmit patho-
gens, the type of food imbibed and the frequency of
feeding on human blood can influence the fitness of
the pathogen as well as the arthropod vector (Scott et
al. 1997), resulting in profound effects on human in-
fection and disease. Herein, we report results consis-
tent with the hypothesis that adult female Aedes
aegypti (L.), the principal mosquito-vector of dengue
virus worldwide and yellow fever virus in urban en-
vironments, preferentially and frequently feed on hu-
mans because a diet of human blood confers a prox-
imate benefit in the synthesis of energy reserves and
an ultimate advantage in mosquito fitness. That is,
synthesis of reserves explains a physiological mecha-
nism of how Ae. aegypti benefits from feeding on
human blood, and increased fitness (a function of
reproduction and survival) explains why natural se-
lection favors frequent and specific contact with hu-
mans.

Research was approved and conducted in accordance with the
University of Massachusetts Animal Use Protocol 16-03-2 and Human
Subjects Protocol M1003.

! Current address: Department of Entomology, Comstock Hall,
Cornell University, Ithaca, NY, 14852-0901.

Aedes aegypti-borne dengue viruses cause more hu-
man morbidity and mortality than any other arthro-
pod-borne viral disease. Each year over 2.5 billion
people are at risk of infection. Recent epidemics have
affected millions. Approximately 250,000-500,000
people worldwide suffer the severe consequences of
infection, with a 1-5% fatality rate (Gubler 1989).
Even when other hosts such as dogs, swine, rodents,
bovines, and chickens are available, Ae. aegypti living
in proximity to humans preferentially feed on human
blood (Scott et al. 1993b, 2000a). This anthropopha-
gous feeding pattern is associated with two behaviors
that are unusual for females of most mosquito species;
imbibing blood multiple times during each egg laying
cycle and infrequent feeding on plant sugars (Scott et
al. 2000b). One explanation for this epidemiologically
important feeding strategy is that biochemical differ-
ences in the composition of human blood are associ-
ated with a fitness advantage compared with blood
from other vertebrate species.

Geoldi (1905) first recognized differences in mos-
quito egg production caused by qualitative differences
in host blood. He and Mathis (1934) believed that Ae.
aegypti used human blood more efficiently than other
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types of hosts. Mathis (1934) demonstrated greater
egg production per female Ae. aegypti offered a human
host than a monkey, rabbit, or guinea pig. In these
experiments, it was not clear whether females were
offered sugar. Other investigators have reported op-
posite results; i.e., greater egg production by Ae.
aegypti after imbibing nonhuman blood (Woke 1937a,
1937b; Lea et al. 1958; Spielman and Wong 1974;
Chang 1976; Chang and Judson 1977; Nayar and Sauer-
man 1977; Briegel 1985) and enhanced fecundity by
adding the amino acid isoleucine to human blood
(Greenberg 1951; Lea et al. 1956; Chang and Judson
1979). It is important to note that in all of the latter
studies, mosquitoes were fed sugar ad libitum. We now
know that for wild Ae. aegypti in close association with
humans, feeding on fructose is relatively rare (Edman
et al. 1992, Van Handel et al. 1994, Martinez-Ibarra et
al. 1997, Costero et al. 1998a). Therefore, we asked the
following question: When sugar is eliminated from Ae.
aegypti’s diet are there advantages associated with the
chemistry of human blood that favor anthropophagy
by this medically important species? Results from re-
cent life-table studies indicate that feeding on human
blood and not sugar confers a fitness advantage for Ae.
aegypti (Scott et al. 1997, Costero et al. 1998b, Nak-
sathit and Scott 1998, Morrison et al. 1999).

A considerable body of research indicates that the
low titer of isoleucine found in human blood is the
limiting factor for egg production when Ae. aegypti
feeds on humans. Greenberg (1951) indirectly deter-
mined which components of blood are necessary for
oviposition by feeding groups of Ae. aegypti on several
types of animal blood and washed erythrocytes (rab-
bit, chick, sheep, and human). Feeding on washed
sheep erythrocytes resulted in markedly lower egg
production than whole sheep blood. To determine
what component of whole sheep blood was lacking in
washed erythrocytes, the author added various blood
components consecutively and evaluated egg produc-
tion. Significantly more eggs were produced per fe-
male after the ingestion of isoleucine supplemented
sheep erythrocytes than a mixture of nine other amino
acids. In another study of the nutritional factors re-
quired for egg production of Ae. aegypti, Lea et al.
(1958) created an artificial diet containing 12 essential
amino acids (arginine, cystine, glutamic acid, histi-
dine, isoleucine, leucine, lysine, methionine, phenyl-
alanine, threonine, tryptophan, and valine), glucose,
fructose, and salts. These authors also compared egg
production by females offered human, cow, sheep, pig,
and rabbit blood and found that females laid signifi-
cantly more eggs after ingesting rabbit and pig blood
than human or sheep blood (no difference was found
with cow blood). Lea et al. (1958) found that when
human and sheep blood was supplemented with iso-
leucine egg production increased to the levels of mos-
quitoes fed rabbit and pig blood. In these studies all
females were maintained on 10% honey solution.

Dimond et al. (1956) and Bellamy and Bracken
(1971) also found that certain amino acid mixtures fed
per os to mosquitoes augmented egg production. Di-
mond et al. (1956) found eight amino acids (arginine,
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isoleucine, leucine, lysine, phenylalanine, threonine,
tryptophan, and valine) that were essential for egg
production. When any one of these amino acids were
eliminated from the diet, no egg production resulted.
Four other amino acids were found to be limiting,
resulting in reduced egg production when they were
removed from the diet (histidine, glutamate, cystine,
and methionine). Spielman and Wong (1974) ob-
served a positive relationship between the proportion
of females initiating oogenesis and the concentration
of isoleucine in serum injected via enemas into the
midgut. Because isoleucine is found in low titers in
human blood compared with other vertebrate species
such as chickens and mice, they suggested that iso-
leucine might be a limiting factor in egg production.
Through a series of experiments, Chang (1976) de-
finitively demonstrated that isoleucine was the limit-
ing amino acid in egg production. He determined that
all other essential amino acids in the blood of hosts
such as human and guinea pig were present in ade-
quate amounts for egg production except isoleucine.
Supplementing blood with threonine, leucine or va-
line, amino acids that occur in higher levels in human
blood than guinea pig blood, did not reduce oviposi-
tion by mosquitoes (Chang 1976). Chang and Judson
(1977) reported greater follicular resorption in mos-
quitoes fed human blood compared with guinea pig
blood, thereby eliminating the role of isoleucine as a
trigger for the endocrine release of ovarian ecdy-
steroidogenic hormone and demonstrating a higher
rate of protein synthesis and amino acid incorporation
in fat body organ cultures incubated with isoleucine.

Based on recent results regarding Ae. aegypti’s af-
finity for feeding human blood and their lack of de-
tectable feeding on fructose (Edman et al. 1992; Chow
et al. 1993; Scott et al. 1993a, 2000b; Van Handel et al.
1994, Costero et al. 1998a), we examined the energy
reserve and fitness effects of a diet restricted to human
blood and water and discussed the significance of that
kind of feeding scenario on the transmission of patho-
gens such as dengue viruses. To that end, we tested the
hypothesis that feeding on human blood is associated
with a selective advantage for Ae. aegypti and is an
underlying reason for this mosquito’s intimate and
epidemiologically important relationship with human
beings. Our study had four objectives: (1) To reex-
amine, in light of the new findings mentioned above
on Ae. aegypti feeding behavior, results from previous
studies indicating that Ae. aegypti fed isoleucine poor
human blood produce fewer eggs than those fed
equivalent volumes of isoleucine rich blood. (2) To
determine the effects of isoleucine poor human blood
on the synthesis of energy reserves by Ae. aegypti. (3)
To determine how sugar feeding effects egg produc-
tion. (4) To determine the effects of blood meals from
different host species with high versus low concen-
trations of isoleucine on Ae. aegypti fitness. We defined
fitness as the relative ability of mosquitoes to produce
offspring throughout their lifetime (Price 1997, Fu-
tuyma 1998) and measured the net replacement rate
(R,) and intrinsic rate of increase (r), which account
for the interaction between reproduction and survival.
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Materials and Methods

For all experiments, larvae from a Thai strain of Ae.
aegypti originally collected from Chachoengsao Prov-
ince (13° 38’ N, 101° 18’ E; with < 50 laboratory
generations from the wild type) were reared at 27 =
1°C and a photoperiod 0of 14:10 (L:D) h to obtain adults
of uniform body size (Day et al. 1994). After eclosion,
mosquitoes were housed in 35-cm® rearing cages, at
75% RH and the same temperature and photoperiod as
the immatures. Adults were given access to water but
not sugar before experimentation.

Experiment 1: High and Low Isoleucine Human
Blood Fed Through Artificial Membranes. In our first
experiment, we determined the effect of experimen-
tally varying the concentration of isoleucine in human
blood on the synthesis of energy reserves and the
production of eggs in a single gonotrophic cycle. This
experiment determined, if without feeding sugar to
mosquitoes, we could reproduce results from previous
studies, which indicated that mosquito egg production
was correlated positively with the concentration of
isoleucine in vertebrate blood.

Mosquitoes. At 3 d of age adult females were trans-
ferred to Plexiglas cages (18 by 18 by 30 cm).

Preparation of Blood and Artificial Feeding, Using
the method of Briegel (1985), 1.3 mg of L-isoleucine
(Sigma, St. Louis, MO) were dissolved in 2 ml of a 9%
sodium chloride solution and added to 48 ml of human
plasma. Two 1.5-ml aliquots of plasma (one isoleucine-
supplemented and one unsupplemented) were re-
moved and frozen for later baseline isoleucine quan-
titation. Median baseline isoleucine ranges for human
plasma were obtained from the New England Medical
Center Pediatric Amino Acid Laboratory (Boston,
MA). Fresh frozen plasma and expired red blood cells
were purchased from the American Red Cross. Blood
cells and plasma were combined in a 1:1 ratio. Recon-
stituted blood was offered artificially through a mem-
brane (Kwik-Fill hog intestine, F.B. Casing, Brooklyn,
NY). Blood was warmed to body temperature by cir-
culating water from a 37°C bath through a glass-jack-
eted feeder for 30 min. The feeding membrane was
placed against the mesh top of mosquito cages, allow-
ing females to feed through the mesh. Mosquitoes
were offered a blood meal once each day (20 min) for
7 d. Mosquitoes that did not feed on the first day were
eliminated. Mosquitoes to be analyzed for baseline
energy levels were removed just before blood feeding
on the first day and frozen at —80°C.

Blood Meal Weights. Ten blood-fed and 10 unfed
mosquitoes were cold-anesthetized and weighed in-
dividually with an electrobalance. Weights of ingested
blood were estimated by subtracting the mean weight
of empty mosquitoes from the weight of engorged
specimens. Because mosquitoes were chilled imme-
diately after feeding and weighed within 30 min, we
assume that losses due to diuresis were negligible
(Clements 1992).

Egg Production. No oviposition medium was pro-
vided in this experiment, females were forced to retain
their eggs over the entire blood-feeding period. After
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the seventh day of feeding, ovaries from each female
were dissected in phosphate buffered saline and de-
veloping stages III-IV and mature stage V ovarioles
(Christophers 1960) were counted.

Mosquito Preparation and Nutritional Analysis. Ca-
davers and ovaries from dissected mosquitoes were
placed in separate test tubes. Liquid from dissections
was placed in the tube with the body. Samples were
dried in an oven at 70°C for 2 h. Methods of Van
Handel and Day (1988) were used to determine the
amount of glycogen, sugar and lipid in each mosquito’s
body and pair of ovaries.

Plasma Isoleucine Quantitation. Unsupplemented
and isoleucine-supplemented plasma shipped to the
Protein Chemistry Laboratory at the University of
Texas were thawed, and 200 ul of plasma and 800 ul
of 3.75% sulfosalicyclic acid with 2.5 nmoles of 4-
pyridylethyl-L-cysteine (4-PEC) were mixed and vor-
texed. Samples were refrigerated for 30 min and then
centrifuged at 4,120 X g for 30 min. Supernatant was
filtered through a 20-um filter (13 mm, Acrodisc
PTFE) and 100 ul was loaded into sample loops of a
Beckman 6300 amino acid analyzer (Beckman, Ful-
lerton, CA); 4-PEC was used as the internal standard.

Experiment 2: High and Low Isoleucine in Artifi-
cial Blood Meals Versus Intact Vertebrate Hosts. Using
the same design as our first experiment, we next in-
vestigated how different concentrations of isoleucine
in artificial blood meals versus intact vertebrate hosts
affect reserve synthesis and egg production. We de-
termined the extent to which results from our first
experiment with artificially manipulated human blood
can be extended to different vertebrate species whose
blood naturally varies in isoleucine concentration.

Mosquitoes. At 3 d of age females were transferred
to cylindrical cardboard containers (0.5-liter capac-
ity) with mesh tops.

Blood Preparation. Artificial meals were prepared
and offered through a membrane as described for
experiment 1. For natural blood meals, mosquitoes in
cardboard containers were allowed to feed on a hu-
man forearm (L.C.H.) or on a chick secured, abdo-
men-side-down, over the mesh end of the container.
Blood meal weights, developing and mature oocytes
(females were not provided with an oviposition me-
dium), nutritional reserves, and plasma isoleucine
were measured as described in experiment 1. Chick
and human plasma from live hosts in this experiment
were not submitted for amino acid quantitation.

Experiment 3: Comparison of Blood from Intact
Human and Mouse Hosts. This experiment deter-
mined the effect of isoleucine concentration on re-
serve synthesis and egg production when only intact
hosts were used as a source of blood. In this experi-
ment, mosquitoes where allowed to lay their eggs
rather than forced to retain them. In addition to pro-
viding an oviposition medium, the amounts of reserves
were examined at three different times, rather than
just once, during the 10-d study period.

Mosquitoes. Three-day-old adult females were
placed individually into containers (237 ml). Small
cups (59 ml) lined with paper toweling and filled with
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30 ml of distilled water were placed inside each con-
tainer as an oviposition site. Water moistened cotton
pledgets were provided during the first 3 d after ec-
dysis.

Wing Length Measurements. Mosquito wing
lengths provide an estimate of body size (Christophers
1960). The right wing from each female was removed
and mounted on a glass microscope slide with clear
adhesive tape. Each wing was measured following the
methods of Nasci (1990).

Blood Feeding. Mosquitoes were allowed to feed on
either a human forearm (L.C.H., low isoleucine) or on
arestrained laboratory mouse (high isoleucine). Mos-
quitoes that did not feed on blood during the first day
were eliminated. Feeding was confirmed by shining a
light on one side of the lateral aspect of each mosquito
and viewing the illuminated abdomen through the
pleural membrane from the opposite side. Fresh blood
meals (large and small) were evident as bright red in
the distended abdomen. Deposited eggs were counted
each day after blood feeding and a fresh paper towel
was placed in the oviposition cup. Mosquitoes were
offered blood at the same time each day for 15 min for
10 consecutive days. Groups of mosquitoes (from each
host) were removed on days 2, 6, and 10 of the ex-
periment and frozen at —80°C. Blood meal weights
and daily egg production were measured as described
for experiment 1.

Plasma Isoleucine Quantitation. Human blood was
drawn by the University of Massachusetts Health Cen-
ter as described above and mouse blood was drawn by
personnel at the University of Massachusetts Animal
Care Facility. Plasma and cells were separated by
centrifugation for 20 min at 2,019 X g and plasma was
placed in microcentrifuge tubes and frozen at —70°C.
Frozen plasma was shipped to the Protein Chemistry
Laboratory at the University of Texas where it was
thawed and analyzed for isoleucine as described for
experiment 1.

Energy Reserves in Eggs. Eggs deposited by indi-
vidual females were analyzed for glycogen, sugar, and
lipids following the methods described for mosquito
bodies and ovaries in experiment 1. Total nutrient
values were divided by the number of eggs in each
sample to obtain glycogen, sugar, and lipid values per
egg. These data were compared for eggs produced by
females that fed on human versus mouse blood.

Experiment 4: Effect of Sugar Feeding on Egg Pro-
duction. In experiments 1-3 we did not detect differ-
ences in egg production for mosquitoes offered vari-
ous forms of low or high isoleucine blood and not fed
sugar. Those results were contrary to reports from
earlier studies that indicated that after access to sugar
a single human blood meal was inferior for mosquito
egg production compared with blood from other ver-
tebrate species. We, therefore, carried out a fourth
experiment to determine if by adding sugar to the diet
we could restore the sub-optimal qualities of human
blood for egg production.

Mosquitoes. Teneral females were transferred indi-
vidually to cardboard containers (237 ml) fitted with
mesh lids. Experimental mosquitoes were divided into
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two cohorts: one was provided water and the other a
20% sucrose solution in saturated cotton pledgets on
top of the cages. Oviposition cups lined with paper
towels were added to containers as described for ex-
periment 3.

Blood Feeding. Mosquitoes were allowed to feed on
a human forearm (L.C.H.) or a restrained mouse as
described for experiment 3. Mosquitoes were offered
a single blood meal when they were 3 d old. Females
that did not feed on blood were discarded. Blood meal
weights were measured as described for experiment 1.

Egg Production. The number of eggs laid was re-
corded daily as in experiment 3 for each female for 5d
after they imbibed the blood meal.

Experiment 5: Life-Table Analysis of Fitness Ef-
fects. Our last experiment was a life-table experiment,
which determined how the concentration of isoleu-
cine in host blood effects Ae. aegypti fitness. We tested
the prediction that a high isoleucine blood meal with-
out access to sugar could result in death by starvation,
because high isoleucine concentrations lead to the use
of nutrients in a blood meal as well as available ma-
ternal reserves for egg development. Conversely, nu-
trients in a low isoleucine blood meal (without access
to sugar) can be partitioned between egg develop-
ment and synthesis of maternal reserves that are nec-
essary for nonreproductive maintenance activities
(Briegel 1985).

Mosquitoes. Individual females were placed into
cardboard containers (237 ml) fitted with mesh lids.
From saturated cotton pledgets, one cohort was of-
fered a 20% sucrose solution and the other only water.
Oviposition sites were provided as described for ex-
periment 3.

Blood Feeding. Mosquitoes were given an oppor-
tunity to imbibe blood from a human (L.C.H., low
isoleucine) or mouse (high isoleucine) daily for 15
min until all mosquitoes had died. Blood meal weights
were measured as described for experiment 2, and egg
production was recorded daily for each mosquito, as
in experiment 3.

Plasma Isoleucine Quantitation. Human and mouse
blood were collected as described for experiment 3
and shipped to the Protein Structure Laboratory at the
University of California, Davis, where they were
thawed and each sample was analyzed for isoleucine
as described for experiment 1.

Data Analysis. Data for each experiment were
checked for conformation to the assumptions of nor-
mality and homoskedasticity. When the assumption of
equality of variances was violated with normal data,
a t-test using unpooled variances was employed.
Other comparisons of non-normal data were con-
ducted with the nonparametric Mann-Whitney U test
and Kruskal-Wallis one-way analysis of variance
(ANOVA) (Sokal and Rohlf 1981). To estimate the
relative fitness of mosquitoes fed different types of
host blood, the age specific survival (1), expected
number of daughters (m_), net replacement rate (R,),
and intrinsic rate of increase (r) were calculated
(Southwood 1978). We first estimated r from the nat-
ural log of the net replacement rate divided by the

9102 ‘G [1dy uo 1s9Nnb Aq /Blo'sfeulnolpioxoawil//:dny wou) papeojumod


http://jme.oxfordjournals.org/

May 2001

Table 1.
isoleucine (ILE) blood without sugar
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Total eggs (developing Christophers’ stage III-IV oocytes plus eggs deposited) per female Ae. aegypti offered low or high

Low isoleucine blood

High isoleucine blood

Experiment/host No. No. eggs No. No. eggs

2 (mean * SE) 29 (mean * SE)

Exp. 1 artificial (human) 18 64.4 + 4.3a° 28 62.8 + 3.6a”
Exp. 2 artificial (human) 9 55.8 + 10.6b 15 52.0 + 4.4b
Exp. 2 natural (low ILE human or high ILE chick) 34 84.1 =5.3c 25 83.6 = 5.4c

Means followed by the same letter were not significantly different from each other. a, Experiment 1: t-test, t = 2.02, df = 44, P = 0.78, b,

¢, Experiment 2: ANOVA, F = 8.59; df = 3, 78; P < 0.01.
“Plasma ILE concentration = 57.0 nm/ml.
b Plasma ILE concentration = 172.2 nm/ml.

generation time T_. The actual value of r was calcu-
lated in an Excel spreadsheet using successive approx-
imation. Life-table parameters were compared among
cohorts with the Kruskal-Wallis one-way ANOVA.

Results

Experiment 1: High and Low Isoleucine Human
Blood Fed Through Artificial Membranes. Baseline
isoleucine concentration in normal human plasma
(low isoleucine) was 57.0 nm/ml, which was near the
New England Medical Center Pediatric Amino Acid
Laboratory’s median baseline value of 66.3 nm/ml
plasma. Plasma in supplemented (high isoleucine)
blood meals contained approximately three times this
amount (172.2 nm/ml).

We did not detect significant differences (P > 0.05)
in the number of eggs produced per mosquito for the
cohorts fed low or high isoleucine blood meals (Table
1). However, significantly more glycogen (mean *+ SE;
low = 30.9 g * 4.0; high = 17.6 pg = 1.0; ¢ = 3.22, df =
19, P = 0.002) and sugar (low = 6.3 ug = 2.4; high =
2.4 ug + 0.3;t = 2.03,df = 44, P = 0.02) were detected
in the total body (cadaver and oocytes) of mosquitoes
fed the low isoleucine blood compared with the high
isoleucine diet (Fig. 1). A significant difference was
not detected in lipid concentrations between the two
cohorts (Fig. 1).

T
200
=]
=
3
g 150 + Glycogen M Sugar O Lipid
=
B 100 L
Ed
g
o 50
b=
0 4 :
Exp.l:Art.  Exp.l:Art.  Exp.2:Art.  Exp.2:Art. Exp.2:Human Exp.2:Chick
Low ILE High ILE Low ILE High ILE Low ILE High ILE
Blood Type
Fig. 1. Mean glycogen, sugar, and lipid content (ug) per

female Ae. aegypti fed blood with a high or low isoleucine
(ILE) concentration artificially (Art.) through a membrane
or from natural hosts in two different experiments (experi-
ments [Exp.| 1 and 2). Bars represent the standard error of
the mean.

Experiment 2: High and Low Isoleucine in Artifi-
cial Blood Meals Versus Intact Vertebrate Hosts.
Again, no significant difference was found in egg pro-
duction between females artificially fed low isoleucine
human blood (55.8% 10.6 eggs) compared with iso-
leucine supplemented human blood (52.0* 4.4 eggs)
(Table 1). The same was true for egg production
between females fed on a natural human host (low
isoleucine = 84.1% 5.3 eggs) versus a chick (high
isoleucine = 83.6* 5.4 eggs) (Table 1). Femalesfed on
natural hosts developed significantly more eggs (Ta-
ble 1) and took noticeably larger blood meals than
artificially fed females (mean blood meal weight, low
isoleucine natural human = 2.50 mg *+ 0.39; high iso-
leucine natural rodent = 2.59 * 0.31; artificial low
isoleucine = 1.90 = 0.35; and artificial high isoleu-
cine = 1.71 * 0.25).

No differences in glycogen reserves were detected
between mosquitoes fed high and low isoleucine
in artificial blood meals (Fig 1). Marginally signifi-
cant differences in mean glycogen concentrations
were found between mosquitoes fed human blood
(32.7 pg = 2.7) compared with chicken blood (high
isoleucine) (26.4 pug = 3.0) (t = 1.54, df = 56, P =
0.06). Differences were slightly more pronounced
when bodies alone (without the oocytes) were com-
pared (high = 20.9 pg = 2.2; low = 15.8 ug = 2.0; t =
1.65, df = 56, P = 0.05).

Mosquitoes fed low isoleucine artificial blood had
significantly greater mean sugar reserves (10.7 ug +
2.6) than those fed high isoleucine (5.7 ug + 0.7; ¢t =
1.82, df = 9, P = 0.05); a result attributable to body
sugar levels rather than to ovaries. The human blood
fed cohort had greater sugar reserves (6.9 ug = 1.1)
than mosquitoes fed chick blood (4.8 pug = 0.7), al-
though the difference was slight (t = 1.62,df =51, P =
0.056) (Fig. 1).

Lipid reserves in mosquitoes fed natural human
blood (210.0 ug *= 14.2) were almost three times
greater than in the cohort fed natural chick blood
(87.3 ug = 4.7, ¢t = 8.18,df = 39, P < 0.00001). No lipid
reserve differences were found among mosquitoes fed
artificial blood meals (Fig. 1).

Experiment 3: Comparison of Blood from Intact
Human and Mouse Hosts. Mean isoleucine content in
human plasma was 42.3 nm/ml (range, 41.8-42.8)
compared with 117.9 nm/ml (range, 96.7-139.0) in
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Table 2. Free plasma amino acid concentrations in blood samples from experiment 3

Human plasma”

Human plasma®

Mouse plasma Mouse plasma

. E.ssentu%a nmol/ml nmol/ml nmol/ml nmol/ml

amino acis (female) (female) (male) (female)
Isoleucine 41.8 42.8 139.0 96.7
Arginine 104.1 97.8 4414 179.4
Leucine 87.4 87.7 245.4 189.5
Lysine 184.0 186.2 299.2 316.2
Phenylalanine 67.1 61.5 100.5 84.6
Threonine 123.1 122.1 183.0 182.4
Valine 174.5 191.3 312.9 227.8

“ Tryptophan is destroyed by analysis and, therefore, could not be quantitated.

P Sample 1 (experiment 3).
¢Sample 2 (experiment 3).

mouse plasma. The variability in isoleucine concen-
trations in the mouse plasma represented differences
according to sex. Male mice were at the high end of the
range (3 times human plasma), whereas females were
at the low end (2 times human plasma) (Table 2).
Equal numbers of male and female mice were used
alternately as blood sources for mosquitoes.

The mean wing length of mosquitoes was 2.85 mm =+
0.02 (n = 40). Average daily mortality in the human-
fed cohort (8%) was significantly lower than in the
mouse-fed cohort (14%;t = —1.74,df = 18, P = 0.049).

Aedes aegypti in the mouse-fed cohort took signif-
icantly larger blood meals (mean weight = 1.64 mg *
0.13) over the 10 d feeding period than did those in the
human-fed cohort (1.20 mg * 0.11; t = —2.54, df = 16,
P = 0.01). Overall, significantly higher daily rates of
engorgement were observed among mosquitoes fed
human blood (52.4%) compared with those fed mouse
blood (39.7%). Initially, daily engorgement rates (per-
centage of total feeding) on the two hosts were similar.
Significantly more of the mosquitoes exposed to a
human than rodent host fed on days 5-10 (9-14 d of
age) (x> = 6.45,df =1, P = 0.011). In the human-fed
group, 69% fed on days 1-4 and 45% fed on days 5-10,
compared with 63% feeding on days 1-4 and 23% on
days 5-10 in the rodent-fed group (Table 3).

The total number of eggs (retained plus deposited)
produced by mosquitoes that imbibed human and
mouse blood were not significantly different (range,
24-29 eggs per mg of blood ingested; Table 4).

Human-fed mosquitoes killed on days two and six
had significantly more glycogen in their bodies (day

Table 3.

2 =955 ug + 3.08, t = 2.23, df = 37, P = 0.02; day 6 =
229 pg *+ 028, t = 1.96, df = 33, P = 0.03) than
mouse-fed females at two (mean = 16.7 ug = 2.5) and
6d (mean = 13.7 ug = 0.4). On day 10, the mouse-fed
cohort (11.3 ug * 1.8) had significantly more glycogen
reserves than the human-fed cohort (6.5 ug, t = —2.36,
df = 26, P = 0.013), but this difference was primarily
due to a greater amount in the ovaries (mouse =
2.9 pg = 1.0, human = 1.5 pg * 0.5; Fig. 2A).

Significantly more sugar was detected in the bodies
of human-fed than mouse-fed mosquitoes on day 2
(human = 5.31 ug * 1.3; mouse = 2.7 ug £ 0.3; ¢ = 1.94,
df = 20, P = 0.03) and day 10 (human = 2.9 ug = 0.4;
mouse = 2.2 ug *+ 0.2; ¢ = 1.80, df = 24, P = 0.04), but
not on day 6 (human = 6.9 ug * 1.4; mouse = 4.6 ug +
0.9; ¢t = 1.33,df = 31, P = 0.09) (Fig. 2B).

Greater lipid reserves were detected in the bodies
of human-fed mosquitoes on day 2 (human = 95 ug +
10.0; mouse = 65.2 ug * 13.1; ¢ = 3.02, df = 38, P =
0.002) and day 6 (human = 112.3 ug * 10.6; mouse =
86.8 pg *+ 12.6; ¢ = 2.17, df = 32, P = 0.019) (Fig, 2C),
but not on day 10. Even more dramatic were the
nutritional differences when mosquitoes removed on
days 2, 6, or 10 were combined (human n = 52, mouse
n = 45). Significantly greater glycogen (t = 2.79, df =
87, P = 0.003), sugar (¢ = 1.85, df = 82, P = 0.03), and
lipid reserves (t = 2.66, df = 95, P = 0.005) were
detected per milligram of blood ingested in females
that fed on a human (Fig 3).

No significant differences were found in mean gly-
cogen (human = 0.49, rodent = 0.43; ¢ = 2.00, df = 61,
P=0.20),sugar (human = 0.06, rodent = 0.03;¢ = 1.99,

Percent of Ae. aegypti females feeding daily on a human versus rodent host (n)

Exeriment 3

Experiment 5

Day Human Rodent Human Rodent Human Rodent
and sugar and sugar

1 100 (110) 100 (110) 100 (72) 100 (70) 100 (74) 100 (73)
2 79 (107) 77 (78) 31 (62) 29 (69) 19 (74) 39 (72)
3 46 (60) 40 (44) 46 (59) 8 (64) 15 (73) 9 (70)
4 41 (55) 42 (42) 44 (59) 8 (60) 13 (72) (67)
5 81 (48) 55 (39) 53 (59) 54 (52) 34 (71) 6 (63)
6 56 (35) 34 (17) 36 (59) 23 (43) 23 (66) 50 (61)
7 34 (24) 31 (16) 30 (56) 28 (40) 5 (62) (57)
8 57 (22) 36 (14) £ (52) 9 (31) 7 (60) 0 (49)
9 32 (17) 25 (12) 44 (50) 38 (24) 22 (58) 1(35)
10 47 (17) 7 (12) 26 (46) 1(18) 26 (46) 14 (28)
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Table 4. Total eggs (developing Christophers’ stage II-IV
oocytes plus eggs deposited) per female Ae. aegypti per mg of
human (low isoleucine) or mouse (high isoleucine) blood ingested

Mouse host
eggs/mg blood
(mean * SE)

Day No. Human host

eggs/mg blood o
removed ?9 (mean * SE) 29

2 14 26.7 1.4 14 240 *19

6 20 27.7+23 13 29.1 = 3.9
10 16 26.0 £ 2.8 12 279 £5.7
Total 50 269+ 1.3 39 26.0 = 2.5

Females were removed after 2, 6, and 10 d of blood feeding. Sugar
was not offered and differences were not significant.

df = 61, P = 0.12), and lipid reserves (human = 0.29,
rodent = 0.21; ¢ = 2.01, df = 46, P = 0.30) per egg
produced by females offered human or rodent blood
(Fig. 4).

Experiment 4: Effect of sugar feeding on egg pro-
duction. We refer to those mosquitoes offered blood
with access to sugar as “blood plus sugar” and those
offered blood with no access to sugar as “blood alone.”
Mosquitoes fed human blood alone ingested signifi-
cantly more blood (3.92 mg * 0.18) than those fed
human blood plus sugar (2.38 mg = 0.11) or mouse
blood plus sugar (2.52 * 0.09, P < 0.0001, Kruskal-
Wallis test). Contrary to our previous results demon-
strating that over several days human-fed females took
smaller and more frequent meals (Table 3), no dif-
ference in meal size was found when mosquitoes fed
on different hosts ingested only one blood meal
(Fig. 5).

Egg production per female was significantly greater
for mosquitoes fed mouse blood plus sugar (Table 5)

A. Glycogen I Body Bl Ovaries
35
30
25
20
15
i ﬂ ﬂ H ﬁ
e a
=3
E B
El .
e Sugar
:
g
1 6
= 4
5 M n
s o '
C. Lipid
200
150
100
50 H H
VR e EHREREPRS S U N SRS T N I RN B P
Day 0 Day 2 Day 6 Day 10

(Unfed) Human Rodent Human Rodent Human Rodent

Fig. 2. Mean glycogen (A), sugar (B), and lipid (C)
content (ug) per Ae. aegypti that imbibed human or mouse
blood from an intact host without access to sugar (experi-
ment 3). Bars represent the standard error of the mean.
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B Human
O Rodent

Mean pg per mg Ingested Blood

Glycogen Sugar Lipid

Fig. 3. Mean glycogen, sugar, and lipid content (ug) per
milligram of ingested blood in female Ae. aegypti fed naturally
on intact human or mouse hosts without access to sugar

(experiment 3). Bars represent the standard error of the
mean.

compared with the other three cohorts (ANOVA, F =
66.9; df = 3, 132; P < 0.0001). Egg production per mg
of ingested blood for the mouse blood alone and hu-
man blood alone cohorts was not significantly differ-
ent. Greatest egg production was found with those
females offered mouse blood plus sugar followed by
those offered human blood plus sugar (Table 5).

Experiment 5: Life-Table Analysis of Fitness Ef-
fects. The mean isoleucine content in the human
plasma was 74.8 nm/ml (1 sample) compared with a
mean of 130.4 nm/ml (range, 118.1-130.4) in mouse
plasma. During the first 10 d, daily frequency of blood
feeding was greater among mosquitoes fed human
blood alone (44%) compared with those fed mouse
blood alone (31%) (P = 0.03, Mann-Whitney test;
Table 3).

A 1:1 ratio of male to female offspring was assumed
for life-table calculations. We fed 63, 71, 68, and 70
females on human blood alone, human blood plus
sugar, mouse blood alone, or mouse blood plus sugar,
respectively. Aedes aegypti fed human blood alone had
the highest age-specific survival (1), followed by
those fed human blood plus sugar, mouse blood plus
sugar, and mouse blood alone (Fig. 6A). The differ-
ence between mosquitoes fed human blood alone and
mouse blood alone was significant (P < 0.003, Kruskal-

0.6 —

B Human [ Rodent

Energy Reserve Per Egg (ug)

= .

Lipid

Glycogen

Sugar
Nutrient

Fig. 4. Mean glycogen, sugar, and lipid content (ug) in
each egg produced per mg of human or mouse blood ingested
by female Ae. aegypti (experiment 3). Bars represent the
standard error of the mean.
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35
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Rodent Blood

Mean Weight of Blood Meal
Ingested (mg)
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‘With Sugar

Human Blood
With Sugar

Human Blood

Treatment

Fig. 5. Blood meal volumes ingested by female Ae.
aegypti offered single human or mouse blood meal with and
without sugar (experiment 4). Bars represent the standard
error of the mean.

Wallis test). Estimated reproductive output per day
(my P < 0.01, Kruskal-Wallis test) and net replace-
ment rate (Ry; P < 0.0001, Kruskal-Wallis test) also
was greater for females fed human blood alone than
for the mouse-fed mosquitoes (Fig. 6 B and C). Al-
though mosquitoes fed mouse blood plus sugar pro-
duced significantly more eggs, their net replacement
rate was lower than for the two groups fed human
blood. Intrinsic rate of increase also was lower for
mosquitoes fed mouse blood plus sugar (r = 0.487)
than for the other three cohorts (human blood alone,
r = 0.734; human blood plus sugar, r = 0.730; mouse
blood alone, r = 0.713). Mosquitoes fed mouse blood
alone had the shortest life-span of the four cohorts
(Fig. 6A).

Discussion

Aedes aegypti benefit from an accumulation of more
energy reserves and a fitness advantage when they
ingest low (human) rather than high (rodent or
chicken) isoleucine blood. This difference in energy
reserves was less pronounced when females artificially
were offered unsupplemented and isoleucine-supple-
mented human blood, indicating that there may be
other components in human blood in addition to low
isoleucine levels that contribute to the accumulation
of energy reserves. The most dramatic differences in
energy reserves were the greater accumulation of tri-
glycerides (lipids) in females fed human blood com-
pared with chicken or mouse blood. We predict that

Table 5. Effect of sugar feeding on egg production after a
single high or low isoleucine host blood meal (experiment 4)

No. Mean no. eggs

Cohort 00 per mg ingested
blood = SEM
Human blood alone 36 13.6 + 1.5b
Human blood and sugar 36 324+ 19c
Mouse blood alone 27 19.8 = 1.8b
Mouse blood and sugar 37 47.7 = 2.2d

Means followed by the same letter are not significantly different
from each other (ANOVA, P < 0.0001; df = 3, 132; F = 66.9).
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the accumulation of triglyceride reserves is more im-
portant for a species like Ae. aegypti because of its
sedentary lifestyle. Triglycerides are the main source
of energy for resting mosquitoes, whereas carbohy-
drates from plants or honeydew are a more efficient
substrate for the synthesis of sugar and glycogen re-
serves used for flight (Nayar and Van Handel 1971).
Aedes aegypti can synthesize triglycerides from blood
(Van Handel 1965), does not typically fly long dis-
tances, and may remain for long periods in the same
house where hosts, mates, and oviposition sites are
readily available within meters of each other (Mor-
land and Hayes 1958, McDonald 1977, Trpis and
Hausermann 1986, Edman et al. 1998). The sugars
detected by our assays were not from an exogenous
source and were most likely trehalose (Van Handel
1985, Clements 1992).

Increased synthesis of energy reserves by mosqui-
toes fed human blood compared with mouse blood
and higher mortality among those offered mouse
blood and not fed sugar, support the hypothesis that
natural selection favors female Ae. aegypti that feed on
human blood without feeding on sugar (Scott et al.
1997, Costero et al. 1999). A feeding strategy restricted
to human blood requires diversion of at least part of
the nutrients in the meal to synthesis of energy re-
serves (Briegel 1985), which would contribute to in-
creased female longevity and lifetime production of
offspring as indicated by our life-table experiment.

Of all the host species (human, dog, cat, rodent,
bovine, porcine, and avian) available to Ae. aegypti in
its natural rural and urban habitats, humans are often
the most abundant and consistently available. Forage
indices from a Thai study determined that Ae. aegypti
fed on humans more than any other hosts available,
including dogs, bovines, cats, chickens, and swine
(Scott et al. 1993b). Selective and frequent feeding on
humans, coupled with infrequent feeding on sugar,
appears to be an adaptation to a highly domesticated
lifestyle that only a few mosquito species have
adopted. Domesticity in Ae. aegypti may have evolved
in North Africa at a time when the environment be-
came increasingly arid (Petersen 1977). This change
in the environment may have produced an isolated
population of Ae. aegypti that was forced to adapt to
the dry conditions by breeding in human-made water
storage containers. Preference for blood from a single
species may have been an adaptation for living in arid
or indoor situations where sugar is scarce and human
blood is plentiful. Peridomestic mosquito species like
Ae. aegypti and Anopheles gambiae (Giles) sensu lato,
which feed preferentially on humans and forego feed-
ing on plant carbohydrates, appear to have adopted
this strategy (Edman et al. 1992, Beier 1996, Scott et al.
1997). Interestingly, these two species are among the
most important vectors of human pathogens world-
wide. Another mosquito with an anthropophagous
feeding pattern that should be investigated, with re-
spect to the affect of host blood type on nutrition and
survival, is Culex pipiens quinquefasciatus (Say), an
important vector of filariasis and several arboviruses
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Fig. 6. Life table statistics for Ae. aegypti allowed to feed on a human or mouse host daily with or without access to sugar.
(A) Age specific survival (1,). (B) Expected number of daughters (m,). (C) Cumulative net reproductive rate (R, = = 1.m,)

(experiment 5).

(Marshall 1988, Sucharit et al. 1988, Tsai and Mitchell
1988, Hati et al. 1989).

Results from our fourth experiment explained the
lack of agreement between our first three experiments
and reports from the literature that Ae. aegypti imbib-
ing mouse blood produce significantly more eggs than
females fed an equivalent amount of human blood
(Woke 1937a, 1937b; Lea et al. 1958; Chang 1976;
Chang and Judson 1977, 1979). In the first three ex-
periments we did not feed sugar to mosquitoes and we
could not confirm our predecessors results. We de-
tected no difference in egg production for mosquitoes
(1) fed artificial human blood supplemented and un-
supplemented with isoleucine or (2) when we fed
them on intact hosts whose blood varied naturally in
isoleucine concentration. After our first experiment

we were concerned that smaller meals taken by mos-
quitoes fed artificial versus natural blood meals might
have influenced our results. Therefore, we carried out
follow-up experiment 2, in which blood containing
different concentrations of isoleucine was offered
from an intact, natural host (human or chick) as well
as artificially through a membrane. Again, regardless
of how the blood was prepared and presented, no
differences in egg production were detected. In ex-
periment 3, measurements of mean blood meal
weights were used to calculate the number of eggs
produced per unit of blood ingested. We also tracked
egg production over a broader period than in our
previous two experiments and investigated the cumu-
lative effect of blood feeding during more than a single
gonotrophic cycle. Again, no differences in egg pro-
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duction were detected based on the concentration of
isoleucine in the blood meal. Results from our first
three experiments, therefore, conflicted with the
widely held belief that egg production is correlated
positively with the isoleucine concentration in host
blood (Chang and Judson 1977, Briegel 1985, Clem-
ents 1992).

It is common practice to provide sugar to experi-
mental mosquitoes during laboratory studies (Ger-
berg 1970). However, in the past 10 yr it has become
apparent that when Ae. aegypti live in the dwellings of
their human hosts, it is relatively rare to capture fe-
males with detectable amounts of fructose in their
bodies, indicating that wild females do not have to
feed on sugar to survive and reproduce (Edman et al.
1992, Van Handel et al. 1994, Costero et al. 1998).
Aedes aegypti appears to be able to obtain the nutrients
necessary for survival and reproduction by feeding
frequently on human blood (Scott et al. 1993a, 1993b,
2000a, 2000b; Van Handel et al. 1994). Earlier inves-
tigators, who reported greatest egg production by Ae.
aegypti fed nonhuman blood, were studying mosqui-
toes that had fed on sugar before a single blood meal
(Woke 1937b, Greenberg 1951, Lea et al. 1958, Spiel-
man and Wong 1974, Chang and Judson 1977, Briegel
1985). Although some would argue that there may be
differences in the concentrations of sugar in the blood
of these hosts, these levels are likely too low to impact
mosquito nutrition. Human blood does tend to contain
more glucose (~90 mg/dl [ Guyton 1986 ) than mouse
blood (=49 mg/dl-60 mg/dl [Alarcon-Aguilar et al.
1997, Sharma et al. 1997] ), but the concentrations are
low (0.9% for human blood and 0.5-0.6% for mouse
blood) compared with an equivalent amount of a 20%
sucrose solution; a concentration often used to main-
tain captive mosquitoes (Foster 1985).

Results from our fourth experiment explained why
we had not observed higher egg production by mos-
quitoes fed nonhuman blood. A sugar meal was re-
quired before a single blood meal for the sub-optimal
egg production qualities of human blood to become
apparent. When sugar feeding was followed by a single
high isoleucine blood meal (mouse), egg production
was significantly greater than after a low isoleucine
blood meal (human). Our results for mosquitoes fed
sugar were similar to those of Nayar and Sauerman
(1975) who reported greater egg production by Ae.
aegypti maintained on sugar before ingesting a chick
blood meal compared with females provided only wa-
ter before feeding on a chick.

Our fourth experiment demonstrated that it was
important to follow a feeding regime in the laboratory
that reflects the diet of wild mosquitoes to avoid study
behaviors that are rare for mosquitoes in their natural
setting, where they transmit pathogens. In the case of
Ae. aegypti, that would require feeding them human
blood and not sugar.

Our life-table study provided insight into the effects
of components of host blood on Ae. aegypti fitness.
Human-fed females without access to sugar survived
almost twice as long as their mouse-fed counterparts.
This result is consistent with the prediction that when
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Ae. aegypti are fed high isoleucine blood and not pro-
vided a source of carbohydrate, most or all nutrients
in the blood meal are used for vitellogenesis, resulting
in even frequently fed mosquitoes starving to death
due to depletion of maintenance reserves. Although
sugar augmented egg production for females fed
mouse blood plus sugar, they did not live as long and,
therefore, produced fewer total eggs over their life-
time than mosquitoes fed human blood without sugar.
We are not aware of evidence indicating that there are
species specific differences in host blood that effect
egg viability; i.e.,, hatch rate. We provided water
soaked cotton pledgets to mosquitoes fed blood and no
sugar and did not compare groups offered blood alone
versus blood and water, because of the high water
content in blood (Altman and Dittmer 1964). More-
over, wild mosquitoes have access to water at least as
often as when they oviposit. Comparison of the mea-
sures of fitness we examined (R, and r) indicated a
significant selective advantage for female Ae. aegypti
fed blood with a low rather than high isoleucine con-
centration.

We did not detect a difference in survival for mos-
quitoes offered human blood compared with human
blood and sugar, yet those fed human blood and no
sugar had significantly greater egg production and
relative fitness (R,). Results from our life-table study
(experiment 5) are consistent with the conclusion
from earlier investigations that a diet limited to human
blood with access to water maximizes Ae. aegypti fit-
ness (Scott et al. 1997, Costero et al. 1998b, Morrison
et al. 1999, Naksathit and Scott 1998).

In arecent study on the effects of diet on oviposition
and survival by Ae. aegypti, Canyon et al. (1999) con-
cluded that a sugar and blood diet is likely to occur in
nature. Unfortunately, they did not fully consider the
evolutionary implications of their study. They did not
calculate measures of fitness and only studied females
for 12 d. Their data, which indicated greater egg pro-
duction and no difference in survival for females of-
fered human blood and water compared with a diet of
human blood and sugar, conflicted with their conclu-
sion. They provided no new field data to support the
idea that sugar feeding is common. Their assumption
that host seeking and blood feeding are risky activities
is refuted by the high rates of multiple feeding re-
ported for wild Ae. aegypti (Scott et al. 1993a, 2000b;
Chow-Shaffer et al. 2000) and the lack of a difference
between the recapture rates for Ae. aegyptiin Thailand
that were offered only water versus those fed human
blood before release (Day et al. 1994).

For Ae. aegypti, which do not need to fly far to locate
human hosts or oviposition sites (Morland and Hayes
1958, Neff et al. 1967, Trpis and Hausermann 1986,
Edman et al. 1998), feeding preferentially and fre-
quently on human blood, and seldom on plant sugar,
confers energetic and fitness benefits that in combi-
nation constitute a significant selective advantage.
From a public health perspective, selection for fre-
quent human contact and an age-dependent increase
in feeding frequency magnify the potential for the
transmission of pathogens by older potentially in-
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fected mosquitoes. We propose that the energetic
processes which support the Ae. aegypti-human in-
teraction are fundamental to this species’ efficiency as
a disseminator of human pathogens. An extension of
this conclusion is that (1) the population densities of
female Ae. aegypti necessary to sustain virus transmis-
sion will be low because of the tendency of this species
to frequently and preferentially bite human hosts (re-
viewed by Kuno 1997, Focks et al. 2000) and (2)
attempts to genetically manipulate Ae. aegypti host
preference (Curtis 1994) may be difficult due to the
fitness advantages associated with a diet that empha-
sizes the ingestion of human blood.
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