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ABSTRACT Diapausing Culex pipiens L. females fed 10% sucrose for 7 d following eclosion
contained significantly more lipids (P < 0.05) than nondiapausing females reared and main-
tained at the same temperature (22°C) but at a longer photophase (14:10 [L:D] instead of
9:15). Diapausing females with limited lipid reserves failed to increase their reserves after
blood feeding. The average lipid content of 56 females tested decreased significantly (P <
0.05) by day 6 after feeding and there was no correlation (r = —0.06) between lipid content
at this time and original bloodmeal volumes of individual females. These results refute the
contention that blood meals taken by diapausing Cx. pipiens result in fat body development
when females are incubated at 18°C during bloodmeal digestion. Diapausing Cx. pipiens
with limited lipid reserves were unable to obtain sufficient energy from a single blood meal
to survive extended hibernation. Although none became gravid, only 50% remained alive
after 20 d in hibernation. In contrast, nonblood-fed females fed only 10% sucrose for 7 to
10 d before being placed in hibernation on a water diet survived for 6 mo with only 50%
mortality. There was no evidence for gonotrophic dissociation. Failure of blood-fed, dia-
pausing females to initiate vitellogenesis was correlated with the significantly smaller blood
meals taken by most diapausing females and not with hypertrophy of the fat body or
temperature during digestion.
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IN COOL, TEMPERATE AREAS, Culex pipiens L. sur-
vives the winter as nulliparous, inseminated fe-
males that enter facultative reproductive diapause.
The larval and pupal stages are responsive to en-
vironmental cues, decreasing photophases and cool
temperatures, and the program for diapause has
been set for the female by the time of eclosion
(Sanburg & Larsen 1973). The male does not enter
diapause and does not survive the winter. The dia-
pausing female is further characterized by an ab-
sence of host-seeking behavior (Mitchell 1983,
Bowen et al. 1988) and by hypertrophy of the fat
body that serves as an energy reservoir (Buxton
1935). The female builds fat reserves before en-
tering hibernation principally, if not exclusively,
from plant juices that are rich in carbohydrates.

Although diapausing Cx. pipiens do not display
host-seeking behavior (Mitchell 1983, Bowen et al.
1988), a characteristic that should effectively pre-
clude blood feeding in nature, some females can
be induced to take a blood meal if the host-seeking
step is bypassed, and they are placed in contact
with or in proximity to a host for a prolonged period
(Mitchell 1983). It has been reported that dia-
pausing Cx. pipiens induced to take a blood meal
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use the blood for fat body development and not
for ovarian development (Eldridge & Bailey 1979,
Eldridge 1981). However, the data upon which
these reports are based (Eldridge 1968) do not sup-
port this conclusion, because the blood-fed females
were given 5% sucrose for 7 d before bloodfeeding
and continuously thereafter for an unspecified pe-
riod before being tested for fat content. Therefore,
it is impossible to determine whether the blood
meal resulted in supplemental fat deposits in excess
of those built from the 5% sucrose. Bloodmeal vol-
umes were not determined, and a mosquito was
considered to have fed if even a trace of blood was
visible within the abdomen (Eldridge 1968). Fur-
ther, the fat content of females fed on blood and
5% sucrose did not differ significantly after diges-
tion of the blood from that of females fed only 5%
sucrose.

Sugar is a suitable substrate for making fat (Van
Handel 1965), and there is no ecological basis for
assuming that fat females would seek a blood meal
for making more fat or for immediate energy needs.
Conceivably, however, situations might occasion-
ally arise where recently emerged diapausing fe-
males have difficulty in obtaining sufficient car-
bohydrates for building fat reserves. It is these
individuals that would be expected to show the
largest increase in fat reserves following digestion
of a blood meal if, indeed, blood is used for this
purpose by diapausing females. We have investi-
gated this question and also whether diapausing
females can obtain sufficient energy from a single
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blood meal for overwinter survival. Ancillary data
were obtained on whether fat body size in dia-
pausing females influences the initiation of vitel-
logenesis or the volume of blood retained at the
end of overnight feeding periods.

Materials and Methods

A strain of Cx. pipiens from Ft. Collins, Colo.,
colonized since 1981 and known to enter diapause
uniformly when exposed to short day lengths and
cool temperatures (Wilton & Smith 1985, Bowen
et al. 1988) was used. The colony was maintained
at 27°C, 85% RH, and a photoperiod of 14:10 (L:D).
Larvae were reared on a high protein diet (Lea
1964). Adults were maintained on 10% sucrose and
allowed to feed overnight once each week on a
chicken.

Diapausing females were reared from the egg
or first instar at 22°C and 9:15 (L:D). Larvae were
fed the same diet as the stock colony; however, the
feeding period was extended from 8 to 11 d because
of slowed development at the cooler temperature.
Some nondiapausing adults also were reared at 22°C
and 14:10 (L:D) and fed for the same extended
period for comparative purposes. Adults were giv-
en 1 or 10% sucrose ad lib. from the time of eclosion
until they were offered a blood meal or tested for
energy reserves. Some adults were tested for re-
serves at the time of adult eclosion without being
fed. Ovarian follicles were dissected in saline, and
their lengths were measured along with those of
attached germaria at 100 x under a compound mi-
croscope. A follicle/germarium (F:G) ratio equal
to or less than 1.5:1 was used as the criterion for
ovarian diapause (Spielman & Wong 1973). Dia-
pausing females were induced to feed on blood by
placing groups of 50 in 250-ml (0.00025 m3) plastic
cups covered with netting upon which a small chick
was restrained overnight (1630 to 0800 hours) at
22°C, 9:15 (L:D), with lights off at 1700 hours.
Colony females and females in which diapause had
been broken by exposure to 14:10 (L:D) and 27°C
for 1 wk were fed in the same manner. The age
of the females varied and is specified for each ex-
periment.

In some experiments, each blood-fed female was
transferred to a tube (10 by 75 mm) and restrained
in the lower portion by a hollow glass insert with
a cotton plug in the bottom. Water was added to
the cotton plug for consumption and to maintain
humidity in the confined space in the bottom of
the tube. Mosquitoes were transferred to clean tubes
at intervals, and the excreta were stored for anal-
ysis. When mosquitoes were dissected for F:G mea-
surements at the end of the bloodmeal digestion
period, any gut contents present were added to the
excreta to be tested for hematin. In one experiment,
females that had access to chicks overnight but did
not feed were segregated into three groups at the
same time the blood-fed females were placed in
tubes. These groups were kept in 500-ml (0.0005

m3) plastic cages and given water, 1% sucrose, or
10% sucrose and incubated alongside the blood-fed
females for 6 d at 18°C, 9:15 (L:D). The 18°C tem-
perature was chosen because it has been reported
that any blood meals taken by diapausing Cx. pip-
iens result in fat body development and not ovarian
development when the female is incubated at 18°C
or below during the time the blood meal is being
digested (Eldridge & Bailey 1979).

The frequency of vitellogenesis initiation among
diapausing females given 1% sucrose for 7 to 11 d
before blood feeding was determined at incubation
temperatures of 18, 22, and a daily 18-25°C cycle
with the low and high temperatures corresponding
to the times the lights turned on (0800 hours) and
off (1700 hours). The photoperiod (9:15) was con-
stant before and after feeding. In some experi-
ments, nondiapausing colony females were fed at
the same time and incubated alongside the dia-
pausing females during the period of bloodmeal
digestion.

A group of diapausing females was given an
opportunity to store energy reserves by feeding on
10% sucrose ad lib. at 22°C, 9:15 (L:D) for 7 to 11
d and then 1 d at 18°C, 9:15 (L:D). Two hundred
and thirty-six females from this group were trans-
ferred to 7 (±1)°C, 9:15 (L:D), and given only
water thereafter. Samples were removed at inter-
vals and tested for total lipids and total carbohy-
drates to monitor the depletion of energy reserves
under simulated winter conditions. Initially, hu-
midity was maintained by keeping a pan of water
in the incubator and water vials with cotton wicks
in the cage. On day 35, a wet sponge was placed
in the cage and kept moistened to increase the
humidity and provide an additional source of
drinking water.

To determine whether a diapausing female can
obtain sufficient energy from a single blood meal
to survive hibernation, the longevity of blood-fed,
1% sucrose-fed females, and nonblood-fed, 10%
sucrose-fed females was compared under simulat-
ed winter conditions. A group of diapausing fe-
males was fed 1% sucrose ad lib. at 22°C, 9:15 (L:D)
for 7 to 10 d and then offered a blood meal over-
night. Sixty-eight blood-fed females were trans-
ferred to a clean cage with a wet sponge and water
vials and placed at 7 (±1)°C, 9:15 (L:D). On the
same day, 72 nonblood-fed females that had been
given 10% sucrose for 7 to 8 d were placed in an
adjacent cage that also was provided with a wet
sponge and water vials. Thereafter, both groups
were given only water, and mortality was moni-
tored. We dissected ovaries from dead females in
the blood-fed cohort to determine whether vitel-
logenesis had been initiated.

Assays. Blood samples were drawn from each
chick by jugular venipuncture at the end of each
feeding period and duplicate samples of 3, 6, and
9 /A were mixed with 1 ml of Drabkin's reagent
for determination of hemoglobin titers using hu-
man hemoglobin (Sigma 525-18) as a standard
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Table 1. Reserves in diapausing and nondiapausing Cx. pipiens females at eclosion and after being fed 10% sucrose
for 7 d

Age and status

0-2 h
Nondiapausing
Nondiapausing
Diapausing

7 d
Nondiapausing
Nondiapausing
Diapausing

Rearing and
maintenance

conditions

Temp.,
°C

27
22
22

27
22
22

L:D

14:10
14:10
9:15

14:10
14:10
9:15

n

10
20
10

10
12
7

Cal. protein/2

X

1.73
2.59
1.93

1.77
2.30
2.43

SEM

0.07
0.04
0.05

0.04
0.06
0.04

n

10
20
10

12
12
7

Cal. lipids/2

X

1.08
2.55
2.54

7.06
6.64

11.40

SEM

0.08
0.04
0.13

0.29
0.25
1.12

Cal.

n

10
16
10

11
11
7

carbohyd./9

X

0.17
0.24
0.27

1.23
0.84
1.93

SEM

0.02
0.01
0.01

0.19
0.12
0.57

(Briegel et al. 1979). The excreta in the tubes were
dissolved in 1 ml each of 1% lithium carbonate and
used for hematin determinations (Briegel 1980).
The stoichiometric molar relationship between
bloodmeal hemoglobin and fecal hematin (Briegel
1986) made it possible to estimate the volume of
blood retained by each female retrospectively at
the end of the overnight feeding period.

The total amount of lipids in individual mos-
quitoes was determined by the method of Van
Handel (1985a) using soybean oil (0.5% in chlo-
roform) as a standard. Micrograms of lipids were
converted to calories (1 mg = 9.09 cal). Nonnutri-
tional and structural lipids are included in the totals
for lipid reserves; however, this should not bias the
results or alter the conclusions because these lipids
measure only 0.2 to 0.3 cal in most mosquito species
(Van Handel 1985a).

Total carbohydrate determinations were made
using the procedure described by Van Handel
(1985b). Individual mosquitoes were crushed in 5
ml of anthrone reagent, heated for 20 min at 90°C,
and cooled in an ice bath. Glucose was used as a
standard, and micrograms of carbohydrates were
converted to calories (1 mg = 4.0 cal). Corrections
were not made for nonnutritional carbohydrate
content because such amounts are consistently be-
low 0.02 cal/mosquito (Van Handel 1985b).

Total nitrogen content was determined by sub-
jecting individual mosquitoes to a Kjeldahl diges-
tion, quantifying with a Nessler reagent (Merck
9028 Basel, Switz.), and using ammonium sulphate
as the standard (Minari & Zilversmit 1963). The

Table 2. Lipid reserves in diapausing Cx. pipiens at
various times and feeding regimens before blood feeding,
9:15 (L:D), 22°C

Posteclosion
diet

Not fed
10% sucrose
1% sucrose

Age of
2

0-7 h
8-9 d
6-9 d

8
9

18

X

2.10
8.68
3.38

Calories of lipid/2

SEM

0.12
0.38
0.20

Range

1.48-2.58
6.95-10.28
1.91-5.02

nitrogen values were converted to protein by mul-
tiplying by 6.25 and expressed as calories (1 mg =
4.0 cal).

Data were compared for statistically significant
differences by using Student's t test (Snedecor &
Cochran 1967). In the text, arithmetic means are
followed by standard errors of the means in pa-
rentheses.

Results

The protein, lipid, and carbohydrate content of
nondiapausing and diapausing Cx. pipiens was de-
termined under different temperature and pho-
toperiod conditions in teneral adults and after feed-
ing them 10% sucrose ad lib. for 7 d (Table 1).
Teneral nondiapausing adult females reared at 22°C
contained significantly more (P < 0.001) protein,
lipid, and carbohydrate reserves than counterparts
reared at 27°C. Nondiapausing teneral females
reared at 22°C also had significantly more (P <
0.001) protein than diapausing females reared at
the same temperature but at a shorter photophase.
Nondiapausing and diapausing females reared at
22°C contained comparable amounts (P > 0.05) of
lipids and comparable amounts of carbohydrates
(P > 0.05) at eclosion.

After 7 d on a 10% sucrose diet, groups main-
tained at 22°C contained significantly more (P <
0.001) protein than those kept at 27°C. However,
nondiapausing females maintained at 22°C no
longer differed significantly (P > 0.05) in the
amount of lipid reserves from counterparts kept at
27°C. In contrast, diapausing females kept at 22°C
and short-day conditions contained significantly
more (P < 0.01) lipid reserves than counterparts
maintained at 22 and 27°C and long-day condi-
tions. The data for carbohydrate reserves on day
7 are difficult to interpret because some mosquitoes
may have contained sucrose in their crops when
they were tested.

Data summarized in Table 2 show lipid reserves
among diapausing sisters of females used for blood
feeding. Teneral females contained significantly
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Table 3. Lipid reserves among diapausing Cx. pipiens given 1% sucrose for 6 to 9 d before being given an opportunity
to blood feed and then incubated for 6 d at 18°C, 9:15 (L:D)

Status

Blood fed
Did not blood feed
Did not blood feed
Did not blood feed

Subsequent diet

Water
Water
10% sucrose
1% sucrose

n

56
36
36
36

X

2.83
2.40
6.21
3.35

Cal. lipids after 6

SEM

0.14
0.19
0.26
0.23

d incubation

Range

1.03-6.05
0.43-5.31
3.42-8.92
1.08-7.03

less (P < 0.05) lipids than the diapausing, teneral
females used in the previous experiment (Table 1).
However, after being fed 10% sucrose for 8 to 9 d
(Table 2), they no longer differed significantly (P
> 0.05) from females treated similarly and tested
on day 7 previously (Table 1). The lipid content
of diapausing females that had been fed 1% sucrose
for 6 to 9 d was significantly less (P < 0.001) than
that of females given 10% sucrose for 8 to 9 d. It
was necessary to expand the age category for the
1% sucrose-fed cohort and use 6-7-d-old females
as well as 8-9-d-old females in order to have suf-
ficient numbers for the blood-feeding trial.

Diapausing females 6-9-d-old that had been fed
1% sucrose from the time of eclosion were offered
a blood meal. At the end of the overnight exposure
period, 65 of 201 (32.3%) of the females contained
blood. Blood-fed and nonblood-fed females were
segregated and given water or sucrose as shown in
Table 3. At the end of the 6-d period allowed for
bloodmeal digestion, the lipid content of 56 sur-
viving blood-fed females had decreased signifi-
cantly (P < 0.05) from that of their sisters tested
on the day the blood-feeding trial began and was
not significantly (P > 0.05) different from that of
their nonblood-fed sisters that had been given water
and incubated for the same period. In contrast, the
nonblood-fed sisters that were given 1 or 10% su-
crose contained significantly more (P < 0.05 and
P < 0.001, respectively) lipids at the end of the
6-d period than did the blood-fed females.

We plotted the amount of lipids in each of the
56 blood-fed females at the end of the 6-d period
when blood was no longer visible in the gut against
initial bloodmeal volumes to determine whether a
correlation exists (Fig. 1). The correlation coeffi-
cient is —0.06, and the slope of the regression line
is —0.03. Therefore, there is no significant (P >
0.05) correlation between the volume of blood in-
gested and the amount of lipids present at the end
of the digestion period. The average bloodmeal
volume was 3.4 (±0.3) (A for the 56 females. An
additional four females contained visible dark ma-
terial, assumed to be undigested blood or hematin,
on day 6 after feeding. These females were not
tested for lipids. Instead, their guts and ovaries
were dissected, and the gut contents were added
to the excreta to be tested for hematin. Three of
the females contained mature ovarian follicles, and
the fourth had a few follicles with approximately
100 nm of yolk. The average bloodmeal volume

taken by these four females (x, 5.7 ± 0.9 /A) was
significantly greater (P < 0.001) than that taken
by the 56 females with empty guts (x, 3.4 ± 0.3
pi). It was not practical to dissect the ovaries of the
56 blood-fed females that were used for total lipid
determinations because some lipids may have been
lost in the process. However, the following results
provide presumptive evidence that they were un-
likely to have initiated vitellogenesis.

The initiation of vitellogenesis among 70 dia-
pausing Cx. pipiens that had been given 1% sucrose
for 7 to 11 d before blood feeding and incubated
at various temperatures after blood feeding is shown
in Table 4. Data on bloodmeal volumes also are
summarized. Nondiapausing females used as con-
trols had been fed 10% sucrose for 4 to 7 d. Only
1 of 29 (3%) diapausing females initiated vitello-
genesis at 18°C; 1 of 17 (6%) did so at 22°C, and 4
of 24 (17%) did so at the 18-25°C cycle. With one
exception, the diapausing females that initiated vi-
tellogenesis (6 of 70, or 8.6%) took significantly
larger (P < 0.05) blood meals than diapausing fe-
males that did not initiate vitellogenesis (Table 4).
Each of the 29 nondiapausing, colony females took
a large blood meal, and each developed mature
ovarian follicles regardless of the incubation tem-
perature.

Fifteen females in which diapause was termi-
nated by exposure to long-day, high-temperature
conditions still had hypertrophied fat bodies as in-
dicated by an average lipid content of 8.3 (±0.3)
cal at the end of the 1-wk period. This valve does
not differ significantly (P > 0.05) from diapausing
females that had been maintained at short-day,
cool-temperature conditions and fed 10% sucrose
for 8 to 9 d before testing (Table 2). Some fat
females in which diapause had been terminated
were fed overnight on a chick, and all became
gravid. The average blood volume retained by a
sample of 31 of these females was 7.0 (±0.5) /x\.
This is significantly greater (P < 0.001) than the
volumes retained by 64 diapausing females (3.0 ±
0.5 pi) with limited lipid reserves that failed to
initiate vitellogenesis following blood feeding (Ta-
ble 4). In comparison, average blood volumes re-
tained by 439 fat, diapausing females and by 204
lean, nondiapausing females were 3.0 (±0.1) /A and
8.9 (±0.2) /il, respectively. Therefore, the volume
of blood retained depended upon whether the fe-
males were diapausing when fed and not on the
size of the fat body.
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r=-0.06

2 3 4 5 6 7
Bloodmeal Vol. in /xl

10

Fig. 1. Lack of correlation between bloodmeal vol-
ume and lipid content of diapausing Cx. pipiens follow-
ing digestion of the blood. The correlation coefficient (r)
is -0.06.

Fig. 2 shows the depletion of lipid reserves in
diapausing Cx. pipiens that had been allowed to
fill their fat depots by feeding on 10% sucrose be-
fore being transferred to simulated winter condi-
tions and maintained on a water diet. Lipid re-
serves were slightly lower in the sample tested at
the beginning of the experiment than in samples
tested on days 14 and 28. Thereafter, significant
(P < 0.05) decreases in the amount of total lipids
occurred between days 28 and 42, 70 and 84, and
98 and 140. On the final day of the experiment
(day 152), lipid reserves had been reduced to levels
comparable to those observed previously in teneral
diapausing females. Average carbohydrate content
of females ranged from 0.05 (±0.01) cal to 0.39
(±0.08) cal. Significant increases (P < 0.05) in the
amount of carbohydrate reserves occurred between
days 28 and 42, and 70 and 84, and a significant
drop occurred between days 98 and 140.

7 1
12

n=7

I
4 b 5

0 14 28 42 56 70 84 98 112 126 140 154
Time in days

Fig. 2. Depletion of lipid reserves among fat, dia-
pausing Cx. pipiens maintained on a water diet after
transfer to simulated winter conditions.

Mortality rates were high (38%) during the first
35 d among the 236 females used in the foregoing
experiment. After a wet sponge was placed in the
cage on day 35, attrition from mortality was only
20% during the remaining 117 days of the exper-
iment. The remainder was from removal of live
females for testing or dissection. Twenty-four fe-
males were still alive on the final day of the ex-
periment (day 152 on a water diet at simulated
winter conditions) when they were removed and
tested or dissected. These females were 160 to 164
d old; they had been 8 to 12 d of age when they
were placed in the incubator. Five females each
were dissected for determination of F:G ratios on
the day the females were placed at simulated win-
ter conditions (day 0) and on days 9, 112, 140, and
152 thereafter. The number of females with dia-
pausing ovaries on each of these days was 5, 5, 4,
3, and 1, respectively.

The results of the longevity experiment com-
paring blood-fed females that had been given 1%
sucrose for 7 to 10 d before blood feeding and

Table 4. Initiation of vitellogenesis and bloodmeal volumes in diapausing Cx. pipiens with limited lipid reserves
and nondiapausing controls incubated at various temperatures following blood feeding

Did not initiate vitellogenesis0 Initiated vitellogenesis'7

Status when fed

Diapausing
Nondiapausing
Diapausing
Diapausing
Nondiapausing

Incubation
temp, °C

18
18
22
18-25
18-25

No. fed

29
12
17
24
17

28
0

16
20

0

Bloodmeal vol, fi\

X

2.9
—
2.8
3.3
—

SEM

0.4
—
0.6
0.6
—

1
12

1
4

17

Bloodmeal vol, fi\

X

2.3
9.6
7.3

11.4
10.0

SEM

0.6
—
1.7
0.4

a F:G ratio <1.5:1; no visible yolk at 100x magnification.
fc ratio >1.5:1; and, in this series of experiments, yolk lengths >60 jim.
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Fig. 3. Survival of diapausing Cx. pipiens that had been fed 1% sucrose and a single blood meal compared
with nonblood-fed females fed only 10% sucrose before being transferred to simulated winter conditions and placed
on a water diet.

nonblood-fed females that had been given 10%
sucrose for the same period and then maintained
on a water diet under simulated winter conditions
are shown in Fig. 3. This experiment was designed
to determine whether a single blood meal could
provide sufficient energy reserves to allow females
with limited lipid reserves to survive hibernation.
The 50 and 95% mortality endpoints for the blood-
fed mosquitoes was 20 d and 72 d, respectively,
and all mosquitoes were dead by day 87. In con-
trast, 50% of the nonblood-fed mosquitoes were
still alive on day 185. Five mosquitoes (7%) were
still alive on day 234 at which time they were
transferred to 27°C, 14:10 (L:D), and given 10%
sucrose. Two days later they were fed on a chick.
Four females oviposited and each egg raft hatched.
The five females were kept at 27°C, 14:10 (L:D),
and given 10% sucrose ad lib. One female each
died on day 251, 254, 258, 259, and 260, counting
from the time of being placed in hibernation.

Discussion

The body composition of Cx. pipiens that we
observed is in agreement with that reported by
Twohy & Rozeboom (1957) and Sakurai & Makiya
(1981) for anautogenous strains. In addition, fe-
males generally contained substantially more pro-
tein, lipid, and carbohydrate reserves at eclosion
when reared at 22°C than at 27°C, irrespective of
whether they had been exposed to a diapause-in-
ducing photoperiod (Table 1). However, nondia-
pausing teneral females reared at 22°C contained
significantly more protein than diapausing females
reared at the same temperature but at a shorter
photophase. Adult body size and protein reserves,
with the exception of vitellogenins synthesized from
blood protein, are more or less fixed by the time

of adult eclosion; therefore, the foregoing differ-
ence may have been due to sampling bias because
sisters of these females no longer differed in protein
content by day 7 after eclosion. The most inter-
esting difference in regard to the physiology of
diapause is in the lipogenic potential of diapausing
and nondiapausing females. Despite having almost
identical amounts of lipids at eclosion when reared
at 22°C, the diapausing females contained almost
twice as much fat as their nondiapausing counter-
parts after 7 d on a 10% sucrose diet.

Makiya & Sakurai (1975) showed a positive cor-
relation between wing length and survivorship
among overwintering Cx. pipiens, and wing length
is also positively correlated with lipid reserves
(Sakurai & Makiya 1981; H.B., unpublished data).
Tekle (1960) demonstrated an inverse relationship
between body size in Cx. pipiens, as indicated by
wing length, and the rearing temperature, and our
results show that females reared at 22°C contain
significantly more lipids at eclosion than individ-
uals reared at 27°C. Therefore, it follows that sur-
vivorship, and possibly other attributes, of dia-
pausing Cx. pipiens may be affected by the
temperature at which the aquatic stages are reared.

Ovarian diapause can be induced in several Cu-
lex species, including Cx. pipiens, by exposing the
pupal stage to short photophases. Consequently,
many laboratory experiments on diapause in Culex
have been done with mosquitoes reared under stan-
dard long-day, high-temperature conditions before
being transferred to diapause-inducing conditions
as mature fourth instars or pupae (Eldridge 1968,
1987; Spielman & Wong 1973; Eldridge et al. 1976;
Eldridge & Bailey 1979; Skultab & Eldridge 1985).
However, all larval instars as well as the pupal stage
of Cx. pipiens respond to daylength (Oda & Wada
1972, Sanburg & Larsen 1973). Those observations
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on the effect of photoperiod, coupled with our re-
sults on the effect of rearing temperature, provide
a strong argument for rearing Cx. pipiens for dia-
pause experiments under conditions that approxi-
mate as closely as practical those to which they
would be exposed in nature.

Diapausing females with limited lipid reserves
were obtained for the blood-feeding experiments
by restricting their carbohydrate intake to 1% su-
crose (Table 2). Such females increased their lipid
reserves within 6 to 9 d from the time of eclosion
by about 1.3 cal. In contrast, their sisters that were
fed 10% sucrose for 8 to 9 d showed a fivefold
greater increase of 6.6 cal. There is overwhelming
evidence that the 56 females that were tested for
lipid reserves 6 d after blood feeding failed to use
the blood for increasing their lipid reserves (Table
3; Fig. 1). The lipid content of the blood-fed fe-
males actually decreased significantly, and in con-
cert with that of nonblood-fed sisters maintained
on an identical water diet, during the 6-d period.
In addition, there was no correlation between lipid
content of individual females and the volume of
blood digested or excreted. A strong positive cor-
relation would be expected if the blood were used
for increasing lipid reserves. We found no evidence
to support the contention that any blood meals
taken by diapausing Cx. pipiens result in fat body
development and not ovarian development when
the female is incubated at 18°C or below during
the digestion period (Eldridge & Bailey 1979).

Nonblood-fed females given 1 or 10% sucrose
had significantly more lipid reserves than the blood-
fed females at the end of the 6-d period. The fe-
males fed 1% sucrose (Table 3) simply maintained
the reserve levels attained previously (Table 2);
however, females transferred from 1 to 10% sucrose
showed an average net gain of 2.8 cal during the
6-day period. This indicates that the lipogenic po-
tential of the females was unimpaired and only
required a suitable dietary substrate for its expres-
sion. Because blood was not used as a substrate for
lipid synthesis, and because it is assumed that few
of the 56 blood-fed females initiated vitellogenesis
(see below), a question arises about the fate of the
blood meal. This question is addressed separately
(Mitchell & Briegel 1989).

Incubation temperature during the time of
bloodmeal digestion was not correlated with the
initiation of vitellogenesis by diapausing females
within the range of temperatures tested (Table 4).
However, because the five diapausing females that
initiated vitellogenesis at 22°C and 18°-25°C also
had taken significantly larger blood meals than the
single female that did so at 18°C, it is not possible
to sort out temperature effects from bloodmeal vol-
ume effects in our small sample. The fact that 88%
of the diapausing females failed to initiate vitel-
logenesis at 22°C and 18°-25°C indicates that this
is not gonotrophic dissociation in the classical sense
(Swellengrebel 1929) if an incubation temperature
of 18°C, or below, is critical (Eldridge & Bailey

1979). Instead, the failure of these females to ini-
tiate vitellogenesis is more likely the result of
subthreshold bloodmeal volumes or incomplete
digestion of the blood (Mitchell & Briegel 1989).

In the study by Eldridge (1968) in which gono-
trophic dissociation in Cx. pipiens was reported,
diapausing females that contained even a trace of
visible blood at the end of the feeding trial were
included. However, even gonoactive Cx. pipiens
that take subthreshold blood meals either fail to
initiate vitellogenesis or to develop mature eggs
(Mitchell et al. 1979, Mitchell & Briegel 1989). In
subsequent studies on gonotrophic dissociation
in Cx. pipiens, an attempt was made to retain only
"fully blood-fed" females from the feeding trials
(Eldridge & Bailey 1979), but visual estimates of
the degree of engorgement by diapausing Cx. pip-
iens with well-developed fat bodies are highly in-
accurate (unpublished data). Therefore, it is essen-
tial that future studies on gonotrophic dissociation
in Cx. pipiens include determinations of the blood-
meal volume of each female to rule out the effects
of subthreshold volumes.

We observed a decrease in total lipids of about
65% over a 5-mo period among diapausing Cx.
pipiens that had well-developed fat bodies at the
time they were transferred to simulated winter
conditions (Fig. 2). This is within the range re-
ported for natural populations. Buxton (1935) in-
dicated that 85% of the fat reserves of hibernating
Cx. pipiens is exhausted during hibernation; he
found that the percentage of fat dropped from 61%
of dry weight in October to 18% in March. Simi-
larly, Eldridge (1987) noted a drop in the per-
centage of fat from 60% of dry body weight in
September to 28% in mid-April. Therefore, our
results on lipid storage levels and depletion rates
confirm that the regimen used to rear diapausing
females for experimental purposes was fully sat-
isfactory. Further, 50% of such populations could
be expected to survive a 6-mo hibernation period
without food after being allowed to fill their fat
depots by feeding on 10% sucrose before entering
hibernation (Fig. 3). The demonstration that 4 of
5 females that survived 234 days in hibernation
took a blood meal and laid viable eggs indicates
that extended hibernation (7.8 mo) is possible by
a small segment of nonblood-fed Cx. pipiens. Par-
enthetically, these results also indicate that Cx. pip-
iens colonies can be maintained over long periods
with minimal effort by inducing diapause, feeding
them 10% sucrose, and storing them at 7°C, 9:15
(L:D), and high humidity. Our observations on car-
bohydrate reserves were not revealing, and a more
thorough study of triglyceride conversion and gly-
cogen use by diapausing Cx. pipiens is warranted.

The results of our longevity experiment (Fig. 3),
also indicate that diapausing Cx. pipiens with lim-
ited reserves cannot obtain sufficient energy from
a single blood meal to survive extended hiberna-
tion. In a related study, Bailey et al. (1982) reported
reduced survival rates among blood-fed, diapaus-
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ing females that became gravid. However, this can-
not explain the high mortality observed among the
blood-fed females in our study because none of the
females became gravid.

Bailey et al. (1982) concluded that diapausing
Cx. pipiens that take a prehibernation blood meal
and do not develop eggs can survive the winter at
rates comparable to diapausing nonblood-fed mos-
quitoes. However, they fed their mosquitoes car-
bohydrates in the form of apple slices before and
after blood feeding. Our results show that sugar
alone, when fed for 7 to 8 d before hibernation in
the form of 10% sucrose, is sufficient to assure win-
ter survival of a significant segment of the dia-
pausing population. Therefore, in the study of Bai-
ley et al. (1982), it is impossible to distinguish
between the effect of the single blood meal and
the effects of the carbohydrate meals. Their results
show that a single blood meal taken by presumably
fat diapausing Cx. pipiens does not adversely affect
winter survival if the blood meal does not result in
oogenesis. Their results do not show any salubrious
effect of the blood meal or that such a blood meal
enhances the chances of winter survival. The ques-
tion then arises, should a diapausing female with
lipid reserves adequate for winter survival take the
risks attendant with blood feeding if the blood meal
does not offer some beneficial effect? The absence
of host-seeking behavior in diapausing Cx. pipiens
(Mitchell 1983, Bowen et al. 1988) may preclude
the taking of such risks by females destined to
survive the winter in nature.

Guelmino (1951), working with two anophelines
from Yugoslavia, speculated that formation of fat
body by diapausing females is a primary process
that has an "antigonadotrophic" influence. Our re-
sults with diapausing Cx. pipiens do not support
this idea. Whether Cx. pipiens is diapausing is more
important than the size of the fat body in regulating
blood retention and initiation of vitellogenesis. Most
diapausing females retained small quantities of
blood regardless of fat body size, and most failed
to initiate vitellogenesis; whereas fat females that
had terminated diapause and lean nondiapausing
females retained significantly larger blood vol-
umes, and all became gravid. As indicated above,
the failure of the diapausing females to initiate
vitellogenesis probably was due to subthreshold
bloodmeal volumes or incomplete digestion of the
blood.

Summary and Conclusions

Our results refute the contention that diapausing
Cx. pipiens can use a blood meal to synthesize
lipids; therefore, a prehibernation blood meal would
not enhance chances for overwinter survival.

Sugar is a suitable substrate from which dia-
pausing Cx. pipiens can synthesize and store suf-
ficient lipid reserves, within a relatively short
prehibernation period, to survive hibernation.
Therefore, studies designed to measure the effect

of a blood meal on lipid reserve levels or overwinter
survival must distinguish the effect of carbohydrate
meals, taken before or after blood feeding, from
that of the blood.

The physiological state of the female with regard
to diapause, and not the size of the fat body, is
critical in regulating blood retention and initiation
of vitellogenesis. Small blood meals did not initiate
vitellogenesis, probably because of subthreshold
volumes. Because most blood-fed, diapausing fe-
males did not initiate vitellogenesis even when in-
cubated at permissive warm temperatures during
the time of digestion, gonotrophic dissociation can
be ruled out.

Termination of ovarian diapause occurred in
concert with depletion of lipid reserves under con-
stant cool-temperature and short-day conditions.
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