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ABSTRACT Diapausing Culex pipiens L. do not display host-seeking behavior and can be
induced to take blood only by being placed in contact with or in proximity to a host for
prolonged periods. Such “force-fed” females do not use the blood for lipogenesis, and only
some of them use the blood to initiate vitellogenesis. Diapausing Cx. pipiens that are induced
to feed eject an average of 4.2-4.6 ul of blood during overnight feeding periods compared
with an average of 0.1 ul for nondiapausing controls. The reduced avidity of diapausing
females for blood, even under optimum conditions, and the ejection by fed females of blood
volumes in excess of volumes usually retained indicate that such females are not physiolog-
ically programmed for taking and retaining blood. Data for uric acid and hematin excretion
and bloodmeal volumes retained by diapausing females are positively correlated with
diapause termination and yolk deposition. The occurrence of gonotrophic dissociation need
not be invoked to explain the failure of some diapausing females to initiate vitellogenesis
following a blood meal. Instead, this is explained by retention of small quantities of blood
followed by incomplete digestion and is the expected result of a dose-dependent phenomenon
determined by threshold blood volumes. Our data support the concept that the overwintering
strategy of Cx. pipiens is limited to gonotrophic concordance in which overwintering females

in nature do not take blood or develop eggs until diapause is terminated.
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DEBuUCK & SWELLENGREBEL (1934) coined the term

“enforced feeding” to describe a phenomenon in
diapausing Anopheles messeae Falleroni where . . .
the same mosquitoes consistently refusing to bite
a person’s bare arm introduced into their cage of
2.4 cub. ft. (0.068 m®) ... feed all, or nearly all,
when they are enclosed within a jar of less than
0.2 cub. ft. (0.006 m?®) although they are put to the
inconvenience to feed through gauze.” Since then,
it has been shown that different sensory receptors
are involved in host seeking and in blood feeding
(Mclver 1982). Host-seeking behavior is absent in
diapausing Culex tarsalis Coquillett and Cx. pip-
iens L. (Mitchell 1981, 1983; Bowen et al. 1988),
but if the host-seeking step in the sequence of events
that leads to feeding is bypassed, some diapausing
females may feed that otherwise would not do so
(Mitchell 1981, 1983). Even most gravid Cx. pip-
iens will take a blood meal when they are confined
near a host but not when they have to locate the
host at a distance (Meola & Readio 1987). These
abnormal “enforced feeding” phenomena may be
explainable in evolutionary terms. The lack of blood
feeding by diapausing and gravid females has sur-
vival value; therefore, because blood feeding in
nature invariably is preceded by host seeking, se-
lection pressure for the control of blood feeding
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may reside at the level of the host-seeking response
(Mitchell 1981, Bowen et al. 1988). Consequently,
if the host-seeking step is omitted by placing fe-
males in proximity or in contact with a host, sensory
responses concerned with gorging may be activated
in individuals that otherwise are unprepared phys-
iologically for taking, retaining, or digesting blood.

Previous studies on gonotrophic dissociation and
winter survival of blood-fed Cx. pipiens support
the concept that enforced feeding is necessary to
induce diapausing females to take a blood meal.
Eldridge (1968) used a small cage, made from a
0.0005-m? glass jar (1 pint), designed to increase
mosquito contact with the host. The bottom of each
jar was flooded with water, and mosquitoes were
confined for 16 h with the leg of a chicken inserted
through a hole in the top cover. This technique,
and others that relied on confining large numbers
of mosquitoes with hosts in small cages, was used
by Bailey et al. (1982) to obtain blood-fed, dia-
pausing Cx. pipiens for their study on winter sur-
vival.

Diapause in Culex mosquitoes is characterized
by ovarian diapause, reduced blood avidity, hy-
pertrophy of the fat body, and relative inactivity
(Eldridge 1987). Ovarian diapause is defined as a
condition in which the ovarian follicles of the fe-
male mosquito do not develop past Stage N of
Kawai (1969), or a follicle/germarium ratio of about
1.5:1 (Spielman & Wong 1973, Eldridge 1987).

The fact that some force-fed, diapausing Cx.
pipiens may fail to initiate vitellogenesis is undis-
puted. Some investigators have maintained that the
blood taken by such females is used for increasine



July 1989

lipid reserves for winter survival instead of for
ovarian development (Eldridge 1968, 1981; El-
dridge & Bailey 1979). However, the data upon
which this claim is based (Eldridge 1968) are in-
conclusive because the females tested for lipids had
been fed 5% sucrose before and after blood feeding,.
Reexamination of this question showed that dia-
pausing Cx. pipiens cannot increase their lipid re-
serves by taking a single blood meal; in fact, such
reserves decrease significantly in blood-fed females
kept on a water diet for 6 d after feeding (Mitchell
& Briegel 1989). Therefore, a question arises about
the fate of the blood meal in diapausing Cx. pipiens
that do not use the blood for either vitellogenesis
or lipogenesis.

We have investigated this question quantita-
tively by determining the volumes of blood ejected
during overnight feeding periods, volumes re-
tained, and the total amounts of uric acid and he-
matin excreted following a blood meal. Uric acid
totals, hematin totals, and bloodmeal volumes were
correlated with the initiation of vitellogenesis and
yolk deposition. Uric acid is a catabolite of protein
digestion, and, among nondiapausing mosquitoes,
quantities excreted are positively correlated with
dietary protein intake (Briegel 1986). In contrast,
hematin is an undigested waste product that never
enters the hemocoel, and quantities voided are di-
rectly proportional to the amount of hemoglobin
in the blood meal (Briegel 1986). Briegel (1986)
differentiates between excretion and defecation
when referring to removal of uric acid and he-
matin, respectively. To be concise, both functions
are referred to as excretion in this report.

Materials and Methods

The strain of Cx. pipiens used was from Fort
Collins, Colorado. It was colonized in 1981 and
enters diapause uniformly when exposed to short
day lengths and cool temperatures (Wilton & Smith
1985, Bowen et al. 1988, Mitchell & Briegel 1989).
The stock 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 fed 10% sucrose ad lib. and allowed to feed
overnight on a chicken once each week.

Diapausing females were reared from the egg
or first instar at 22°C and 9:15 (L:D). Diapause
induction under these conditions is close to 100%
(Bowen et al. 1988). Larvae were fed the same diet
as the stock colony, but the feeding period was
extended from 8 to 11 d because of slowed devel-
opment at the cooler temperature. Adults were fed
1 or 10% sucrose ad lib. from eclosion until offered
a blood meal at 7-11 d of age. These concentrations
of sucrose were shown to yield adult females with
minimal and maximal amounts of lipids, respec-
tively (Mitchell & Briegel 1989). Ovaries were dis-
sected in saline, and follicles with attached ger-
maria were measured at 100x under a compound
microscope. A follicle/germarium (F:G) ratio equal
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to or less than 1.5:1 (ovary class 1) was used as the
criterion for ovarian diapause (Spielman & Wong
1973). Follicle lengths of such females typically
were less than 50 um (this study, Bowen et al. 1988).
Two additional ovarian classes based on yolk length
were arbitrarily selected for females that termi-
nated diapause following blood feeding. These were
females with a F:G ratio greater than 1.5:1 after
blood digestion and with yolk lengths less than 100
pm (ovary class 2) or equal to or greater than 100
pm (ovary class 3). Yolk lengths of nondiapausing
controls also were measured. To confirm the status
of experimental cohorts, five follicles and germaria
from five females were measured from each brood
of diapausing mosquitoes and colony controls on
the day of each blood-feeding trial.

Diapausing females were induced to take blood
by being placed in groups of 50 in 250-ml (0.00025
m?®) plastic cups covered with netting upon which
a small chick was restrained overnight (1630-0800
hours) at 22°C, 9:15 (L:D), with lights off at 1700
hours. Colony females used as controls, and females
in which diapause had been terminated by expo-
sure to 27°C and 14:10 (L:D) for 1 wk, were fed
in the same manner under the same conditions.
Some diapausing and nondiapausing females were
given measured volumes of heparinized chick blood
by enema (Briegel & Lea 1975).

Following the overnight feeding period of 15.5
h, the number of blood-fed females per cup was
determined by sorting obviously blood-fed indi-
viduals and dissecting the remainder for occult
blood in the digestive tract. The volume of blood
ejected into each cup during the overnight feeding
period was determined as described below. Blood-
fed females were placed in individual tubes (10 by
75 mm) and restrained in the lower portion by
hollow glass inserts with cotton plugs in the bottom.
Water was added to the cotton plugs for con-
sumption and to increase humidity. Mosquitoes
were transferred to clean tubes at intervals, and
excreta were stored for analysis. Mosquitoes were
dissected for ovarian classification at the end of
bloodmeal digestion, usually 3-6 d after feeding
depending on incubation temperature. Any gut
contents present at this time were added to the
excreta to be tested for uric acid and hematin.

Blood-fed diapausing and nondiapausing colony
controls were incubated at 9:15 (L:D) and tem-
peratures of 18, 22, and 27°C, and a daily 18-25°C
cycle with the low and high temperatures corre-
sponding to the times the lights were turned on
(0800 hours) and off (1700 hours). Some blood-fed
colony controls also were incubated at 14:10 (L:D)
and 27°C. The 18°C temperature was chosen be-
cause it has been reported that “. . . any bloodmeals
taken (by diapausing Cx. pipiens) result in fat body
development and not ovarian development” when
incubated at 18°C or below during the time the
blood meal is being digested (Eldridge & Bailey
1979).

Sample sizes varied according to feeding success
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Table 1. Ejection of blood by Cx. pipiens during a 15.5-h overnight feeding period at 22°C

Diet and status Fat body No. feeding

Avg ul blood ejected

er @ per trial
before blood meal hypertrophy® trialsb No. 92 tested % Fed P P
z SEM

1% Sucrose

Diapausing No 13 626 33.7 4.6° 0.19
10% Sucrose

Diapausing Yes 45 2,175 37.5 4.2 0.06

Nondiapausing No 8 352 88.6 0.1 0.01

Diapause broken Yes 2 101 81.2 0.2 0.02

¢ See Mitchell & Briegel 1989.
b Usually 50 females tested per trial.

¢ Based on 426 females tested in nine trials; volume ejected not determined for others.

and the objectives of experiments. All specimens
of excreta were tested for total hematin, and as-
sociated females were dissected for ovarian clas-
sification after blood digestion was completed.
Bloodmeal volumes were then derived from total
hematin values and hemoglobin titers of associated
chicks. Because of time constraints, only some of
the samples tested for hematin were tested for uric
acid.

Assays. To determine hemoglobin titers in the
hosts, 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 ul were
mixed with 1 ml of Drabkin’s reagent and com-
pared spectrophotometrically with a human hemo-
globin standard (Sigma 525-18, Sigma Diagnostics,
St. Louis) (Briegel et al. 1979). Ejecta from mos-
quitoes collected in each plastic cup during over-
night feeding periods were dissolved in 10 ml of
Drabkin’s reagent. Three 1-ml aliquots from each
cup were centrifuged for 1 min at 14,000 rpm.
Hemoglobin concentrations in the three samples
were determined spectrophotometrically at 540 nm
and compared with those of individual chicks to
estimate the volume of blood in each cup.

Excreta in the tubes were dissolved in 1 ml each
of 1% lithium carbonate and used for hematin and
uric acid determinations (Briegel 1980). The stoi-
chiometric molar relationship between bloodmeal
hemoglobin and fecal hematin (Briegel 1986) made
it possible to retrospectively estimate the volume
of blood each female contained when it was placed
in a tube following the overnight feeding period.

Data were analyzed for statistical significance
by using x2, probit analysis, analysis of covariance,
and Student’s ¢ test, as appropriate. In the text,
arithmetic means are routinely followed by stan-
dard errors of the means.

Results

The percentage of different cohorts of Cx. pip-
iens that took a blood meal and the quantities of
blood they ejected during the overnight feeding
period are shown in Table 1. The proportion of
diapausing females that took blood was not signif-

icantly (P > 0.05) affected by the concentration of
sucrose in their diet before they were offered a
blood meal. However, the proportion of diapausing
females that took blood was significantly lower (P
< 0.001) than that of nondiapausing controls and
females that had terminated diapause before feed-
ing. Diapausing females ejected copious quantities
of blood during the overnight feeding period. The
average volumes ejected per female were 42-46
times greater, and significantly higher (P < 0.001),
than the average volume ejected by nondiapausing
controls. The average volume of blood ejected by
females that had terminated diapause was twice
that of nondiapausing controls but was 21-23 times
less (P < 0.001) that of diapausing females.

Overnight access to a host in a 0.00025-m® cage
under crowded conditions resulted in average feed-
ing rates of only 33.7-37.5% among diapausing Cx.
pipiens (Table 1). The reduced avidity of dia-
pausing females for blood, and our desire to avoid
interrupting the dark phase of the photoperiod,
made it impractical to obtain individually fed fe-
males that had fed to repletion and from which
ejecta were collected simultaneously. This pre-
cluded determining the proportion of the blood
meal ejected by individual females soon after feed-
ing. Therefore, the average volume of blood eject-
ed per female during the 15.5-h overnight feeding
period was determined for females that were fed
in groups. To obtain additional information, and
to determine the volume of blood ejected in rela-
tion to bloodmeal size, groups of 10 diapausing
females that had been maintained on 10% sucrose
were each given measured volumes of heparinized
chick blood by enema. Quantities ejected during
the next 24 h at 18°C and 9:15 (L:D) were deter-
mined for 49 females and expressed as percentages
of original volumes. An average of 62% (£7.2) was
ejected, and the range was from 51% for the 7-ul
meals to 90% for the 1-ul meals. Experiments de-
signed to determine the blood volume necessary to
initiate vitellogenesis in diapausing females by us-
ing the enema technique failed because of this
premature expulsion phenomenon.

Baseline data on uric acid and hematin excretion
patterns were obtained for 22 nondiapausing col-
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Fig. 1. Temporal pattern of uric acid and hematin

excretion by 22 nondiapausing Cx. pipiens incubated at
27°C and 14:10 (L:D).

ony controls that were placed in tubes within 15
min of engorgement and incubated for 86 h at
27°C and 14:10 (L:D) (Fig. 1). Excreta were col-
lected during the 16 h after feeding (roughly equiv-
alent to the 15.5-h overnight feeding period used
in most experiments) and daily thereafter. The av-
erage amount of uric acid excreted per female was
94.6 + 5.1 pg, and the average amount of hematin
excreted was 28.8 = 1.0 ug. The average bloodmeal
volume was 9.2 + 0.3 ul. Most of the uric
acid (59.9%) was excreted between 16 and 40 h;
however, a significant proportion (22.7%) was ex-
creted during the 16 h after feeding. A relatively
small proportion of hematin (1.4%) was excreted
during the first 16 h, and most (85.8%) was excreted
between 40 and 64 h after feeding.

Temporal patterns of uric acid and hematin ex-
cretion were determined for diapausing Cx. pip-
iens incubated at each of the four temperature
regimens and 9:15 (L:D) during the time of blood
digestion. Digestion proceeded more rapidly as the
incubation temperature increased and was essen-
tially completed by day 3 at 27°C and by day 6 at
18°C.

The total amounts of uric acid excreted by 453
females fed 10% sucrose and 70 females fed 1%
sucrose before blood feeding are shown in Table
2. Considering only females in the 10%-sucrose
cohort that were diapausing when they took a blood
meal, average uric acid totals were significantly
lower (P < 0.01) for females that remained in
diapause (ovary class 1) compared with those that
terminated diapause and deposited at least 100 um
of yolk (ovary class 3) at each temperature tested
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except 27°C. Other statistically significant differ-
ences in stepwise comparisons of average uric acid
totals among the females in the 10%-sucrose cohort
that were diapausing when they took a blood meal
follow. At 18°C, females that remained in diapause
(ovary class 1) excreted significantly less (P < 0.001)
uric acid than females that developed class 2 ova-
ries. At 18-25°C, females that developed class 2
ovaries excreted significantly less uric acid (P <
0.001) than females that developed class 3 ovaries.

The total amounts of hematin excreted by 578
females fed 10% sucrose and 70 females fed 1%
sucrose before blood feeding are shown in Table
3. Among the females in the 10%-sucrose cohort
that were diapausing when they took a blood meal,
average hematin totals were significantly lower (P
< 0.05) for females that remained in diapause
(ovary class 1) at each temperature,in comparison
to females that developed class 3 ovaries. Other
statistically significant comparisons among the fe-
males in the 10%-sucrose cohort that were dia-
pausing when they took a blood meal are as follows:
At 18°C and at 18-25°C, females that remained in
diapause (ovary class 1) excreted significantly less
(P < 0.05) hematin than females that developed
class 2 ovaries. Also, at 22 and 27°C, females that
developed class 2 ovaries excreted significantly less
(P < 0.05) hematin than females that developed
class 3 ovaries.

All nondiapausing females used as controls in
the experiments summarized in Tables 2 and 3
became gravid after taking a blood meal. The av-
erage amounts of uric acid and hematin excreted
by these females were at least twice as great as the
average amounts excreted by females in the 10%-
sucrose cohort that were diapausing when they took
a blood meal and subsequently terminated dia-
pause (ovary classes 2 and 3). The differences are
highly significant (P < 0.001) at each temperature
where paired comparisons were made.

Among mosquitoes that were diapausing when
fed, only 8.6% (n = 70) of females in the 1%-sucrose
cohort initiated vitellogenesis following a blood meal
compared with 40.1% (n = 439) of females in the
10%-sucrose cohort (Table 3); this difference is
highly significant (P < 0.001). These cohorts also
differed in the amounts of uric acid and hematin
excreted by females incubated at the same tem-
perature and with the same ovarian classification.
Females in the 1%-sucrose cohort that remained in
diapause following a blood meal (ovary class 1)
excreted significantly more (P < 0.05) uric acid
than did females in the 10%-sucrose cohort that
remained in diapause (Table 2). A significant dif-
ference (P < 0.05) in average uric acid totals also
was observed among females in 1%- and 10%-su-
crose cohorts that terminated diapause and devel-
oped class 3 ovaries at 18-25°C. Paired comparisons
of average hematin totals between females in the
1%- and 10%-sucrose cohorts that were diapausing
when they took a blood meal .and had the same
ovarian classification following digestion of the



336

JOURNAL OF MEDICAL ENTOMOLOGY

Vol. 26, no. 4

Table 2. Average ug of uric acid excreted by 523 Cx. pipiens fed 1% or 10% sucrose before blood feeding and
grouped by ovarian classification following blood digestion at different temperatures and 9:15 (L:D)

1% Sucrose diet

10% Sucrose diet

Incubati i i
lt:rlrllp? :gn Diapausing when fed blood Diapausing when fed blood 5}?::22%3‘;::)2%
19 2 3 1 2 3 N
18 n 28 1 0 55 14 19 47
z 43.3 41.9 — 15.3 33.6 43.7 108.1
SEM 5.7 — — 2.2 3.2 8.0 7.0
18-25 n 20 0 4 104 12 35 29
x 23.8 — 87.2 12.7 19.1 52.6 105.8
SEM 4.6 — 15.2 1.6 4.3 6.0 7.4
22 n 16 0 1 44 15 27 Not done
x 24.9 — 131.9 11.9 18.4 26.2 —
SEM 3.5 —_ — 1.8 3.6 3.3 —
27 n Not done 15 11 15 11
£ — — — 20.5 21.8 30.8 60.6
SEM — - — 2.7 49 5.4 6.9

@ Qvary classes: 1, remained in diapause; 2, diapause terminated, yolk <100 um; 3, diapause terminated, yolk =100 um.

b All nondiapausing controls deposited >100 um of yolk.

blood at the same temperature, show the following
statistically significant differences. The females in
the 1%-sucrose cohort with class 1 ovaries at 18°C
and with class 3 ovaries at 18-25°C excreted sig-
nificantly more (P < 0.05) hematin than did their
counterparts in the 10%-sucrose cohort (Table 3).
With one exception, females in the 1%-sucrose co-
hort that initiated vitellogenesis took larger blood
meals than those that did not.

The volume of blood ejected during the 24 h
immediately following the 15.5-h overnight feed-
ing period was determined for 447 of the 578 fe-
males in the 10%-sucrose cohort included in Table
3. The top portion of Fig. 2 shows the average
volumes of blood retained at the end of the over-
night feeding period, and the bottom portion shows

the percentages of those volumes ejected during
the 24 h immediately following removal of the
blood source (i.e., chicks). Because all mosquitoes
were fed under identical conditions, and because
subsequent incubation temperatures could not have
influenced the data for average blood volumes re-
tained as shown in the top portion of Fig. 2, these
data were combined for analysis. Among mosqui-
toes that were diapausing when fed, those that
remained in diapause retained significantly smaller
(P = 0.01) blood volumes (average 2.3 £ 0.1 ul)
at the end of the overnight feeding period than
females that subsequently terminated diapause.
Similarly, each of the remaining stepwise compar-
isons is significantly (P < 0.001) different; i.e., the
average blood volume retained by females with

Table 3. Average ug of hematin excreted by 648 Cx. pipiens fed 1% or 10% sucrose before blood feeding and
grouped by ovarian classification following blood digestion at different temperatures and 9:15 (L:D)

1% Sucrose diet

10% Sucrose diet

Incubation . .
terlrllp, oC Diapausing when fed blood Diapausing when fed blood gﬁ::}i%ag?ozg
14 2 3 1 2 3 %
18 n 28 1 0 55 14 19 47
X 10.5 8.2 — 6.6 12.0 14.0 27.9
SEM 7.1 — — 4.4 3.1 6.9 10.6
18-25 n 20 0 4 104 13 36 71
b4 8.4 — 29.7 7.2 10.8 13.6 27.6
SEM 8.1 — 14.2 5.3 4.7 75 88
22 n 16 0 1 89 27 41 10
T 6.3 — 18.5 7.4 9.0 13.5 34.3
SEM 5.5 — — 4.6 49 6.2 5.7
27 n Not done 15 11 15 1
b3 — — — 6.3 6.7 12.3 24.4
SEM — — — 2.5 4.2 9.0 7.0

9 Ovary classes: 1, remained in diapause; 2, diapause terminated, yolk <100 ym; 3, diapause terminated, yolk =100 um.

b All nondiapausing controls deposited >100 um of yolk.
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Fig. 2. Average blood volumes retained by diapausing and nondiapausing Cx. pipiens at the end of the overnight
feeding period in relation to vitellogenesis and percentages of those volumes ejected during the 24 h following the

feeding period.

class 2 ovaries (average 3.1 £ 0.2 ul) at the end of
the overnight feeding period is significantly less
than that of females with class 3 ovaries (average
4.3 + 0.2 pul), and the latter is significantly less
than that of the nondiapausing controls (average
9.3 £ 0.3 ul).

With regard to ejection of blood during the 24
h following the 15.5-h overnight feeding period,
each cohort that remained in diapause ejected sig-
nificantly greater (P < 0.05) percentages of the

blood volume than did any other cohort incubated
at the same temperature. In addition, females that
terminated diapause after feeding ejected signifi-
cantly greater (P < 0.05) percentages of their blood
volumes during this 24-h period than did nondia-
pausing controls, except at 27°C. At the latter tem-
perature, females that terminated diapause and
developed class 2 ovaries ejected a significantly
greater (P < 0.001) percentage of their blood vol-
umes than nondiapausing controls; however, fe-
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Relationship between blood volumes retained at the end of the overnight feeding period and the initiation

of vitellogenesis in diapausing and nondiapausing Cx. pipiens.

males with class 3 ovaries did not differ significantly
in this respect from the controls.

The relationship between blood volumes re-
tained at the end of the overnight feeding period
and the initiation of vitellogenesis by 439 females
maintained on 10% sucrose before blood feeding
and that were diapausing when they took blood is
shown in Fig. 8. Similar data also are presented for
204 nondiapausing controls, all of which became
gravid. At 27°C, 65 of the 76 controls were incu-
bated at 14:10 instead of 9:15 (L:D); however, this
would not have affected bloodmeal volume be-
cause all females were fed under identical condi-
tions before being incubated at the different reg-
imens. The average blood volumes retained by the
nondiapausing controls at the end of the overnight
feeding period were 9.2 = 0.5 ul at 18°C, 8.0 +
0.3 ul at 18-25°C, 11.5 £ 0.6 ul at 22°C, and 9.1
+ 0.3 ul at 27°C. With a single exception, each of
these averages is at least twice as high as that of
any cohort that was diapausing when fed and in-
cubated at the same temperature. The exception
is for females that developed class 3 ovaries at 18-
25°C (average 4.4 = 0.3 ul). In each case, the blood
volumes of nondiapausing controls were signifi-
cantly higher (P < 0.01) than those of females that

were diapausing when fed and incubated at the
same temperature.

The 50% endpoints of blood volumes required
to initiate vitellogenesis among females that were
diapausing when fed and incubated at various tem-
peratures follow: 4.8 ul (95% C.I. 4.0-5.7) at 18-
25°C, 4.0 pl (3.1-5.1) at 18°C, 3.6 ul (2.8-4.3) at
22°C, and 1.6 ul (0.1-3.0) at 27°C. Stepwise com-
parisons show the following statistically significant
differences. The 50% endpoint at 18-25°C is sig-
nificantly greater than the endpoints at 22°C (P <

10.05) and 27°C (P < 0.01). The 18 and 22°C end-

points are significantly greater (P < 0.05) than the
27°C endpoint. Endpoints for blood volumes re-
quired to initiate vitellogenesis in orally-fed non-
diapausing controls and females maintained on 1%
sucrose before blood feeding could not be deter-
mined because the former all became gravid and
only 6 of 70 of the latter did so.

An attempt was made to determine the 50%
endpoint for the blood volume required for vitel-
logenesis in nondiapausing controls by giving mea-
sured volumes (0.5, 1, 1.5, 2, and 3 ul) of heparin-
ized chick blood (126.2 pg of protein/pul) by enema
and incubating the mosquitoes at 27°C and 14:10
(L:D). In this experiment, the criterion for vitel-
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logenesis was yolk lengths of at least 100 pm in two
or more follicles at 72 h after enema. Each of 12
females that received 2 and 3 ul, respectively, and
10 of 13 (77%) that received 1.5 ul, met this cri-
terion. Because 8 of 13 (62%) females given 1 ul
and 5 of 10 (50%) given 0.5 ul also met the criterion,
the 50% endpoint must be in the vicinity of 0.5 gl,
and the amount of blood protein required must be
about 63 ug.

Uric acid output is an indication of the efficiency
of protein digestion (Briegel 1986); therefore, we
determined whether females that remained in dia-
pause after taking a blood meal differed in this
respect from females that terminated diapause af-
ter feeding. The analysis is restricted to 366 females
maintained on 10% sucrose before blood feeding
that were diapausing when they took blood and
for which we have total uric acid output (Table 2)
and bloodmeal volumes (data not shown). There is
a high correlation (P < 0.01) between total uric
acid and bloodmeal volume for females that re-
mained in diapause (r = 0.71) and for females that
terminated diapause (r = 0.47) after feeding. This
also is true for these cohorts analyzed separately at
each temperature except for females that termi-
nated diapause at 18-25°C. Further, when analysis
of covariance was used to adjust for bloodmeal
volume, the average uric acid totals for females
that remained in diapause were significantly lower
than those of females that terminated diapause at
18-25°C (P < 0.001) and at 22°C (P < 0.05) after
feeding. No significant difference was noted for
the groups incubated at 18 and 27°C. Also, the ratio
of uric acid output to bloodmeal volume was sig-
nificantly greater (P < 0.001) among nondiapaus-
ing controls than among females in the 10%-sucrose
cohort that remained in diapause (ovary class 1)
and that terminated diapause (ovary classes 2 and
3) after taking a blood meal.

Discussion

Diapausing females maintained on 1% sucrose
and nondiapausing controls maintained on 10% su-
crose before blood feeding had small fat bodies. In
contrast, diapausing females maintained on 10%
sucrose before blood feeding, and females in which
diapause had been terminated by exposure to a
long photoperiod and warm temperature, had hy-
pertrophied fat bodies (Mitchell & Briegel 1989).
Therefore, it is possible to examine the effects of
diapause and fat body size in C. pipiens on avidity
for blood and on bloodmeal retention. Both lean
and fat diapausing females had a reduced avidity
for blood, and those that did feed ejected copious
quantities of blood during the overnight feeding
period (Table 1). This suggests that diapausing Cx.
pipiens, regardless of fat body size, are not phys-
iologically programmed for taking or retaining
blood. In contrast, lean nondiapausing controls, and
fat females that had terminated diapause after being
exposed to 27°C and 14:10 (L:D) for 1 wk, fed
readily and ejected relatively small quantities of
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undigested blood during the overnight feeding pe-
riod.

Hudson (1979) noted that diapausing Culiseta
inornata (Williston) collected from the field took
small meals, ejected them prematurely, and did
now show any tryptic activity. Our results differ
somewhat in that some tryptic activity must have
occurred in those Cx. pipiens that terminated dia-
pause and initiated vitellogenesis after taking blood.
However, our results support Hudson’s (1979) con-
clusion that such females normally do not take
blood in nature.

Briegel (1969) established a nitrogen balance for
blood-fed Culex pipiens quinquefasciatus (Say) and
showed that the intake of dietary nitrogen is in
excess of reproductive requirements. In Aedes
aegypti (L.), excretory processes occur in two waves.
A peak in uric acid excretion occurs the day after
the blood meal, and a peak in hematin excretion
occurs the following day (Briegel 1986). The tem-
poral pattern of uric acid and hematin excretion
by nondiapausing Cx. pipiens is similar (Fig. 1).
Because a significant proportion (22.7%) of total
uric acid was excreted during the 16 h after feeding
at 27°C, uric acid lost during overnight feeding
periods probably resulted in an underestimation of
total uric acid for some cohorts in some experi-
ments. This is especially so for nondiapausing con-
trols because most of them would be expected to
have fed during the early part of the period.

Collectively, the data for uric acid excretion (Ta-
ble 2), hematin excretion (Table 3), and bloodmeal
volumes (Fig. 2 and 3) show clear and unequivocal
trends. Among cohorts fed 10% sucrose before being
offered a blood meal, nondiapausing controls re-
tained more than twice as much blood as diapaus-
ing females at the end of the overnight feeding
period. The controls also excreted more than twice
as much uric acid and hematin as any cohort that
was diapausing when fed and incubated under the
same conditions. Further, with only one exception,
the differences between females that remained in
diapause after taking blood and those that termi-
nated diapause and developed class 3 ovaries are
statistically significant with respect to blood volume
retained at the end of the overnight feeding period,
total uric acid output, and total hematin output.
At each incubation temperature, females that re-
mained in diapause retained significantly less blood
and excreted significantly less uric acid and he-
matin that did females that developed class 3 ova-
ries. The single exception for statistical significance
is for uric acid totals at 27°C. The occurrence of
gonotrophic dissociation need not be invoked to
explain the failure of some diapausing females to
initiate vitellogenesis following a blood meal. In-
stead, this is readily explained by retention of small
quantities of blood followed, in some cases, by in-
complete digestion. This is the expected result of
a dose-dependent phenomenon in which a thresh-
old blood volume must not only be ingested but
retained and digested before vitellogenesis can be
initiated.
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Females that remained in diapause after taking
blood not only retained significantly smaller blood
volumes at the end of the overnight feeding period
but also ejected significantly greater percentages
of those volumes during the next 24 h in compar-
ison with cohorts that terminated diapause and
nondiapausing controls (Fig. 2). Diapausing fe-
males given known blood volumes by enema showed
a similar trend. There was an inverse relationship
between original volumes and the proportion eject-
ed during the 24 h following the enemas. The ten-
dency of diapausing females with small blood meals
to eject disproportionate amounts further reduces
the potential value of such meals; however, it is
these individuals that would be classified as having
undergone gonotrophic dissociation using the cri-
teria of most previous studies.

At first glance, a regression of blood volumes on
yolk lengths would seem to be the method of choice
for analyzing the effect of blood volume on vitel-
logenesis; however, this is not a valid approach.
Although a small blood meal may result in only a
few eggs, these eggs may have yolk lengths com-
parable with those resulting from a large meal be-
cause of resorption of developing odcytes and de-
velopmental arrest of odcytes in an early state of
vitellogenesis (Lea et al. 1978, Clements & Boocock
1984). Therefore, correlations between blood vol-
ume and vitellogenesis are based on ovarian classes
instead of yolk lengths of individual females. Be-
cause the number of developing follicles was not
counted, it is impossible to say whether quantita-
tive differences existed between class 3 ovaries of
females that terminated diapause and those of non-
diapausing controls. To answer this question, future
investigators may wish to determine total nitrogen
in one ovary from each female and dissect the other
to determine ovarian class.

Among mosquitoes that were diapausing when
they took blood, significantly more females that
had been maintained on 10% sucrose before blood
feeding initiated vitellogenesis (40.1%) than ‘did
females that had been maintained on 1% sucrose
before blood feeding (8.6%). These data, combined
with those for uric acid and hematin outputs for
cohorts within the same ovarian class, suggest that
the threshold blood volume required to initiate vi-
tellogenesis is higher among females with limited
lipid reserves (i.e., females fed 1% sucrose). We
have shown that diapausing Cx. pipiens fed 1%
sucrose do not use blood for synthesizing lipids
(Mitchell & Briegel 1989). Because most do not use
the blood for initiating vitellogenesis, and because
uric acid totals suggest that at least some of the
blood is being digested, we conclude that females
with limited energy reserves may be able to use
the digested portion of the blood for immediate
energy needs. Nonetheless, a single blood meal pro-
vides very little sustenance to females with limited
reserves because only 50% of such females can sur-
vive for 20 d in simulated hibernation (Mitchell &
Briegel 1989). The physiological mechanism caus-
ing some diapausing Cx. pipiens to terminate dia-
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pause and initiate vitellogenesis after taking blood
while others do not is unknown, but it is clearly
related to the volume of blood retained and the
efficiency of blood digestion.

It is important to emphasize that in the experi-
ments with diapausing Cx. pipiens, ejection of un-
digested blood did not automatically cease when
females were transferred to tubes at the end of the
15.5-h overnight feeding period. The temporal ex-
cretion pattern of hematin among nondiapausing
controls shows that only a small proportion of the
total hematin is excreted during the 40 h after
feeding (Fig. 1), a period equivalent to the 15.5-h
overnight feeding period plus the first 24 h (day
1) of excreta collection in all experiments involving
blood-fed, diapausing Cx. pipiens. Our tests could
not distinguish between hemoglobin in undigested
blood and hematin from digested blood. Therefore,
in light of the temporal excretion pattern of he-
matin by nondiapausing controls, it is probable that
most of the “hematin™ detected in excreta of dia-
pausing females during the 24 h immediately fol-
lowing the overnight feeding period, and unknown
proportions thereafter, represents undigested blood
that did not provide any nourishment.

Incomplete digestion of the blood meal by dia-
pausing Cx. pipiens also is reflected by significantly
lower ratios of uric acid output in relation to blood
volume compared with nondiapausing controls. This
may explain the seemingly high blood volumes
required to initiate vitellogenesis in diapausing fe-
males. Endocrine functions may become slow or
inactive in diapausing females; this could result in
reduced tryptic activity. Trypsin was not detected
in the midguts of blood-fed, diapausing Cs. inor-
nata (Hudson 1979), and deactivation of the en-
docrine system in Ae. aegypti is known to suppress
the full expression of midgut trypsin (Graf 1986).

Swellengrebel (1929) used the term “dissociation
gono-trophique” to describe a condition in which
the repeated taking of blood meals by Anopheles
atroparvus Van Thiel during the autumn and win-
ter failed to result in egg production. This led to
speculation that other mosquito species, including
Cx. pipiens, might occasionally take a blood meal
before entering hibernation and digest the blood
without initiating vitellogenesis (Eldridge 1968, El-
dridge & Bailey 1979). There are, however, im-
portant differences in the overwintering strategies
of An. atroparvus and Cx. pipiens. The former
spends the winter in warm houses and animal shel-
ters, takes multiple blood meals during the winter,
does not store large quantities of fat, and presum-
ably uses the blood for short-term energy needs
(Swellengrebel 1929, Washino 1977). In contrast,
Cx. pipiens overwinters in cool, moist, hibernacula
well-protected from external temperature varia-
tions; rarely, if ever, takes a blood meal during the
winter; and synthesizes large quantities of lipids
before entering hibernation principally, if not ex-
clusively, from plant juices rich in carbohydrates
(Mitchell 1983, Jaenson 1987, Mitchell & Briegel
1989).
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Our results support evidence indicating that the
overwintering strategy of Cx. pipiens closely re-
sembles that of An. messeae. The latter species
develops hypertrophied fat bodies before entering
hibernation, and diapausing females can be in-
duced to take blood only by being placed in prox-
imity to a host (DeBuck & Swellengrebel 1934). In
nature, overwintering females do not take blood
or develop eggs. Swellengrebel (1929) called this
phenomenon “gonotrophic concordance” and con-
sidered it to be the mark of true hibernation.
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