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Delayed Egg Hatching of Anopheles gambiae (Diptera: Culicidae)
Pending Water Agitation
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ABSTRACT Mosquito eggs laid on water surfaces typically hatch spontaneously soon after the
embryos within them become fully formed first-instar larvae. However, we have found that Anopheles
gambiae Giles, an important vector of malaria in Africa, exhibits delayed hatching until the water
surface is agitated, a feature overlooked in most laboratory colonies. Agitation within 24 h postovi-
position, before embryonation was complete, failed to stimulate delayed postembryonic hatching of
isolated eggs on the following day (day 2), when <1% had hatched spontaneously. However, 5 min
of water agitation of these dormant pharate first-instar larvae on day 2 resulted in an almost immediate
hatch of 63.3 versus 0% of nonagitated controls, plus another 3.9 versus 0.3%, respectively, during the
following 24 h. With daily agitation, installment hatching occurred mainly during 2-6 d postovipo-
sition. The mean cumulative hatch after 7 d of daily agitation was 83.1 versus 1.1% of nonagitated eggs.
Experiments with eggs in groups demonstrated that egg density and activity of already-hatched larvae
had no stimulatory effect. Eggs stored 1-4 wk at 25.5 or at 15.5°C, and then agitated daily for 6 d at
25.5°C, showed a gradual decline in viability. Viability was sustained longer at the lower temperature.
Implications of agitation-induced egg hatching for rainy-season and dry-season ecology of An. gambiae
are discussed. Suspended hatching and cool storage already are proving convenient for efficient mass

rearing and accurate modeling of weather-based population dynamics.
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Anopheles gambiae Giles sensu stricto is a major vector
of human malaria in equatorial Africa (Coetzee 2004),
where ~175.5 million cases and 91% of worldwide
deaths by the disease were reported in 2009 (WHO
2010). Epidemics are correlated with wet years (Craig
et al. 1999). Rainfall provides this species both with
developmental sites and with high humidity that prob-
ably favors adult survival and flight activity. About 2-3
d after each bloodmeal, a female lays ~50-200 boat-
shaped eggs bearing the distinctive anopheline floats
and protruding tubercles. The eggs are laid singly on
the surfaces of open bodies of fresh water or on hy-
poosmotic damp soil at their periphery (Valencia et al.
1996, Minakawa et al. 2001, Huang et al. 2005, Munga
et al. 2005, Miller et al. 2006). Eggs laid on damp or
moist substrates have been reported to hatch sponta-
neously even at a level of dampness in which the
first-instar larvae wait inside the cap-opened chorions,
with only the head protruding, until water arrives
(Huang et al. 2006a). If eggs are kept in damp soil, they
remain viable for ~14-18 d, depending on the soil type
(Deane and Causey 1943, Beier et al. 1990, Shililu et
al. 2004). Eggs of An. gambiae are incapable of hatch-
ing until ~2 d postoviposition; most hatch (~90%) 2-3
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d postoviposition (Beier et al. 1990, Yaro et al. 2006).
Environmental factors such as atmospheric humidity,
type of water (Yaro et al. 2006), and temperature
(Valencia et al. 1996, Bayoh and Lindsay 2003, Huang
et al. 2006b, Impoinvil et al. 2007) all affect the pro-
portion that hatch. The eggs’ wide tolerable temper-
ature range, 4-40°C (Beier et al. 1990, Huang et al.
2006b, Impoinvil et al. 2007), makes them the most
cold- and heat-tolerant of An. gambiae’s developmen-
tal stages. Successful completion of development,
from egg to adult, occurs only between ~18 and 34°C
(Bayoh and Lindsay 2003).

Most research on egg hatching of mosquitoes has
been conducted on aedine eggs. Because aedine eggs
typically are laid out of water, on container walls, plant
debris, or soil, hatching generally requires submer-
gence in water containing organic matter and micro-
organisms, which reduces oxygen tension (Gjullin et
al. 1941, Borg and Horsfall 1953, Judson et al. 1965,
Ponnusamy et al. 2011). In addition, bacteria them-
selves may promote egg hatching (Ponnusamy et al.
2011), and previous exposure to high humidity, warm
temperature, and long photoperiod also may be re-
quired (Shroyer and Craig 1980).

The first record of egg hatching stimulated by water
agitation was reported for the aedine Psorophora ferox
(von Humboldt) (Dupree and Morgan 1902). Two
decades later, Young (1922) found that more hatching
occurred when Aedes aegypti (L.) eggs were agitated
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in water or left in rain for 5 min. Borg and Horsfall
(1953) referred to studies on agitation-stimulated
hatching in other aedines, but they concluded that
chemical stimuli outweighed the physical ones. In
later studies, water agitation has been suggested as a
stimulus for egg hatching of Aedes caspius (Pallas),
Aedes vittatus (Bigot) (Roberts 2001), and Aedes at-
ropalpus (Coquillett) (G. F. O’'Meara, personal com-
munication).

Among anophelines, James and Liston (1904) found
that An. gambiae eggs laid on water hatched in 2d, and
those lying dormant on mud would hatch if they were
stimulated by adding water. However, there was no
mention of any effect of water-induced agitation or
disturbance until Muirhead Thomson (1946) sug-
gested that a film on the water surface, produced by
iron bacteria, was responsible for keeping dormant
eggs unhatched until the thin film was broken-up by
rain. Other studies have demonstrated that an abrupt
increase in water temperature or a drastic change in
water salinity stimulates hatching in Anopheles melas
Theobald (Giglioli 1965). Water agitation was first
suggested as a natural anopheline hatching stimulus
for Anopheles squamifemur Antunes (Boreham and
Baerg 1974). In An. gambiae sensu lato, most studies
have concluded that flooding is the hatching stimulus
for dry or semidry eggs (Deane and Causey 1943, Beier
et al. 1990, Shililu et al. 2004, Impoinvil et al. 2007), and
it is generally assumed that eggs laid on water will
hatch as soon as embryonation is complete (Minakawa
et al. 2001). However, the impact of agitation on An.
gambiae eggs had gone unnoticed, except for a recent
examination of the genetic connection between stag-
gered time to hatch and insecticide resistance (Kaiser
et al. 2010).

The following study was prompted by a 2006 ob-
servation in our laboratory that a large proportion of
An. gambiae eggs, left undisturbed in oviposition cups,
did not hatch until they were rinsed in a jet of tap
water >1 wk after being laid. We surmised that the
hatching stimulus was mechanical agitation of water
and that heavy rainfall might provide a similar stimulus
under natural conditions. In this paper, we describe
the effect of agitation on hatching of eggs that have
been laid and maintained on open water, where nat-
ural agitation might occur and available moisture is not
a limiting factor. To provide details of this effect and
explore its ecological and practical implications, we
measured 1) the effect of water agitation on both daily
hatch proportion and total proportion of eggs hatching
after 1 wk of daily agitations, 2) the effect of other eggs
and of previously hatched first-instar larvae on hatch-
ing, and 3) the effect of cool storage for up to 4 wk on
the proportion hatching.

Materials and Methods

Rearing and Maintenance. The Mbita strain of An.
gambiae s.s. (S form) originally was colonized and
identified from locally collected material in 2001 by
the staff of the International Centre of Insect Physi-
ology and Ecology at Mbita Point, Suba District,
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Nyanza, Kenya. A colony of this strain, maintained at
The Ohio State University for several years, provided
the eggs used in the current study, which was con-
ducted during 2008-2011. All stages were held in a
rearing and colony maintenance room at 25.5 = 1°C,
70 * 5% RH, and a photoperiod of ~12:12 (L:D) h.
Total darkness occurred between 2000 and 0730 hours,
preceded and followed, respectively, by 45-min cre-
puscular periods of gradual dimming and brightening,
Larvae were reared in shallow pans in aged tap water,
as described by Gary and Foster (2001). Adults were
held in 30 by 30 by 50-cm clear acrylic cages, with
cotton wicks providing water and 10% sucrose.

Egg Collection and Preparation. To obtain eggs, one
of the authors (B. E.) allowed 50-70 females to blood-
feed on his hand between 1600 and 1800 hours (Bio-
medical IRB protocol No. 200440193, Institutional
Biosafety Protocol No. 2005R0020). The hand was
removed after ~15 min, when ~70-80% of mosqui-
toes had engorged and ceased feeding. At 3 d post
bloodmeal, when the mosquitoes would be gravid, a
shallow plastic oviposition cup (9 cm in diameter) that
was half-filled with 50 ml aged tap water was placed in
the cage. The cup containing the eggs laid that night
was removed slowly in the morning, and the eggs were
transferred gently to experimental containers (see
later text) at 1400-1600 hours, ~18-20 h postovipo-
sition (referred to as “1 d postoviposition” in this
study), assuming that most oviposition occurred in
early night under these conditions (Sumba et al. 2004).
At this age and temperature, embryonic development
would not yet be complete (Valle et al. 1999).

Floating eggs were transferred from the oviposition
cup to 3.5-ml wells in 24-well Linbro tissue-culture
plates (McLean, VA) that each held 1.5 ml water. Each
well was 1.7 em in diameter by 1.6 cm in depth. Each
egg was transferred individually by a clean glass Pas-
teur pipette tip, which was inserted into the water
near the egg and moved toward it until the pipette
touched the egg. The egg adhered to the side of
the pipette tip, which was then slowly lifted out of the
water and reinserted into one of the plate wells, where
it detached and floated free when the pipette tip was
drawn slowly down and away. When all wells con-
tained eggs, the plate was covered with a fitted lid to
prevent evaporation and maintain atmospheric hu-
midity at almost 100% RH. Total time to prepare each
plate was ~10 min.

Hatching terminology. For the purposes of the cur-
rent study, the repeated hatching of a portion of all
eggs present, following each application of a triggering
stimulus, will be referred to as “installment hatching,”
sensu Wilson and Horsfall (1970), typical of aedine
mosquitoes. This is a distinct subset of “delayed hatch-
ing” or “late hatching,” described by other authors in
anophelines, when the eggs hatch at various intervals
of time after an environmental condition has been
applied. Experimental results reported here include
the daily hatch (DH), total hatch (TH), and total
hatch by agitation (THA).
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Experiment 1: Effect of Daily Agitation on Isolated
Eggs. Three batches of eggs were used, each from a
different mosquito generation. From each batch, ten
24-well plates were prepared, each with one egg per
well. The plates were randomly assigned to treatment
and control groups, five plates each, and stored to-
gether on an undisturbed shelf. The treatment plates
were agitated daily for 7 d, starting 1 h after plate
preparation. Both control and treatment plates were
inspected by naked eye, both immediately before and
~10 min after each agitation, and hatched first-instar
larvae were counted. The final inspection was 24 h
after the seventh agitation. For analysis, DH;, where
0 = i = 6, was defined as the number of eggs that
hatched within 24 h after each agitation, divided by
the total number of eggs in each plate. For example,
DH, was the proportion hatching before the first ag-
itation of pharate first-instar (fully developed) larvae,
examined 2 d postoviposition. The DHon day 1 (DH,)
was the sum of hatched eggs after the first agitation but
before the second agitation of pharate first-instar lar-
vae, divided by the number of eggs. Numbers hatched
in nonagitated controls were counted at the same
times. The TH for each plate was calculated by divid-
ing the total number of hatched eggs after 7 d by the
number of eggs.

At each agitation, each plate in the treatment group
was uncovered, placed on abench surface, and swirled
by hand in a 10-cm-diameter circle at ~100 revolu-
tions per min for 5 min. The swirling was slow enough
to prevent the water and eggs from spilling out of the
wells. If an egg became lodged on the side of a well,
it was washed by pipette back onto the water surface
by one or two drops of water from its respective well.
Five min of agitation was chosen, because preliminary
experiments demonstrated that egg hatch did not in-
crease significantly between 4 and 10 min of agitation.
Food was not provided in the wells, so hatched larvae
died within 3 d.

Experiment 2: Effect of the Presence of Other Eggs
and of First-Instar Larvae. To determine whether the
presence of other eggs increases the hatching rate in
the absence of water agitation, multiple eggs were
added to wells in plates, as described earlier for single
eggs. On the day after oviposition, from each of
the three replicate batches of eggs, five wells of a plate
(n = 5) were supplied with 10 eggs per well and four
wells (n = 4) were supplied with 30-40 eggs per well.
Results were compared with isolated nonagitated eggs
in the previous experiment, which served as controls.
The plate was held undisturbed on a shelf for 7 d
postoviposition without agitation, after which the
wells were inspected. TH was calculated for each well,
and the two treatments were compared with each
other and with the controls.

In a separate experiment involving a single batch of
eggs, to determine whether the activity of newly
hatched larvae increases the hatching rate, 10 wells of
a plate were supplied with 10 eggs each. Five of these
wells (n = 5) received one newly hatched larva from
another egg batch, and the other five received (n = 5)
two larvae. The plate was held for 7 d postoviposition
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without agitation, after which the wells were in-
spected, and TH of the two treatments were compared
with each other and with the nonagitated isolated-egg
controls of Experiment 1.

Experiment 3: Effect of Long-term Storage at Two
Temperatures. To determine whether prolonged egg
storage (i.e., egg age) affects agitation-induced hatch-
ing and whether low temperature extends egg viability
during dormancy, eggs were stored at either 15.5 or
25.5°C for up to 4 wk postoviposition, then agitated
after acclimation at the higher temperature. In this
study, 15.5°C was chosen, because it is the approximate
mean minimum temperature in malarious equatorial
Africa (Bayoh and Lindsay 2003). Eggs were prepared
and tested as follows: 10 eggs were transferred 1 d
postoviposition (i.e., embryos <24-h-old) by pipette
(see Experiment 1) to each of fifty 10-ml glass test
tubes (10 cm by 12 mm in diameter) containing 5 ml
of aged tap water. Each tube was sealed with Parafilm
M, placed in one of two tube racks, then the racks were
placed on their sides so that the tubes were horizontal.
If an egg adhered to the wall of the tube, the tube was
rotated gently within the rack until the egg floated
free. One rack of 25 tubes was stored in the rearing
room at 25.5 = 1°C. The other rack immediately was
placed in a 15.5 * 0.5°C refrigerator, with 12:12 (L:D)
h fluorescent lighting but no crepuscular period. The
relative humidity inside the sealed tubes was virtually
100%. Storage commenced on day 1 postoviposition,
when the embryos were incompletely developed, so
that mechanical disturbance during transfer of the
eggs to tubes would not induce hatching.

The eggs were not agitated until the assigned day.
On days 2, 8, 15, 22, and 29 postoviposition, five ran-
domly selected tubes from each rack were transferred
to a tray, while remaining horizontal, and were agi-
tated by swirling the tray for 5 min at 100 revolutions
per min. The samples stored in the warm room were
agitated immediately, whereas those stored in the re-
frigerator were allowed to acclimate for ~30 min in
the warm room before receiving the first agitation,
because a preliminary experiment showed that egg
agitation at the low temperature did not stimulate
hatching (B. E., unpublished data). Tubes from each
storage temperature then were kept in the warm room
for the remainder of the experiment, where they were
agitated daily for another 5 d. The number of hatched
larvae were counted by naked eye before, and 10 min
after, each agitation. The last count occurred on day
6 after removal from storage, 10 min after the sixth
agitation. For each tube, the DH; and TH were cal-
culated to assess the effect of egg storage at each
temperature on hatching. DH; (where 0 =i = 6) was
defined as the number of eggs that hatched within 24 h
after each agitation, divided by the total number of
eggs in each test tube. Similar to Experiment 1, DH,,
was the proportion hatching before the first agitation
of pharate first-instar larvae (i.e., 2 d postoviposition).
Because TH included a few hatched eggs before the
first agitation, THA also was calculated, by deducting
the small number of eggs hatched before the first
agitation from TH for each tube.
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A separate study evaluated the long-term viability of
eggs stored at 25.5°C for 1, 3, 6, and 12 mo postovipo-
sition. Eggs collected 1 d after oviposition were placed,
as previously described, on aged tap water in four
small half-filled lidded cups (5.3 cmin diameter, 3.5 cm
in height), 100-150 eggs per container. The containers
were inspected daily for hatched larvae during the first
week, then monthly. The water level was checked
weekly, and more water was added by pipette as
needed to compensate for evaporation from the loose-
fitting lids. To avoid agitation, the tip of the pipette was
first submerged, then water was expelled into the
container. No eggs hatched immediately as a result of
these replenishments. At the end of each storage du-
ration, the lids were tightened and the cups vigorously
agitated for 10 min on each of three consecutive days.

Experiment 4: Effect of Vigorous Agitation During
Embryonic Development. To confirm the effect of
egg agitation during embryonic development on the
likelihood of hatching after it has been completed,
eggs were treated as follows: vigorous and prolonged
shaking was applied, rather than swirling. Ten eggs
from day 1 (i.e., <24 h postoviposition) were placed
in each of five tubes as earlier (Experiment 3) at
25.5°C. After 10 min, they were shaken by hand for 15
min. Tubes were examined for the presence of larvae
10 min after agitation, and again 24 h later, when they
would be pharate first-instar larvae, capable of hatch-
ing spontaneously.

Statistical Analysis. For analysis, proportions hatch-
ing at various times were analyzed as mathematical
ratios between 0 and 1, but they were converted to
percentages for reporting results. In Experiment 1,
hatching data did not differ significantly among gen-
erations and were combined for analysis. TH for each
plate was the cumulative hatch over 7 d, divided by the
24 eggs in the plate. Each plate provided a single unit
of measure, so in this case, n = 15 (five plates X three
generations) for 360 agitated eggs and 360 control
eggs. Data from the other experiments were treated
similarly.

The pattern of DH, after each agitation (i.e., install-
ment hatching) was described by a model (model 1)
employing the following independent variables: agi-
tation day (0 = i = 6) and its log- and square-trans-
formed data. A stepwise method eliminated insignif-
icant independent variables from the equation.
Independent variables of the best equation were de-
scribed by their coefficients and their standardized
partial regression coefficients () and are reported in
the results. The greater the absolute value of B of a
variable, the larger was its impact (Sokal and Rohlf
1995).

When data were not normally distributed, as de-
termined by Kolmogorov-Smirnov test, they were
transformed (e.g., log [100 DH; + 0.1]), and their
normality was retested. Student’s t-test and one-way
analysis of variance (ANOVA) were applied to nor-
malized data. If normality was not achieved, differ-
ences between two groups or among multiple groups
were evaluated by Mann-Whitney U or Kruskal-Wal-
lis tests, respectively (Sokal and Rohlf 1995). For all
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tests, P = 0.05 was the criterion for statistical signifi-
cance.

Two types of tests were applied to compare long-
term hatch patterns at two temperatures (Experiment
3). One-way ANOVA was used to compare propor-
tions hatching after storage at each temperature, be-
fore the first agitation and again after it. Two stepwise
linear regression models (models 2 and 3) were run to
predict log-transformed DH on day i (log [100 DH, +
0.1]) at the two temperatures. In model 4, tempera-
ture (temp) was included. The following independent
variables and their log- and square-transformed data
were used in the models: agitation day (0 =i =6), egg
storage duration (2 = age = 29), storage temperature
(temp = 15.5 or 25.5), and agitation day by egg storage
duration (i-age). A stepwise linear regression line was
estimated for THA. SPSS (ver. 19.0; IBM, Armonk,
NY) software package was used for all tests and to
create 3-D graphics.

Results

Experiment 1: Effect of Daily Agitation on Isolated
Eggs. No eggs hatched among agitated or control
groups after agitation of the treated group on day 1
(Fig. 1). Furthermore, before the second agitation (2
d postoviposition, i = 1), the proportion hatching
spontaneously was <1%. But immediately after the
second agitation (i = 1), 63% of the treated eggs
hatched. Most eggs hatched immediately after each
agitation, and negligible proportions hatched between
agitations (Table 1). This pattern of declining DH,
after two or more applications of a hatching stimulus
is the distinguishing feature of installment hatching. A
linear regression model (model 1) of the DH;, decline
that fits the data is as follows: r = 0.955 and adjusted
R2 = 90.9% (F = 298.45; df = 3, 86 P < 0.0001), where
(model 1):

DH, = 1.12(i) — 4.92 log(i) — 0.07(i)* — 0.38

The B for (i), log(i), and (i)? were 7.62, —5.15, and
—3.39, respectively. This means that DH; was mainly
affected by agitation day (i) and its log-transform. The
mean TH by day 8, after seven periods of agitation, was
83.1% (SE = 1.7). By contrast, the mean TH of non-
agitated controls was 1.1% (SE = 0.5) (U= 0;nl,n2 =
15; P < 0.0001). Daily differences in hatching propor-
tions between treated and control groups were statis-
tically significant after agitations on days 2 and 3 and
before agitations on days 3 and 4 (Table 1).
Experiment 2: Effect of the Presence of Other Eggs
and of First-Instar Larvae. After 1 wk, groups of 10
eggs per well had a TH of 6.7% (SE = 2.4). In groups
of 30-40 per well, the TH was 3.5% (SE = 0.5). These
values were close to the spontaneous TH of isolated
eggs in Experiment 1 (1.1%, SE = 0.5) and were not
significantly different. In an ancillary analysis, hatch
rates of isolated eggs of Experiment 1 were compared
with groups of 10 eggs per tube (see Experiment 3),
both before the first agitation of pharate first-instar
larvae (DH,, 0.3 vs 0%) and also after 1 wk of daily
agitations (THA, 82.8 vs 84.0%). There was no differ-
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Fig. 1. Effect of seven consecutive daily agitations on mean daily hatch (% DH;,). Comparison of DH; of nonagitated and

agitated (5 min/d) Anopheles gambiae eggs (1 egg/1.5 ml in well) from i = 0 (1 d postoviposition) until i = 6 (7 d
postoviposition). Temperature 25.5°C. Details presented in Table 1.

ence between the results, confirming that egg density
did not affect hatching. In the experiment to detect
the effect of larvae among wells containing one larva
added to 10 eggs, none had hatched by the end of the
week. Among those with two larvae, 4.7% (SE = 1.9)
had hatched. Again, the differences among these treat-
ments, including the single-egg spontaneous-hatch

Experiment 3: Effect of Long-term Storage at Two
Temperatures. The proportion of eggs hatching be-
fore the first agitation (i.e., spontaneously) was very
low and did not differ significantly among the five
age-groups stored at the two temperatures (Table 2).
Among the 2-d-old eggs stored at 25.5°C, 82% hatched
after the first agitation, whereas those stored at 15.5°C

rate (Experiment 1), were not significant. first hatched between the first and second agitations

Table 1. Details of the effect of seven consecutive daily agitations on mean proportion (%) hatching of Anopheles gambiae eggs (1
egg/1.5 ml in well)

” Agitation Hatch count

i day” before after agitation Group Mean * SE Mann-Whitney U P value®
0 1 After Control 0 112.5 1.00
Treatment 0
2 Before Control 0.6*+0.4 105 0.775
Treatment 0.3*=0.3
1 2 After Control 0 0 <0.0001
Treatment 63.3 = 4.4
3 Before Control 0.3+0.3 50.5 0.009
Treatment 39*1.0
2 3 After Control 0 45 0.004
Treatment 58*18
4 Before Control 0 60 0.029
Treatment 2.5*0.8
3 4 After Control 0 82.5 0.217
Treatment 1.4+07
5 Before Control 0.3+0.3 97.5 0.539
Treatment 0.8 £0.5
4 5 After Control 0 90 0.367
Treatment 08=*05
6 Before Control 0 75 0.126
Treatment 1.7+0.7
5 6 After Control 0 97 0.539
Treatment 14=*11
7 Before Control 0 105 0.775
Treatment 0303
6 8 After Control 0 90 0.367
Treatment 0.8 £0.5

Three data sets are compared: 1) daily spontaneous hatch rates of control (nonagitated) groups on successive days at the same times as the
treatment (5 min/d agitation) group counts, and 2) daily stimulated hatch rates of treatment (agitated) groups a) immediately after (<10 min)
each agitation, and b) during the 24-h period before the next agitation.

“{, period after each agitation and before next one, that was used to define daily hatch on day i (DH;).

P In this exp (Experiment 1), agitation day = day postoviposition.

¢ P, probability of no difference between control (nonagitated) and treatment (agitated) groups, by Mann-Whitney U test, before and after
each agitation time.



May 2014 EBRAHIMI ET AL.: AGITATION-INDUCED HATCHING IN Anopheles gambiae 585
Table 2. Details of effect of storage duration and temperature on proportion of Anopheles gambiae eggs hatching (10 eggs/5 ml in
test tube)
Storage duration (day)
Temperature Hatch count F df P value®
2 8 15 22 29
15.5°C DH, 0 0 5.6 3.7 8.0 = 3.7 40*x25 1.66 4,19 0.201
<10 min after 0 20 + 6.3 415+88 7.6 =47 0 10.06 4,19 <0.0001
TH 775+95 72.6 £ 1.9 60.9 * 12.1 43.3+6.9 16.0 £ 6.8
25.5°C DH, 0 2.0+ 2.0 58*+24 8049 2.0 2.0 141 4,20 0.268
<10 min after 82 +58 59.5 2.5 23.6 =52 0 0 99.96 4,20 <0.0001
TH 84.0 = 5.1 884 57 35323 8.0+ 49 2.0 =20

n =5 except for 2-d-old eggs at 15.5°C, where n = 4.

Comparison of mean hatch rates (= SE) after storage for five durations (2-29 d) at 15.5 and 25.5°C, before the first agitation (DH,)) and
again <10 min after the first agitation of pharate first-instar larvae, and of total hatch (TH) after 6 consecutive days of agitation. Poststorage

(6-d agitation period) temperature 25.5°C.

“ P, probability of no difference among storage durations, by one-way ANOVA, before and immediately after the first agitation at each

temperature.

(2.5%), followed by substantial numbers after the sec-
ond agitation (67.5%) (Fig.2). Among 8-d-old samples
held at 25.5°C, a few eggs hatched before the first
agitation (2.0%) but many more afterward (70.7%),
whereas among those stored at 15.5°C, only 39.8%
hatched after the first agitation and fewer after sub-
sequent agitations. Installment hatching was particu-
larly common among eggs stored for 8 d and was more
common among those stored at 15.5°C. At both tem-
peratures, after progressively longer storage dura-
tions, fewer eggs hatched after the initial agitation, and
fewer hatched at each subsequent agitation, i.e., both
the initial-hatch numbers and the installment-hatch
numbers diminished. By 29 d of storage, those at 15.5°C
exhibited no installment hatching, that is, they
hatched in response to day-1 agitation only. No eggs
hatched on day 6 of egg agitation, regardless of storage
temperature or storage duration.

To predict DH, after egg storage, two stepwise lin-
ear regression models (2 and 3) were estimated sep-
arately for 15.5°C and 25.5°C, respectively (Table 3).
In the 15.5°C model, the greatest absolute value of 8
belonged to log-transformed agitation day (log [i]),
and then secondarily to the square of the storage
duration (age?®). This means that the DH, at the lower
temperature was affected only by these two variables.
By contrast, in the 25.5°C model, age was more im-
portant than the log-transformed agitation day. When
temp was included as an independent variable in the
DH, model (model 4), log-transformed agitation day
and storage duration were found to be more important
than the other variables (Table 3).

Eggs at both temperatures reached ~66% THA at
around day 10 (Fig. 3). After that day, the slope down-
ward at 25.5°C was almost twice as steep as at 15.5°C.
The following model (model 5) estimates THA, with
storage duration (age) and temperature (temp) as
independent variables:

THA = 1.165 — 0.032 age — 0.011 temp

The regression line observed was r = 0.877, with ad-
justed R* = 75.9% (F = 76.57; df = 2, 46; P < 0.0001).
In the aforementioned model, the B value of age
(—0.867) was larger than temp (—0.161), indicating

that age (storage duration) had the greater (and neg-
ative) effect on THA.

After storage of batches of eggs for 1, 3,6, and 12 mo
postoviposition at 25.5°C, then agitation for 10 min
each day for 3 d, no eggs hatched. Reagitating these
eggs 18 mo postoviposition did not stimulate hatch.
Microscopic examination of these eggs, prepared ac-
cording to Shililu et al. (2004), demonstrated that the
embryos within them were dead but had developed
fully. These pharate first-instar larvae probably would
have hatched, had they been agitated at an earlier age.

Experiment 4: Effect of Vigorous Agitation During
Embryonic Development. After vigorous and pro-
longed shaking of eggs laid <24 h earlier, no eggs
hatched immediately after the agitation, and only 1 of
50 eggs (2.0%, SE = 2.0) hatched without further
agitation the following day. This is not statistically
different from the 1.1% rate of its comparable group in
Experiment 1. This result confirmed the absence of a
delayed effect of agitation, if applied during embry-
onic development.

Discussion

The results demonstrated that the eggs of An. gam-
biae, when laid on the surface of open bodies of clean
water where they undergo embryonic development,
rarely hatch without the stimulus of mechanical agi-
tation. Within minutes of agitation, the pharate first-
instar larvae dehisce from their chorions. Embryo-
nated but unstimulated eggs almost always remain
unhatched, and the larvae within them can survive in
this dormant condition for up to several weeks. Most
eggs hatch right after the initial stimulus, but small
numbers will hatch after a second agitation 1 d later,
and still smaller numbers on successive agitations. This
is the installment-hatching pattern commonly ob-
served in eggs of aedine mosquitoes after each series
of successive inundations (Wilson and Horsfall 1970).
How the pattern might change if anopheline agitations
were more frequent than once a day, or if the water
temperature were higher or lower, remains to be in-
vestigated. TH averaged only 1.1% without an imme-
diately preceding agitation and 83.1% when eggs were
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Fig. 2. Effect of storage duration and temperature on mean daily hatch (% DH,) of Anopheles gambiae eggs (10 eggs/5
ml in test tube) agitated 5 min/d on 6 consecutive days, from i = 0 (before the first agitation) until i = 6 (after the sixth
agitation). Comparisons after each of five different storage durations (2-29 d) at either (A) 25.5°C or (B) 15.5°C. Poststorage

(6-d agitation period) temperature 25.5°C.

agitated. The decline in the proportions hatching in
response to this stimulus, after various periods of stor-
age, was similar to that reported by Shililu et al. (2004),
when eggs were held up to 20 d in a high-moisture
environment, then inundated, although our hatch
rates were ~30% higher than theirs at each duration
of storage. Tests of the effect of the presence of other
eggs and of hatched first-instar larvae on the sponta-
neous hatching of nonagitated eggs showed that these
were not factors that affect hatching. It appears that
the browsing action of the small larvae was insufficient

to act as a substitute for agitation of the water. Fur-
thermore, application of the agitation stimulus before
the completion of embryonic development demon-
strated that agitation before the larvae were fully de-
veloped or capable of dehiscence had no effect on the
spontaneous hatching rate after that period had been
completed. We tentatively conclude that the mecha-
nism for triggering hatching has no delayed-action
component.

Munga et al. (2005) and Yaro et al. (2006) suggested
that chemicals in the water may stimulate hatching,
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Regression models describing relationship between daily hatch (DH,) of Anopheles gambiae eggs (10 eggs/5 ml in test tube)

after 5-min agitation per day (0 =< i = 6), storage duration (2 = age = 29), and temperature (temp = 15.5 or 25.5)

Model r Adted e o ar 20 (0w () (@)’ ) Gem)
a b c d e f

2 0.702 48.5 68.33 2,141 —2.742 0 0 —0.001 0 — 1.198
(B) (—0.674) (0) (0) (—0.194) (0) —

3 0.806 63.7 49.03 4,132 —4.074 0.022 —0.38 0.005 3.19 — 1.152
(B)  (~L154)  (1085)  (—3.849) (1517)  (137) —

4 0.724 51.5 60.64 5,276 —3.679 0.013 —0.101 0 0.710 -0.028 1.934
(B) (—0.959) (0.611) (—0.943) (0) (0.279) (—0.136)

DH, ranged between 0 and 1. log(100 DH; + 0.1) = a log(i) + b (i)-(age) + ¢ (age) + d (age)® + e log(age) + f (temp) + g.
“Model 2: 15.5°C; model 3: 25.5°C; model 4: both temperatures were included.

B, standardized partial regression coefficient.
**% P value <0.0001 for all three models.

That could explain the observation of Huang et al.
(2006a) that eggs laid on an agarose gel, a substitute
for damp soil or mud surrounding rain puddles, and
apparently left undisturbed, nonetheless hatched as
soon as sufficient moisture or water became available.
We have supported this, in part, by finding that, when
left meticulously undisturbed, 2-3% hatched sponta-
neously on water containing suspended powdered fish
food, whereas none hatched on clean-water controls
(W.A.F., unpublished data). This suggests that chem-
icals and sufficient water do indeed induce a very small
amount of spontaneous hatching in the absence of all
agitation.

The precise mechanism by which agitation causes
egg hatching remains obscure. We have considered
the possibility that the stimulus is actually physico-
chemical, just as reduced oxygen tension has been
demonstrated to be a hatching trigger in aedines
(Gjullin et al. 1941, Judson et al. 1965). However, our
observations on An. gambiae suggest otherwise: the
water we used was clean, aged tap water. The eggs
floated on the surface of that water, where the upper
chorion was in contact with the atmosphere through-
out development and during undisturbed storage.

100
90
80
70
60
50
40
30
20
10

0

Mean Total Hatched by Agitation (%)

Falling droplets of water, which contain more, not less,
dissolved oxygen (Graedel and Weschler 1981), pro-
vided areliable egg-hatch stimulus (B. E., unpublished
data). The mechanism cannot involve removal of the
exochorion, other structural changes, or enhanced
water permeability. Otherwise, eggs shaken on day 1
would have hatched in high numbers in the absence
of further agitation after embryonation was complete
on day 2. Furthermore, a fully tanned chorion would
seem unlikely to be susceptible to changes in perme-
ability long after oviposition (Schreuders et al. 1996,
Valencia et al. 1996), when our eggs nonetheless
hatched in large numbers immediately after a single
agitation. Possibly hatching is stimulated by any in-
crease in wetting of the chorion, including strong
agitation of the water on which the egg floats. But we
observed that floating eggs hatched immediately after
they were prodded by the tip of a pipette (B. E,,
unpublished data). Furthermore, inundation by itself
almost inevitably has an agitation component. There-
fore, until other ideas are tested, we conclude that the
required agitation for egg-hatching in this study was a
mechanical effect on the pharate larva itself.

o= =:155°C
——255°C

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Storage Duration (day)

Fig. 3. Effect of storage duration and temperature on mean (*=SE) total hatch by agitation (% THA) of Anopheles gambiae
eggs (10 eggs/5 mlin test tube) after 6 consecutive days of agitation (5 min/d) following removal from storage. Comparisons
of THA after each of five different storage durations (2-29 d) at either 15.5° or 25.5°C. Poststorage (6-d agitation period)

temperature 25.5°C.
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Previous workers have reported total hatching rates
of An. gambiae that ranged from 73 to 93% under
various conditions of temperature and water quality
(Yaro et al. 2006, Impoinvil et al. 2007), in the same
range as our average of ~83% after agitation. Yet the
role of agitation has gone unnoticed. This suggests
the possibility that delayed-hatching eggs might have
been agitated inadvertently during their handling af-
ter oviposition, as was the case in our laboratory.
Embryonated eggs can be disturbed very easily when
the oviposition container is moved from a cage to
another site, when poured from the container into a
larval pan, or when rinsed with water to remove them
from filter-paper cones within oviposition cups. The
last method of collecting anopheline eggs is common
in laboratories. This interpretation is supported by the
genetic analysis of delayed (“late”) hatching by Kaiser
etal. (2010), who noticed that the frequency of “early”
hatching was increased by egg disturbance.

When stored at a cool temperature (15.5°C), dor-
mant eggs remained viable for a longer period than
when stored undisturbed at room temperature
(25.5°C). Spontaneous hatching remained uncom-
mon, regardless of storage temperature or duration.
These results suggest a method for retaining un-
hatched eggs for extended periods in the laboratory.
Yet, under the conditions we used, viability declined
at both temperatures by the second and third weeks
of storage, even at the lower temperature. None was
capable of stimulated hatching beyond 1 mo of stor-
age. Similar viability results, without intentional agi-
tation, have been reported by Deane and Causey
(1943), Beier et al. (1990), and Shililu et al. (2004).
Storage under different conditions, including lower
temperatures, followed by agitations, needs to be ex-
plored.

The statistical shape of installment hatching was
affected by storage time (egg age), storage tempera-
ture, and agitation day (Fig. 2). Among eggs stored
warm, maximum hatch occurred at the youngest age,
having been stored the least amount of time (i.e., 2 d
postoviposition), and after the first agitation. Among
those stored cool, maximum hatch occurred in the
youngest group, but only after the second agitation,
i.e., fewer cool-stored eggs were immediately capable
of agitation-induced hatching when returned to the
warmer temperature, almost certainly a result of chill-
ing while they were still embryonic. The fact that eggs
did become competent to respond to agitation after a
further period of cold storage demonstrates that em-
bryonic development continued at 15.5°C, but more
slowly. Another notable result of our storage test was
that among the eggs stored for 1-3 wk, the installment
hatchings of cool-stored eggs tended to be more
spread out over 2-3 daily agitations. This difference
from eggs stored at room temperature suggests lin-
gering effects of the cold treatment, retarding readi-
ness to hatch. The model showed that a 50% THA was
obtained around day 12 at 25.5°C, similar to that ob-
tained by Deane and Causey (1943). When we applied
15.5°C and 25.5°C to the Impoinvil et al. (2007) model,
with target hatches of 10 and 50%, shorter periods of
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incubation resulted, suggesting a shorter survival than
we obtained, probably due to a difference in temper-
ature and our use of agitation. Our THA of embryos
<1-wk-old at 25.5°C supports the results of Shililu et
al. (2004), indicating that there is a time window of 1
wk for embryos to hatch in maximum numbers in
response to the stimulus, and after 1 wk the embryos
begin to die. At 15.5°C, however, the slower but steady
decline in egg viability reflected lower metabolism
and slower embryonic development.

Both agitation-induced installment hatching by a
series of agitations and delayed hatching after a single
stimulus may have ecological significance. Many stud-
ies have focused on predicting mosquito populations
based on environmental variables (Craig et al. 1999).
The models of this study take into account agitation
and dormancy at two temperatures to estimate future
populations of first-instar larvae. The adaptive value of
agitation-induced hatching appears similar to that of
inundation for aedine mosquitoes. In anophelines, the
impact of raindrops on eggs laid in moist soil or on
open water surfaces can signal an influx of water and
nutrients to rain pools, ditches, and borrow pits, which
are commonly used by An. gambiae. When these pools
provide nutrients to a finite number of healthy larvae
and also are at risk of drying out, a pool that is in-
creasing in size offers a larva better prospects for
survival. The installment-hatching feature, as in
aedine eggs, appears to be a form of bet-hedging strat-
egy against the possibility that the rain is insufficient
to sustain the pool or enhance its nutrient base. Like-
wise, Minakawa et al. (2001) have suggested that de-
layed hatching has advantageous consequences for
predator avoidance and eventual adult body size. If a
larval developmental pool should become entirely
dry, unhatched eggs of An. gambiae survive in drying
mud longer than small larvae (Deane and Causey
1943, Beier et al. 1990, Koenraadt et al. 2003, Shililu et
al. 2004), although they cannot resist the long periods
of drought that aedine eggs can (Gjullin et al. 1950).
Because evidence exists that mechanical agitation also
promotes egg hatching in aedines (Dupree and Mor-
gan 1902, Young 1922, Borg and Horsfall 1953, Roberts
2001), for those species as well, rain may contribute a
mechanical signal indicating an influx of water and
nutrients in container and floodwater habitats. Our
observation that the eggs of An. gambiae failed to
hatch after several months and up to 1 yr of storage at
high humidity supports the speculation of Koenraadt
et al. (2003) that they cannot survive several months
of a dry season.

These observations on agitation-dependent hatch-
ing have practical value. Planning and preparations for
both small-scale experiments and mass rearings of An.
gambiae are more efficient and convenient when eggs
of several ages can be accumulated and hatched at a
designated time. Furthermore, cage densities of adults
can be kept constant, and fewer bloodmeals are re-
quired. The eggs that are collected 10-20 h postovi-
position can be divided into small sealed containers, in
contact with water, and stored where they will remain
completely undisturbed until needed. Then the egg
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containers can be shaken 2-29 d postoviposition, de-
pending on the storage temperature, to obtain a pre-
dictable number of mosquitoes on demand. The very
few larvae that hatch spontaneously are negligible and
die within 2 d in the absence of food.

The hatching behavior of the Mbita strain of An.
gambiae, from western Kenya, is described here, but
we found similar characteristics of egg dormancy and
agitation-induced hatching in the Suakoko strain from
Liberia (unpublished data). Furthermore, Kaiser et al.
(2010) described a similar phenomenon in the GAH
strain from Ghana, although with a higher rate of
spontaneous hatching. All three examples are S-form
An. gambiae. The presence of this characteristic in
M-form An. gambiae (=Anopheles coluzzii Coetzee
and Wilkerson) (Coetzee et al. 2013) and in other
species of the An. gambiae complex, particularly
Anopheles arabiensis Patton, is worth investigating.
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