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Abstract

The dry-season biology of malaria vectors is poorly understood, especially in arid environments
when no surface waters are available for several months, such as during the dry season in the
Sahel. Here we reappraise results on the dry-season physiology of members of the Anopheles
gambiae s.I. complex in the broad context of dormancy in insects and especially in mosquitoes.
We examine evidence on seasonal changes in reproduction, metabolism, stress tolerance, nutrition,
molecular regulation, and environmental conditions and determine if the current results are
compatible with dry-season diapause (aestivation) as the primary strategy for persistence
throughout the dry season in the Sahel. In the process, we point out critical gaps in our knowledge
that future studies can fill. We find compelling evidence that members of the An. gambiae s.l.
complex undergo a form of aestivation during the Sahelian dry season by shifting energetic
resources away from reproduction and towards increased longevity. Considering the differences
between winter at temperate latitudes, which entails immobility of the insect and hence reliance on
physiological solutions, as opposed to the Sahelian dry season, which restricts reproduction
exclusively, we propose that behavioral changes play an important role in complementing
physiological changes in this strategy.
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1. Introduction

The burden of malaria has lessened over the past decade, yet it is still very high with
hundreds of millions of cases and over half a million deaths annually, most of which occur
in sub-Saharan Africa (WHO, 2013). The principal malaria vectors in Africa are members of
the Anopheles gambiae s.I. complex, which includes seven or eight sibling species. Three
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brackish-water species are confined to a relatively narrow range (Anopheles bwambae,
Anopheles melas, and Anopheles merus) and four or five freshwater species that include
Anopheles arabiensis, Anopheles gambiae s.s., and Anopheles coluzzi (which was recently
split from An. gambiae s.s., formerly known as the S and M molecular forms, respectively;
Coetzee et al., 2013). Malaria is vectored by all sibling species except the two freshwater
species that typically feed on animals: Anopheles quadriannulatus and Anopheles amharicus
(formerly known as species B of An. quadriannulatus; Coetzee et al., 2013). Unlike the
brackish-water vectors, An. gambiae s.s., An. coluzzi, and An. arabiensis transmit malaria
over vast ranges of sub-Saharan Africa, including dry savannahs and semi-arid areas of the
Sahel. The means by which these mosquitoes (and malaria) persist in areas without surface
waters for three to eight months a year has been one of the long-standing questions in
malariology because no stage of the vector is known to survive for over 1-2 months under
such conditions (Coluzzi, 1964; Davidson, 1964; Donnelly et al., 2002; Gillies and De
Meillon, 1968; Omer and Cloudsley-Thompson, 1968). The rapid build-up of mosquito
density after the first rains indicates that they persist locally, possibly via aestivation
(summer diapause), or arrive shortly after the rains by long-distance migration (Adamou et
al, 2011; Lehmann et al., 2010, 2014). Here we review the current knowledge of the eco-
physiological mechanisms that allow persistence of mosquitoes, and thus malaria, in such
dry habitats and identify key gaps that future research might fill.

The African Sahel is a belt ~1,000 km wide and ~5,400 km long between the Sahara desert
in the north and the Sudan Savannah in the south. It has a short wet season (June-October),
when 90% of the annual rain (~500 mm) falls, and a long dry season (November-May,
Figure 1). The ephemeral surface waters that abound from June to October may last until
December, based on local conditions. From November to May, rainfall is negligible and no
surface waters are available over vast expanses of land. The conditions in most of the Sahel
are drier than those depicted in Figure 1, which illustrates conditions around the Sahel's
southern border (Segou, Mali). The dry season is divided into cold (November-February)
and hot (March-May) periods, but outdoor temperatures rarely fall below 15°C or above
40°C (Figure 1) and the temperature range is considerably narrower indoors, in tree holes, or
in burrows underground. The daily fluctuation in air temperature is greater during the dry
season (Figure 1). Air moisture (measured as dew point) is elevated from late April to
October, but is very low (RH~20%) during much of the dry season (Figure 1). For mosquito
activity, the absence of surface water is by far the most restrictive element in this
environment. The low humidity during the dry season probably confines activity to short
flights during more humid nights, but water is available in every house (e.g., pots with
water, fruits), in wells and seepages nearby, and in flowers' nectar and woody-plant juices.
Without suitable larval sites, the eggs, larvae, and pupae cannot survive beyond a few days
(Beier et al., 1990; Minakawa et al., 2001). The adults typically survive for only a few
weeks, which would spell doom to the population, unless a different strategy can be used by
mosquitoes to cope with the 5-7 month-long dry season. The only strategy that has been
supported by direct evidence is a ~7-fold extension of (normal) adult life span (Holstein,
1954; Lehmann et al., 2010; Omer and Cloudsley-Thompson, 1968, 1970). This life-span
extension has often been referred to as aestivation (Box 1), but, until recently, had not been
subjected to rigorous physiological analysis. The main aim of this review is to evaluate how
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new results (mostly over the last decade) on the ecophysiology of Anopheles gambiae fit
within the framework of aestivation as a mechanism of dry-season survival.

Seasonality in insects (and invertebrates) refers to suites of phenotypic changes that increase
the prospects of survival through an inhospitable period until favorable conditions resume
(Andrewartha, 1952; Denlinger and Armbruster, 2014; Dingle, 1996; Kostal, 2006; Masaki,
1980; Tauber et al., 1986). These include migration away from the inhospitable environment
and forms of dormancy such as quiescence and diapause (Box 1). The characteristic
diversity in the expression of diapause (Andrewartha, 1952) led to the term “diapause
syndrome,” which highlights the challenge in classifying these physiological states. Whether
the physiology of aestivation is similar to that of overwintering diapause is difficult to
resolve, because very few studies have addressed this topic in aestivating insects and less
than a handful have addressed this subject in mosquitoes. Thus, in recent reviews of
diapause in mosquitoes, aestivation was mentioned with respect to a single (or two) species
as opposed to over 50 with respect to hibernation (Denlinger and Armbruster, 2014;
Vinogradova et al., 2007). This is surprising, given the overwhelming evidence that seasonal
adaptations are critical for mosquitoes and thus for disease transmission (Denlinger and
Armbruster, 2014; Jetten and Takken, 1994). Here we will draw broadly on the
ecophysiology of mosquitoes living through inhospitable seasons, and consider strategies
relevant for mosquito survival of the Sahelian dry season in-situ. We emphasize recent
findings on the seasonal ecophysiology of anophelines, and (i) explore the physiological
mechanisms used to survive the long dry season, (ii) assess whether these known
mechanisms sufficiently explain mosquito persistence, (iii) evaluate if these strategies are in
accordance with different forms of dormancy, and (iv) propose, based on a synthesis of i-iii
above, mechanisms used by African anophelines. In the process, we identify key gaps in our
knowledge of the dry-season ecophysiology of African anophelines, which, if filled, could
yield novel vector control methods in these seasonal habitats.

2. Environmental cues used to initiate diapause

A key hallmark of diapause, whether overwintering diapause or aestivation, is that it is a
preprogrammed suite of physiological changes in response to one or more token external
stimuli that predict the onset of future environmental changes which will require these
changes for survival (Box 1). However, the diapause-inducing cues for many insects remain
unknown. Here we will describe some cases in which the induction cues have been well-
studied, and propose some that could be utilized by An. gambiae s.l. in the Sahel.

2.1 Cues used by insects to induce winter diapause

Depending on latitude, extreme cold and lack of nutritional resources during winter are
predictable by decreasing photoperiod (Danilevskii, 1965). As such, much research has
explored the role of photoperiod in the induction, maintenance, and termination of winter
diapause in a wide variety of taxa, including several mosquito species. For example, in
Culex tarsalis, decreased photoperiod induces adult females to shift into a hibernal diapause
initiation phase by accumulating fat reserves while simultaneously decreasing ovary size
(Harwood and Halfhill, 1964). These findings were further supported by a study comparing
the simultaneous effects of photoperiod and temperature on Cx. tarsalisand Culex restuans,
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which found that short-day photoperiod was more influential than temperature in
determining (adult) winter diapause for both species (Buth et al., 1990). However,
temperature was found to be of secondary importance, as under long days, the coolest
temperature produced diapausing females as compared with the 2 warmer treatments (Buth
et al., 1990). Similarly, short-day photoperiod stimulated the production of winter-
diapausing eggs of Aedes albopictus both in its native habitat in Japan and across its newly
acquired range in the United States (Focks et al., 1994; Lounibos et al., 2003, 2011;
Urbanski et al., 2012). This response varied significantly with latitude, such that northern
populations had a higher diapause incidence in response to differences in photoperiod than
southern populations (Focks et al., 1994; Lounibos et al., 2003, 2011; Urbanski et al., 2012).
Similarly, populations of introduced Ae. albopictus in southern Brazil have evolved
photoperiod-induced diapause despite having arisen from non-diapausing colonizers
(Lounibos et al., 2003). Geographic variation in photoperiodic induction of winter diapause
was also found across the range of the mosquito Aedes atropalpus in North America (Beach,
1978).

Photoperiod as a cue to enter winter diapause has also been studied in several anopheline
species. For example, short photoperiod was found to cue overwintering diapause in adult
Anopheles freeborni (Depner and Harwood, 1966). Importantly, the critical photoperiod for
entering winter diapause varied among populations from different latitudes (Depner and
Harwood, 1966; Washino, 1970), providing appropriate, fine-tuned diapause responses
across the geographic range of the species. Photoperiod has also been implicated as one of
the key factors to stimulate winter diapause in Anopheles punctipennis (Washino and Bailey,
1970) and Anopheles messeae (Jaenson and Ameneshewa, 1991).

Other environmental factors, including temperature and nutritional quality, are also used by
arthropods to indicate oncoming seasonal environmental changes (Danilevskii, 1965). In
deep aquatic environments, photoperiod may not be as detectable as temperature, and
temperature was found to be an important cue for winter diapause in aquatic copepods
(Hairston and Kearns, 1995). However, for the terrestrial environments that adult
mosquitoes inhabit, photoperiod appears to be the most common cue for initiating winter
diapause. It is not clear if studies on cues of diapause induction in mosquitoes ignored other
factors, such as larval nutrition quality/composition, water salinity, acidity, and hormonal
changes in their vertebrate hosts; however, the consensus from these studies remains that
short photoperiod (with length depending on latitude) is the key signal used to induce
overwintering diapause in mosquitoes.

2.2 Cues used by insects to induce aestivation

For insects in tropical and sub-tropical climates, where variation in daylength is smaller,
several environmental conditions (hot excluding photoperiod) can be reliable cues used to
initiate aestivation. For example, summer diapause in some lepidopterans is presumed to
have evolved in anticipation of a decrease in food availability, and is triggered in response to
long photoperiods and high temperatures. Specifically, long daylengths induce aestivation of
the cabbage butterfly, Pieris brassicae, from southern Spain, while short daylengths cause
other populations from northern Europe to enter winter diapause (Held and Spieth, 1999).
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Thus, long and short daylengths induce summer diapause and overwintering diapause,
respectively, across the large geographic range of this species and these phenomena serve to
synchronize the resulting generation while protecting them from inhospitable conditions.
Similarly, a short summer aestivation is induced by long daylength in the tiger moth
Cymbalophora pudica, a species which also undergoes a long winter diapause in response to
short daylengths (Kostal and Hodek, 1997; Kostal et al., 1998). In another moth species,
Helicoverpa armigera, summer diapause is induced by high summer temperatures, not long
photoperiods; however, winter diapause in this species is induced by short photoperiods (Liu
et al., 2006). The manifestation of both summer and winter diapause in the same species (by
the same or different populations) has contributed to the presumption that similar
physiological processes are involved in each case. Yet, empirical evidence to compare these
forms of diapause within species and with others manifesting diapause only in one season is
still lacking.

The butterfly Bicyclus anynana in sub-Saharan Africa experiences distinct wet and dry
seasons, and reproduction is suppressed during the dry season, described as reproductive
summer diapause by researchers. Temperature was found to affect reproductive output while
food availability affected both reproduction and longevity of these butterflies (Brakefield et
al., 2007). Additionally, those butterflies reared in cool and dry conditions are more stress-
resistant than those that are not; combined, this species appears to use several environmental
cues (temperature, humidity, and food availability) to initiate diapause. Similarly, tropical
grasshoppers which experience a dry season reduce their fecundity in response to a low-
quality diet, presumably as a mechanism to enhance their own survival and that of the few
offspring produced (Luker et al., 2002). In this study, both shortened photoperiod and lower
food quality were required to stimulate this reproductive change (Luker et al., 2002),
possibly to ensure that aestivation would only be entered at the appropriate season. High
temperatures, low plant nutrients, and crowding have been shown as cues used by the
sycamore aphid, Drepanosiphum platanodis, to shift into aestivation expressed as
reproductive suppression, low activity, and changes in nutrient composition (Chambers,
1982; Dixon, 1966; Dixon et al., 1993; Douglas, 2000).

Aestivation by adult female Culiseta inornata mosquitoes has been observed in southern
California, presumably as a mechanism to avoid the hottest part of the summer (Barnard and
Mulla, 1977, 1978). This species also undergoes winter diapause in response to shortened
photoperiod (Buth et al., 1990; Hudson, 1977). Although long daylengths and short
daylengths induced fat body hypertrophy and hypotrophy, respectively, the cues which
initiate aestivation of Cs. inornata are not as clear (Barnard and Mulla, 1977, 1978;
Denlinger and Armbruster, 2014) and have not yet been fully modeled in the laboratory
setting (Reisen et al., 1989).

Moisture availability is a critical, but often overlooked, factor in studies investigating the
environmental triggers of diapause, but often is more reliable than either temperature or
photoperiod in tropical and sub-tropical environments (Tauber et al., 1998), such as that
experienced by mosquitoes in the Sahel. However, changes in moisture (in the form of
surface-water availability and/or humidity) may act as a cue to reinforce or maintain
diapause, rather than initiate it, because it lacks the predictive properties of photoperiod,
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given that a decrease in moisture means the environmental stress has already begun. Several
studies have indirectly measured the effects of changing oviposition habitat on life-history
traits of An. gambiae. Female An. gambiae avoid oviposition in otherwise acceptable larval
sites which contained eggs or larvae of Culex quinquefasciatus (Wachira et al., 2010).
Therefore, the disappearance of typical larval sites and use of potential alternative, albeit
atypical, larval sites (e.g., wells, pit latrines) by competitors could act as another possible
cue to initiate aestivation, although, like moisture, oviposition-deprivation is a result of the
dry season rather than a predictor of it. Contrary to expectations, oviposition-deprivation of
female mosquitoes of a laboratory colony of An. gambiae (G3), with or without multiple
bloodmeals, did not increase female longevity and instead reduced it by a few days relative
to females with the opportunity for regular gonotrophic cycles (Artis et al., 2014). Notably,
this strain has been in colony for about 60 years, and therefore may not reflect the behavior
of wild mosquitoes from areas with an annual dry season.

In the case of An. coluzzii, aestivation has been proposed as a mechanism for adult
mosquitoes to extend their longevity over the long Sahelian dry season in order to reproduce
at the beginning of the next rainy season (Adamou et al., 2011; Huestis et al., 2012;
Lehmann et al., 2010, 2014; Yaro et al., 2012). Our recent studies revealed that this species
declines rapidly about a month before larval sites disappeared (Lehmann et al. 2010, 2014;
Dao et al., in prep), in accordance with anticipation of the coming dry season based on an
unknown) token stimulus. Although Sahelian anopheline populations are located within
tropical latitudes, photoperiod may still act as an important cue for aestivation; previous
studies have suggested that any latitude above 10° has a large enough seasonal change in
photoperiod to significantly affect the life-history traits of insects (Denlinger, 1986;
Denlinger and Armbruster, 2014). The seasonal change in photoperiod experienced by these
mosquito populations is around two hours (Figure 1) and the daily rate of change in
photoperiod may also be used as a cue. Just as a shortened photoperiod precedes the
oncoming winter and can act as a cue for winter-diapausing insect species, photoperiod
decreases at the end of the wet season in the Sahel and could be used by anophelines to
predict the upcoming dry season. Previous research has shown that decreased daylength
increased longevity of both Anopheles crucians (Lanciani, 1993) and Anopheles
guadrimaculatus (Lanciani and Anderson, 1993) from Florida, despite being nondiapausing
in their native habitat. Research recently completed in our lab indicated a modest increase in
longevity under a photoperiod which mimicked dry-season conditions in the field (Huestis et
al., in prep). Additionally, under short photoperiod (11.5 hrs), mosquitoes from a well-
known laboratory colony of An. gambiae (G3; a mix of M- and S-forms) exhibited a larger
body size and a greater total amount of cuticular hydrocarbons than mosquitoes under long
photoperiod (13.5 hrs; Wagoner et al., 2014). Therefore it seems possible, if not likely, that a
decreased photoperiod, perhaps in conjunction with lower humidity and/or other factors, acts
as a cue to initiate aestivation of Sahelian anophelines. However, much future research in
this area is required.
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3. Changes in reproduction and blood-feeding

Another key hallmark of mosquito diapause (overwintering or aestivation) is a dramatic shift
in feeding (sugar vs. bloodmeals, or avoiding both) and a decrease in reproduction (for those
species which diapause as adults; Box 1).

3.1. Reproduction and blood-feeding during insect winter diapause

Other than extended survival, reproductive arrest is arguably the ultimate hallmark of
diapause in adult mosquitoes (Bates, 1949; Clements, 1963; Rao, 1947; Swellengrebel,
1929; Washino, 1977). Typically, both mosquito reproduction and blood-feeding are
depressed during diapause (Bates, 1949; Clements, 1992; Washino, 1977). Blood-feeding
during or prior to diapause is an avenue that pathogens taken in the bloodmeal may use to
persist in diapausing mosquitoes throughout the winter (or the summer), especially if
transmission halts and the pathogen is cleared from vertebrate hosts, as has been suggested
for certain viruses (WEE, JE, and SLE) in Culex spp. For example, in Cx. tarsalis, decreased
photoperiod induces adult females to shift into the hibernal-diapause initiation phase by
accumulating fat reserves while simultaneously decreasing ovary size (Harwood and
Halfhill, 1964). Notably, feeding response prior to diapause did not change with
photoperiod, but rather the way in which nutritional resources are used; this shift in resource
distribution was reinforced and strengthened by lower temperatures (Harwood and Halfhill,
1964). The terms reproductive- or ovarian-diapause typically refer to arrested ovarian
development in an early previtelogenic stage as an indicator of diapause (Vinogradova,
1960; Vinogradova et al., 2007). However, it also implies that other indicators of diapause
such as depressed metabolism, flight activity, sugar-feeding and even blood-feeding, may
not be manifested by females in reproductive diapause. Egg size (e.g., follicular length)
below a species-specific threshold has often been used as a marker of diapause especially in
Culex spp. (Eldridge, 1987; Washino, 1977). Female mosquitoes in winter diapause may (i)
avoid feeding altogether (e.g., An. maculipennis messae), (ii) feed on sugars exclusively
(e.g., Culex pipiens), or (iii) take blood-meals with or without sugars (e.g., Anopheles
labranchiae atroparvus). In diapausing anautogenous mosquitoes (which require a
bloodmeal to mature even their first egg batch), “gonotrophic concordance,” refers to state i
or ii (above) where eggs remain undeveloped because no blood-meal is taken, whereas
“gonotrophic dissociation,” only known in anophelines, refers to state iii, where eggs remain
undeveloped even after taking blood-meals (Vinogradova et al., 2007; Washino, 1977; Box
1).

3.2. Reproduction and blood-feeding during insect aestivation

For aestivating mosquitoes, the situation is less clear. Laboratory studies on Cs. inornata
showed that under long photoperiod (summer daylight), blood-feeding rates in females from
southern populations dropped from 60 to 20% (Barnard and Mulla, 1977), suggesting that
gonotrophic concordance was the primary mechanisms of aestivation. All females that
blood-fed developed eggs normally, but, unlike females raised under short photoperiod,
most retained their eggs (for over 2 weeks) when offered water for oviposition, suggesting
that gravid females may also aestivate (Barnard and Mulla, 1977, 1978). Results of field
studies suggested that all aestivating females took at least one blood-meal and were parous
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(Barnard and Mulla, 1978). There is large variation in mode and degree of diapause among
populations of Cs. inornata. In southern California, this species is active during the cool
winter and it aestivates during the summer as described above, while in central California,
populations exhibited no (reproductive) diapause during the hot summer although their
activity was markedly depressed (Reisen et al., 1989). In contrast, Canadian populations of
Cs. inornata are active through the summer yet undergo winter diapause (Buth et al., 1990;
Hudson, 1977).

Populations of Anopheles arabiensis in the Sudan, over 20 km away from the Nile with no
surface water available, exhibited gonotrophic dissociation, whereas females from
populations along the Nile developed eggs normally and larvae were found throughout the
dry season in puddles along the river (Omer and Cloudsley-Thompson, 1970). When raised
under conditions similar to the natural environment away from the river, survival was
extended up to 206 days, providing further evidence for aestivation (Omer and Cloudsley-
Thompson, 1968; Table 1). However, results of similar studies in other parts of Africa have
not corroborated these findings (Charlwood et al., 2000; Ramsdale and Fontaine, 1970a, b).
Recent studies on An. coluzzii (previously known as the M molecular form of An. gambiae;
Coetzee et al., 2013) showed that in a Sahelian population, reproduction was depressed
sharply during the dry season, while the blood-feeding response did not change seasonally
(YYaro et al., 2012; Table 1). Furthermore, a high rate of blood feeding in this population was
noted among mosquitoes collected indoors throughout the dry season (Adamou et al., 2011;
Huestis et al., 2012; Lehmann et al., 2010). The oviposition rate dropped from 70% (wet
season) to 20% (dry season), and in those females that actually laid eggs, the mean number
of eggs per female fell significantly, from 173 to 101 (Yaro et al., 2012). Correspondingly,
the fraction of females that exhibited gonotrophic dissociation increased over the dry season
from 5% to 45%, while a similar fraction of the population retained developed eggs despite
having access to water (Yaro et al., 2012). Notably, less extreme changes were measured in
a population from along the Niger River. Finally, artificial larval sites constructed and
maintained during the Sahelian dry season were used by culicine mosquitoes but not by An.
coluzzii or other Anopheles spp.), consistent with latency of this physiological state which is
not easily broken (Lehmann et al., 2010). As noted above, studies using the G3 colony of
An. gambiae showed that oviposition-site deprivation alone was insufficient to shift
mosquitoes into reproductive quiescence and extended longevity (Artis et al., 2014; Dieter et
al., 2012). During the dry season, Anopheles funestus exhibited a reduced proportion of
gravid females and a higher proportion of partly blood-fed females compared with wet
season, suggesting that reproduction is suppressed in at least a fraction of the population
(Charlwood et al., 2013).

As far as we know, aestivation in mosquitoes has been studied only in Cs. inornata, An.
arabiensis, and An. coluzzii. The degree of reproductive inhibition exhibited by apparently
aestivating An. arabiensis, An. coluzzi, and Cs. inornata varied greatly between populations
only tens of kilometers apart, but was evident during the dry season in at least one
population of each species. Gonotrophic dissociation and gonoactive females that retained
eggs (when offered water for oviposition) were observed under field conditions even within
the same population (Barnard and Mulla, 1978; Omer and Cloudsley-Thompson, 1970; Yaro
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etal., 2012). Such heterogeneity may represent different bet-hedging strategies with respect
to reproductive-diapause strength and duration. Heterogeneity along similar lines was noted
in overwintering Cx. pipiens, Cx. tarsalis, and Culex tritaeniorhynchus (Reisen et al., 2010;
Spielman, 2001; Spielman and Wong, 1973; Tsuda and Kim, 2008), suggesting that such
variation is not unique to aestivation. Yaro et al. (2012) proposed that the composition of
“weak aestivators” and “strong aestivators” differs among populations, reflecting the
severity and prospects of reproductive opportunities during the dry or cold seasons. These
findings parallel earlier studies on overwintering larval diapause of Wyeomia smithii, in
which the “depth of diapause” was found to vary latitudinally among populations, such that
southern populations entered dormancy later in development and could emerge from
diapause faster and with less environmental input than northern populations (Bradshaw and
Lounibos, 1977).

Unlike Cs. inornata and even An. arabiensis, An. coluzzii males were detected throughout
the dry season, albeit in very small numbers (Adamou et al., 2011; Huestis et al., 2012;
Lehmann et al., 2010; Yaro et al., 2012). Small swarms were occasionally observed with 1-6
males per swarm, indicating that male reproductive activity is not arrested (Yaro et al., 2012;
Table 1), although it might be greatly reduced. The presence of males throughout the dry
season is a radical deviation from expectations for mosquito overwintering diapause. The
significance of this is unclear, as is whether males were missed in studies of aestivation of
Cs. inornata or An. arabiensis. An. coluzzii females exhibited a lower rate of gonotrophic
dissociation (Yaro et al., 2012) compared with that of An. arabiensis (Omer and Cloudsley-
Thompson, 1970), although both species exhibited high rate of blood-feeding. It is unclear if
these are species-specific or population-specific differences.

4. Metabolic rate, nutritional reserves, and activity level during diapause

For many species, a decrease in metabolic rate is a key trait of overwintering diapause, often
accompanied by an increase in nutritional reserves to sustain the individual during the
diapause period and a decrease in activity level so that these reserves will last longer.

4.1 Metabolic rate during diapause

During winter diapause, a dramatic decrease in metabolic rate occurs in many insects
(Clarke and Fraser, 2004; Denlinger, 2002; Guppy and Withers, 1999; Hahn and Denlinger,
2011). However, the magnitude of the decrease cannot be attributed fully to low
temperatures alone; rather it is lowered by 50-90% beyond what is expected by the scaling
with temperature (Guppy, 2004; Guppy and Withers, 1999; Storey and Storey, 1990, 2004),
not including those organisms which enter a cryptobiotic state (extreme slow down/arrest of
life processes that accompanies survival over many years). A few well-documented
examples include a decrease in metabolic rate in the fly Rhagoletis pomonella (Ragland et
al., 2009) and in adult female Cx. pipiens mosquitoes (Benoit and Denlinger, 2007). The
decrease in metabolic rate during insect winter diapause has been previously reviewed
thoroughly (e.g., Clarke and Fraser, 2004; Denlinger and Armbruster, 2014; Guppy, 2004;
Hahn and Denlinger, 2011; MacRae, 2010); therefore, we will focus on metabolic processes
during aestivation and use winter diapause for comparative purposes only.
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Some species undergo both summer and winter diapause. For example, adults of the alfalfa
weevil Hypera postica aestivate in the summer, actively feed and reproduce in the fall, and
their eggs undergo winter diapause until the next spring (Tombes, 1964). During adult
aestivation, the mean metabolic rate drops to about one-quarter of its mean during the active
phase, and remains low for 3 months (Tombes, 1964). This drop in metabolic rate is also
associated with a linear decrease in the size of the fat body during aestivation and a decrease
in water content; together, these results suggest that these aestivating weevils are inactive
and conserve resources - similar to winter diapause. Likewise, the leaf beetle Zygogramma
suturalis has a short aestivation in summer and a long winter diapause, both in the adult
phase and found at different frequencies in different years (Vinogradova and Pantyuchov,
1995). The metabolic rate (measured as oxygen consumption) of female beetles was
approximately 2-5 times lower in both aestivating and diapausing individuals compared with
the spring and fall active phases (Vinogradova and Pantyuchov, 1995), indicating that the
physiological mechanisms between the two types of dormancy may be similar. For males,
the metabolic rate during aestivation was not as low as that during diapause, but both were
lower than normal active levels (Vinogradova and Pantyuchov, 1995). Insects may undergo
aestivation at different developmental stages, which may also impact what physiological
changes occur. For example, during pupal aestivation in the tiger moth C. pudica, the
metabolic rate decreased to 5-15% of its normal level, and morphological development is
halted (Kostal et al., 1998). In contrast, two species of tropical butterfly in the genus
Euploea undergo adult aestivation in the cool dry season, characterized by an increased fat
body and a lack of egg production (Canzano et al., 2006). For both of these species, the
reduction in metabolic rate during this state was estimated at about 28% (Canzano et al.,
2006), a less dramatic decline than the range reported above for winter-diapausing insects.

Although metabolic rate was measured in An. coluzzi during the dry season, it is unknown if
these mosquitoes were actually in aestivation because they were found indoors and most had
recently blood-fed (Huestis et al., 2012). However, some factors which affect metabolic rate
have been previously studied in other anophelines and may allow us to make additional
predictions about scenarios during dry-season aestivation. For example, metabolic rate of
An. quadrimaculatus adults varied with photoperiod: metabolism was higher under long
days than under short days, but for mosquitoes collected in the fall, the reverse was found
(Lanciani and Anderson, 1993). Furthermore, although this study was presumably conducted
using a non-aestivating Floridian population (see above), the short-day photoperiod was
always associated with increased longevity, regardless of collection time (Lanciani and
Anderson, 1993). For wet-season anophelines in the Sahel, metabolic rate was significantly
affected by body size, female gonotrophic status, flight activity, and temperature (Huestis et
al., 2011). Huestis et al. (2012) measured seasonal variation in metabolic rate of An. coluzzi
and compared a Sahelian population with a riparian population; we found significant
seasonal variation at the Sahelian site but not at the riparian site after adjusting for the effect
of temperature (Huestis et al., 2012). Surprisingly, metabolic rate at the Sahelian site was the
highest in the late dry season, even after accounting for temperature and other factors
(Huestis et al., 2012), indicating that these mosquitoes which are hypothesized to be
undergoing aestivation do not have a reduced metabolic rate (Table 1). However, because
the mosquitoes used in this experiment were collected inside houses and most were freshly
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blood-fed, they may represent mosquitoes which have temporarily suspended or totally
broken aestivation, and thus may not display the same physiological characteristics as
mosquitoes which are in shelters. Previous studies have shown that starvation does not
decrease metabolic rate in flies (Djawdan et al., 1997) or in crickets (Sinclair et al., 2011)
once the effects of fuel-use have been accounted for (since the amount of CO, produced
varies whether the insect is burning lipids or carbohydrates). However, another study
showed that starvation slightly decreased an insect's metabolic rate but then resulted in an
extreme increase once feeding did occur (Bennett et al., 1999). Additionally, one recent
study on diapausing plant bugs (Lygus hesperus) did not find any difference in metabolic
rate between winter-diapausing and non-diapausing individuals, because brief periods of
activity and feeding occurred (Brent et al., 2013). In conclusion, we predict that mosquitoes
hidden in cool, underground shelters may exhibit a reduced metabolic rate (Clarke and
Fraser, 2004) while in a dormant, energy-conserving state, but that those mosquitoes which
are seeking bloodmeals aboveground no longer show this reduction. It is also unknown if
they revert to a reduced metabolism once they presumably return to these shelters after
feeding (Huestis et al., 2012); however, pulses of increased metabolic activity followed by a
return to lower levels are known to occur in insect winter diapause (Hahn and Denlinger,
2011). Clearly, if mosquitoes could be found within their as-yet-unknown dry-season
shelters, it would open up a new avenue of investigation regarding their physiology.

4.2 Nutritional reserves during diapause

To survive a period of inactivity without feeding, insects accumulate nutritional reserves in
preparation for diapause (Denlinger, 2002; Hahn and Denlinger, 2011) and reduce their
metabolic rate to conserve these acquired reserves as described above. In insect winter
diapause, triacylglycerides are the most common form of lipid storage, although insects also
continue to use other lipids, carbohydrates, and amino acids (Hahn and Denlinger, 2011).
For example, adult Cx. pipiens mosquitoes accumulate lipids prior to winter diapause, and it
was found that any remaining lipid resources not used during diapause can be used for egg-
production by females after breaking diapause (Zhou and Miesfeld, 2009).

Only a few studies on insect aestivation have measured nutritional reserves accumulated
before and fuel usage during aestivation. For example, pupae of the cotton bollworm
Helicoverpa amigera undergo summer aestivation and increase their energy storage of lipids
and glycogen prior to aestivation (Liu et al., 2006). Similarly, the tiger moth C. pudica also
undergoes aestivation in the pupal stage and was found to increase triacylglyceride levels
and have altered ratios of saturated to unsaturated lipids (Kostal and Simek, 1998). Adults of
the beetle Senotartus rotundus increase their glycerol and glucose content during dry-
season diapause (Pullin and Wolda, 1993). Prior to aestivation, another coleopteran, the
weevil H. postica, increases its fat and protein levels while reducing water content, and is
hypothesized to use fat as its primary fuel source during aestivation, due to its linear
decrease during the 3-month period (Tombes, 1964). In summer-aestivating Cs. inornata,
female mosquitoes increased their lipid content nearly fourfold prior to aestivation; lipid
levels returned to normal after the 3-month aestivation period, indicating usage of this fuel
during this time (Barnard and Mulla, 1978). Similar results were obtained by rearing female
Cs. inornata under short- and long-day photoperiods (Barnard and Mulla, 1977). Although
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nutritional reserves have not yet been explicitly measured in An. coluzzi during the dry
season, this work is currently underway and we hypothesize that increased lipid reserves
may be found, given the 70% reduction in egg-laying by blood-fed females during the dry
season (see above; Yaro et al., 2012). Furthermore, a study of non-aestivating female
anophelines showed that, during flight trials, blood-fed females had lower carbohydrate
usage than sugar-fed females, indicating that blood-fed females may be able to use some of
the nutrients from the bloodmeal for their own activity (Kaufmann and Briegel, 2004).
However, as with metabolic rate above, it will be difficult to draw conclusions about the
nutritional physiology of aestivating An. coluzzii in the Sahel without being able to identify
their shelters and measuring mosquitoes in their dormant state.

4.3 Activity level during diapause

Coupled with increased nutritional reserves and a decreased metabolic rate to make these
reserves last longer is a decrease in the activity level of the insect (flight, foraging, and/or
reproduction). While this is given for overwintering under low temperature, during
aestivation of the tropical beetle S. rotundus, the size of the flight muscles was greatly
reduced and flight activity ceased (Pullin and Wolda, 1993). Similarly, during adult winter
diapause of the mosquito Cx. pipiens, flight muscle size (measured as amount of beta-
tubulin) decreased while flight activity was much reduced (Kim and Denlinger, 2009). For
insects which are not actively foraging during dormancy, reducing the amount of energy
required to maintain large flight muscles is very beneficial (Denlinger, 1986). In our study
comparing anophelines at a Sahelian site with those from a riparian site, we found
significantly reduced flight activity prior to and during the dry season in the Sahelian
population but no significant seasonal variation in flight activity in the riparian population
after accounting for temperature variation (Huestis et al., 2012; Table 1). This study
analyzed sound recordings from field-caught mosquitoes placed in individual chambers,
generated over a 2-hour timeframe in the field (Huestis et al., 2011). Thus, these results
indicate that although we found a significant increase in metabolic rate during the late dry
season in the Sahel, mosquitoes may still modify their behavior to conserve energy during
the dry season.

Based on these patterns, we presume that, while in shelters, An. coluzzii minimizes its
activity and reduces its resting metabolic rate to conserve resources. However once its
nutritional resources are depleted, it becomes active and forages for sugars and blood
sources. This strategy minimizes the number of foraging trips and bloodmeals a single
female will take during the dry season, similar to the strategy of the winter-diapausing plant
bug L. hesperus, which reduces its feeding rate during diapause to one-fifth of that during
normal activity (Brent et al., 2013). This strategy may explain why malaria transmission is
very low throughout the dry season, even if the mosquitoes are very old.

5. Stress tolerance during diapause

During the diapause period, organisms are often inactive (and sometimes incapable of
movement), and must cope in situ with the harsh environmental conditions that occur;
therefore, increased stress resistance is another hallmark of diapause (Box 1). Desiccation,
temperature extremes, and starvation represent stress factors that insects often withstand
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during inhospitable seasons, especially while in dormancy (Denlinger, 1986; Denlinger and
Armbruster, 2014; Masaki, 1980; Tauber et al., 1986).

5.1 Desiccation tolerance

Desiccation tolerance has long been considered a key adaptation of insects living in arid
environments, whether they undergo dormancy or not (Benoit et al., 2010a; Chown and
Nicolson, 2004; Kostal et al., 1998; Tauber et al., 1986). However, during diapause, water
sources may be scarce, the air is dry, and often the insect's mobility is limited; thus
desiccation resistance is essential. Higher body water-content, lower rate of water loss, and
lower threshold for critical body water-content at death are all components of desiccation
tolerance (Chown, 2002; Gibbs et al., 2003). The physiological mechanisms most commonly
studied reduce the rate of water loss by i) reducing the amount of time spiracles are open to
minimize water vapor loss during gas exchanges, “discontinuous gas exchange” (Gibbs and
Johnson, 2004; Lighton, 1996), or ii) increased waterproofing via a higher amount of wax
layer in the epicuticle and/or changes in the cuticular hydrocarbon composition (Benoit and
Denlinger, 2007; Gibbs et al., 1997). Reduced surface-to-volume ratio associated with
increased body size also increases desiccation resistance (Hadley, 1994).

Desiccation resistance mediated by an increased cuticular hydrocarbon layer is considered
key to egg diapause in Ae. albopictus (Lounibos et al., 2011; Urbanski et al., 2012). During
winter diapause, female Cx. pipiens suppress water loss by doubling the total amount of
cuticular hydrocarbons in the epicuticle, lowering metabolic rate (reduces gas exchange),
and by increased body size (Benoit and Denlinger, 2007). Whether they drink water or
sugar-feed during diapause under natural conditions is unclear. Dehydration stress uses up
lipids and glycogen (Benoit et al., 2010b), suggesting that desiccation resistance, nutritional
reserves, and starvation resistance may be selected together in populations where extreme
winters select for diapause. Unless provided with a sugar source during diapause, depleted
nutritional reserves due to desiccation stress reduced female reproductive success after
winter diapause (Benoit et al., 2010b)

Rather than comparing their desiccation tolerance under aestivating vs. “normal” conditions,
previous studies compared species, populations, and genotypes (within a population)
inhabiting dry vs. humid environments. Early studies found clines in frequencies of the
inversions 2La and 2Rb to be strongly correlated with aridity on spatial and seasonal scales
(Bayoh et al., 2001; Coluzzi et al., 1985, 1979; Toure et al., 1994). These inversions are
found in markedly different frequencies between species of the complex (2La is fixed in An.
arabiensisand is especially variable between populations of An. coluzzii; Bayoh et al., 2001,
Coluzzi et al., 1979, 1985; Toure et al., 1994). It has been hypothesized that the 2La and
2Rb inversions confer higher desiccation tolerance and possibly higher temperature
tolerance to their carriers (Bayoh et al., 2001; Coluzzi et al., 1979, 1985; Toure et al., 1994).
Using laboratory colonies established from Kenya, female An. arabiensis exhibited a higher
desiccation resistance than that of An. gambiae s.s. (Gray and Bradley, 2005). Notably,
desiccation resistance of teneral mosquitoes (<24 hrs after adult emergence) of both species
was higher than that of 4- and 8-day-old mosquitoes. Additional evidence suggested that the
higher water content of An. arabiensis enhances its desiccation resistance and may also
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explain the advantage of teneral mosquitoes (Gray and Bradley, 2005; Table 1). As in other
parts of East Africa, An. arabiensis predominates during the drier season in accordance with
this observation. It is also not clear if the larger body size of An. arabiensis (Huestis et al.,
2011; Lehmann and Diabate, 2008) has contributed to its higher survival. Comparison of
larval tolerance to desiccation between colonies of these species revealed lower tolerance of
An. arabiensis from Zimbabwe compared to that of An. gambiae from the Gambia (G3
colony), and that the latter was very similar to the tolerance of An. arabiensis from Sudan
(Benedict et al., 2010). However, since the mean difference in survival measured only a few
minutes, its importance to existence in dry environments remains unclear. Using F1s of
field-collected females from Mali, An. coluzzii exhibited higher desiccation tolerance than
An. gambiae s.s. (22.2 vs. 17.6; ~22%), although variation in body size or age were not
considered (Lee et al., 2009; Table 1). Notably, the variation between females and males
within a species was larger than differences between species (22.4 vs. 16.8; ~27%), and the
effect of 2La inversion was not significant, although a small sample size reduced the power
of this test (Lee et al., 2009).

Within-species variation in desiccation resistance between lines of mosquitoes selected as
homozygotes for either the 2La inversion or the standard karyotype showed that the former
were more resistant early in life than the latter at 1 and 4 days post-eclosion (14.7 vs. 11.6 hr
and 14.7 vs. 12.6 hr, respectively; Gray et al., 2009; Table 1). At 8 days of age, the
difference was reversed (13.3 vs. 13.9 hr) or disappeared because it was not statistically
significant. Higher water content contributed to higher resistance of 2La homozygotes at day
4 and slower water loss of this karyotype contributed to the resistance of the teneral
mosquitoes. In a subsequent study, using 1-day-old mosquitoes representing different
karyotypes within An. gambiae s.s. (previously the S molecular form), 2La-homozygotes
exhibited higher desiccation tolerance than the standard-homozygotes (612 vs. 537 min or
13%), although the heterozygotes exhibited apparently lower resistance than both (529 min;
Fouet et al., 2012; Table 1). Notably, body size of the 2La-homozygotes was larger than that
those carrying the standard karyotype, but the heterozygotes were apparently the largest
(Fouet et al., 2012). The difference was only found in teneral mosquitoes and no difference
was detected after 1 day posteclosion (Fouet et al., 2012).

Environmental factors such as larval nutrition and adult access to water significantly
affected survival of An. coluzzii females under desiccation stress (Aboagye-Antwi and
Tripet, 2010). In addition to the effect of higher body-water content (prior to desiccation
stress), higher glycogen reserves (reflecting access to better larval food) also increased
desiccation resistance without affecting body size. In populations of Anopheles stephensi
from dry vs. humid environments, smaller spiracle size relative to body size was proposed as
a morphological mechanism conferring desiccation tolerance (Nagpal et al., 2003), although
desiccation tolerance was not directly assessed.

During the dry season, female An. coluzzii from Sahelian populations exhibited higher
desiccation tolerance than that during the wet season (14.6 hr vs. 10.1-12.1, P<0.001),
consistent with aestivation (Dao et al., unpublished; Table 1). However, whether a
difference of ~25% (20-35%) in aestivation tolerance explains the long survival of these
mosquitoes throughout the long dry season remains unclear.
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5.2 Tolerance to temperature extremes

Fewer studies have measured tolerance to temperature extremes in mosquitoes. Using
laboratory colonies, An. arabiensis exhibited a higher tolerance to high temperatures than
An. gambiae, surviving 112 vs. 67 min at 40°C (Kirby and Lindsay, 2004; Table 1). The
effect of larger body size of An. arabiensis was not evaluated. A colony of An. gambiae was
used to compare homozygotes of the 2La inversion vs. the standard arrangement in tolerance
to high temperature of 4th instar larvae and pupae (Rocca et al., 2009). No difference was
found among larvae, but, after acclimation, homozygotes of the 2La inversion exhibited
significantly higher tolerance than carriers of the standard arrangement (Table 1). No
difference was detected in between pupae regardless of acclimation (Rocca et al., 2009).

In summary, multiple studies have compared desiccation tolerance between species and
populations of An. gambiae s.l. selected to represent the extreme opposites in this trait, but
the differences measured were modest (<40% although statistically significant, and often
restricted to narrow age group), whilst the overlap between these populations was large. The
difference “required” to explain aridity tolerance has not been defined, yet we question
whether the available estimates (above) would approach this value.

6. Molecular underpinnings of diapause

The molecular regulation of diapause has been previously reviewed thoroughly by Denlinger
(2002), MacRae (2010), and Storey and Storey (2012), and was recently summarized in
mosquitoes by Denlinger and Armbruster (2014). Additionally, metabolomic and
ecdysteroid variation in An. gambiae s.I. under desiccating conditions was recently reviewed
(Mamai et al., 2014). Here we will describe common gene-expression changes during winter
diapause and focus mainly on those few studies examining molecular changes during
aestivation.

6.1 Gene expression during winter diapause

Gene-expression changes associated with winter diapause reveal genes and processes which
many organisms have in common, leading to the notion of a “genetic toolkit” for diapause
(Poelchau et al., 2013a). For example, in winter-diapausing Drosophila melanogaster,
regulation of the insulin pathway shifts so that nutrients are depleted slowly and juvenile
hormone increases so that ovarian development ceases (Emerson et al., 2009). Furthermore,
genes associated with photoperiod often have widespread downstream effects, as shown in
the bean bug Riptortus pedestris, where RNAi knockdown of two photoperiod genes
affected both cuticle deposition and ovarian development, important traits for winter
diapause of this species (Ikeno et al., 2010). Additionally, defensive proteins such as
antifungal and antibacterial peptides are often up-regulated, such as the gene drosomycin in
Drosophila triauraria (Daibo et al., 2001).

The Asian tiger mosquito, Aedes albopictus, which undergoes diapause in the pharate first
instar stage (i.e., within the egg), has been used as a model for egg diapause. Expression of a
gene involved in the cell-cycle arrest process and another gene associated with sugar
metabolism were both found to increase in the pre-diapause stage (Poelchau et al., 2013a).
These same genes have been identified in other taxa and fit into the “diapause toolkit”
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concept (above). In a related study, it was found that several genes associated with
carbohydrate metabolism and lipid metabolism were over-expressed in the early stages of
diapause, while expression of amino-acid metabolism genes were generally reduced
(Poelchau et al., 2013b), indicating that, in the early phase of diapause, the dormant embryos
are engaged in utilization of stored resources. Later in diapause, however, only lipid
metabolism genes were found to be significantly differentially expressed (Poelchau et al.,
2013b). Surprisingly, this study did not find evidence for up-regulation of heat-shock
proteins throughout diapause (Poelchau et al., 2013b), in contrast to many other studies of
insect diapause (Denlinger, 2002).

The expression of structural proteins in the northern house mosquito, Cx. pipiens, such as
actin, was shown to be up-regulated in early diapause and further increased after exposure to
freezing temperatures (Kim et al., 2006). Actin is presumed to strengthen the cytoskeleton
and protect against cellular damage due to freezing temperatures (Kim et al., 2006). The
expression level of another structural protein, beta-tubulin, was also studied in midgut and
flight muscles of diapausing female Cx. pipiens (Kim and Denlinger, 2009). A significant
decrease in microtubule abundance in the flight muscles of diapausing females was found,
corresponding to the reduction in flight activity due to low temperature and diapause; in
contrast, there was no significant change in the midgut muscles (Kim and Denlinger, 2009).
Expression levels of genes associated with feeding and reproduction have also been studied,
as it has been shown that female mosquitoes increase sugar intake and decrease
bloodfeeding prior to entering diapause (Robich and Denlinger, 2005). In accordance with
this shift in meal intake, the enzymes needed to digest a bloodmeal (trypsin and a
chymotrypsin-like protease) were down-regulated in the pre-diapause period, while a gene
associated with increasing the size of the fat reserve (fatty acid synthase) was up-regulated
(Robich and Denlinger, 2005). This preparation happens before diapause begins, consistent
with the observation that female Cx. pipiens usually will not take a bloodmeal before or
during diapause (and even if they do so, will often expel the blood; see Robich and
Denlinger, 2005 and references therein); however, it is possible that they could continue
sugar-feeding if the opportunity was available. As the end of diapause nears, the trypsin and
chymotrypsin-like expression gradually increases, in preparation for breaking diapause and
beginning the gonotrophic cycle (Robich and Denlinger, 2005). Lastly, insulin-signaling
genes have been found to be instrumental in initiating the diapause cascade in Cx. pipiens
(Sim and Denlinger, 2008), and insulin-like peptides are crucial for stopping ovarian
development during overwintering (Sim and Denlinger, 2009). However, ovarian
development can be rescued by applying juvenile hormone (Sim and Denlinger, 2009;
Spielman, 1974). These studies on adult-diapausing Cx. pipiens can predict some of the
gene-expression differences that could be utilized by aestivating An. gambiae s.l. during the
Sahelian dry season (see below).

6.2 Gene expression during aestivation

In a review covering gene expression during aestivation in toads, snails, and nematodes,
several key classes of genes were found across these taxa, including nutrient-regulation,
growth signaling, dehydration responses, and antioxidant defenses (Storey and Storey,
2012). Similarly, a review of gene-expression changes during dormancy across taxa
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including arthropods, fungi, and mammals revealed that small heat-shock proteins (namely
the Hsp70 and Hsp90 families) are up-regulated in different forms of dormancy, including
aestivation (Denlinger, 2002), and likely act as protective chaperone proteins. However, few
studies have examined changes in gene expression during insect aestivation. For example,
pupae of the onion maggot, Delia antiqua, can enter both summer and winter diapause, and
suppressive subtractive hybridization identified genes related to stress response (heat-shock
proteins), antimicrobial defense, metabolism, and food storage that were expressed
significantly more in summer diapause than in inter diapause (Hao et al., 2012). The authors
of that study hypothesized that i) heat-shock proteins are needed more in the summer than in
winter, due to the extreme heat, and ii) more defense proteins are needed because there are
more pathogens active in the soil in summer than in winter, given increased moisture and
warmth in the summer. Similarly, a recent study of protein expression in the aestivating
snail Pomacea canaliculata also revealed an upregulation of immune-response proteins,
antioxidative proteins, and a suite of proteins involved lipid fuel-usage (Sun et al., 2013).
Lastly, prior to migration, monarch butterflies (Danaus plexippus) enter a state of
reproductive diapause/arrest and increased longevity, and changes in expression of genes
associated with circadian rhythm and feeding, along with juvenile hormone, were found in
these butterflies, relative to reproductively active summer butterflies (Zhu et al., 2008).

Although no studies to date have measured gene expression during mosquito aestivation,
two studies have examined gene-expression changes due to relevant phenotypes: aging and
desiccation stress. Using the laboratory G3 colony of An. gambiae (a mix of M and S
molecular forms), age-related changes in gene expression, separate from gonotrophic-cycle
effects, were measured across ages up to 28 days (Wang et al., 2010). Genes which
increased in expression throughout the aging process included two detoxification genes
(cytochrome P450 and glutathione S-transferases) and Hsp70, a key stress-response gene
(Wang et al., 2010); importantly, these classes of genes have been found in previous studies
on aestivation, as mentioned above, and may implicate these genes as part of the
“aestivation toolkit.” In a similar study using the G3 colony, changes in gene expression due
to desiccation stress were measured, and overall, more genes showed decreased expression
during desiccation than those which increased (Wang et al., 2011). Genes which were down-
regulated during desiccation stress included chitin metabolism genes, oxidative-stress
response genes, and binding function genes, while those which were up-regulated during
desiccation stress included amino-acid biosynthesis and Hsp40 (Wang et al., 2011).

Combining these studies on An. gambiae with previous studies during aestivation of other
insects, we hypothesize that changes in gene expression will likely occur in key classes of
genes. Specifically, similar to previous studies, we predict increased levels of lipid
metabolism genes, detoxification and immune-related proteins, genes related to building
cuticular hydrocarbons and thickening the cuticle, and heat-shock proteins. Simultaneously,
we predict decreased levels of vitellogenesis-related genes and other genes associated with
reproduction. Conversely, we predict that expression of some other classes, including flight-
and feeding-related genes, will not change dramatically, as mosquitoes are found (albeit in
low numbers) throughout the dry season. How gene expression varies during the dry season
between active and inactive phases (Adamou et al., 2011; Huestis et al., 2012; Lehmann et
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al., 2014), as well as throughout the progression of the dry season, might be unique for this
strategy and thus render predictions based on studies of overwintering diapause less
powerful.

7. Discussion and Conclusions

Here, we have focused on the physiology of mosquitoes during the dry season and mainly
on those mechanisms that would potentially allow their persistence in environments without
surface water across vast areas for at least three months (Adamou et al., 2011; Lehmann et
al., 2010; Omer and Cloudsley-Thompson, 1968, 1970; Simard et al., 2000). Insects,
including mosquitoes, employ different forms of dormancy to survive harsh seasons (Box
1). Until recently, aestivation in African anophelines has been discounted by most
entomologists, although winter diapause in temperate malaria vectors has been well-
documented (Jetten and Takken, 1994), and a few studies provided evidence consistent with
it in Sudan (Omer and Cloudsley-Thompson, 1968, 1970). In part, this stemmed from
studies conducted in areas that experience a “mild dry season,” during which some larval
sites remain available within 5-10 km radius (Charlwood et al., 2000; Jawara et al., 2008;
Koenraadt et al., 2003; Minakawa et al., 2001; Ramsdale and Fontaine, 1970a, b; Sogoba et
al., 2007). Although less abundant, constantly available larval sites during the dry season
probably act as a strong selection force against aestivation. Future studies on this topic must
recognize this key criterion in the selection of field sites and source populations of
mosquitoes for future laboratory studies on aestivation.

The “big picture” of the physiological mechanisms that allow mosquitoes to cope with
seasonal extremes is well understood with respect to winter diapause (e.g., Cx. pipiens, Cx.
tarsalis, Wy. smithii, and Ae. albopictus), but is poorly understood with respect to
aestivation (e.g., Cs. inornata) and even less so with respect to African anophelines in
seasonally dry habitats such as the Sahel (Lehmann et al., 2010). Little attention has been
paid to low-transmission periods in the study of disease vectors in sub-Saharan Africa, when
it is often difficult to collect enough mosquitoes for experiments, and except for one study
(Omer and Cloudsley-Thompson, 1968), induction of aestivation under laboratory
conditions have failed. Here, we appraised the current knowledge on the dry-season
physiology of African anophelines in reference to characteristics of the ‘diapause
syndrome,” which includes aestivation, seeking to address the question, “Is aestivation the
strategy used by An. gambiae s.|.?”

A dramatic extension of lifespan during the dry season was reported for two members of the
complex: An. arabiensis (Omer and Cloudsley-Thompson, 1968) and An. coluzzii (Lehmann
et al., 2010), adding to an earlier observation of an unknown member(s) of An. gambiaes..
that survived for over three months after collection from the vicinity of Bobo Dioulasso,
Burkina Faso (Holstein, 1954). The physiological processes that facilitate such a dramatic
change may well be aestivation or quiescence. Consistent with the dormancy framework,
female An. arabiensis were reproductively suppressed in a state of gonotrophic dissociation
(Omer and Cloudsley-Thompson, 1970); similarly a ~70% reduction in reproduction (Yaro
etal., 2012) and an 80% reduction in flight activity (Huestis et al., 2012) was measured in
An. coluzzi during the dry season as opposed to the wet season. On the other hand,
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metabolic rate was actually highest during the late dry season (Huestis et al., 2012).
Although elevated metabolic rate flies in the face of traditional expectations for dormancy
(but see Brent et al., 2013), it is important to qualify studies that were conducted on host-
seeking mosquitoes (most of them bloodfed) that were collected indoors, which may not
represent the physiological state of the same mosquitoes if found in shelters. These
mosquitoes may have interrupted their dormancy to replenish nutritional reserves and
therefore may suspend at least certain aspects of their dormancy during that time (Huestis et
al., 2012).

Consistent with aestivation rather than with quiescence, the switch from reproduction to
long-term survival was not a direct result of the absence of surface water for oviposition
(Artis et al., 2014, Dieter et al., 2012), indicating that a token environmental stimulus is
involved. Accordingly, An. coluzzii has been observed to nearly disappear from villages
approximately one month before the larval sites dry up, presumably in anticipation of the
coming dry season, as would be expected according to aestivation and contrary to the
quiescence hypothesis (Adamou et al., 2011; Huestis et al., 2012; Lehmann et al., 2010;
Yaro et al., 2012). Likewise, induction of diapause by short photoperiod produced only a
modest extension of An. coluzzi lifespan in either a field insectary or the laboratory and a
similarly small increase in the total cuticular hydrocarbons (Table 1). These results revealed
a response to photoperiod in the expected direction, but its limited intensity indicates that the
insectary conditions were unsuitable to attain full dormancy, possibly because of inadequate
conditions to maintain dormant adults. Accordingly, more field studies (64%, n=11) have
revealed evidence consistent with aestivation than laboratory studies (33%, n=6; Table 1).

A number of studies (some unpublished, Table 1) measured a slight increase in desiccation
tolerance of An. coluzzi, either in comparison with An. gambiae s.s. (Lee et al., 2009), or in
mosquitoes homozygous for the 2La inversion compared with homozygotes to the standard
karyotype (Fouet et al., 2012; Gray et al., 2009). However, most of these studies were not
designed to test whether mosquitoes were dormant, and they measured minimal differences
(although statistically significant) during the wet season (Lee et al., 2009) or between lines
that were not induced to undergo dormancy; thus our inferences from their results are
limited. Nonetheless, they have demonstrated that the tolerance to desiccation of An. coluzzi
during the wet season cannot explain, by itself, this species persistence throughout the dry
season in the face of the virtual disappearance of the An. gambiae s.s.

Recognizing the diversity in the manifestation of diapause (aka “diapause syndrome”)
between and within species and populations (above), it is difficult to interpret the
physiological changes over the season (Table 1 and above) outside of the dormancy
spectrum. The specific requirements for induction and latency implied by aestivation (Box
1) are not evident based on classical photoperiod experiments (Table 1). However, the early
disappearance of An. coluzzii a month before larval sites dried up (above), the modest
extension of lifespan in response to shortened photoperiod (Lehmann et al., 2010, 2014;
Table 1), and the suppression of reproduction in the presence of water for oviposition (Yaro
etal., 2012; Table 1), as well as the failure to utilize artificial oviposition sites during the dry
season by anophelines but not culicines (Lehmann et al., 2010), all agree with an induction
and latency. We therefore propose that the existing findings support a form of aestivation as
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the basis of the strategy of An. coluzzi in the West African Sahel and An. arabiensis in the
East African Sahel and possibly in Senegal (Lemasson et al., 1997; Simard et al., 2000).
This form of aestivation differs from the hibernal diapause typified by Cx. pipiens and other
temperate mosquito species that undergo winter diapause as adults, as explained below.

The winter in temperate latitudes implies freezing temperatures, limited insect activity
(flight), a lack of sugar sources (flowers and plant juices), and desiccating conditions;
combined, these factors result in greatly reduced mobility or complete immobility of the
insect and hence total reliance on physiological solutions to cope with the harsh
environment. For Sahelian anophelines, on the other hand, the primary restrictive force of
the dry season is the absence of surface waters for larval development (Figure 2). Diel
fluctuations in temperature (Figure 1) and the corresponding changes in relative humidity
likely confine flight to certain parts of the night (Figure 1), but they promote foraging for
blood and available sugar sources and even male swarming (above; Figure 2). We
hypothesize that behavioral changes in selecting suitable microhabitats in shelters and
suitable periods of activity and rest may have a large role in complementing physiological
changes, rather than relying on them completely, as is the case for winter diapause. A
greater reliance on behavioral elements probably requires a different set of physiological
changes (Figure 2), as may be reflected by the bouts of elevated metabolism (Huestis et al.,
2012) and local movement (Lehmann et al., 2014) in the late dry season. Specialized
behaviors such as digging into ground and/or cocoon formation exhibited by caterpillars and
beetles (Tauber et al., 1986) and the switch into sugar feeding and accumulating lipid
reserves in mosquitoes (Robich and Denlinger, 2005) are of paramount importance to
overwintering diapause, although they are expressed in the diapause-initiation phase rather
than the diapause-maintenance phase, which we presume would be the case for African
anophelines. Clearly this hypothesis requires empirical evidence, which presents attractive
challenges for future research. Finding the shelters used by mosquitoes during the dry
season would allow us to measure the metabolic rate, activity patterns, and blood-feeding
responses of mosquitoes in this “active dormant state.” More research is needed to dissect
the environmental cues which induce aestivation, the conditions required to maintain it, and
those that signal its end. Lastly, gene-expression studies on the molecular basis of the
physiological changes which occur during aestivation will benefit from starting with those
essential genes noted by studies on hibernal diapause and aestivation in other organisms
(e.9., heat-shock, storage-utilization, and reproduction-related proteins, see above).

A comprehensive picture of the strategy used by mosquitoes to persist throughout the dry
season could yield novel vector control strategies and make positive impacts on malaria
eradication in the future. Specifically, if the shelters used by these mosquitoes could be
identified, predicted, and subjected to vector control, aestivating mosquitoes could be
targeted during the dry season, markedly reducing the overall disease burden during the
transmission season. Likewise, if the genes underlying this unique physiological state are
known, they may be targeted to prevent mosquitoes from completing their aestivation. Thus,
the continued studies on the physiological and behavioral strategies used by aestivating
anophelines are ongoing and remain a frontier in medical entomology.
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Box 1

Terminology

Dormancy is a broad term used for the ephemeral state of depressed growth,
development, reproduction (in reproductively mature organisms), metabolic
rate, and activity linked to unfavorable environmental conditions. Both
quiescence and diapause are different forms of dormancy which are well known
in insects.

1.1. Diapause is a pre-programmed dormant state, initiated by token
stimuli (e.g., photoperiod) in anticipation of future unfavorable
environmental conditions and requires a minimum period of latency
before termination. The term “diapause syndrome’ expresses its
many phenotypic and physiological manifestations.

1.1.1.  Overwintering diapause (hibernal diapause) is
the diapause syndrome associated with cold
temperatures typical of the winter in temperate
latitudes and high altitudes. It involves a build-up
of nutritional reserves ahead of time, reduced
metabolism, little or no feeding, cessation of
reproduction (in reproductively mature adults),
and increased desiccation- and cold-tolerance.

1.1.2.  Aestivation (summer diapause) is the form of
diapause associated with low humidity and/or
high temperatures prevailing through the dry
season in tropical and sub-tropical climatic
zones. It may involve some or all of the
following: a build-up of nutritional reserves
ahead of time, reduced metabolism, little or no
feeding, cessation of reproduction (in
reproductively mature adults), and increased
desiccation- and heat-tolerance.

1.2.  Reproductive diapause is the seasonality-related arrest of ovarian
development in an early previtelogenic stage, used as an indicator of
diapause in adult insects and typically accompanied by depressed
metabolism, activity, and feeding. In diapausing (overwintering)
mosquitoes, two forms of this condition are often cited (gonotrophic
dissociation and gonotrophic concordance).

1.21.  Gonotrophic dissociation is a form of
reproductive diapause in which females continue
to blood-feed, but eggs remain undeveloped.
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1.2.2.  Gonotrophic concordance is a form of
reproductive diapause in which females stop
blood-feeding and eggs remain undeveloped.

1.3.  Quiescence is a dormant state that is initiated as a direct response to
unfavorable environmental conditions (e.g., desiccation, extreme
temperatures) and ends when favorable conditions resume (e.g., the
sleeping midge, Polypedilum vanderpanki, can survive extreme
desiccation and lose >95% of its water, yet resume its life processes
upon rehydration; Keilin, 1959).

2. Migration is the intentional, directional movement away from an area in
anticipation of future unfavorable conditions (similar to those which initiate
diapause) and into a favorable environment, often located a considerable
distance away.

3. Seasonal polyphenism refers to seasonal phenotypic changes in morphology,
coloration, physiology, and/or behavior without the dramatic suppression of
metabolism, activity, growth, development, or reproduction that characterize
dormancy (above). Although distinct from acclimation, some of the
physiological changes might be augmented by acclimation.
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Climatic conditions recorded from 2008-2013 by a governmental weather station at Segou,
Mali (13.45°N, 6.26°W), a village at the southern edge of the Sahel; north of this location,
conditions are drier. The period defined as the wet season (June through mid-October) is
shaded in light green throughout. A) Total monthly rainfall (in mm), shown as a box-
whisker plot (box stretches from the 15t to the 3™ quartiles and whiskers extend to the
extreme values up to 1.5 times the inter-quartile range). Mean monthly rainfall depicted with
diamonds; mean annual rainfall is 570 mm with a range of 225-964 over the 5-year period.
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Dotted line marks 30 mm rain, representing the minimal single rain event providing enough
water to keep some larval sites for the duration of complete development of the aquatic
stages of Anopheles gambiae s.l. B) Daily maximum temperature (red; measured at 15:00),
minimum temperature (dark blue; measured at 06:00), and dew point (light blue; measured
at 06:00). Shaded bands represent the range between 15t and 3" quartiles. C) Daily
photoperiod, with the number of daylight hours (sunrise to sunset) shown.
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Sahelian Wet Season Sahelian Dry Season

eV Ay

: ¢

@

Conditions which are similar between seasons:

1) Host for blood-feeding: Readily available Host for blood-feeding: Readily available
2) Plants for sugar-feeding: Available Plants for sugar-feeding: Semi-avallable
3) Water pots In and around houses: Avallable Water In houses and In wells: Available

4) Temperature: Moderate/stable (25-35°C) Temperature: High/unstable {(20-40°C)

8) Humidity: Typically high (70-85%) Humidity: Very low (15-25%)

6) Sunlight: 12.5-13 hours/day Sunlight: 11.5-12 hours/day

7) Wind: Mild except when raining Wind: Intenso hot, dry Harmattan winds
or and oql

8) Larval sites: Rndlly avallable |

" Larval sltes' Not avallable up to 50 km

9) Rainfall: Frequent (dally to weekly) Rainfall: None to infrequent

Figure 2.

Conditions experienced by mosquitoes during the Sahelian wet season as compared with the
Sahelian dry season. Conditions 1-3 are very similar between the wet and dry seasons.
Conditions 4-7 are different between the seasons, but presumably mosquitoes could
accommodate them behaviorally by seeking cool, humid shelters, only flying at night, etc.
Conditions 8 and 9 are the critical differences between the seasons and are why aestivation

is required.
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Summary of physiological comparisons relevant to the dry-season persistence of the members of Anopheles

gambiae s.l. complex.

An. coluzzi in Mali

Diapause trait Appearance in An. gambiae s.l. complex Field/Laboratory Agree? Reference

Longevity extension >7 months in the dry season in Sudan - An. Field: insectary Yes Omer and Cloudsley-
arabiensis Thompson, 1968
~7 months in the dry season in Mali - An. Field: mark recatpure | Yes Lehmann et al., 2010
coluzzi

Reproductive arrest Gonotrophic dissociation -An. arabiensis Field Yes Omer and Cloudsley-

Thompson, 1970

~70% reduction in female reproductive Field Yes Yaro etal., 2012
output - An. coluzzi
Continued male presence and swarming - Field No Yaro etal., 2012
An. coluzzi

Suppression of activity Suppression of flight - An. coluzzi Field Yes Huestis et al., 2012

Metabolic suppression Elevated in the late dry season - An. Field No Huestis et al., 2012
coluzzi

Photoperiod induction ~1.6-fold extension of life in fresh Laboratory Partly Huestis et al., in prep
laboratory colony - An. coluzzi
~1.7-fold extension of life of wild Field: insectary Partly Kassogue et al.,
mosquitoes in field insectary unpublished

Stress tolerance: desiccation ~1.3-fold higher in An. coluzzii vs. An. Laboratory (F1s) No Lee etal., 2009
gambiae
~1.3-fold higher in <24 hr-old 2 La vs. 2La | Laboratory No Fouet et al., 2012; Gray
+ homozygotes etal., 2009
~1.5-fold higher in dry-season vs. wet- Field Partly Dao et al., unpublished
season An. coluzzi

Stress tolerance: high ~1.8-fold increase in An. arabiensisvs. An. | Laboratory Yes Kirby and Lindsay, 2004

temperature gambiae
No difference in larvae and pupae of 2La Laboratory No Rocca et al., 2009
vs. 2La+ homozygotes
No increased tolerance to high temperature Field No Dao et al., unpublished
- An. coluzzii.

Cuticular hydrocarbons 28% increase in G3 females (virgin only) Laboratory No Wagoner et al., 2014
under short photoperiod
5-fold increase in dry-season vs. wet-season | Field Yes Huestis et al., in prep

a . . - L I . T ! .
Indicates overall agreement with aestivation predictions in direction, biological magnitude (arbitrarily defined as =1.5-fold), and statistical

significance. “Partly” refers tocases where the effect's direction and statistical significance were in agreement with aestivation, but the magnitude of

the effect was below this expectation.
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