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Abstract

During all life stages, mosquitoes are exposed to pathogens, and employ an immune system to
resist or limit infection. Although much attention has been paid to how adult mosquitoes fight
infection, little is known about how an infection during the larval stage affects the biology of the
resultant adult. In this study, we investigated whether a bacterial infection in the hemocoel of the
African malaria mosquito, Anopheles gambiae, is transstadially transmitted from larvae to adults
(both females and males), and whether immune stimulation in the hemocoel as a larva alters
development or biological traits of the adult. Specifically, larvae were injected in the hemocoel
with either fluorescent microspheres or Escherichia coli, and the following traits were examined:
transstadial transmission, larval development to adulthood, adult survival, and adult body size. Our
results show that transstadial transmission of hemocoel contents occurs from larvae to pupae and
from pupae to adults, but that bacterial prevalence and intensity varies with age. Injury, immune
stimulation or infection decreases the proportion of larvae that undergo pupation and eclosion,
infection decreases the longevity of adult females, and treatment has complex effects on the body
size of the resultant adults. The present study adds larval hemocoelic infection to the known non-
genetic factors that reduce overall fitness by negatively affecting development and adult biological
traits that influence mosquito vector competence.
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1. Introduction

The holometabolous life cycle of mosquitoes includes a larval stage that inhabits aquatic
environments and an adult stage that inhabits terrestrial and aerial environments, with only
the adult stage directly responsible for transmitting disease-causing pathogens to vertebrate
animals, including humans. Multiple stress-based experiments have shown that larval
environmental factors such as temperature, larval density and food quantity can have
carryover effects on adult life history traits, including effects on their susceptibility to
infection (Alto, 2011; Araujo et al., 2012; Breaux et al., 2014; Briegel, 1990; Dominic
Amalraj and Das, 1996; Dominic Amalraj et al., 2005; Grimstad and Walker, 1991; Kang et
al., 2017; Lefévre et al., 2013; Merritt et al., 1992; Moller-Jacobs et al., 2014; Mourya et al.,
2004; Muturi et al., 2011; Roux et al., 2015; Shapiro et al., 2016; Takken et al., 1998; Tun-
Lin et al., 2000; Vantaux et al., 2016; Wallace and Merritt, 1999; Yadav et al., 2005). For
example, alterations in larval temperature affect the susceptibility of adults to Chikungunya,
Dengue and Sindbis viruses; larval competition decreases adult survival; and larval
nutritional stress influences developmental timelines, adult body size, fecundity, adult
survival, and the rate of Plasmodium parasite development. Additionally, exposure of larvae
to sub-lethal doses of bacteria augments the immune responses of the resultant adult. For
example, a larval infection with Bacillus sp. has a negative effect on the development of
filarial nematodes and Plasmodium parasites that are acquired after eclosion (Kala and
Gunasekaran, 1999; Mahapatra et al., 1999; Paily et al., 2012), and inhabiting a larval
environment containing £scherichia coli enhances the antimicrobial responses of adults
(Moreno-Garcia et al., 2015). The mechanisms responsible for the effect that the larval
experience has on subsequent infections as adults are unknown, but for culicine mosquitoes
it has been suggested that transstadial transmission (passage across molts) of a pathogen
could increase immune alertness (Paily et al., 2012).

In mosquitoes, several viruses are both vertically and transstadially transmitted (Becker et
al., 2003). It has also been reported that gut bacteria — including bacterial endotoxins — are
transstadially passaged (Chavshin et al., 2015; Jadin et al., 1966; Paily et al., 2012; Pumpuni
et al., 1996), although others have argued that adults reacquire the bacteria from the water
following ecdysis (Lindh et al., 2008). Many aquatic microorganisms (e.g., nematodes,
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fungi, ciliates, viruses, and bacteria) are able to invade the hemocoel (body cavity) of larval
mosquitoes by penetrating the cuticle or the intestinal epithelium (Granados, 1980; Kalucy
and Daniel, 1972; Petersen et al., 1968; Sweeney et al., 1983; Washburn et al., 1988; Yassine
et al., 2012); however, it remains unknown whether a larval-acquired infection in the
hemocoel is transstadially transmitted to the hemocoel of an adult. This is a major oversight,
as a hemocoelic infection during the larval stages may alter the susceptibility of an infection
acquired as an adult, such as an infection with Plasmodium parasites (Imwong et al., 2011;
Paul et al., 2002). Furthermore, although mosquito larvae mount powerful cellular and
humoral immune responses against microorganisms in their hemocoel (Biron et al., 2005;
Brey et al., 1988; Dimopoulos et al., 1997; Duncan et al., 2012; Kalucy and Daniel, 1972;
League et al., 2017; League and Hillyer, 2016; Meredith et al., 2008; Richman et al., 1996;
Shin et al., 2005), little is known about how immune stimulation during the larval stage
affects development or the biology of the resultant female and male adults (Moreno-Garcia
etal., 2015).

In this study, we investigated whether an infection present in the hemocoel of the African
malaria mosquito, Anopheles gambiae, is transstadially transmitted from larvae to adults,
and whether immune stimulation in the hemocoel as a larva alters the development or
biological traits of the adult, including survival and body size. Our results show that
transstadial transmission of a hemocoelic infection occurs from larvae to adults, but that
infection prevalence declines with each molt, and with adult age.

Additionally, bacterial intensity among infected individuals increases with each molt,
decreases in the days following eclosion, and then increases as adults age further. Injury,
immune stimulation or infection decreases the proportion of larvae that reach adulthood,
infection decreases the longevity of adult females, and treatment has complex effects on the
body size of female and male adults. Taken together, these findings show that transstadial
transmission of a larval-acquired hemocoel infection occurs in mosquitoes, and that a larval
infection reduces overall fitness by negatively impacting life history traits.

2. Materials and methods

2.1. Mosquito rearing and maintenance

Anopheles gambiae (G3 strain) were reared and maintained in an environmental chamber as
previously described (Coggins et al., 2012). Briefly, eggs were collected and placed in
plastic containers with deionized water, and hatched larvae were fed daily a mixture of koi
fish food and baker's yeast. During the course of this study, all treatments were initiated in
early 41 instar larvae. Larvae for each treatment were separated, and after pupation and
subsequent eclosion, adult mosquitoes were fed a 10% sucrose solution ad /ibitum.

2.2. Mosquito injection, inoculation of immune elicitor, and bacterial infection

Early 4™ instar larvae were injected in their hemocoel at the mesothorax using a Nanoject 11
Auto-Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). Larvae
received 69 nl of one of the following: (1) 0.2% solids 1 um diameter green fluorescent
(505/515) carboxylate-modified microspheres (Invitrogen, Carlsbad, CA, USA) in
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phosphate-buffered saline (PBS); (2) PBS alone (injury control); (3) tetracycline resistant,
GFP-expressing Escherichia coli (modified DH5a) in Luria-Bertani's rich nutrient medium
(LB); or (4) LB medium alone (injury control). For bacterial infections, £. coli were grown
overnight in a shaking incubator at 37°C in LB broth. Infection doses were estimated prior to
larval injections by measuring the optical density (ODggg = 5) of bacterial cultures using a
BioPhotometer™ plus spectrophotometer (Eppendorf AG, Hamburg, Germany). Absolute
doses were determined by spreading a 1:1000 dilution of the bacterial culture on an LB agar
plate, incubating the plate overnight at 37°C, and then counting the resultant colony forming
units (CFUs).

2.3. Hemocoel transstadial transmission

Larval mosquitoes were injected in their hemocoel with either fluorescent microspheres or
E. coli, and each subsequent life stage (late 4 instar larvae, pupae, 1-day-old adults, 5-day-
old adults, and 10-day-old adults) was assessed for the presence of the challenge agent. Due
to the brightness of the long-lasting fluorescent microspheres — phagocytosed microspheres
remain fluorescent for >2 weeks — the hemocoel of microsphere-injected mosquitoes from
each life stage was visualized by imaging through the translucent cuticle of live individuals
using bright field and fluorescence illumination on a Nikon SMZ1500 stereomicroscope
(Nikon, Tokyo, Japan) connected to a Hamamatsu ORCA-Flash 2.8 digital CMOS camera
(Hamamatsu Photonics, Hamamatsu, Japan) and Nikon Advanced Research NIS-Elements
software. Additionally, the exuviae from treated individuals were collected following adult
emergence, mounted between a microscope slide and a coverslip using Aqua Poly/Mount
(Polysciences, Warrington, PA, USA), and visualized using light and fluorescence
illumination on a Nikon 90i compound microscope (Nikon Corp., Tokyo, Japan) equipped
with a Nikon Intensilight C-HGFI fluorescence illumination unit, a Nikon DS-QilMc CCD
camera, and Nikon Advanced Research NIS-Elements software. The detection of
microspheres within the hemocoel of individual mosquitoes was used to determine the rate
of transstadial passage of inanimate particles, and the presence in exuviae was used to
indicate loss or partial loss during a molt. A total of 50 individuals were examined for each
life stage and sex over the course of 10 independent trials.

In order to quantify transstadial transmission of tetracycline resistant, GFP-expressing £.
coli, mosquitoes at each life stage that originated from infected larvae were homogenized in
PBS and spread on LB agar plates containing tetracycline. Plates were incubated overnight
at 37°C, the CFUs were counted, and the number of CFUs was then used to assess infection.
The state of infection was analyzed using two descriptors: prevalence (the percentage of
mosquitoes infected with £. co/i) and intensity (the mean number of CFUs in each mosquito
that remained infected with £. coli). In order to further confirm that all colonies originated
from the £. coliinoculums, plates were also viewed by fluorescence microscopy to confirm
the expression of GFP. A total of 30 individuals were assessed at each life stage and sex over
the course of 7 independent trials.

2.4. Mosquito life history traits

Using the same protocol as above, larvae were injected into their hemocoel with one of the
following: fluorescent microspheres (immune elicitor), PBS (injury control for immune
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elicitor), £. coli (bacterial challenge), or LB (injury control for bacterial challenge). An
additional group did not receive an injection (naive). For the different treatments, mosquito
development was measured by recording the proportion of larvae that ecdysed into pupae,
and the proportion of larvae that reached adulthood (/.e., eclosion). Due to the trauma
associated with an injection, larvae that died within 24 hours of injection were excluded
from analysis. For those mosquitoes that reached adulthood, their survival was recorded for
the first 24 days following eclosion. Three independent trials were conducted, with each trial
starting with 120 larvae per treatment, and the data were combined for analysis.

The body size of the eclosed adults was quantified for both sexes using three complementary
measurements: length of the abdomen, length of the wing, and length of the hind tibia. Adult
mosquitoes were anesthetized on ice and restrained dorsal-side-up on Sylgard 184 silicone
plates (Dow Corning Corp, Midland, MI, USA) by placing a 0.15 mm diameter pin through
the thorax. A wing and a hind leg were removed at the base with forceps, placed on the
silicone plate next to the mosquito abdomen, and all three structures were photographed
individually using the Nikon SMZ1500 stereomicroscope. The lengths of all three structures
were then measured using the length feature of NIS Elements. The length of the abdomen
was defined as the distance between the most posterior region of the postnotum and the
posterior of the eighth abdominal segment (excluding the cerci). The length of the wing was
defined as the distance between the axillary incision (located near the proximal region of the
ambient costa) and the junction between Radius 2 (or R2, excluding the fringe) and the
ambient costa (Chintapalli and Hillyer, 2016; McCann et al., 2009). The length of the hind
tibia was defined as the distance between the distal end of the femur and the proximal end of
the tarsus. For each treatment, these three features were measured in 60 adults (30 females
and 30 males).

2.5. Statistical analyses

All statistical analyses were performed using GraphPad Prism version 7 (GraphPad
Software, La Jolla, CA, USA), and differences were considered significant at P < 0.05,
unless otherwise noted. Data on bacterial intensity, length of the abdomen, length of the
wing, and length of the hind tibia were separated by treatment group and sex, and then tested
for normality using the D'Agostino-Pearson normality test. Data on bacterial intensity did
not assume a normal distribution and were analyzed by the Kruskal-Wallis test followed by
Dunn's multiple comparisons post-hoc test.

Data on the length of the abdomen, wing, and hind tibia assumed a normal distribution and
were analyzed by repeated measures two-way ANOVA. Although this test is often used to
analyze measurements of a single variable at different time points, the measurements can
also be repeated at different places instead of different times (McDonald, 2014). In our case,
the repeated measures are the three anatomical structures of the body (abdomen, wing, and
hind tibia) of an individual mosquito. Thus, the test used treatment (naive, injury, and either
microspheres or E. colf) and feature (abdomen, wing, and hind tibia) as the variables, and
was followed by Sidak's multiple comparisons post-hoc tests. The repeated-measures two-
way ANOVA p-value denotes whether there are differences between the three treatments
(taking the three features into account), and the Sidéak's p-values denote the results of pair-
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wise comparisons that inform on differences between the treatments (for example,
comparing naive vs. injured, naive vs. infected, and injured vs. infected). Adult survival was
analyzed using the Log-Rank test.

For data on larval development, a series of 2x2 contingency tables were constructed to
compare the proportion of larvae that pupated and the proportion of larvae that eclosed and
became adults in each treatment group. Because there are three possible pairwise
comparisons for each experiment (naive vs. PBS, naive vs. microspheres, and PBS vs.
microspheres for the immune elicitor experiment, and naive vs. LB, naive vs. bacteria, and
LB vs. bacteria for the infection experiment) we did a Fisher's exact test on each of the three
pairings and then applied the Bonferroni correction for multiple tests (7.e., with three
pairwise comparisons, the P value must be less than 0.05 + 3, or 0.016, to be significant at
the P < 0.05 level) (MacDonald and Gardner, 2000; McDonald, 2014). Life history trait
experiments, with the exception of survival experiments, were conducted concurrently, but
were analyzed by treatment group independently. That is, the PBS/microspheres data were
analyzed separately from the LB/E. coli data. As such, the naive group is the same in both
analyses.

3.1. Transstadial transmission of hemocoel infections occurs from larvae to adults

To determine whether transstadial transmission of hemocoel infections occurs in
mosquitoes, early 4™ instar larvae were injected with either fluorescent microspheres or
GFP-E. coli, and several phases of ontogeny (late 4" instar larvae, pupae, 1-day-old adults,
5-day-old adults, and 10-day-old adults) were assayed by fluorescence microscopy or by
plating on selective media, respectively. Following injection of microspheres, fluorescence
imaging of mosquito whole bodies revealed that 100% of late 4! instar larvae contained
fluorescent microspheres in the hemocoel, and that the prevalence of fluorescent
microspheres in the hemocoel of each subsequent phase of ontogeny was also 100%. Thus,
the detection of inanimate particles within the hemocoel of adult mosquitoes suggested that
an infection could also be passaged from larvae to adults.

Qualitative observation of the distribution of the fluorescent microspheres revealed that they
disseminate evenly throughout the hemocoel of larvae (Fig. 1A, B), and that this distribution
continues after the molts that result in pupae (Fig. 1C, D) and newly eclosed adults (Fig. 1G-
J). Furthermore, although transstadial passage was significant, microspheres were also
released into the environment with the exuviae, indicating that not all microspheres are
passaged from one stage to another (Fig. 1E, F). As adults aged, the distribution of
fluorescent microspheres changed. Rather than being evenly distributed, as was observed in
larvae and pupae, aging resulted in the preferential aggregation of microspheres in the
periostial regions of the mid-abdominal segments (Fig. 1J). Specifically, aggregation of
microspheres at the periostial regions was observed in 20%, 33%, and 87% of 1-, 5-, and 10-
day-old female mosquitoes, respectively, and in 0%, 13%, and 33% of 1-, 5-, and 10-day-old
male mosquitoes, respectively. These observations are consistent with earlier reports
showing the phagocytosis and sequestration of foreign materials by periostial hemocytes,
which are immune cells that flank the ostia (valves) of the adult heart, and thus, reside in
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areas of the body that receive high hemolymph flow (King and Hillyer, 2012; Sigle and
Hillyer, 2016).

When mosquitoes were injected with £. coli instead of microspheres, transstadial
transmission of this bacterium was consistently observed. Specifically, analysis of mosquito
bodies by plating on selective media revealed that 100% of late 41" instar larvae remain
infected with £. coli, and that prevalence of infection persists with each molt, and as adults
age. Specifically, in pupae the prevalence was 93%, whereas prevalence in adults was 70%,
63%, and 53% in 1-, 5-, and 10-day-old females, respectively, and 83%, 67%, and 43% in
1-, 5-, and 10-day-old males, respectively (Fig. 2). These findings confirm that bacteria
present in the mosquito hemocoel can be transstadially transmitted between molts.
Furthermore, given that all late 4™ instar larvae possessed £. coli, these data demonstrate
that following a molt some individuals are able to clear systemic infections.

Among mosquitoes that remained infected with £. coli (excluding mosquitoes that cleared
the infection), infection intensity increased with each molt, decreased by the 5 day of
adulthood, and then increased again by day 10 (Fig. 2; Kruskal-Wallis P < 0.0001). When
accounting for the original inoculum of approximately 18,816 £. coli (+ 2,151 S.E.M.),
larvae were able to eliminate 99% of the £. coliby 24 h after the injection, indicating that
the larval immune system is able to rapidly kill most of the bacteria present in their
hemocoel. Following this decrease in infection intensity, the bacterial load in infected
mosquitoes increased by 37.4% after the molt to pupae (Dunn's P > 0.9999), and then by
43.5% and 63.7% between the molt from pupae to 1-day-old female and male adults,
respectively (Dunn's P > 0.9999 and P = 0.5333 for females and males, respectively). As
adults aged, however, infection intensity decreased by 81.4% in females (Dunn's P = 0.1602)
and 87.9% in males (Dunn's P < 0.001) between days 1 and 5 post-eclosion, respectively,
and then increased by 82.8% in females (Dunn's P > 0.9999) and 84.6% in males (Dunn's P
> 0.9999) between days 5 and 10. Taken together, these data show that as mosquitoes molt
and adults age some are able to completely eliminate the infection. Furthermore, although
infection intensity varies with stage and age, the infection is maintained in check, with the
bacterial intensity in infected mosquitoes remaining low and never reaching the original
inoculum. It is precisely because the infection intensity remained low that we were unable to
visualize the anatomical distribution of the bacteria by fluorescence imaging through the
cuticle.

3.2. Injury, immune stimulation or infection decreases the proportion of larvae that
complete metamorphosis to adulthood

To determine whether immune stimulation in the hemocoel as a larva alters the probability
of completing development, larvae were injected with fluorescent microspheres (immune
elicitor), PBS (injury control for immune elicitor), £. coli (infection), LB (injury control for
infection), or were not injected at all (naive group). The efficiency of mosquito development
was measured by tracking the proportion of larvae that pupated and the proportion of larvae
that eclosed (reached adulthood).

In experiments testing the effect of an immune challenge on development, the proportion of
larvae that successfully pupated after an injection with PBS or microspheres decreased by
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20% and 14%, respectively, relative to the proportion of naive larvae that successfully
pupated (Fig. 3A; Fisher's exact test P < 0.0001 and P = 0.0014, respectively). Although the
proportion of individuals that pupated was 8% higher in the group injected with
microspheres than in the group injected with PBS, this difference was not meaningful
(Fisher's P = 0.2843). A similar result was obtained for the proportion of larvae that eclosed,
where injection with PBS or microspheres resulted in a 31% and 24% decrease in the
number of emerged adults, respectively, relative to the naive group (Fig. 3B; Fisher's P <
0.0001 for both comparisons). Again, the 9% difference between the proportions of
individuals that eclosed from PBS- and microsphere-treated larvae was not meaningful
(Fisher's P = 0.2724).

Experiments testing the effect of infection on development obtained a similar result, except
that the pupation of infected mosquitoes was marginally lower than that of injured
mosquitoes. Specifically, relative to naive mosquitoes, injury decreased the proportion of
individuals that pupated by 5%, and infection decreased it by 11% (Fig. 3C; Fisher's P =
0.2332 and P = 0.0114, respectively). Furthermore, relative to naive mosquitoes, injury
decreased eclosion by 13%, and infection decreased it by 15% (Fig. 3D; Fisher's P = 0.0041
and P = 0.0019, respectively). Together, these data demonstrate that heightened immune
activity in the larval stage — either by injury, immune stimulation or infection — has a
negative effect on mosquito development.

3.3. Infection in the larval stage decreases the longevity of female adults

To determine whether treatment as a larva impacts the longevity of adults we tracked the
survival of naive and treated mosquitoes during the first 24 days following eclosion. For
female adults, the survival rate of individuals that were naive, injured, or injected with
fluorescent microspheres as larvae was similar (Fig. 4A; Log-Rank P = 0.1965). However,
when we examined survival over the first 12 days post-eclosion in order to incorporate the
mean extrinsic incubation period for Plasmodium parasites (10-14 days in areas of high
malaria transmission) (Charlwood et al., 1997; Killeen et al., 2000), there was a significant
decrease in the rate of survivorship of females that received PBS or fluorescent
microspheres, compared to naive individuals (Log-Rank P=0.006). This decrease in the
survivorship over the first 12 days of adulthood in the treated groups was evident when
comparing the slopes (m) of the survival curves of naive mosquitoes (m = -0.87, R2 = 0.93)
versus those of PBS- (m = -1.61, R2 = 0.90) and microsphere-treated (m = -2.44, R? = 0.96)
mosquitoes. The opposite pattern was observed between days 12 and 24, with the survival
rate of naive mosquitoes being lower (m = -5.64, RZ = 0.98) than the survival rate of
mosquitoes treated with PBS (m = -5.05, R? = 0.99) or microspheres (m = -3.81, R? = 0.96).
Thus, by day 24 the survival of naive (19%), injured (15%), and microsphere-treated (24%)
female adults was very similar.

When experiments were repeated to test the effect of larval infection on adult longevity, the
survivorship of female adults that had been infected with E. coli as larvae was lower than
that of naive or injured mosquitoes, and this was the case regardless of whether the data
were analyzed at 24 days (Fig. 4B; Log-Rank, P<0.0001) or 12 days post-eclosion (Log-
Rank, P<0.0001). In this case, the survival rate of injured (m = -1.76, R2 = 0.96) and
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infected (m = -1.91, R? = 0.92) mosquitoes was fairly similar during the first 12 days of
treatment, and these survival rates were significantly lower than the survival rate of naive
mosquitoes (m = -0.44, R? = 0.90). Then, between days 12 and 22 the mortality rate of
infected mosquitoes (m = -6.69, R? = 0.98) accelerated relative to both injured mosquitoes
(m = -5.41, RZ = 0.96) and naive mosquitoes (m = -3.84, R% = 0.87), and by days 22 and 24
there were clear differences between the survival of naive (55% and 43%, respectively),
injured (29% and 17%, respectively), and infected (13% and 12%, respectively) female
adults. A closer analysis of naive female adults showed a clear inflection point in survival,
whereby these mosquitoes experienced a high rate of survival over the first 16 days of
adulthood (m = -0.56, R? = 0.94 in one experiment and m = -1.50, R? = 0.86 in the other),
and then the survival rate markedly decreased between days 16 and 24 (m = -6.15, R2 = 0.98
in one experiment and m = -6.57, R? = 0.98 in the other).

For male mosquitoes, the survival rates of adults that were naive, or had been injected with
PBS or microspheres as larvae were similar, regardless of whether the data were analyzed
over the first 24 days or over the first 12 days after eclosion (Fig. 4C; Log-Rank P = 0.7523
and P = 0.0964, respectively). Likewise, the survival rates of male adults that were naive,
had been injected with LB or had been infected with £. coli, were similar (Fig. 4D; Log-
Rank P = 0.7261 for days 0-12 and P = 0.4174 for days 0-24). For both of these
experiments, the mortality rate for all treatment groups was fairly linear over the first 24
days of adulthood (R? = 0.96 for all), and no clear inflection points were detected. In
summary, transstadial transmission of a persistent bacterial infection decreases the longevity
of female adults, which is the sex responsible for the transmission of pathogens to vertebrate
hosts.

3.4. Immune stimulation as larvae has complex effects on the body size of adults

To determine whether an immune challenge as a larva impacts the size of eclosed
individuals, we injected larvae with fluorescent microspheres (immune elicitor), PBS (injury
control for immune elicitor), E. coli (infection), LB (injury control for infection), or did not
inject them at all (naive group), and then measured the size of the eclosed adults using three
linear measurements: (1) the length of the abdomen, (2) the length of the wing, and (3) the
length of the hind tibia (Fig. 5). Injection of female larvae with PBS resulted in adults with
abdomens, wings and tibias that were 2.9%, 1.6% and 1.7% larger, respectively, than those
of adults that eclosed from naive larvae (Fig. 6A; Sidak's P = 0.1649, comparing main effect
of treatment). These features were even larger when female larvae were treated with
microspheres, where the size of the abdomens, wings and tibias were 3.6%, 3.5% and 6.1%
larger, respectively, in adults that eclosed from microsphere-injected larvae than in adults
that arose from naive larvae (Fig. 6A; Sidak's P = 0.0007). A different outcome was detected
when female larvae were treated with LB or £. coli. Treatment of female larvae with LB
resulted in adults with abdomens, wings and tibias that were 4.9%, 4.7% and 4.2% smaller,
respectively, than those of adults that eclosed from naive larvae (Fig. 6B; Sidak's P =
0.0030), whereas infection with £. coliincreased the size of these features by 1.5%, 1.3%
and 0.8% relative to mosquitoes that arose from naive larvae (Fig. 6B; Sidak's P = 0.7609).
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In males, injection of larvae with PBS resulted in adults with abdomens, wings and tibias
that were 5.7%, 1.2% and 2.3% smaller, respectively, than those of adults that eclosed from
untreated larvae (Fig. 6C; Sidak's P = 0.0175). The decrease in size was reduced when male
larvae were treated with microspheres, where the size of these adult features were 2.8%,
1.9% and 0.0% smaller in adults that eclosed from microsphere-treated larvae than in adults
that eclosed from untreated larvae (Fig. 6C; Sidak's P = 0.3025). This trend was more
pronounced when the larvae were injected with LB or E. coli, where adults that eclosed from
LB-treated larvae possessed abdomens, wings and tibias that were 9.8%, 6.7% and 6.8%
smaller, respectively, than those of adults that eclosed from untreated larvae (Fig. 6D;
Sidak's P < 0.0001). Infection reduced this change, with adults that arose from £. coli
treated larvae having features that were 4.1%, 1.9% and 2.0% smaller than those from
untreated mosquitoes (Fig. 6D; Sidak's P = 0.0310). Overall, these results suggest that
treatment has complex effects on mosquito size, with the effect being dictated by the nature
of the treatment.

4. Discussion

Although significant progress has been made toward understanding how mosquitoes respond
to infection in the adult life stage, little attention has been paid to how a larval infection
affects mosquito development and other life history traits. This is a significant omission, as
in recent years it has become clear that other aspects of the larval experience have a
significant influence on how adult mosquitoes defend themselves from a future infection
(Breaux et al., 2014; Grimstad and Walker, 1991; Kang et al., 2017; Moller-Jacobs et al.,
2014; Mourya et al., 2004; Muturi et al., 2011; Shapiro et al., 2016; Vantaux et al., 2016;
Yadav et al., 2005). Here, we present direct evidence of transstadial transmission of bacteria
and inanimate particles from the hemocoel of larvae to the hemocoel of adults, and show the
negative effects of a persistent hemocoelic infection on larval development and adult female
survival.

Our initial experiments assessing the occurrence of transstadial transmission of foreign
contents present in the mosquito hemocoel employed fluorescent microspheres because we
have observed that these are long lasting and retain their fluorescence for over two weeks
after being introduced into the hemocoel. We found that 100% of the adults that eclosed
from larvae injected with microspheres contained these inanimate particles in their
hemocoel, and their distribution throughout the body changed with adult age. Three
important conclusions can be made from these observations. First, when using a system that
functions independent of immune degradation, transstadial transmission of contents present
in the mosquito hemocoel is highly prevalent during the molts from larvae to pupae, and
from pupae to adults. Second, the dynamic changes in the distribution of microspheres in the
days following eclosion, from dispersal throughout the hemocoel to aggregation at the
periostial regions of the heart, suggest that the adult immune system actively responds to the
presence of foreign material present in the hemocoel, even in the absence of an injury at the
adult stage. Third, the aggregation of microspheres on the surface of the heart once again
highlights the functional integration of the mosquito circulatory and immune systems, as the
periostial hemocytes of adult mosquitoes rapidly phagocytose pathogens in areas of high
hemolymph flow, and the periostial regions are the only locations where circulating
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pathogens aggregate and sessile hemocytes increase in number in response to infection
(Hillyer, 2015; King and Hillyer, 2012, 2013; Sigle and Hillyer, 2016).

Similar to our findings using fluorescent microspheres, transstadial transmission of bacteria
present in the hemocoel occurs frequently during the transitions from larva to pupa and from
pupa to adult; however, the number of bacteria available to be passaged is limited by the
larval immune system. In mosquitoes, bacterial infections induce the transcriptional
upregulation of immune genes, the mitosis of hemocytes, and an increase in the lytic and
melanization potential of the hemolymph (Bartholomay et al., 2010; Baton et al., 2009;
Coggins et al., 2012; King and Hillyer, 2013; League et al., 2017; Pinto et al., 2009).
Immune mechanisms are especially strong in the larval stage (League et al., 2017; League
and Hillyer, 2016), which explains our observation that £. coliinfection intensity decreased
by 99% within hours of infection. This reduction is in line with the 94% reduction we
observed in our earlier study (League et al., 2017). Furthermore, when we tracked the
intensity of infection across molts we found that intensity increases from larvae all the way
to 1-day-old adults, decreases by 5 days of adulthood, and then increases again as adults age.
We hypothesize that this oscillating pattern is due to the robustness of the larval immune
system, the trade-off between immune activity and the resources needed to molt (pupa and
1-day-old adults), the maturation of the adult immune system (5-day-old adults), and the
waning of the immune system that typically occurs with age, 7.e. immune senescence
(Christensen et al., 1986; Styer et al., 2007). Again, these data are in agreement with our
recent report showing that immunity is strongest in larvae and declines after metamorphosis
and with adult age (League et al., 2017).

An interesting observation was that the prevalence of infection decreases with each molt and
as adults age, indicating that some mosquitoes are able to cure themselves from a larval-
acquired infection. Previous studies that assessed bacterial prevalence in the hemocoel of
adults following an infection that was initiated earlier in the adult stage found few or no
instances of hemocoelic infections being fully cleared (Gorman and Paskewitz, 2000;
Hillyer et al., 2005). Taken together, these findings on prevalence and intensity of infection
demonstrate that transstadial transmission of a hemocoelic infection occurs from larvae to
adults, and that for some mosquitoes the infection persists whereas for others the infection is
eliminated and the adults become cured. Given that by day 10 post-eclosion approximately
half of the surviving mosquitoes had been able to clear the infection, we hypothesize that a
larval infection may influence the ability of adult mosquitoes to combat infections acquired
after eclosion.

Experiments on larval development and adult survival showed that showed that heightened
immune activity in the larval stage — either by injury, immune stimulation or infection —
results in decreased pupation, eclosion, and female survival, which indicates that there are
tangible costs associated with continued immune activity and pathogen-associated damage.
These findings are consistent with other studies that have documented trade-offs between
immune alertness and biological traits in multiple insect orders. For example, in honeybees
and fruit flies, selection of strains with increased immune activity resulted in populations
that experience higher larval mortality, slower growth, and reduced competitive ability
(Fellowes et al., 1998; Kraaijeveld and Godfray, 1997; Rothenbuhler and Thompson, 1956;
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Sutter et al., 1968). Furthermore, given our finding that in infected mosquitoes bacterial
intensity increased as adults aged, it was not surprising that this was accompanied by a
decrease in mosquito survival relative to naive and injured mosquitoes. Mosquito longevity
is particularly important for Plasmodium sp. because malaria parasites have a lengthy
extrinsic incubation period (usually 10-14 days) (Charlwood et al., 1997; Killeen et al.,
2000), meaning that transmission to a vertebrate host usually does not begin until
mosquitoes are well into their second week of adulthood. Thus, only a small proportion of
mosquitoes survive long enough to transmit the pathogen (Dawes et al., 2009). Because any
reduction in vector survival would reduce the probability of transmission, and conversely,
any increase in survival would considerably favor pathogen transmission (Vantaux et al.,
2016), our finding that transstadial transmission of a systemic infection decreases the
survival of female mosquitoes suggests that such infections are also likely to reduce
mosquito-borne pathogen transmission.

Multiple reports on mosquitoes have demonstrated the impact of larval environmental
stressors (e.g., temperature, larval density, food quantity) on the size of the resulting adult
(Aradjo et al., 2012; Gimnig et al., 2002; Heuvel, 1963; Lyimo et al., 1992). For mosquitoes,
body size is a fundamental fitness trait; it is linked to survival (Aradjo et al., 2012; Hawley,
1985; Landry et al., 1988), blood-feeding behavior (Aradjo et al., 2012; Kitthawee et al.,
1992; Nasci, 1986), reproductive success (Briegel, 1990; Packer and Corbet, 1989) and
vector competence (Koella and Lyimo, 1996; Moller-Jacobs et al., 2014; Shapiro et al.,
2016; Vantaux et al., 2016). Contrary to our initial expectations, treatment had complex
effects on body size, with some treatments decreasing and others increasing the size of the
abdomen, wing and hind tibia. Specifically, injuring female larvae by injecting PBS resulted
in a nominal increase in size, and treatment with microspheres resulted in a further increase
in size. Injuring females by injecting LB decreased body size, but infecting them with £. coli
(grown in LB) rescued the reduction seen with injury. Earlier in the study we showed that
treatment with PBS, microspheres and £. coli has a negative effect on pupation, whereas
treatment with LB does not. The lack of an LB-associated effect on pupation could be
because the nutrients obtained from the LB offset the negative effects of injury, whereas the
negative effects seen after the other three treatments are likely due to the cost of an injury,
immune stimulation, or pathogen-associated damage. As pertains to body size, injury with
PBS or microspheres may result in only the most fit mosquitoes being capable of completing
metamorphosis, thus resulting in larger adults. The nutrients infused into the larvae by
injecting LB, however, may enhance the ability of all larvae, regardless of vigor, to complete
development, but we hypothesize that the toll of having been injured as a larva results in
smaller adults. We also hypothesize that treatment with £. coli, much like treatment with
microspheres, selects for the most fit individuals, and thus, rescues the effects associated
with injection of LB. The finding that £. co/i increases body size relative to injury are in line
with the increase in size seen in Aedes aegypti adults that eclose from larvae that had been
treated with a sublethal dose of Bacillus thuringiensis ssp. israelensis (Bti), although
different from our findings, in that case treatment had no effect on the survival of female
adults (Alto and Lord, 2016).

The present study shows the deleterious effects of a pathogenic hemocoelic infection during
the larval stage on mosquito development and other life history traits. Although these
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findings are clear, it is important to acknowledge that other microbes play beneficial, and
even essential roles, in development and other traits. For example, bacteria are essential for
development, as axenic larvae fail to molt (Coon et al., 2017; Coon et al., 2014).
Furthermore, some gut bacteria impact the ability of pathogens to colonize mosquito hosts
(Angleré-Rodriguez et al., 2016; Boissiére et al., 2012; Cirimotich et al., 2011), and more
recently — published after the initial submission of this manuscript — genetic modification of
symbiotic bacteria associated with the gut and reproductive tract of mosquitoes has been
used to inhibit the development of malaria parasites (Wang et al., 2017).

Despite ongoing control efforts, mosquito-borne diseases cause enormous health and
economic burdens to people living in tropical and subtropical regions of the world. Although
mosquitoes are vulnerable to a wide variety of pathogens, they possess a highly efficient
immune system (Clayton et al., 2014; Hillyer, 2010); however, in natural habitats,
mosquitoes are routinely challenged with biotic and abiotic pressures that affect their
immune system and subsequent vector competence. Larval environmental factors, including
food availability, temperature, population density, competition, chemical insecticide
exposure, and biological (bacterial and fungal) pesticide exposure, have all been shown to
impact the adult immune system (Alto, 2011; Bukhari et al., 2011; Capone et al., 2013;
Federici et al., 2003; Federici et al., 2007; Kala and Gunasekaran, 1999; Kim and Muturi,
2013; Mahapatra et al., 1999; Moller-Jacobs et al., 2014; Mourya et al., 2004; Murdock et
al., 2012; Muturi, 2013; Muturi et al., 2011; Otieno-Ayayo et al., 2008; Paily et al., 2012;
Telang et al., 2012; Yadav et al., 2005). The present study adds another component — larval
systemic infection — to the non-genetic factors that negatively affect both development and
adult biological traits that are known to influence mosquito vector competence.
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Highlights
. Larval hemocoelic infections are transstadially transmitted to adult
mosquitoes
. Prevalence and intensity of transstadially-passaged infections vary with stage
and age
. Larval injury, immune stimulation or infection decrease pupation and eclosion
. Larval hemocoelic infections decrease adult female longevity
. Larval hemocoelic infections have complex effects on body size
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Figure 1.
Transstadial transmission of fluorescent microspheres present in the hemocoel of

mosquitoes. A-J. Ealy stage 4™ instar larvae were intrathoracically injected with fluorescent
microspheres (an immune elicitor), and each life stage (including exuviae) was visualized by
imaging through the cuticle using bright field (A, C, E, G, I) and fluorescence (B, D, F, H, J)
illumination. Specimens pictured are a late stage 4™ instar larva (A, B), a pupa (C, D), a
pupal exuvium (E, F), a female 1-day-old adult (G, H), and a male 5-day-old adult (1, J). In
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the male adult, the aggregation of microspheres at the periostial regions of the heart is
clearly observed (dotted circles).
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Figure 2.
Prevalence and infection intensity of individuals infected as larvae. Mosquitoes were

intrathoracically infected with £. coli and the percentage of mosquitoes infected (top) and
the number of £. coliin infected mosquitoes (bottom) was quantified. Column heights mark
the mean, whiskers denote the S.E.M, and circles denote the values for individual
mosquitoes. Kruskal-Wallis P-value compares infection intensity across stage and age.
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A. Pupation - Microsphere experiment
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Figure 3.
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B. Eclosion - Microsphere experiment
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D. Eclosion - Infection experiment

Fisher’s: P=0.0041
| ——— |

P=0.0019

[N R —— E—

P=0.6723

300+ L 1

N

o

o
1

_

o

o
1

# of mosquitoes

Naive Injury-LB E. coli

Number of larvae that pupated, eclosed or died. A-B. Pupation (A) and eclosion (B) of
untreated individuals (naive), individuals injured as larvae by injection of PBS, and
individuals immune-stimulated as larvae by injection of microspheres. C-D. Pupation (C)
and eclosion (D) of untreated individuals (naive), individuals injured as larvae by injection
of LB, and individuals infected as larvae by injection of £. co/i. The numbers at the bottom
of each column indicate the percentage of mosquitoes for each outcome.
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A. Microspheres - Females (all individuals)
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B. Infection - Females (all individuals)
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Percent survival of adults treated as larvae. A. Percent survival of female adults that eclosed
from larvae that were untreated (naive), injected with PBS, or injected with microspheres. B.
Percent survival of female adults that eclosed from larvae that were untreated (naive),
injected with LB, or injected with £. coli. C. Percent survival of male adults that eclosed
from larvae that were untreated (naive), injected with PBS, or injected with microspheres. D.
Percent survival of male adults that eclosed from larvae that were untreated (naive), injected
with LB, or injected with £. coli.
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Figure 5.
Measurement of body size features of adult Anopheles gambiae. A-B. Images of the

abdomen of female (A) and male (B) adults, showing the linear measurement of the length
of the abdomen (solid line). The length of the abdomen was measured as the distance
between the most posterior region of the postnotum and the posterior of the eighth
abdominal segment (excluding the cerci). C. Image of a portion of an adult leg, showing the
linear measurement (solid line) of the tibia. D-E. Image (D) and graphical representation (E)
of the adult wing. The length of the wing (dotted black line) was defined as the distance
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between the axillary incision (located near the proximal region of the ambient costa; on the
left side of the image) and the junction between Radius 2 (R2) and the ambient costa (AC;
junction on the right side of the image). The graphical representation of the wing is adapted
from Chintapalli and Hillyer (Chintapalli and Hillyer, 2016). Scale bar: 0.5 mm.

J Invertebr Pathol. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Brown et al.

Page 27

A. Females - Microsphere experiment B. Females - Infection experiment
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Figure 6.

Body size of adults treated as larvae. A. Length of the abdomen, wing, and hind tibia of
female adults that eclosed from larvae that were untreated (naive), injected with PBS, or
injected with microspheres. B. Length of the abdomen, wing, and hind tibia of female adults
that eclosed from larvae that were untreated (naive), injected with LB, or injected with £.
coli. C. Length of the abdomen, wing, and hind tibia of male adults that eclosed from larvae
that were untreated (naive), injected with PBS, or injected with microspheres. D. Length of
the abdomen, wing, and hind tibia of male adults that eclosed from larvae that were
untreated (naive), injected with LB, or injected with E. coli. Column heights mark the mean
and whiskers denote the S.E.M
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