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a b s t r a c t

The eggs of the mosquito Aedes aegypti possess the ability to undergo an extended quiescence hosting a
fully developed 1st instar larvae within the chorion. As a result of this life history trait pharate larvae
can withstand months of quiescence inside the egg where they depend on stored maternal reserves. A.
aegypti mosquitoes are frequently associated with urban habitats that may contain significant metal pol-
lution. Therefore, the duration of quiescence and extent of nutritional depletion may affect the physiology
and survival of larvae that hatch in a suboptimal habitat. The aim of this study was to determine the effect
of an extended quiescence on larval nutrient reserves and the subsequent effects of metal exposure on
larval fitness, survival and development. We hypothesized that an extended quiescence would reduce
nutritional reserves and alter the molecular response to metal exposure thereby reducing larval survival
and altering larval development. As a molecular marker for metal stress responses, we evaluated transcrip-
tional changes in the metallothionein gene (AaMtn) in response to quiescence and metal exposure.
Extended 1st instar quiescence resulted in a significant decrease in lipid reserves and negatively affected
larval fitness and development. AaMtn transcription and metal tolerance were compromised in first instars
emerged from eggs that had undergone an extended quiescence. These findings suggest that newly
emerged mosquito larvae that had survived a relatively long pharate 1st instar quiescence (as might occur
during a dry season) are more vulnerable to environmental stress. Pharate 1st instar quiescence could have
implications for vector control strategies. Newly emerged mosquito larvae at the end of the dry season or
start of the wet season are physiologically compromised, and therefore potentially more susceptible to
vector control strategies than mosquito larvae hatched subsequently throughout the wet season.

Published by Elsevier Ltd.

1. Introduction

Container breeding mosquitoes such as Aedes aegypti possess
the ability to undergo aseasonal dormancy as an unhatched 1st in-
star. Embryonic development is completed within �3 days after
oviposition and a fully developed 1st instar larva resides within
the chorion of the egg in a dormant state referred to as quiescence.
This unique quiescent stage does not have a clear homolog in other
insects and has been referred in previous work as a pharate 1st in-
star diapause (Alekseev, 2007; Clements, 1992). Pharate 1st instar
quiescent larvae will hatch out immediately upon exposure to the
appropriate stimulus; in this way quiescence differs from diapause,
which is a hormonally controlled and pre-programed state of
developmental arrest in which the larvae are refractory to hatching
stimuli for an extended period of time. As a result of this life his-
tory trait, A. aegypti produce eggs that, in addition to being desic-
cation resistant, can withstand months of dormancy. A wide
variety of studies have shown that energetic costs of long-term

diapause are reflected in lower post-hatching survival and reduced
fecundity (Hahn and Denlinger, 2007, 2011). However, relatively
little work has been conducted examining the energetic costs
and fitness consequences of quiescence.

A. aegypti, the primary vector of dengue fever, is well adapted to
survive and develop in the anthropogenic bodies of water charac-
teristic of many urban environments (Crovello and Hacker, 1972;
Huber et al., 2008; Trpis and Hausermann, 1975).These breeding
sites can be characterized by heterogeneous and dynamic condi-
tions such as varying water volume and/or nutrient content and
the presence of toxic metals and/or other physiological stressors.
Metals, in particular, are common in urban environments where
there exist many sources of metal pollution such as run-off, atmo-
spheric fall out, and the indiscriminant use of metal-containing
herbicides. (Mireji et al., 2008; Sarkar et al., 2004). In addition,
the breeding sites themselves may be metallic (cans, dumpsters,
cisterns, etc.). The ability to adapt to metal-polluted urban envi-
ronments may provide distinct advantages to larval mosquitoes.
However, larval mosquitoes may also incur fitness costs. Previous
studies have suggested that metal stress during mosquito larval
development might affect a mosquito’s fitness and ability to
transmit diseases (Rayms-Keller et al., 1998; Sarkar et al., 2004;
Mireji et al., 2010a).
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Although excess metal ions in the aquatic environment are
generally toxic, mechanisms exist in larval mosquitoes to
chelate, sequester or otherwise eliminate or detoxify such toxins.
One such mechanism is the expression of metallothioneins (Mtn).
Metallothioneins are a group of low molecular weight cysteine-rich
proteins essential for metal homeostasis, sequestration and detoxi-
fication; they have a high affinity for transition metals and are
expressed in response to metal exposure in a wide variety of organ-
isms (Amiard et al., 2006; Andrews, 2000; Balamurugan et al., 2007;
Egli et al., 2006; Kagi, 1991; Posthuma and Van Straalen, 1993;
Roesijadi, 1996). Mtn transcription has been validated as a sensitive
indicator of metal exposure and an appropriate molecular marker to
assess the physiological response to metal stress (Dallinger, 1994;
Egli et al., 2006; Mireji et al., 2010b; Sarkar et al., 2004).

The aim of this study was to determine if the duration of pha-
rate 1st instar quiescence (newly oviposited eggs vs. eggs having
undergone an extended quiescence period) would reduce larval fit-
ness and decrease the ability of newly hatched larvae to tolerate
metal stress. To test this hypothesis the effect of quiescence on
the physiological and molecular responses to metal stress in newly
hatched larval mosquitoes was assessed in three ways: (1) by
determining the duration of the development period, tolerance to
starvation and quantifying neutral lipids in 1st instar larvae
hatched from new and old eggs, (2) by characterizing the response
of larvae hatched from new or old eggs to acute and chronic expo-
sures to copper (Cu) and (3) by describing the molecular response
to metal exposure through quantification of metallothionein
mRNA in larvae hatched from new or old eggs exposed to Cu. Ex-
tended pharate 1st instar quiescence results in a significant de-
crease in lipid reserves and negatively affects larval fitness and
development. In addition, metallothionein transcription and metal
tolerance were compromised in first instars emerged from eggs
that have been subjected to extended quiescence. These findings
suggest that newly emerged mosquito larvae that had survived a
long pharate 1st instar quiescence (as might occur during the dry
season) are more vulnerable to environmental stress.

2. Materials and methods

2.1. Mosquito rearing and maintenance

A. aegypti of the Rockefeller strain were reared in 28 �C and 80%
relative humidity under a photoperiod of 16 h light: 8 h dark. Ma-
ted adults were offered a cotton pad soaked in 3% sucrose solution.
Four-day-old female mosquitoes were fed porcine blood equili-
brated to 37 �C, and ATP was added to the blood meal to a final
concentration of 1 mM immediately before use. Eggs were ovipos-
ited on papers and stored under insectary conditions in zip lock
bags inside Tupperware containers (adapted from Munstermann
and Wasmuth, 1985). Biological replication was achieved by gener-
ating eggs and or larvae as needed from independent and separate
hatches of mosquito eggs across numerous generations.

2.2. Reagents

Reconstituted soft water (RSW) was used in all bioassays. RSW
was prepared by adding reagent-grade NaHCO3 (48 mg), CaSO4

2H2O (30 mg), MgSO4 (30 mg) and KCl (2 mg) to 1 liter of deionized
water (pH �7.4). All reagents were purchased from Fisher Scien-
tific, Pittsburgh, PA.

2.3. Copper measurement

Reagent grade copper sulfate pentahydrate was dissolved in
RSW. Nominal Cu concentrations were confirmed by inductively

coupled plasma mass spectrometric analysis (ICP-MS) using an
HP 4500 plus IPC-MS instrument (Hewlett–Packard Co., Wilming-
ton, DE), equipped with a Babington-type nebulizer and an ASX-
500 auto sampler (Cetac Technologies Inc., Omaha, NE).

2.4. Fitness assays

In the manuscript, ‘‘new eggs’’ are pharate 1st instars that re-
mained dormant for less than one week. ‘‘Old eggs’’ are pharate
1st instars that have undergone extended quiescence for over
2 months. Experiments were performed under the temperature,
humidity and light cycle conditions described in Section 2.1
(‘‘Insectary conditions’’). All assays were started at �12:00 pm.

2.4.1. Time to pupation (length of larval stage)
Pharate 1st instars (eggs) were hatched in deoxygenated water.

Upon emergence, three independent replicates of groups of 200 1st
instar larvae were reared to adulthood in 23 � 40 � 15 cm poly-
propylene plastic pans containing 1 l of RSW for the reared clean
treatment and 1 ppm Cu for the metal stressed treatment. Larvae
reared in copper (Cu) are referred to as ‘‘metal stressed’’. Larval diet
consisted of 750 ll of 10% liver powder suspension (MP Biomedi-
cals Inc., Aurora, OH.) added to the pan every day except day 2. Pu-
pae were counted each day (at noon) throughout the pupation
period. The time to pupation was calculated using the following
equation: T ¼

P
ðD� NÞ=

P
ðNÞ (Kosalwat and Knight, 1987),

where: T = the average time to pupation (days), D = number of days
from hatching to pupation (age in days) and N = number of insects
pupated at that day.

2.4.2. Larval survival under starvation conditions
Three independent replicates of groups of 25 newly emerged

1st instar larvae from new and old eggs were assayed in 15 cm
diameter glass petri dishes containing 100 ml of RSW in the ab-
sence of food. The number of larvae found not responsive to
mechanical stimulation every 24 h were counted as ‘‘dead’’ and
removed.

2.5. Acute toxicity stress assays

Three independent replicates of groups of 45 newly emerged
1st instar larvae from new and old eggs were assayed in 15 cm
diameter glass petri dishes holding 100 ml of RSW containing
1.25 ppm of Cu (from CuSO4) for 48 h. A concentration of
1.25 ppm Cu was chosen based on preliminary 24 h acute toxicity
assays (�LC30). Experiments were performed under insectary con-
ditions and in the presence of food (75 ll 10% liver powder suspen-
sion). Larvae found not responsive were counted as ‘‘dead’’.
Negative controls were reared in the same conditions in the ab-
sence of Cu.

2.6. Lipid and protein analysis

2.6.1. Staining of lipids
Newly emerged 1st instars hatched from new and old eggs were

fixed in 4% formaldehyde for 2 h, washed with cold PBS, stained
with Oil Red-O for 30 min., washed with cold PBS and imaged with
a Leica Model MZ6 stereomicroscope at 40� magnification
(adapted from Nishiura et al., 2007).

2.6.2. Quantification of total larval neutral lipids
Neutral lipids were quantified using a triglyceride quantifica-

tion kit (Biovision, Mountain View, CA; cat #K622-100). Ten newly
emerged 1st instars from each treatment (new vs. old) were
assayed in triplicate for three biological replicates.
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2.6.3. Quantification of total larval proteins
Total protein contents of larvae were quantified using a Pierce

660 nm Protein Assay from Fisher Scientific (prod. #322662). Fifty
newly emerged 1st instars from each treatment (new vs. old) were
assayed in triplicate for three biological replicates.

2.7. Quantitative real-time PCR (qPCR)

Newly emerged 1st instar larvae from new and old eggs were
exposed to 1.25 ppm of Cu (from CuSO4) in RSW under insectary
conditions and in the absence of food for 6 h. Total RNA was iso-
lated from three independent biological replicates of �50 larvae
using RNA-binding glass powder as previously described (Noriega
and Wells, 1993). Contaminating genomic DNA was removed using
the DNA-free™ kit (Ambion, Austin, TX). Reverse transcription was
carried out using the Verso cDNA Kit (Fisher Scientific). Real time
qPCR was performed with the 7300 Real Time PCR System using
TaqMan� Gene Expression Assays together with TaqMan� Univer-
sal PCR Master Mix (Applied Biosystems, Foster City, CA). The pri-
mer probes for housekeeping gene 60S ribosomal protein L32
(rpL32) (Accession number: AAEL003396) and for metallothionein
(Mtn) (Accession number: AAEL008176) were as follows (exon
borders in bold):

rpL32: Forward: 50 CCAAGCCAGATTCCTAACATTCAAA 30

rpL32: Reverse: 50 TGCCCTGTCCGCAACC 30

rpL32: Probe: 50 CTTGCAATCATTACCACAGCAC 30

Mtn Forward: 50 GCCAAGCCAGATTCCTAACATTCAA 30

Mtn Reverse: 50 GCAACCGGAGGTGCACTT 30

Mtn Probe: 50 AAGTGCTGTGGTAATGATTGC 30

qPCR reactions were carried in a 20 ll volume according to
manufacturer’s recommendations for Custom TaqMan� Gene
Expression Assays. Reactions were run in triplicate using 1 ll of
cDNA per reaction. Standard curves to quantify relative gene copy
number were made from serial dilutions of plasmids containing

Fig. 1. Larval development period in a clean environment: Larval development
period was determined as the mean time to reach pupation for larvae reared in a
clean environment. Mean larval development periods were: 5.95 days for larvae
from new eggs (N) and 7.33 days for larvae from old eggs (D). Each point is the
mean ± SEM of three independent replicates of groups of 200larvae hatched from
new eggs (d) or old eggs (s).
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Fig. 2. Tolerance to starvation: Mortality of newly hatched larvae in the absence of
food was assessed in a 72 h starvation assay. Each point is the mean ± SEM of three
independent replicates of groups of 25 larvae hatched from new eggs (N) or old eggs
(s) (⁄p < 0.05, t test, unpaired, one tailed).
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Fig. 3. Lipid reserves: (A) Oil Red O staining of lipid reserves in newly hatched larvae emerging from new eggs (i) or old eggs (ii). (B) Total neutral lipids measured in newly
emerged 1st instars. Results are means ± SEM of three independent replicates of groups of 90 larvae hatched from new eggs (filled bars) or old eggs (empty bars) (⁄p < 0.01, t
test, paired, one tailed).
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rpL32 or Mtn gene (300,000, 30,000, 3000, 300 and 30 copies of a
plasmid per reaction). Real time data were collected by 7300 Sys-
tem SDS Software and analyzed in Microsoft Excel. Mtn transcript
levels were normalized with rpL32 transcript levels in the same
sample. Relative Mtn transcript levels are expressed as a number
of copies of Mtn transcript per 10,000 copies of rpL32 transcript.
Each qPCR data point is average of three independent biological
replicates.

2.8. Data analysis

Graphical representations were performed with GraphPad
Prism Software (san Diego, CA) version 3.00 for Windows. Statisti-
cal analysis was performed with Excel 2007. The results were
expressed as mean and SEM and considered significantly different
at P < 0.05 by a one tailed students t test (P < 0.05). Significant
differences in variance were determined by F test.

3. Results

3.1. Effect of quiescence on 1st instar larval survivorship and
development

When reared in a ‘‘clean’’ environment (without metal), larvae
hatched from older eggs exhibit a significantly longer larval devel-
opment period than larvae hatched from new eggs as evidenced by
a mean 7.33 vs. 5.95 days to pupation (Fig. 1). There was no
observed mortality in either treatment.

3.2. Effect of quiescence on larval nutrient reserves

1st instar larvae hatched from older eggs exhibited a signifi-
cantly higher mean mortality in response to starvation (76 vs.
4%) in a 72 h acute assay (Fig. 2). Neutral lipid reserves decreased
�9-fold in pharate 1st instars larvae that had been subjected to
3 month quiescence (old eggs) (Fig. 3). Quiescence had no effect
on the total amount of protein measured in newly hatched larvae.
Both groups had approximately 150 ng protein/larva (n = 50).

3.3. Effect of quiescence on 1st instar larvae response to metal stress

Newly emerged 1st instar larvae hatched from old eggs exhib-
ited a 2-fold increase in mortality (70% vs. 35% in new eggs) in a
48 h acute toxicity assay (Fig. 4). When larvae are reared to adult-
hood in the presence of metal stress, larvae hatched from older
eggs exhibited a significantly higher mortality than larvae emerged
from new eggs (85% vs. 53%, respectively) and a significantly longer
larval development period than larvae hatched from new eggs
(17.38 vs. 15.02 days) (Fig. 5).

3.4. Effect of quiescence on metallothionein mRNA levels

Newly emerged 1st instar larvae from new eggs exposed to Cu
for 6 h exhibited a 26-fold increase in AaMtn mRNA levels, where
as newly emerged 1st instar larvae from old eggs exposed to Cu
for 6 h exhibited only a 4-fold increase (Fig. 6). The Mtn response
to metal stress of 1st instars hatched from old eggs was signifi-
cantly less robust throughout the time course. In addition, AaMtn
mRNA levels from 1st instars from old eggs did not exhibit the
magnitude in variance that 1st instars from new eggs did. Vari-
ances in Mtn response are significantly different at all-time points
except at 3 h (F test, p < 0.05). There was a moderate but significant
increase on Mtn mRNA levels in larvae held in clean RSW for 6 h,
regardless of the eggs’ age. This increase is most likely related with

the developmental and homeostatic roles of Mtn in mosquito
larvae.

4. Discussion

4.1. The duration of quiescence alters the nutritional status,
developmental rate and starvation tolerance of newly hatched larvae

The fertilized mosquito egg is a closed system, bound by an
impermeable chorion and dependent on maternally-derived lipid
reserves to complete embryogenesis and maintain a quiescent
metabolism. Over 90% of stored egg lipids are triglycerides (van

Fig. 4. Tolerance to metal stress: Mortality of newly hatched 1st instar larvae
exposed to 1.25 ppm Cu in a 48 h acute toxicity assay. Each point is the mean ± SEM
of three independent replicates of groups of 45 larvae hatched from new eggs (N) or
old eggs (s) (⁄p < 0.05, t test, unpaired, one tailed).

Fig. 5. Larval development period in a metal environment: Larval development
period as determined by mean time to reach pupation for larvae reared in 1.00 ppm
Cu. Mean larval development period for larvae from new eggs = 15.02 days (N) and
17.38 days for larvae from old eggs (D).Each point is the mean ± SEM of three
independent replicates of groups of 200 larvae hatched from new eggs (d) or old
eggs (s).

Fig. 6. Metallothionein mRNA levels: Newly hatched larvae were exposed to clean
RSW or RSW containing 1.25 pm Cu for 6 h. AaMtn mRNA is expressed as copy
number of AaMtn mRNA/ 10,000 copies of rpL32 mRNA. Each RT-PCR data point is a
mean ± SEM of three independent biological replicates of 50 larvae (⁄p < 0.05, t test,
paired, one tailed).
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Handel, 1993) and are likely critical for energy production during
quiescence in 1st instar larvae (Hahn and Denlinger, 2007). It
would seem there was a simple relationship between the duration
of quiescence and the nutritional and physiological status of newly
hatched larvae. 1st instars hatched from eggs subjected to an ex-
tended quiescence emerged with less lipid reserves (Fig. 3), were
less tolerant to starvation (Fig. 2) and had a longer larval develop-
mental period (Fig. 1). The observed reduction of lipids in larvae
hatched from old eggs is probably the result of the oxidation of lip-
ids to support basal metabolism (Hahn and Denlinger, 2007).
Although oxygen consumption and metabolism are depressed after
embryogenesis is completed, (Weissman-Strum and Kindler,
1962), an extended 1st instar larvae quiescence would eventually
deplete egg reserves.

Larval growth and development depends on maternally inher-
ited reserves in addition to nutrients acquired by the larvae. These
results indicate that a 1st instar can undergo an extended quies-
cence, but with specific repercussions for doing so. The specific
costs of 1st instar quiescence on the development and starvation
tolerance of larvae is ecologically and epidemiologically relevant
as mosquito populations in the field often encounter environments
with sub-optimal nutritional conditions rendering adult mosqui-
toes with diverse fitness, reproductive potential and vector capac-
ity (Alto et al., 2005, 2008; Caroci et al., 2004). Based on the results
discussed here, nutrition carried over from maternal reserves into
the larval stages is very important for development and likely acts
as a buffer against environmental stochasticity or suboptimal
conditions.

4.2. The duration of quiescence alters the physiological response to
metal stress in newly hatched larvae

The profound effect of an extended quiescence on newly hatched
larvae suggested that other physiological and ecological implica-
tions were likely to exist. To explore this possibility newly hatched
larvae were exposed to ecologically relevant concentrations of cop-
per in order to mimic the metal exposure larvae are likely to expe-
rience in urban environments. The reductions in nutritional
reserves caused by an extended quiescence affected the response
to metal exposure; after 48 h of an acute exposure, significantly
more larvae hatched from old eggs died than those hatched from
new eggs (Fig. 4). In addition, larvae hatched from old eggs and
reared to adulthood in copper exhibited a delayed developmental
profile compared to larvae hatched from new eggs (Fig. 5).

The mortality of the larvae reared to adulthood in the metal
stress experiment was not uniform among the four instar develop-
mental stages. Most mortality occurred during the 1st instar stage.
Larvae that reached the 2nd instar were generally able to reach the
pupal stage. This would suggest that 1st instar mosquitoes are
especially sensitive to copper exposure and that rapid tolerance
to copper exposure develops in the survivors. A variety of other
aquatic and terrestrial insects have been shown to be more sensi-
tive to metals during the early instars rather than the late instars
further suggesting tolerance develops (Williams et al., 1986; Pas-
coe et al., 1989; Timmermans et al., 1992).

4.3. The duration of quiescence alters the molecular response to metal
stress in newly hatched larvae

While copper is a critical component of enzymes involved in
respiration, oxidative stress protection, pigmentation and iron
metabolism, it may also be toxic in excessive concentrations (Egli
et al., 2006). Metallothionein has been well established as an active
participant in the response to metal stress (Amiard et al., 2006;
Posthuma and Van Straalen, 1993; Roesijadi, 1996). The sequestra-
tion of copper involves chelation by Mtn to reduce Cu toxicity fol-

lowing a copper shock. In A. aegypti 1st instar larvae there was a
moderate but highly significant increase of AaMtn in the absence
of metal, an indication of the critical role of this gene in metabolic
pathways during early larval development. On the other hand,
when exposed to copper, mosquitoes hatched from new eggs
showed significant mRNA increases in less than one hour, and tran-
scripts exhibited a dramatic 26-fold increase over 6 h (Fig. 6). An
extended quiescence significantly reduced this homeostatic pro-
tective response to metal stress. A moderate 1.5-fold increase in
the levels of Mtn mRNA was also described for Anopheles gambiae
larvae reared in a Cu environment (Mireji et al., 2010b).

Detoxification, sequestration and elimination of metals and the
neutralization of the oxidative stress associated with metal expo-
sure are nutrient dependent processes (Calow, 1991; Servia et al.,
2006). The exponential increase of AaMtn mRNA observed in larvae
from new eggs was replaced by a modest linear increase in larvae
that experienced a long quiescence. The compromised nutritional
status of larvae from old eggs possibly contributes to this decrease
in phenotypic plasticity. While the connection between nutritional
reserves, copper exposure and mortality is not fully explained by
this study, it is likely that the energetic costs of metal homeostasis
in an environment with excessive Cu cannot be met by those mos-
quitoes with reduced nutritional reserves.

Although the reduced metal tolerance and larval development
evidenced by these experiments could be the result of a lack of suf-
ficient nutritional reserves, alternative scenarios do exist that can
explain reduced developmental rates and higher mortality, such
as a direct effect of metals on nutrient availability or storage,
and/or through additional physiological demands that metal accli-
matization might induce. Metal ions have been found to chelate
with amino acids and proteins and affect their bioavailability in in-
sects; specifically metals interfere with enzymatic processes and
peroxidize polyunsaturated fatty acids (Sivapalan and Gnanaprag-
asam, 1980), produce specific reductions in whole body lipids (Or-
tel, 1995) and cause fat body and midgut ‘‘injury’’ in some insects
(Martoja et al., 1983; Rayms-Keller et al., 1998).

4.4. Implications for vector ecology and vector control

The presence of mosquitoes has been confirmed in polluted hab-
itats such as drains containing domestic wastewater and other man-
made aquatic habitats (Barrera et al., 2008; Chinery, 1995; Mireji
et al., 2008). A. aegypti, being a container breeder, may be subject
to greater physiological stress from metals in the environment than
other species of mosquitoes. We would like to propose that newly
emerged 1st instars of Aedine mosquitoes hatched from eggs that
have been subjected to an extended quiescence, such as those expe-
rienced during the dry season, are more vulnerable to metal stress
after hatching. During the wet season, subsequent generations that
are not experiencing extended egg quiescence, regain their metal
tolerance competence. Similar behavior extends to the responses
to other forms of stress such as pollution stress, oxidative stress,
insecticide metabolism and larval competition (Alto et al., 2005;
Poupardin et al., 2008). As a consequence, extended quiescence
could (a) contribute to increased vector capacity via increased den-
gue viral load of adult females derived from quiescent eggs (Alto
et al., 2008) and (b) have implications for vector control strategies,
i.e., newly emerged mosquito larvae at the end of the dry season/
start of the wet season are physiologically compromised, and there-
fore potentially more susceptible to vector control strategies than
mosquito larvae hatched subsequently throughout the wet season.
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