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and developmental traits to track carry-over 
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Abstract 

Background Estimating arbovirus transmission potential requires a mechanistic understanding of how environmen‑
tal factors influence the expression of adult mosquito traits. While preimaginal exposure to environmental factors can 
have profound effects on adult traits, tracking and predicting these effects remains challenging.

Methods Using Aedes albopictus and a structural equation modeling approach, we explored how larval nutrition 
and temperature jointly affect development rate and success, female body size, and whether these metrics capture 
carry‑over effects on adult female longevity. Additionally, we investigated how larval diet and temperature affect 
the baseline expression of 10 immune genes.

Results We found that larval development success was primarily determined by diet, while temperature and diet 
both affected development rate and female body size. Under a low larval diet, pupal wet weight and wing length 
both declined with increasing temperature. In contrast, responses of the two morphometric measures to rear‑
ing temperature diverged when females were provided higher larval nutrition, with pupal wet weight increasing 
and wing length decreasing at higher temperatures. Our analyses also revealed opposing relationships between adult 
female lifespan and the two morphometric measures, with wing length having a positive association with longev‑
ity and pupal weight a negative association. Larval diet indirectly affected adult longevity, and the time to pupation 
was negatively correlated with longevity. The expression of eight immune genes from the toll, JAK‑STAT and Imd 
pathways was enhanced in mosquitoes with higher nutrition.

Conclusions Our results highlight deficiencies from using a single body size measure to capture carry‑over effects 
on adult traits. Further studies of larval development rate under varying environmental conditions and its potential 
for tracking carry‑over effects on vectorial capacity are warranted.

Keywords Tiger mosquito, Body mass, Nutrition, Vector traits, Immune gene expression, Environmental effects

†Andrew J. Mackay and Jiayue Yan have contributed equally to this work.

*Correspondence:
Andrew J. Mackay
amackay@illinois.edu
1 Illinois Natural History Survey, Prairie Research Institute, University 
of Illinois at Urbana‑Champaign, 1816 S. Oak St., Champaign, IL 61820, 
USA
2 INTERTRYP (Univ. Montpellier, CIRAD, IRD), Montpellier, France
3 School of Biological Sciences, University of Bristol, Bristol, UK

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-023-06037-z&domain=pdf


Page 2 of 13Mackay et al. Parasites & Vectors          (2023) 16:434 

Background
Due to globalization and anthropogenic climate and 
land use change, there are increasing concerns about the 
spread and establishment of invasive mosquito species 
and their ability to transmit vector-borne diseases such 
as dengue or West Nile fever. To track such changing 
risks, vector-borne disease transmission intensity can be 
quantified by use of the basic reproduction number (R0) 
of a particular pathogen in a given environment. Focus-
ing solely on the entomological parameters of transmis-
sion leads to the concept of vectorial capacity [1, 2]. Both 
vectorial capacity and R0 equations include or are com-
posed of an incomplete set of functional traits of vec-
tors, such as the adult survival rate, their host-biting rate, 
relative abundance per host, and vector competence [3]. 
Many of these traits are themselves composites of other 
traits. For instance, the vector competence of a mos-
quito for a given pathogen is influenced by a number of 
intrinsic factors, including the presence of physical bar-
riers (e.g., midgut) within the mosquito and the interac-
tion between different mosquito innate immune factors 
and that pathogen [4, 5]. Similarly, vector abundance is 
influenced by a range of traits, including fecundity, larval 
survival, and larval development rates. Although often 
represented as constant values in models, these traits can 
vary greatly under the influence of environmental fac-
tors [6]. Temperature is one such factor, and studies have 
shown that it affects R0 in a nonlinear manner because 
the underlying phenotypic traits tend to have distinct 
thermal optima associated with them [7, 8]. However, a 
range of other environmental factors influence mosquito 
life history traits as well, including relative humidity (RH) 
[9, 10], larval habitat characteristics [6, 11], and the avail-
ability and quality of larval or adult nutrition [12–15].

Predicting the effects of environmental change on 
mosquito population dynamics and pathogen trans-
mission intensity is especially challenging due to the 
complex interrelationships among extrinsic factors 
that may exert influence at different stages of mos-
quito development. One aspect is that multiple envi-
ronmental factors can jointly influence specific traits, 
and the magnitude and direction of the effects of these 
interactions can be hard to predict [10, 13, 16, 17]. 
Another challenge is that in some cases environmen-
tal factors may shape adult traits indirectly, as “carry-
over effects” from environmental exposure in the egg, 
larval, or pupal (i.e., “juvenile”) life stages, or through 
their co-variation with certain juvenile traits [18]. For 
instance, the rate and amount of somatic growth mos-
quitoes undergo during the larval stages can subse-
quently affect the longevity of the adult stages [13, 19, 
20]. Because such interactions can be affected by multi-
ple variables (for instance, larval nutrition levels can be 

influenced by precipitation, addition of leaves or detri-
tus, or competitive interactions within and between dif-
ferent species), this poses a challenge in parameterizing 
population dynamics and disease transmission models.

Integral projection modeling is a common approach for 
predicting population-level responses to environmental 
change based on estimates of body size and by making 
use of the relationships between body size and various 
life history traits [21–24]. If a single continuous trait, 
such as body size, captures the salient aspects and is a 
key determinant of individual fitness components, such 
integral projection models become a useful and appropri-
ate approach. For mosquitoes, such an approach could 
potentially offer a convenient way to include the impacts 
of various environmental effects on adult fitness traits, as 
well as incorporating carry-over effects from the larval 
stages. It does, however, rely on the existence of a robust 
morphometric measure that has a predictable relation-
ship with different life history traits. Two measures of 
body size are commonly used as proxies for adult fitness, 
wing length and pupal wet weight. While both strongly 
co-vary [25–27], are correlated with body mass and ener-
getic reserves in newly emerged adults [19, 26, 28, 29], 
and have significant associations with key adult traits [15, 
19, 30–32], allometric scaling between wing length and 
pupal wet weight is often nonlinear and altered by factors 
such as juvenile diet and temperature [33–35]. Addition-
ally, there is increasing evidence challenging the validity 
of commonly held assumptions of fixed, linear relation-
ships between body size measures and adult traits [33].

In addition to life history traits, vector competence 
and different aspects of mosquito immunity are likewise 
affected by a range of environmental factors, including 
temperature and adult and juvenile nutrition [36–39]. 
Understanding such environmental determinants of 
vector competence is important not only for predicting 
transmission under varying circumstances, but also for 
predicting mosquito population dynamics, if there is a 
correlation or trade-off between such immune responses 
and life history traits [40, 41]. In mosquito immune sys-
tems, the roles of immune genes from the nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB), 
toll, Janus kinase/signal transducers and activators of 
transcription (JAK-STAT), and the immune deficiency 
(Imd) pathways in anti-arbovirus infection have been 
well described [42, 43]. And as one of the antimicrobial 
effector molecules, antimicrobial peptides (AMPs) can 
be synthesized and secreted when toll and Imd path-
ways are activated by invading arboviruses [44]. Prior to 
viral exposure, however, relatively little is known of the 
baseline level of expression for these immune genes (i.e., 
baseline immune gene expression) under varying tem-
peratures and nutritional levels.
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The main objective of this study was to evaluate the 
effects of juvenile nutrition levels across different devel-
opmental temperatures on a number of life history traits 
determining vectorial capacity, specifically larval devel-
opment rate and success, and adult longevity and base-
line immune gene expression levels. Further, we aimed to 
explore whether we could identify a robust morphomet-
ric proxy for longevity by contrasting relationships with 
pupal wet weight and wing length.

We use Aedes albopictus Skuse (Diptera: Culicidae), 
the Asian tiger mosquito, in this study. This species, as 
a vector of several arboviruses including chikungunya 
and dengue viruses, is one of the most successful invasive 
species known, spreading globally from its native range 
in Asia, to Europe, parts of Africa, and South and North 
America [45]. Such success can be partly owed to its abil-
ity to develop in peridomestic containers of varying sizes 
that can be exposed to a range of temperatures as well as 
larval densities and amounts of food inputs. Therefore, an 
appreciation of the complex interrelationships between 
temperature, nutrition, and mosquito traits for this spe-
cies is essential to improve our understanding of its pop-
ulation biology and success as an invasive mosquito, as 
well as the risk of increased pathogen transmission under 
varying environmental conditions.

Methods
Experimental design
Juvenile Ae. albopictus were reared in a 2 × 3 factorial 
experiment, consisting of two diet levels (1 and 2 mg of 
food per larva) and three rearing temperatures (20, 25, 
and 30 °C). The lowest temperature values are represent-
ative of the range in long-term daily average air tempera-
tures in the Ohio River Valley region (1989–2018; NOAA 
[46]) during the seasonal period when Ae. albopictus is 
most active: June (22.3 °C), July (24.2 °C), August (23.4), 
and September (19.6  °C). The highest value is compara-
ble to long-term daily maximum air temperatures dur-
ing a period critical for population growth (July–August, 
29.8  °C), and may mimic average temperatures experi-
enced by juveniles developing in habitats directly exposed 
to sunlight. Previous studies have reported the average 
water temperature in sun-exposed, container habitats 
can exceed the daily mean air temperature by more than 
5  °C [47, 48]. Immediately after emergence, all adults 
were transferred to 25  °C for assessments of immune 
gene expression, measurements of body size, and lon-
gevity. We expect that by maintaining adult mosquitoes 
in a uniform environment, external stressors (influence 
of temperature on energetic demands, dehydration, etc.) 
will be equivalent across treatments, facilitating a dis-
crete testing of the effects of the juvenile environment 
on adult fitness traits. Additionally, this design may also 

provide a reasonable simulation of average temperatures 
likely to be experienced by juvenile life stages in shaded 
(~25 °C) and sun-exposed (~30 °C) aquatic habitats dur-
ing the midsummer months, followed by convergence 
within shaded terrestrial microenvironments in the adult 
life stage (~25 °C).

Larval rearing conditions
Mosquitoes used in this experiment were from the ninth 
filial (F9) generation of a colony established from field 
collections in Kentucky. Seventy first-instar larvae (L1) 
were transferred to each rearing pan with 700  ml of 
deionized water within 12 h of hatching. Four pans were 
assigned to each of the six treatment groups and reared 
on a 16:8 h light/dark cycle. Each pan received 10 mg (low 
diet) or 20  mg (high diet) of finely ground TetraMin™ 
Tropical Flakes (Tetra, Melle, Germany) at the start of 
the experiment, with the remaining food apportioned to 
each pan over six time intervals, as summarized in Addi-
tional file  1: Table  S1. These schedules were allowed to 
differ between treatments to spread the additions of fresh 
food out over the expected development periods for dif-
ferent temperature and diet levels. To minimize variation 
in nutrient availability over the course of the experiment, 
and to prevent toxicity from excessive bacterial growth, 
the addition of the final meal to each treatment group 
was delayed until at least 50% of surviving individuals 
had reached the pupal stage.

Body size and longevity assessment
Pupae were removed from pans daily, gently blotted to 
remove surface moisture, and weighed (Mettler Toledo 
XPR2U Ultra-Micro Balance, Columbus, OH, USA). 
After measuring pupal wet weight, pupae were trans-
ferred to individual screen-covered 50-ml conical cen-
trifuge tubes containing 10 ml of deionized water. Water 
was removed from tubes immediately after emergence 
and adult females from all treatment groups were trans-
ferred to 25  °C and 81 ± 4% RH. Females were housed 
individually (unmated) and provided a cotton ball satu-
rated with a 10% sucrose solution (replaced daily). Adult 
female survival was monitored at 24-h intervals to meas-
ure adult longevity. Wing length of all adult female speci-
mens was measured post-mortem, from the axial incision 
to the wing tip, excluding the scale fringe (cellSens soft-
ware ver. 1.7.1., Olympus America Inc., Waltham, MA, 
USA).

Baseline immune gene expression
The baseline expression of 10 immune genes belonging 
to toll, JAK-STAT, and Imd pathways and their AMPs 
were measured in a random subset of 5-day-old adult 
females selected from each replicate across the period 
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of female eclosion. Five females were chosen from each 
high diet replicate (20 per treatment), while only three 
females were collected from each low diet replicate (12 
per treatment) due to the smaller number of individu-
als surviving to eclosion in the low diet environment. 
RNA extraction, copy DNA (cDNA) synthesis, and real-
time polymerase chain reaction (PCR) for gene expres-
sion analysis were performed as follows: total RNA was 
extracted from mosquitoes (three females with low diet 
or five with high diet treatments from each replicate) by 
following the manufacturer’s protocol in  NucleoSpin® 
RNA Isolation Kit (Macherey-Nagel, Düren, Germany); a 
consistent cDNA transcript volume of 10 µl per reaction 
was synthesized by following the PrimeScript™ RT Rea-
gent Kit with gDNA [genomic DNA] eraser (Takara Bio, 
Shiga, Japan), using a standard total RNA volume of 6.5 
µl; real-time PCR was performed using the SensiFAST™ 
 SYBR® Hi-ROX One-Step Kit (Bioline, London, UK), 
and the QuantStudio™3 Real-Time PCR System (Thermo 
Fisher Scientific Inc., Waltham, MA, USA). The riboso-
mal protein S7 gene was used for normalization of cDNA 
templates. Relative fold changes in the expression of 10 
immune genes of mosquitoes were calculated following 
the  2−ΔΔCT method [49], using the mosquitoes reared at 
25 °C as reference. All primers used for real-time PCR of 
the 10 immune genes are presented in Additional file 2: 
Table S2.

Statistical analysis
The main and interaction effects of temperature and diet 
on juvenile development success (defined as survival 
from the L1 larval stage to complete eclosion of the adult 
from the pupal exuvia) were analyzed with a binomial 
generalized linear mixed-effects model (GLMM), with 
replicate included as a random effect. Attempts to simi-
larly apply a mixed-effects model to the analysis of juve-
nile development time (defined as days from hatching 
to adult eclosion) resulted in singular fit models, due to 
near zero variance in the random effect (replicate) inter-
cept; therefore, generalized linear models (GLMs) were 
used instead. Here, inverse transformations were applied 
to male and female juvenile development times, and the 
influences of temperature and diet and their interaction 
were analyzed using GLMs with a normal error distribu-
tion and an identity link function. A binomial GLM was 
also used to test for the influence of temperature and 
diet and their interaction on the sex ratio of individu-
als surviving to adult eclosion (i.e., proportion of newly 
emerged adults that were female). Main and interac-
tive effects of diet and temperature on pupal wet weight 
and female wing length were examined in linear mixed-
effects models (LLMs) with a normal error distribution 
and identity link function, and replicate as a random 

effect. Relationships between both female wing length 
and pupal wet weight were assessed using an analysis of 
covariance (ANCOVA). To evaluate the direct effects of 
the main factors (larval diet and temperature) and their 
interaction on adult female longevity (i.e., days surviv-
ing post-eclosion), data were initially fit to a Cox propor-
tional hazards (PH) model [50]. To further understand 
how larval diet and temperature affect adult female 
lifespan both directly and indirectly (e.g., through their 
impact on larval development time and body size), data 
were subsequently fit to piecewise structural equation 
models (piecewiseSEM package; [51]). Structural equa-
tion models combine multiple variables into a causal 
network, where individual variables can be considered as 
both predictors and responses, allowing the identification 
of directional relationships among multiple dependent 
and independent variables. Here we used a multigroup 
comparison approach whereby longevity at each tem-
perature was fit to individual models, with larval diet, 
juvenile development time, and both body size measures 
included as model variables. GLMs with a gamma error 
distribution and a log link function were used to evalu-
ate the effects of temperature, diet, and their interac-
tion term on relative fold change in expression of each 
immune gene. All analyses were performed in R (v4.2.1, 
R Core Team [52]).

Results
There was a considerable difference in juvenile devel-
opment success between the high and low larval diets 
(Fig. 1a). With access to the high larval diet, the propor-
tions of L1 successfully pupated and emerged as adult 
mosquitoes were 0.94 ± 0.04, 0.93 ± 0.05, and 0.92 ± 0.04 
(mean ± SD) at 20, 25, and 30  °C, respectively. For mos-
quitoes that developed under a low larval diet, the pro-
portions that successfully emerged at 20, 25, and 30  °C 
were 0.49 ± 0.09, 0.56 ± 0.09, and 0.53 ± 0.02, respectively. 
Results of a binomial GLMM (Additional file 3: Table S3) 
indicated a significant positive effect of diet on juve-
nile survival to adulthood (χ2 = 262.9, P < 0.001), but no 
significant effect of temperature (χ2 = 1.2, P = 0.544) or 
the interaction between temperature and diet (χ2 = 2.5, 
P = 0.293). For the individuals that successfully developed 
to the adult stage, the mean proportion that were female 
was similar among treatments (range 0.45 to 0.50). A 
binomial GLM did not detect any significant effects of 
diet (χ2 < 0.1, P = 0.975), temperature (χ2 < 0.1, P = 0.973), 
or the interaction between temperature and diet (χ2 = 1.2, 
P = 0.542) on adult sex ratio (Additional file 4: Table S4).

In contrast to the proportion that successfully emerged, 
the time required to reach adulthood was dependent on 
both temperature and diet (Fig.  1b, c; Additional file  5: 
Table  S5). For females, the average development times 
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were 21.3 ± 3.9, 13.5 ± 2.32, and 10.3 ± 1.42  days under 
the high diet treatment, and 32.3 ± 11, 21.9 ± 6.82, and 
17.5 ± 5.3  days under the low diet treatment, for 20, 25, 
and 30  °C, respectively. There were significant posi-
tive effects from diet (F = 668.0, P < 0.001), temperature 
(F = 633.5, P < 0.001), and their interaction (F = 42.1, 
P < 0.001), on female juvenile development time.

For males, the development times were some-
what shorter than those for females, and ranged from 
17.8 ± 3.8, 11.3 ± 2.2, and 8.44 ± 0.8  days under the high 
diet treatment, to 23.1 ± 4.4, 19.3 ± 7.8, and 14 ± 4.8  days 
under the low diet treatment, at 20, 25, and 30 °C, respec-
tively. Significant positive effects of diet (F = 772.3, 
P < 0.001) and temperature (F = 798.3, P < 0.001) on male 
juvenile development time were detected. The interac-
tion between these factors was also significant (F = 61.5, 
P < 0.001), indicating that the magnitude of differences 
among temperatures varied by diet treatment level.

For female mosquitoes, we tracked their adult lifes-
pan when given access to a carbohydrate source, and 
measured their wing lengths post-mortem. This allowed 
us both to evaluate the effects of diet and tempera-
ture on pupal wet weight and wing length, and to com-
pare the relationship between these measures within 
individual females (Fig.  2; Additional file  6: Table  S6). 
Diet had significant positive effects in LMMs of both 
female wing length (χ2 = 198.8, P < 0.001) and pupal wet 
weight (χ2 = 296.6, P < 0.001). While temperature had a 

significantly negative influence on female wing length 
(χ2 = 68.2, P < 0.001), the main effect of temperature was 
not significant in the LMM of pupal wet weight (χ2 = 4.1, 
P = 0.131). The diet–temperature interaction was signifi-
cant for both wing length (χ2 = 26.1, P < 0.001) and pupal 
wet weight (χ2 = 40.9, P < 0.001); however, the nature of 
the interaction differed between the two body size meas-
ures. Female wing length declined with increasing tem-
perature in both diet regimes, with a greater magnitude 
decrease under low nutrient conditions. In contrast, 
temperature had divergent effects on pupal wet weight 
between the two diet groups, with a negative influ-
ence under the low diet and a positive effect on females 
developing in the high diet regime (Additional file  7: 
Fig. S1). These differing responses to diet and tempera-
ture were reflected in the patterns of the allometric scal-
ing observed between pupal wet weight and wing length. 
The slope between regression lines for pupal wet weight 
and wing length differed significantly for low and high 
diets (ANCOVA, F = 64.2, P < 0.001), but not between 
temperatures.

Initial analyses evaluating how environmental fac-
tors during development affect adult female longevity 
suggested that rearing temperature did not have a sig-
nificant direct influence on survival; larval diet was the 
only factor retained in the most parsimonious Cox PH 
regression model (low diet hazard ratio [HR] = 1.39; 95% 
confidence interval [CI] 1.13, 1.71; P = 0.002). Therefore, 

Fig. 1 Differences in juvenile development success (a; proportion eclosing) and juvenile development time (L1 to adult eclosion) of female (b) 
and male (c) Ae. albopictus among temperature and diet treatment levels. H, high diet regime; L, low diet regime
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a multigroup comparison approach was employed in 
the subsequent piecewise structural equation model 
analyses to identify direct and indirect causal relation-
ships between adult female longevity, larval diet, juve-
nile development time, and the two body size measures 
at each rearing temperature (Fig. 3). The identified model 
indicated that several paths were constrained among 
temperature levels, namely, the effect of pupal wet weight 
on wing length, the effect of wing length on longevity, 
the effect of pupal wet weight on longevity, and the effect 
of diet on longevity. Estimates of all other paths were 
allowed to vary among temperature levels. This analysis 
highlights that the higher larval diet level consistently 
decreased development time and increased pupal wet 
weight (P < 0.001 for both variables at each temperature 
level). Pupal weight had a significant positive effect on 
wing length (P < 0.001 at each level). Both wing length 
(P = 0.0001 at each level) and pupal weight (P = 0.0001 at 
each level) had significant, but opposing, effects on adult 
longevity, with wing length having a positive effect and 
pupal weight a negative effect. In a separate model (not 
shown) in which the path from pupal wet weight to adult 
longevity is removed, the effect of wing length on longev-
ity becomes nonsignificant. With increasing tempera-
ture during larval development, the number of paths in 
the model that have a significant effect increases as well 
(Fig. 3). At 25 °C, the effect of larval development time on 
adult longevity directly becomes significant (P = 0.0002), 
with faster pupation times being associated with longer 
adult lifespan (Additional file 8: Fig. S2). At 30 °C, larval 
development time additionally shows significant negative 

effects on pupal wet weight (P = 0.003) and on adult wing 
length (P = 0.0007).

Finally, we measured the baseline expression levels (i.e., 
without challenge of a pathogen) of several immunity-
related genes to determine how these are affected by lar-
val developmental temperature and diet (Fig. 4, Table 1). 
Our best-fitted GLMs showed higher baseline expres-
sion of 8 out of 10 genes belonging to the three immune 
pathways and AMPs at a high larval diet. In particular, 
upregulation of the toll pathway was found, as spaetzle 
(Fig. 4a), toll (Fig. 4b), and cactus (Fig. 4d) were expressed 
at significantly higher levels with the high larval diet than 
the low diet, although the expression of Rel 1A (Fig. 4c) 
indicated the opposite direction; a similar effect was 
observed in the Imd pathway, with caspar (Fig. 4h) being 
significantly upregulated by high larval diet; consistent 
with these results, the expression of defensin (Fig. 4i) and 
cecropin (Fig. 4j), two important AMPs regulated by the 
toll and Imd pathways, was also enhanced at high larval 
diet; the JAK-STAT pathway was also upregulated, as 
the expression of hopscotch (Fig. 4f ) and PIAS (Fig. 4g) 
was significantly higher at high larval diet. Larval tem-
perature only impacted the toll and JAK-STAT pathways, 
with the expression of spaetzle (Fig. 4a), Rel 1A (Fig. 4c), 
hopscotch (Fig.  4f ), and PIAS (Fig.  4g) being signifi-
cantly suppressed by higher larval development temper-
ature (30  °C), but the expression of cactus (Fig. 4d) was 
enhanced in response to the high temperature. Within 
the toll pathway, the interaction between larval diet and 
temperature exhibited a stronger suppressive effect on 
the expression of Rel 1A (Fig. 4c, Table 1) while showing 

Fig. 2 The relationship between female Ae. albopictus pupal wet weight and wing length shifts depending on the larval dietary regime 
and temperature. H, high diet regime; L, low diet regime
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a milder effect on the expression of spaetzle (Fig.  4a, 
Table 1). Notably, these effects were most evident under 
conditions of elevated temperature.

Discussion
We explored the impact of two environmental factors 
experienced by juvenile mosquitoes, temperature and 
diet, on larval development, the resulting mass of pupae, 
and the wing length of adults, and how these together 
affect adult longevity. Our results highlight that diet 
strongly affects both juvenile developmental success (i.e., 
survival from L1 to adult eclosion) and juvenile develop-
ment time (i.e., time from hatching to adult eclosion). 
Additionally, juvenile development time is influenced by 
both the direct effect of temperature and its interaction 
with diet. Similarly, both these factors affect the body 
mass of pupae and the wing length of adult females. Lar-
val diet was also found to alter allometric scaling between 
pupal wet weight and wing length, and indirectly affected 
adult female longevity through its effects on larval 
development time and body size. In addition, the base-
line expression of eight genes related to the mosquito 
immune system was increased with access to greater 
nutrition during the larval stage. Understanding these 
indirect effects of environmental factors experienced 
during immature stages could improve our ability to pre-
dict transmission dynamics of arboviral diseases, and 
larval development time stands out as being a potentially 
useful proxy to track these indirect effects on longevity in 
Ae. albopictus females.

The importance of temperature and nutrient enrich-
ment of aquatic habitats in regulating larval mosquito 
development and survival has been documented in pre-
vious laboratory studies and corroborated by field obser-
vations. For example, under field conditions in Puerto 
Rico, Aedes aegypti pupal productivity was found to be 
positively associated with the number of trees present 
in yards and the presence of leaf litter in containers, and 
negatively associated with water temperature [53]. How-
ever, while both diet and temperature are influential to 
the rate of Ae. albopictus larval development, tempera-
tures within the range investigated in the current study 
(20–30  °C) have not been found to have direct effects 
on juvenile survivorship [20, 54–57]. Comparative stud-
ies with Ae. aegypti suggest modest differences in the 
environmental regulation of juvenile development and 
survivorship between these two often sympatric con-
tainer species. Development success of Ae. aegypti juve-
niles appears to have greater sensitivity to temperature, 
relative to Ae. albopictus [58]. It is not clear whether this 
represents a difference in the biology of the study spe-
cies (Ae. aegypti or Ae. albopictus) or perhaps the results 
of methodological differences. For example, studies 

Fig. 3 Path diagram for the multigroup partial structural equation 
model of adult female Ae. albopictus longevity. Solid lines show 
the significant effects and the standardized estimate associated 
with each, by each level of temperature experienced during larval 
development
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assessing carry-over effects of larval nutrition frequently 
differ in how diet treatment levels are defined (e.g., 
amount per larva vs. amount per water volume), the type 
of diet used, and the timing of food enrichment across 
the developmental period. These discrepancies have the 
potential to affect larval development and life history 
traits of mosquitoes [59, 60]. In nature, the frequency of 

inputs and the concentration and composition of detri-
tus accumulating in development sites are likely to be 
heterogeneous, and how that variability shapes develop-
ment in concert with temperature is worthy of further 
investigation.

Mosquitoes exhibit adult body size plastic-
ity, mediated by environmental factors experienced 

Fig. 4 The baseline expression of 10 immune genes in 5‑day‑old adult female Ae. albopictus developing under different nutritional treatments 
and temperatures. Units on each y‑axis represent the relative fold change in gene expression compared to the internal control gene S7 using 
the delta delta Ct method. Relative fold changes for high and low larval nutrition at 25 °C were used as the reference, respectively
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during development. For example, a negative association 
between adult body size and developmental temperatures 
is common among insects and other ectothermic taxa 
(“temperature–size rule”) [61]. Restrictions in the quan-
tity or quality of food resources available during devel-
opment can also constrain growth, resulting in a smaller 
adult body size [59]. Moreover, the effects of these fac-
tors on the growth of individual structures or expression 
of traits may be anisometric, leading to shifts in allomet-
ric relationships across different developmental environ-
ments [62]. In the current study, increasing temperature 
had opposing effects on the wing length (negative) and 
pupal wet weight (positive) of Ae. albopictus female mos-
quitoes provided adequate nutrition during development 
(i.e., high diet treatments), consistent with a temperature-
dependent, hypoallometric relationship between adult 
female wing length and dry weight previously observed 
in this species [33]. These results showing increased 
body mass relative to structural size at higher develop-
mental temperatures support the reserve-dependent 
growth model [63], predicting a greater allocation of die-
tary resources during development to energetic reserve 
storage in an effort to mitigate the greater metabolic 
demands later posed on the adult stage under a higher 
temperature.

The plasticity in body size in mosquitoes, responsive 
to larval environmental conditions, availability and qual-
ity of habitats, and intra- and interspecific competition, 
can lead to population-level differences in body mass 
between different environments [64, 65], and there is 
interest in understanding the consequences of this vari-
ation for population dynamics and vectorial capacity. 
Previous studies on the link between mosquito body size 
and adult longevity have in some cases suggested a posi-
tive relationship [19, 25, 66], but variable outcomes with 
differences between species and environmental condi-
tions have also been reported. For instance, while a link 

between wing length and adult survival under conditions 
of low humidity was found for Ae. aegypti, no such effect 
was found for Ae. albopictus under similar conditions [9]. 
The opposite, with smaller mosquitoes living longer, or 
with the relationship between size and longevity being 
variable and dependent on environmental factors has 
been reported for Anopheles gambiae [13, 67]. Here, 
although we did see significant effects for both wing 
length and pupal weight on longevity, these effectively 
canceled each other out, and these measures of body size 
individually appeared to have little effect on longevity. 
Wing length and pupal weight, although strongly related 
to each other, do respond differently to the environ-
mental factors we varied in this study, and the relation-
ship between these two factors shifted as well. We could 
speculate that the partial structural equation model was 
picking up on different ways in which Ae. albopictus size 
relates to longevity, potentially through dietary restric-
tion and lower metabolic costs improving longevity on 
the one hand [68], and greater structural and energetic 
mass improving survival on the other.

Though unable to identify congruent relationships 
between body size measures and longevity, we found 
that both a restricted larval diet and delayed maturation 
were negatively associated with adult lifespan in females 
reared at the two higher temperatures (25 and 30  °C). 
These results contradict earlier studies with Ae. albop-
ictus and Ae. aegypti reporting enhanced longevity in 
females reared under nutrient-poor conditions [68, 69]. 
In both studies, it was hypothesized that dietary restric-
tion during development would trigger changes in adult 
metabolism, leading to more efficient conservation of 
energy reserves and greater survival. Our conflicting 
findings may be due in part to differences in experimen-
tal design. Dietary restriction in these prior studies was 
achieved by reducing the rate of nutrient input without 
limiting the total potential resources provided to larvae 

Table 1 Generalized linear models of the baseline expression of immune genes in 5‑day‑old adult females

Abbreviations used in the table listed as follows. Spa: spaetzle 1A, Tol: toll 1B, Rel: Rel 1A, Cac: cactus, Def: defensin C, Cec: cecropin D, Dom: domeless., Hop: 
hopscotch, PIA: PIAS 2, Cas: caspar. *, ** and ***: significant level at 0.05, 0.01and 0.001. NS: not significant. Numbers in each column of the table represent the 
estimates in each GLM and “–” identifies predictors that were not retained in each best fit model. Gene expression was measured by the relative fold change of Ct 
values compared with the internal control gene S7 and using the samples reared at 25 °C as reference samples using the delta–delta Ct method

Predictors Toll pathway JAK‑STAT pathway Imd pathway Antimicrobial 
peptides

Spa Tol Rel Cac Dom Hop PIA Cas Def Cec

Larval diet (high) * *** *** *** NS *** ** *** *** **

0.38 1.13 −0.64 3.33 −0.12 0.91 0.95 0.80 2.44 0.51

Temperature (30 °C) ** – *** * – * * – – –

−0.69 – −0.73 0.93 – −0.40 −0.69 – – –

Diet × temp. * – *** NS – – – – – –

0.69 – 1.37 −0.76 – – – – – –
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(i.e., unlimited number of food additions), which allowed 
mosquitoes to partially compensate for a lower-quality 
larval environment by extending their time of develop-
ment [69]. In contrast, the total food provided to larvae 
in our experiments was finite, negating any compensa-
tory rewards from a long developmental period. These 
differences in methodology reflect the range of poten-
tial nutrient dynamics in container habitats that might 
result in nutrient-poor conditions—from frequent, stable 
inputs of resources suboptimal in their quantity or qual-
ity to more intermittent pulses of nutrient enrichment 
and depletion, such as from cyclical flooding or flushing 
of a finite resource (e.g., seasonal leaf litter accumulation 
in tires). Evidence from field studies suggests that the lat-
ter pattern of unstable nutrient availability is more typical 
of container mosquito habitats [53, 70], and these types 
of environments are more likely to generate resource 
limitations that have negative carry-over effects on adult 
mosquito longevity [17].

Suboptimal larval nutrition and other stressors expe-
rienced during development have been found to lead to 
differences in the expression of immune genes and subse-
quent outcomes of challenges with pathogens. However, 
adult body size relationships to immune gene expression 
and susceptibility to pathogen infection have been less 
consistent [71]. Smaller-bodied adult mosquitoes have 
been shown to be more susceptible to dengue virus infec-
tion and dissemination [72, 73], though larval nutritional 
stress has also been linked to a lower probability of infec-
tion by dengue virus [74] or Plasmodium falciparum [75] 
and delayed development of P. falciparum and therefore 
reduced malaria transmission capacity [76]. We evalu-
ated the baseline expression levels of 10 immune genes 
in non-blood-fed and unmated Ae. albopictus females in 
the absence of an immune challenge, to determine how 
these could be affected by both temperature and nutri-
tion experienced during the larval stage. Greater larval 
nutrition provided the most consistent and strongest 
effect here, significantly increasing expression for eight of 
the 10 immune genes that we investigated in toll (spaet-
zle, toll, cactus), JAK-STAT (hopscotch, PIAS), and Imd 
(caspar) pathways and their AMPs (defensin and cecro-
pin), and associated with significantly reduced expres-
sion of only one immune gene (Rel 1A). Mounting an 
immune response in insects costs energy and consumes 
proteins to provide essential amino acids for the synthe-
sis of components and effectors of immune pathways [77, 
78], such as AMPs [79]. Here, larval diet provides energy 
and the only protein source for our studied mosquitoes, 
and therefore significantly modulates their immune per-
formance [80]. This is in agreement with a previous study 

without a viral challenge, where an association between 
a higher-protein diet for larval Drosophila melanogaster 
and an increased constitutive transcription of two genes 
encoding defensive AMPs was found [81]. In a more 
recent study with a viral challenge, a similar effect of lar-
val nutrition on immune gene expression of Ae. aegypti 
was found, with the expression for 9 out of 14 genes from 
the same immune pathways being suppressed in indi-
viduals that experienced nutritional stress during the 
larval stage, compared with their counterparts reared at 
higher larval nutrition [73]. Although Telang et  al. [38] 
found greater basal expression of spaetzle, cecropin and 
defensin in Ae. aegypti derived from malnourished lar-
vae, methodological differences including the studied 
species, larval diet composition, and the timing of gene 
expression measurement may account for the contradic-
tory findings. High temperature had a negative impact on 
the expression of four genes belonging to the toll (spaet-
zle and Rel 1A) and JAK-STAT (hopscotch and PIAS) 
pathways in this study, corroborating previous work 
showing that this environmental factor could drastically 
affect immune responses [37]. The interaction between 
larval diet and temperature significantly affected only 
two genes (spaetzle and Rel 1A). It is possible that more 
pronounced effects, and interactions, could be evident 
when testing immune responses in the face of immune 
challenge.

Conclusions
This work adds to a growing body of work that demon-
strates the complex interactions between environmental 
factors that influence larval development and poten-
tially carry over to the adult stage. Since such carry-over 
effects—particularly if they affect traits such as longev-
ity or within-vector pathogen dynamics—would affect 
transmission capacity, there is a strong interest in being 
able to track and include such effects in predictive mod-
els. As such, we wanted to see whether a useful mor-
phometric or developmental proxy could be identified. 
While wing length and pupal wet weight did not seem to 
be convincing morphometric proxies for adult longev-
ity in this study, we did find evidence of a relationship 
with the time it took for larvae to develop to the pupal 
stage, at least under the medium- and high-temperature 
levels. This raises certain questions for further research, 
such as the specific mechanisms underlying this associa-
tion between larval development rate and longevity, and 
whether this relationship would hold under more natu-
ral conditions with variable temperatures and influxes 
of detritus and across a range of larval densities. Finally, 
there would have to be a practical way to measure this 
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rate under field conditions. Given, however, that this trait 
is already included in many population dynamics models, 
it would make an appealing proxy for carry-over effects 
on longevity, and is worthy of further research.

Abbreviations
Ae.  Aedes
AMP  Antimicrobial peptide
Cac  Cactus gene
Cas  Caspar gene
cDNA  Copy DNA
Cec  Cecropin D gene
Def  Defensin C gene
Dom  Domeless gene
Hop  Hopscotch gene
L1  First‑instar larva
PIA  PIAS2 gene
Rel  Rel 1A gene
RH  Relative humidity
Spa  Spaetzle 1A gene
Tol  Toll 1B gene

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13071‑ 023‑ 06037‑z.

Additional file 1. Table S1: Days post‑hatch when 10 mg (low diet) or 
20 mg (high diet) of finely ground TetraMin™ was added to all replicate 
larval rearing pans in each treatment group. The seventh meal was added 
when the cumulative number of pupae collected in each treatment group 
exceeded the number of remaining live larvae.

Additional file 2. Table S2: The primers used for real‑time PCR.

Additional file 3. Table S3: Generalized linear mixed model of the 
influence of larval diet and rearing temperature on Ae. albopictus juvenile 
development success (survival L1 to adult eclosion).

Additional file 4. Table S4: Generalized linear model of the influence 
of larval diet and rearing temperature on the sex ratio of Ae. albopictus 
surviving to adult eclosion.

Additional file 5. Table S5: Generalized linear models of the influence 
of larval diet and rearing temperature on inverse transformed juvenile 
development time (1/days from L1 to adult eclosion) of male and female 
Ae. albopictus.

Additional file 6. Table S6: Linear mixed models of the influence of larval 
diet and rearing temperature on female Ae. albopictus body size.

Additional file 7. Figure S1: Effects of temperature and diet (H, high; L, 
low) on female Ae. albopictus wing length and pupal wet weight. Mean 
values of groups sharing the same letter were not significantly different 
(LMM post hoc Tukey pairwise comparisons, P ≥ 0.05). H, high diet regime; 
L, low diet regime.

Additional file 8. Figure S2: The relationship between larval develop‑
ment time (L1 to pupation) and adult female longevity for the high and 
low diets under three different temperatures experienced during the 
larval stage. H, high diet regime; L, low diet regime.

Acknowledgements
The authors are grateful for technical assistance provided by Leah Edwards‑
Blinderman, Dhara Patel, Abigale Pstrzoch, and Seth Yates.

Author contributions
AJM, JY, and CHK performed the experiments. AJM, JY, AMGB, and CMS pro‑
posed the research questions. AJM, JY, and CMS performed data analyses and 
drafted the manuscript. All authors reviewed the analyses, provided critical 
comments on progressive drafts, and read and approved the final manuscript.

Funding
This work was supported by the State of Illinois Used Tire Management and 
Emergency Public Health Fund.

Availability of data and materials
The data described in this article can be freely and openly accessed from the 
Dryad digital repository: https:// doi. org/ 10. 5061/ dryad. 70rxw dc2t.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.

Received: 2 September 2023   Accepted: 29 October 2023

References
 1. Dye C. The analysis of parasite transmission by bloodsucking insects. 

Annu Rev Entomol. 1992;37:1–19. https:// doi. org/ 10. 1146/ annur ev. en. 37. 
010192. 000245.

 2. Smith D, McKenzie F. Statics and dynamics of malaria infection in 
Anopheles mosquitoes. Malar J. 2004;3:1–14. https:// doi. org/ 10. 1186/ 
1475‑ 2875‑3‑ 13.

 3. Cator L, Johnson L, Mordecai E, El Moustaid F, Smallwood T, Ladeau S, 
et al. The role of vector trait variation in vector‑borne disease dynamics. 
Front Ecol Evol. 2020;8:189. https:// doi. org/ 10. 3389/ fevo. 2020. 00189.

 4. Beerntsen BT, James AA, Christensen BM. Genetics of mosquito vector 
competence. Microbiol Mol Biol Rev. 2000;64:115. https:// doi. org/ 10. 
1128/ MMBR. 64.1. 115‑ 137. 2000.

 5. Hardy JL, Houk EJ, Kramer LD, Reeves WC. Intrinsic factors affecting 
vector competence of mosquitoes for arboviruses. Annu Rev Entomol. 
1983;28:229–62. https:// doi. org/ 10. 1146/ annur ev. en. 28. 010183. 001305.

 6. Ouedraogo WM, Toe KH, Sombie A, Viana M, Bougouma C, Sanon A, et al. 
Impact of physicochemical parameters of Aedes aegypti breeding habi‑
tats on mosquito productivity and the size of emerged adult mosquitoes 
in Ouagadougou City, Burkina Faso. Parasit Vectors. 2022;15:478. https:// 
doi. org/ 10. 1186/ s13071‑ 022‑ 05558‑3.

 7. Mordecai E, Cohen J, Evans M, Gudapati P, Johnson L, Lippi C, et al. 
Detecting the impact of temperature on transmission of Zika, den‑
gue, and chikungunya using mechanistic models. PLoS Negl Trop Dis. 
2017;11:e0005568. https:// doi. org/ 10. 1371/ journ al. pntd. 00055 68.

 8. Mordecai E, Paaijmans K, Johnson L, Balzer C, Ben‑Horin T, de Moor E, 
et al. Optimal temperature for malaria transmission is dramatically lower 
than previously predicted. Ecol Lett. 2013;16:22–30. https:// doi. org/ 10. 
1111/ ele. 12015.

 9. Reiskind M, Lounibos L. Effects of intraspecific larval competition on adult 
longevity in the mosquitoes Aedes aegypti and Aedes albopictus. Med Vet 
Entomol. 2009;23:62–8. https:// doi. org/ 10. 1111/j. 1365‑ 2915. 2008. 00782.x.

 10. Schmidt C, Comeau G, Monaghan A, Williamson D, Ernst K. Effects 
of desiccation on adult female longevity in Aedes aegypti and Ae. 
albopictus (Diptera: Culicidae): results of a systematic review and pooled 
survival analysis. Parasit Vectors. 2018;1:1–21. https:// doi. org/ 10. 1186/ 
s13071‑ 018‑ 2808‑6.

 11. Qureshi A, Keen E, Brown G, Cator L. The size of larval rearing container 
modulates the effects of diet amount and larval density on larval devel‑
opment in Aedes aegypti. PLoS ONE. 2023;18:e0280736. https:// doi. org/ 
10. 1371/ journ al. pone. 02807 36.

 12. Ebrahimi B, Jackson B, Guseman J, Przybylowicz C, Stone C, Foster W. 
Alteration of plant species assemblages can decrease the transmission 
potential of malaria mosquitoes. J Appl Ecol. 2018;55:841–51. https:// doi. 
org/ 10. 1111/ 1365‑ 2664. 13001.

https://doi.org/10.1186/s13071-023-06037-z
https://doi.org/10.1186/s13071-023-06037-z
https://doi.org/10.5061/dryad.70rxwdc2t
https://doi.org/10.1146/annurev.en.37.010192.000245
https://doi.org/10.1146/annurev.en.37.010192.000245
https://doi.org/10.1186/1475-2875-3-13
https://doi.org/10.1186/1475-2875-3-13
https://doi.org/10.3389/fevo.2020.00189
https://doi.org/10.1128/MMBR.64.1.115-137.2000
https://doi.org/10.1128/MMBR.64.1.115-137.2000
https://doi.org/10.1146/annurev.en.28.010183.001305
https://doi.org/10.1186/s13071-022-05558-3
https://doi.org/10.1186/s13071-022-05558-3
https://doi.org/10.1371/journal.pntd.0005568
https://doi.org/10.1111/ele.12015
https://doi.org/10.1111/ele.12015
https://doi.org/10.1111/j.1365-2915.2008.00782.x
https://doi.org/10.1186/s13071-018-2808-6
https://doi.org/10.1186/s13071-018-2808-6
https://doi.org/10.1371/journal.pone.0280736
https://doi.org/10.1371/journal.pone.0280736
https://doi.org/10.1111/1365-2664.13001
https://doi.org/10.1111/1365-2664.13001


Page 12 of 13Mackay et al. Parasites & Vectors          (2023) 16:434 

 13. Barreaux A, Stone C, Barreaux P, Koella J. The relationship between size 
and longevity of the malaria vector Anopheles gambiae (s.s.) depends on 
the larval environment. Parasit Vectors. 2018;11:1–9. https:// doi. org/ 10. 
1186/ s13071‑ 018‑ 3058‑3.

 14. Leonard P, Juliano S. Effect of leaf litter and density on fitness and popula‑
tion performance of the hole mosquito Aedes triseriatus. Ecol Entomol. 
1995;20:125–36. https:// doi. org/ 10. 1111/j. 1365‑ 2311. 1995. tb004 38.x.

 15. Yan J, Kibech R, Stone C. Differential effects of larval and adult nutri‑
tion on female survival, fecundity, and size of the yellow fever mos‑
quito, Aedes aegypti. Front Zool. 2021;18:1–9. https:// doi. org/ 10. 1186/ 
s12983‑ 021‑ 00395‑z.

 16. Huxley P, Murray K, Pawar S, Cator L. The effect of resource limitation on 
the temperature dependence of mosquito population fitness. Proc R Soc 
Lond B. 2020;288:20203217. https:// doi. org/ 10. 1098/ rspb. 2020. 3217.

 17. Huxley P, Murray K, Pawar S, Cator L. Competition and resource depletion 
shape the thermal response of population fitness in Aedes aegypti. Com‑
mun Biol. 2022;5:1–11. https:// doi. org/ 10. 1038/ s42003‑ 022‑ 03030‑7.

 18. Moore M, Martin R. On the evolution of carry‑over effects. J Anim Ecol. 
2019;88:1832–44. https:// doi. org/ 10. 1111/ 1365‑ 2656. 13081.

 19. Steinwascher K. Relationship between pupal mass and adult survivorship 
and fecundity for Aedes aegypti. Environ Entomol. 1982;11:150–3. https:// 
doi. org/ 10. 1093/ ee/ 11.1. 150.

 20. Ezeakacha N, Yee D. The role of temperature in affecting carry‑over effects 
and larval competition in the globally invasive mosquito Aedes albopictus. 
Parasit Vectors. 2019;12:1–11. https:// doi. org/ 10. 1186/ s13071‑ 019‑ 3391‑1.

 21. Merow C, Dahlgren J, Metcalf C, Childs D, Evans M, Jongejans E, et al. 
Advancing population ecology with integral projection models: a practi‑
cal guide. Methods Ecol Evol. 2014;5:99–110. https:// doi. org/ 10. 1111/ 
2041‑ 210X. 12146.

 22. Rees M, Childs D, Ellner S. Building integral projection models: a user’s 
guide. J Anim Ecol. 2014;83:528–45. https:// doi. org/ 10. 1111/ 1365‑ 2656. 
12178.

 23. Coulson T. Integral projection models, their construction and use in pos‑
ing hypotheses in ecology. Oikos. 2012;121:1337–50. https:// doi. org/ 10. 
1111/j. 1600‑ 0706. 2012. 00035.x.

 24. Ellner S, Rees M. Integral projection models for species with complex 
demography. Am Nat. 2006;167:410–28. https:// doi. org/ 10. 1086/ 499438.

 25. Hawley W. The effect of larval density on adult longevity of a mos‑
quito, Aedes sierrensis: epidemiological consequences. J Anim Ecol. 
1985;54:955–64.

 26. Mercer D. Effects of larval density on the size of Aedes polynesiensis adults 
(Diptera: Culicidae). J Med Entomol. 1999;36:702–8.

 27. Koenraadt C. Pupal dimensions as predictors of adult size in fitness stud‑
ies of Aedes aegypti (Diptera: Culicidae). J Med Entomol. 2008;45:331–6. 
https:// doi. org/ 10. 1603/ 0022‑ 2585(2008) 45[331: pdapoa] 2.0. co;2.

 28. Briegel H, Timmermann S. Aedes albopictus (Diptera: Culicidae): physi‑
ological aspects of development and reproduction. J Med Entomol. 
2001;38:566–71. https:// doi. org/ 10. 1603/ 0022‑ 2585‑ 38.4. 566.

 29. Nasci R. Relationship of wing length to adult dry weight in several 
mosquito species (Diptera: Culicidae). J Med Entomol. 1990;48:243–50. 
https:// doi. org/ 10. 1093/ jmede nt/ 27.4. 716.

 30. Blackmore M, Lord C. The relationship between size and fecundity in 
Aedes albopictus. J Vector Ecol. 2000;25:212–7.

 31. Armbruster P, Hutchinson R. Pupal mass and wing length as indicators of 
fecundity in Aedes albopictus and Aedes geniculatus (Diptera: Culicidae). J 
Med Entomol. 2002;39:699–704. https:// doi. org/ 10. 1603/ 0022‑ 2585‑ 39.4. 
699.

 32. Livdahl T, Sugihara G. Non‑linear interactions of populations and the 
importance of estimating per capita rates of change. J Anim Ecol. 
1984;53:573–80. https:// doi. org/ 10. 2307/ 4535.

 33. Reiskind M, Zarrabi A. Is bigger really bigger? Differential responses to 
temperature in measures of body size of the mosquito, Aedes albopictus. 
J Insect Physiol. 2012;58:911–7. https:// doi. org/ 10. 1016/j. jinsp hys. 2012. 04. 
006.

 34. Costanzo K, Westby K, Medley K. Genetic and environmental influences 
on the size‑fecundity relationship in Aedes albopictus (Diptera: Culicidae): 
impacts on population growth estimates? PLoS ONE. 2018;13:e0201465. 
https:// doi. org/ 10. 1371/ journ al. pone. 02014 65.

 35. Nørgaard L, Álvarez‑Noriega M, McGraw E, White C, Marshall D. Predicting 
the response of disease vectors to global change: the importance of 

allometric scaling. Glob Change Biol. 2022;28:390–402. https:// doi. org/ 10. 
1111/ gcb. 15950.

 36. Koella JC, Sørensen FL. Effect of adult nutrition on the melanization 
immune response of the malaria vector Anopheles stephensi. Med Vet 
Entomol. 2002;16:316–20. https:// doi. org/ 10. 1046/j. 1365‑ 2915. 2002. 
00381.x.

 37. Murdock C, Paaijmans K, Bell A, King J, Hillyer J, Read A, et al. Complex 
effects of temperature on mosquito immune function. Proc R Soc Lond B. 
2012;279:3357–66. https:// doi. org/ 10. 1098/ rspb. 2012. 0638.

 38. Telang A, Qayum A, Parker A, Sacchetta B, Byrnes G. Larval nutritional 
stress affects vector immune traits in adult yellow fever mosquito Aedes 
aegypti (Stegomyia aegypti). Med Vet Entomol. 2011;26:271–81. https:// 
doi. org/ 10. 1111/j. 1365‑ 2915. 2011. 00993.x.

 39. Alto B, Lounibos L, Higgs S, Juliano S. Larval competition differ‑
entially affects arbovirus infection in Aedes mosquitoes. Ecology. 
2005;86:3279–88.

 40. Koella JC, Boëte C. A genetic correlation between age at pupation and 
melanization immune response of the yellow fever mosquito Aedes 
aegypti. Evolution. 2002;56:1074–9. https:// doi. org/ 10. 1111/j. 0014‑ 3820. 
2002. tb014 19.x.

 41. Schwartz A, Koella J. The cost of immunity in the yellow fever mosquito, 
Aedes aegypti depends on immune activation. J Evol Biol. 2004;17:834–40. 
https:// doi. org/ 10. 1111/j. 1420‑ 9101. 2004. 00720.x.

 42. Xi Z, Ramirez J, Dimopoulos G. The Aedes aegypti toll pathway controls 
dengue virus infection. PLoS Pathog. 2008;4:e10000098. https:// doi. org/ 
10. 1371/ journ al. ppat. 10000 98.

 43. Souza‑Neto J, Sim S, Dimopoulos G. An evolutionary conserved function 
of the JAK‑STAT pathway in anti‑dengue defense. Proc Natl Acad Sci. 
2009;106:17841–6. https:// doi. org/ 10. 1073/ pnas. 09050 06106.

 44. Sim S, Jupatanakul N, Dimopoulos G. Mosquito immunity against arbovi‑
ruses. Viruses. 2014;6:4479–504. https:// doi. org/ 10. 3390/ v6114 479.

 45. Bonizzoni M, Gasperi G, Chen X, James A. The invasive mosquito species 
Aedes albopictus: current knowledge and future perspectives. Trends 
Parasitol. 2013;29:460–8. https:// doi. org/ 10. 1016/j. pt. 2013. 07. 003.

 46. NOAA. National Centers for Environmental Information, Climate at a 
Glance: Regional Mapping; 2022. https:// www. ncdc. noaa. gov/ cag/. 
Accessed 10–26, 2022.

 47. Vezzani D, Albicocco A. The effect of shade on the container index and 
pupal productivity of the mosquitoes Aedes aegypti and Culex pipiens 
breeding in artificial containers. Med Vet Entomol. 2009;23:78–84. https:// 
doi. org/ 10. 1111/j. 1365‑ 2915. 2008. 00783.x.

 48. Steinhoff D, Monaghan A, Eisen L, Barlage M, Hopson T, Tarakidzwa I, et al. 
WHATCH’EM: A weather‑driven energy balance model for determining 
water height and temperature in container habitats for Aedes aegypti. 
Earth Interact. 2016;20:1–31. https:// doi. org/ 10. 1175/ EI‑D‑ 15‑ 0048.1.

 49. Livak K, Schmittgen T. Analysis of relative gene expression data using real‑
time quantitative PCR and the 2−ΔΔCT method. Methods. 2001;25:402–
8. https:// doi. org/ 10. 1006/ meth. 2001. 1262.

 50. Cox D. Regression models and life tables (with discussion). J R Stat Soc 
Ser B Methodol. 1972;34:187–220.

 51. Lefcheck J. piecewise SEM: piecewise structural equation modelling in r 
for ecology, evolution, and systematics. Methods Ecol Evol. 2016;7:573–9. 
https:// doi. org/ 10. 1111/ 2041‑ 210X. 12512.

 52. R Core Team. R: a language and environment for statistical computing. 
Vianna, Austria: R Foundation for Statistical Computing; 2022.

 53. Barrera R, Amador M, Clark G. Ecological factors influencing Aedes aegypti 
(Diptera: Culicidae) productivity in artificial containers in Salinas, Puerto 
Rico. J Med Entomol. 2006;43:484–92. https:// doi. org/ 10. 1093/ jmede nt/ 
43.3. 484.

 54. Lounibos L, Suárez S, Menéndez Z, Nishimura N, Escher R, O’Connell 
S, et al. Does temperature affect the outcome of larval competition 
between Aedes aegypti and Aedes albopictus? J Vector Ecol. 2002;27:86–95.

 55. Muturi E, Lampman R, Costanzo K, Alto B. Effect of temperature and 
insecticide stress on life‑history traits of Culex restuans and Aedes albopic-
tus (Diptera: Culicidae). J Med Entomol. 2011;48:243–50. https:// doi. org/ 
10. 1603/ me100 17.

 56. Alto B, Bettinardi D. Temperature and dengue virus infection in mosqui‑
toes: independent effects on the immature and adult stages. Am J Trop 
Med Hyg. 2013;88:497–505. https:// doi. org/ 10. 4269/ ajtmh. 12‑ 0421.

https://doi.org/10.1186/s13071-018-3058-3
https://doi.org/10.1186/s13071-018-3058-3
https://doi.org/10.1111/j.1365-2311.1995.tb00438.x
https://doi.org/10.1186/s12983-021-00395-z
https://doi.org/10.1186/s12983-021-00395-z
https://doi.org/10.1098/rspb.2020.3217
https://doi.org/10.1038/s42003-022-03030-7
https://doi.org/10.1111/1365-2656.13081
https://doi.org/10.1093/ee/11.1.150
https://doi.org/10.1093/ee/11.1.150
https://doi.org/10.1186/s13071-019-3391-1
https://doi.org/10.1111/2041-210X.12146
https://doi.org/10.1111/2041-210X.12146
https://doi.org/10.1111/1365-2656.12178
https://doi.org/10.1111/1365-2656.12178
https://doi.org/10.1111/j.1600-0706.2012.00035.x
https://doi.org/10.1111/j.1600-0706.2012.00035.x
https://doi.org/10.1086/499438
https://doi.org/10.1603/0022-2585(2008)45[331:pdapoa]2.0.co;2
https://doi.org/10.1603/0022-2585-38.4.566
https://doi.org/10.1093/jmedent/27.4.716
https://doi.org/10.1603/0022-2585-39.4.699
https://doi.org/10.1603/0022-2585-39.4.699
https://doi.org/10.2307/4535
https://doi.org/10.1016/j.jinsphys.2012.04.006
https://doi.org/10.1016/j.jinsphys.2012.04.006
https://doi.org/10.1371/journal.pone.0201465
https://doi.org/10.1111/gcb.15950
https://doi.org/10.1111/gcb.15950
https://doi.org/10.1046/j.1365-2915.2002.00381.x
https://doi.org/10.1046/j.1365-2915.2002.00381.x
https://doi.org/10.1098/rspb.2012.0638
https://doi.org/10.1111/j.1365-2915.2011.00993.x
https://doi.org/10.1111/j.1365-2915.2011.00993.x
https://doi.org/10.1111/j.0014-3820.2002.tb01419.x
https://doi.org/10.1111/j.0014-3820.2002.tb01419.x
https://doi.org/10.1111/j.1420-9101.2004.00720.x
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1371/journal.ppat.1000098
https://doi.org/10.1073/pnas.0905006106
https://doi.org/10.3390/v6114479
https://doi.org/10.1016/j.pt.2013.07.003
https://www.ncdc.noaa.gov/cag/
https://doi.org/10.1111/j.1365-2915.2008.00783.x
https://doi.org/10.1111/j.1365-2915.2008.00783.x
https://doi.org/10.1175/EI-D-15-0048.1
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1093/jmedent/43.3.484
https://doi.org/10.1093/jmedent/43.3.484
https://doi.org/10.1603/me10017
https://doi.org/10.1603/me10017
https://doi.org/10.4269/ajtmh.12-0421


Page 13 of 13Mackay et al. Parasites & Vectors          (2023) 16:434  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 57. Buckner E, Alto B, Lounibos L. Larval temperature‑food effects on adult 
mosquito infection and vertical transmission of dengue‑1 virus. J Med 
Entomol. 2016;53:91–8. https:// doi. org/ 10. 1093/ jme/ tjv145.

 58. Couret J, Dotson E, Benedict M. Temperature, larval diet, and density 
effects on development rate and survival of Aedes aegypti (Diptera: Culi‑
cidae). PLoS ONE. 2014;9:1–9. https:// doi. org/ 10. 1371/ journ al. pone. 00874 
68.

 59. Zeller M, Koella J. Effects of food variability on growth and reproduction 
of Aedes aegypti. Ecol Evol. 2016;6:552–9. https:// doi. org/ 10. 1002/ ece3. 
1888.

 60. Murrell EG, Juliano SA. Detritus type alters the outcome of interspecific 
competition between Aedes aegypti and Aedes albopictus (Diptera: 
Culicidae). J Med Entomol. 2008;45:375–83. https:// doi. org/ 10. 1603/ 0022‑ 
2585(2008) 45[375: Dtatoo] 2.0. Co;2.

 61. Atkinson D. Ectotherm life‑history responses to developmental tempera‑
ture. In: Johnston I, Bennett A, editors. Animals and temperature: phe‑
notypic and evolutionary adaptation. Cambridge: Cambridge University 
Press; 1996. p. 183–204.

 62. Shingleton A, Mirth C, Bates P. Developmental model of static allometry 
in holometabolous insects. Proc R Soc Lond B. 2008;275:1875–85. https:// 
doi. org/ 10. 1098/ rspb. 2008. 0227.

 63. Padmanabha H, Correa F, Legros M, Nijhout H, Lord C, Lounibos L. An 
eco‑physiological model of the impact of temperature on Aedes aegypti 
life history traits. J Insect Physiol. 2012;58:1597–608. https:// doi. org/ 10. 
1016/j. jinsp hys. 2012. 09. 015.

 64. Katz G, Leisnham P, LaDeau S. Aedes albopictus body size differs across 
neighborhoods with varying infrastructural abandonment. J Med Ento‑
mol. 2019;57:615–9. https:// doi. org/ 10. 1093/ jme/ tjz170.

 65. Evans M, Shiau J, Solano N, Brindley M, Drake J, Murdock C. Carry‑over 
effects of urban larval environments on the transmission potential of 
dengue‑2 virus. Parasit Vectors. 2018;11:1–13. https:// doi. org/ 10. 1186/ 
s13071‑ 018‑ 3013‑3.

 66. Jeffrey Gutierrez E, Walker K, Ernst K, Riehle M, Davidowitz G. Size as a 
proxy for survival in Aedes aegypti (Diptera: Culicidae) mosquitoes. J Med 
Entomol. 2020;57:1228–38. https:// doi. org/ 10. 1093/ jme/ tjaa0 55.

 67. Vantaux A, Lefevre T, Cohuet A, Dabire K, Roche B, Roux O. Larval nutri‑
tional stress affects vector life history traits and human malaria transmis‑
sion. Sci Rep. 2016;1:1–10. https:// doi. org/ 10. 1038/ srep3 6778.

 68. Joy TK, Arik AJ, Corby‑Harris V, Johnson AA, Riehle MA. The impact of 
larval and adult dietary restriction on lifespan, reproduction and growth 
in the mosquito Aedes aegypti. Exp Gerontol. 2010;45:685–90. https:// doi. 
org/ 10. 1016/j. exger. 2010. 04. 009.

 69. Dittmer J, Gabrieli P. Transstadial metabolic priming mediated by 
larval nutrition in female Aedes albopictus mosquitoes. J Insect Physiol. 
2020;123:104053. https:// doi. org/ 10. 1016/j. jinsp hys. 2020. 104053.

 70. Yee D, Juliano S. Concurrent effects of resource pulse amount, type, and 
frequency on community and population properties of consumers in 
detritus‑based systems. Oecologia. 2012;169:511–22. https:// doi. org/ 10. 
1007/ s00442‑ 011‑ 2209‑4.

 71. Muturi EJ, Kim CH, Alto BW, Berenbaum MR, Schuler MA. Larval environ‑
mental stress alters Aedes aegypti competence for Sindbis virus. Trop Med 
Int Health. 2011;16:955–64. https:// doi. org/ 10. 1111/j. 1365‑ 3156. 2011. 
02796.x.

 72. Alto B, Lounibos L, Mores C, Reiskind M. Larval competition alters suscep‑
tibility of adult Aedes mosquitoes to dengue infection. Proc R Soc Lond B. 
2008;275:463–71. https:// doi. org/ 10. 1098/ rspb. 2007. 1497.

 73. Yan J, Kim C, Chesser L, Ramirez J, Stone C. Nutritional stress compromises 
mosquito fitness and antiviral immunity but enhances dengue virus 
infection susceptibility. Res Square. 2022. https:// doi. org/ 10. 21203/ rs.3. 
rs‑ 14749 54/ v1.

 74. Kang D, Alcalay Y, Lovin D, Cunningham J, Eng M, Chadee D, et al. Larval 
stress alters dengue virus susceptibility in Aedes aegypti (L.) adult females. 
Acta Trop. 2017;174:97–101. https:// doi. org/ 10. 1016/j. actat ropica. 2017. 06. 
018.

 75. Barreaux A, Barreaux P, Thievent K, Koella J. Larval environment influences 
vector competence of the malaria mosquito Anopheles gambiae. Mal 
World J. 2016;2016:7. https:// malar iawor ld. org/ mwj/ 2016/ resea rch‑ larval‑ 
envir onment‑ influ ences‑ vector‑ compe tence‑ malar ia‑ mosqu ito‑ anoph 
eles‑ gambi ae.

 76. Shapiro L, Murdock C, Jacobs G, Thomas R, Thomas M. Larval food quan‑
tity affects the capacity of adult mosquitoes to transmit human malaria. 

Proc R Soc Lond B. 2016;283:20160298. https:// doi. org/ 10. 1098/ rspb. 2016. 
0298.

 77. Moret Y, Schmid‑Hempel P. Survival for immunity: the price of immune 
system activation for bumblebee workers. Science. 2000;290:1166–8. 
https:// doi. org/ 10. 1126/ scien ce. 290. 5494. 1166.

 78. Freitak D, Ots I, Vanatoa A, Hörak P. Immune response is energeti‑
cally costly in white cabbage butterfly pupae. Proc R Soc Lond B. 
2003;270:S220–2. https:// doi. org/ 10. 1098/ rsbl. 2003. 0069.

 79. Yi H‑Y, Chowdury M, Huang Y‑D, Yu X‑Q. Insect antimicrobial peptides and 
their applications. Appl Microbiol Biotechnol. 2014;98:5807–22. https:// 
doi. org/ 10. 1007/ s00253‑ 014‑ 5792‑6.

 80. Cotter S, Al SE. Nutritional ecology, infection and immune defence‑
exploring the mechanisms. Curr Opin Insect Sci. 2021;50:100862. https:// 
doi. org/ 10. 1016/j. cois. 2021. 12. 002.

 81. Fellous S, Lazzaro B. Larval food quality affects adult (but not larval) 
immune gene expression independent of effects on general condition. 
Mol Ecol. 2010;19:1462–8. https:// doi. org/ 10. 1111/j. 1365‑ 294X. 2010. 
04567.x.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1093/jme/tjv145
https://doi.org/10.1371/journal.pone.0087468
https://doi.org/10.1371/journal.pone.0087468
https://doi.org/10.1002/ece3.1888
https://doi.org/10.1002/ece3.1888
https://doi.org/10.1603/0022-2585(2008)45[375:Dtatoo]2.0.Co;2
https://doi.org/10.1603/0022-2585(2008)45[375:Dtatoo]2.0.Co;2
https://doi.org/10.1098/rspb.2008.0227
https://doi.org/10.1098/rspb.2008.0227
https://doi.org/10.1016/j.jinsphys.2012.09.015
https://doi.org/10.1016/j.jinsphys.2012.09.015
https://doi.org/10.1093/jme/tjz170
https://doi.org/10.1186/s13071-018-3013-3
https://doi.org/10.1186/s13071-018-3013-3
https://doi.org/10.1093/jme/tjaa055
https://doi.org/10.1038/srep36778
https://doi.org/10.1016/j.exger.2010.04.009
https://doi.org/10.1016/j.exger.2010.04.009
https://doi.org/10.1016/j.jinsphys.2020.104053
https://doi.org/10.1007/s00442-011-2209-4
https://doi.org/10.1007/s00442-011-2209-4
https://doi.org/10.1111/j.1365-3156.2011.02796.x
https://doi.org/10.1111/j.1365-3156.2011.02796.x
https://doi.org/10.1098/rspb.2007.1497
https://doi.org/10.21203/rs.3.rs-1474954/v1
https://doi.org/10.21203/rs.3.rs-1474954/v1
https://doi.org/10.1016/j.actatropica.2017.06.018
https://doi.org/10.1016/j.actatropica.2017.06.018
https://malariaworld.org/mwj/2016/research-larval-environment-influences-vector-competence-malaria-mosquito-anopheles-gambiae
https://malariaworld.org/mwj/2016/research-larval-environment-influences-vector-competence-malaria-mosquito-anopheles-gambiae
https://malariaworld.org/mwj/2016/research-larval-environment-influences-vector-competence-malaria-mosquito-anopheles-gambiae
https://doi.org/10.1098/rspb.2016.0298
https://doi.org/10.1098/rspb.2016.0298
https://doi.org/10.1126/science.290.5494.1166
https://doi.org/10.1098/rsbl.2003.0069
https://doi.org/10.1007/s00253-014-5792-6
https://doi.org/10.1007/s00253-014-5792-6
https://doi.org/10.1016/j.cois.2021.12.002
https://doi.org/10.1016/j.cois.2021.12.002
https://doi.org/10.1111/j.1365-294X.2010.04567.x
https://doi.org/10.1111/j.1365-294X.2010.04567.x

	Larval diet and temperature alter mosquito immunity and development: using body size and developmental traits to track carry-over effects on longevity
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Experimental design
	Larval rearing conditions
	Body size and longevity assessment
	Baseline immune gene expression
	Statistical analysis

	Results
	Discussion
	Conclusions
	Anchor 17
	Acknowledgements
	References


