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In the Hillyer Lab, I am so thankful for my collaboration and friendship with Dr. Jordyn Barr. Thank you for being such a wonderful role model, scientist, and friend. I am thankful for Tania Estévez-Lao’s insightful ideas, dedication to our projects, and unwavering kindness. I’d also like to thank Dr. Cole Meier for never thinking an idea was too big and for always bringing positivity to the lab, and Shabbir Ahmed for his constant support and good humor. I’d like to thank my students and mentees that I’ve had over the years: Monzerrat Ruiz, Seokin Yang, Norbu Shastri, Tobias McCabe, and Megan Grant. Mentoring has been a joy of my PhD, and I am so proud of all of you – I can’t wait to see all the amazing things you will accomplish. To Saksham Saksena and Puspa Shah, thank you for always asking questions and bringing new ideas to the lab. Finally, I’d especially like to thank my PhD advisor, Dr. Julián Hillyer, for helping me not only become a better scientist and critical thinker, but also a better writer, speaker, and storyteller. Thank you for always supporting me and believing in me. 
Importantly, I’d also like to thank Joe Rando for being my mentor in the business world – thank you for your guidance, for your unwavering support, and for always advocating for me. I’d also like to thank my former mentors: Dr. Paul Shirk, Dr. Ken Fedorka, Dr. Eric Calvo, and Dr. Ines Martin-Martin. Thank you for helping me become the scientist I am today. 
[bookmark: _Toc207279250]TABLE OF CONTENTS
Page
DEDICATION……………………………………………………………………………………III
ACKNOWLEDGMENTS	iv
TABLE OF CONTENTS	v
LIST OF TABLES	xiii
LIST OF FIGURES	xiv
CHAPTer 1: INTRODUCTION	1
Immunity	2
Blood feeding and reproduction	4
Warmer temperature alters mosquito physiology	5
Aging alters mosquito physiology	7
Warmer temperature accelerates mosquito senescence, but how temperature and age interact to shape humoral immunity and reproduction remain unknown	9
A road map to my dissertation: Wamer temperature accelerates immune and reproductive senescence in the African malaria mosquito Anopheles gambiae	10
CHAPTER 2: HIGHER TEMPERATURE ACCELERATES THE AGING-DEPENDENT WEAKENING OF THE MELANIZATION IMMUNE RESPONSE IN MOSQUITOES	13
Preface	13
Citation	13
Copyright	14
Author Contributions and Affiliations	14
Introduction	15
Results	17
Melanization potential decreases with aging and higher temperature, and the aging-dependent decline is accelerated by higher temperature	17
The speed of melanization decreases with aging and higher temperature, and the aging-dependent decline is accelerated by higher temperature	22
Melanin deposition on the dorsal abdominal wall decreases with aging, and this decrease is accelerated by higher temperature	27
Melanin deposition within the periostial regions decreases with aging but is only marginally affected by higher temperature	32
Discussion	36
Methods	43
Mosquito rearing, treatments, and experimental overview	43
Quantification of phenoloxidase activity in hemolymph	45
Quantification of melanization on the dorsal abdominal wall	46
Statistical analysis	47
Acknowledgements	49
Funding	50
Data Availability	50
Chapter 3: SENESCENCE OF HUMORAL ANTIMICROBIAL IMMUNITY OCCURS IN INFECTED MOSQUITOES WHEN THE TEMPERATURE IS HIGHER	51
Preface	51
Citation	51
Copyright	52
Author Contributions	52
Introduction	54
Methods	56
Mosquito rearing, treatments, and experimental overview	56
Quantification of antimicrobial activity of hemolymph	58
Statistical analysis	61
Results	63
Antimicrobial activity is a constitutive immune response that significantly increases after infection, regardless of temperature or age	63
In uninfected mosquitoes, temperature and aging do not strongly shape antimicrobial activity of hemolymph	65
In infected mosquitoes, antimicrobial activity decreases at the highest temperature and increases from 1 to 5 days of age, stabilizing with further aging	68
In E. coli-infected mosquitoes, higher temperature causes an aging-dependent decline in antimicrobial activity	72
Discussion	74
Acknowledgements	78
Funding	79
Data Availability	79
Chapter 4: WARMER TEMPERATURE ACCELERATES SENESCENCE BY MODIFYING THE AGING-DEPENDENT CHANGES IN THE MOSQUITO TRANSCRIPTOME, ALTERING IMMUNITY, METABOLISM, AND DNA REPAIR	80
Preface	80
Citation	81
Copyright	81
Author Contributions	81
Introduction	84
Results	86
Immune induction, warmer temperature, and aging shape the transcriptome	86
Distinct functional categories of the transcriptome are affected by immune induction, warmer temperature, and aging	87
Immune induction upregulates immunity and downregulates metabolism	91
Warmer temperature increases metabolism and cell signaling but decreases DNA repair, translation, and protein processing	94
Aging decreases metabolism but increases DNA replication and repair, transcription, and translation	98
Early and late aging have opposing effects on many biological processes, but both decrease metabolism	102
The interaction between warmer temperature and aging shapes the transcriptome	105
Warmer temperature amplifies the aging-dependent decrease in immunity	107
Warmer temperature dampens the aging-dependent decrease in metabolism and the aging-dependent increase in DNA repair	111
Discussion	114
Methods	118
Mosquito rearing and experimental overview	119
RNA extraction, library preparation, and RNA-sequencing	121
RNAseq data processing	122
RNAseq sample clustering and Weighted Gene Co-expression Network Analysis	122
Main effect analysis: Immune induction, warmer temperature, and aging	123
Warmer temperature and aging interaction analysis	125
Acknowledgements	126
Funding	126
Data Availability	127
chapter 5: WARMER TEMPERATURE ACCELERATES REPRODUCTIVE SENESCENCE IN MOSQUITOES	128
Preface	128
Citation	128
Copyright	129
Author Contributions	129
Introduction	131
Methods	133
Experimental design: Mosquito rearing and blood feeding	133
Blood feeding proportion and blood meal mass	134
Mosquito survival after a bloodmeal	136
Oviposition success, fecundity, fertility, and oviposition-related survival	137
Statistical analysis	139
Results	139
Warmer temperature reduces blood feeding propensity and blood meal mass, but aging only reduces blood feeding propensity	139
Warmer temperature accelerates the aging-dependent decline in survival after a blood meal	142
Warmer temperature accelerates the aging-dependent reduction in oviposition success	145
Warmer temperature and aging reduce fecundity and delay oviposition, and the aging-dependent reduction in fecundity is accelerated at warmer temperature	147
Mosquitoes are infertile at the warmest temperature and oldest age	150
Access to an oviposition site reduces survival, regardless of temperature or age	153
When mosquitoes have access to an oviposition site, laying eggs improves survival	156
Failure to lay eggs drives oviposition-related death	159
Discussion	161
Acknowledgments	167
Funding	167
Data Availability	168
chapter 6: WARMER TEMPERATURE ACCELERATES THE AGING-DEPENDENT DECREASE IN FEMALE OVARY SIZE, DELAYS MALE ACCESSORY GLAND DEVELOPMENT, AND ACCELERATES AGING-DEPENDENT CHANGES IN REPRODUCTIVE GENE EXPRESSION IN ANOPHELES GAMBIAE MOSQUITOES	169
Preface	169
Citation	170
Copyright	170
Author Contributions	170
Introduction	172
Methods	175
Mosquito rearing, feeding, and dissection	175
Measuring reproductive tissue size	177
Measuring reproductive tissue mRNA abundance by quantitative real-time PCR	179
Results	181
Neither warmer temperature, aging nor feeding affect the size of a female’s spermatheca	181
Warmer temperature accelerates the aging-dependent decrease in the size of the ovaries of blood-fed females	183
Warmer temperature lessens and delays the increase in the size of male accessory glands that occurs early in life	186
Warmer temperature increases the size of the testes	189
In female reproductive tissues, warmer temperature accelerates an aging-dependent decrease in Vg expression but an increase in MISO and HPX15 expression	190
In male reproductive tissues, warmer temperature accelerates the aging-dependent decrease in the expression of Plugin, TGase3, phLP, and CYP315A1	194
Discussion	196
Acknowledgments	202
Funding	203
Data Availability	203
chapter 7: CONCLUSIONS	204
Warmer temperature accelerates immune and reproductive senescence	204
What does this mean for mosquito-borne disease transmission?	206
Strengths and limitations	210
Future directions	212
Final remarks	215
APPENDICES	216
Appendix A	216
Appendix B	226
Appendix C	229
Appendix D	234
Appendix E	235
REFERENCES	240



[bookmark: _Toc207279251]

LIST OF TABLES


Table 1. Number of genes and biological processes differentially regulated by immune induction.	92
Table 2. Number of genes differentially regulated when the temperature is increased from 27°C to 32°C.	95
Table 3. Number of genes differentially regulated during overall aging (1 to 15 days), early aging (1 to 5 days), and late aging (10 to 15 days) in naïve and immune-induced mosquitoes.	99




[bookmark: LIST_OF_TABLES][bookmark: _bookmark0][bookmark: _Toc207279252]LIST OF FIGURES


Figure 1. Experimental overview for investigating the effects of higher temperature, aging, and their interaction on the mosquito melanization immune response.	17
Figure 2. Diagrammatic overview of the melanization biochemical cascade and the experimental workflow.	18
Figure 3. Melanization potential decreases with higher temperature, aging, and infection.	19
Figure 4. The aging-dependent decline in melanization is accelerated by higher temperature.	21
Figure 5. Over time, melanization decreases with aging, higher temperature, and infection.	23
Figure 6. Over time, the aging-dependent decline in melanization is accelerated by higher temperature.	26
Figure 7. Melanin deposition on the dorsal abdominal wall decreases with aging.	28
Figure 8. The aging-associated decrease in melanin deposition is accelerated by higher temperature.	30
Figure 9. Melanin deposition within the periostial regions and posterior excurrent opening decreases with aging but is only marginally affected by higher temperature.	33
Figure 10. The aging-associated decrease in melanin deposition within the periostial regions and posterior excurrent opening is only marginally accelerated by higher temperature.	35
Figure 11. Summary of the effects of higher temperature, aging, and their interaction on the melanization immune response.	37
Figure 12. Experimental overview for investigating the effects of higher temperature, aging, and their interaction on mosquito antimicrobial activity.	57
Figure 13. Workflow of hemolymph collection and subsequent zone-of-inhibition assays to measure antimicrobial activity of hemolymph.	59
Figure 14. Antimicrobial activity is a constitutive immune response that increases with infection.	64
Figure 15. Antimicrobial activity in naïve mosquitoes is low but marginally increases with higher temperature and aging.	66
Figure 16. Antimicrobial activity in injured mosquitoes is low but marginally increases with temperature and aging.	67
Figure 17. In E. coli-infected mosquitoes, antimicrobial activity decreases at the highest temperature and stabilizes with age, and higher temperature causes an aging-dependent decline of antimicrobial activity.	69
Figure 18. In M. luteus-infected mosquitoes, antimicrobial activity decreases at the highest temperature and stabilizes with age, but higher temperature does not alter the effects of aging.	70
Figure 19. The initial dose of bacteria used to infect mosquitoes does not meaningfully affect antimicrobial activity.	72
Figure 20. Summary of the effects of higher temperature, aging, and their interaction on the antimicrobial humoral immune response.	75
Figure 21. Immune treatment, temperature, and adult age shape the mosquito’s transcriptome.	87
Figure 22. Immune treatment, temperature, and age have unique effects on different functional parts of the mosquito’s transcriptome.	89
Figure 23. Immune induction upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories.	93
Figure 24. Increasing the temperature from 27°C to 32°C upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories.	97
Figure 25. Aging from 1 to 15 days upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories.	101
Figure 26. Early aging (1 to 5 days) and late aging (10 to 15 days) have different effects on the regulation of the expression of genes in distinct functional categories.	103
Figure 27. The interaction between warmer temperature and aging shapes biological processes within the mosquito.	106
Figure 28. Warmer temperature modifies the aging-dependent changes in immune gene expression.	108
Figure 29. Warmer temperature modifies the aging-dependent changes in the expression of genes involved in metabolism and DNA repair.	112
Figure 30. Warmer temperature modifies the aging-dependent changes in the mosquito transcriptome.	115
Figure 31. Warmer temperature and aging reduce blood feeding propensity.	140
Figure 32. Warmer temperature, but not aging, reduces the mass of a blood meal.	142
Figure 33. Warmer temperature and aging reduce mosquito survival after a blood meal.	143
Figure 34. Warmer temperature accelerates the aging-dependent decline in oviposition success.	146
Figure 35. Warmer temperature and aging reduce fecundity and delay oviposition, and at warmer temperatures, the aging-dependent reduction in fecundity occurs earlier in life.	148
Figure 36. At the warmest temperature and oldest age, mosquitoes are infertile.	151
Figure 37. Access to an oviposition site reduces survival, regardless of temperature or age of blood feeding.	154
Figure 38. Laying eggs improves mosquito survival after a blood meal when mosquitoes have access to an oviposition site.	157
Figure 39. Failure to lay eggs increases risk of death.	160
Figure 40. Diagrammatic summary illustrating that warmer temperature accelerates reproductive senescence in mosquitoes.	161
Figure 41. Experimental overview to determine the effects of warmer temperature, aging, and their interaction on female and male reproductive tissues.	176
Figure 42. Warmer temperature and aging do not affect spermatheca size.	182
Figure 43. Effects of warmer temperature, aging, and their interaction on female ovaries.	183
Figure 44. Warmer temperature accelerates the aging-dependent decrease in ovary length in blood-fed females.	184
Figure 45. Effects of warmer temperature, aging, and their interaction on male accessory glands and testes.	187
Figure 46. Warmer temperature delays and lessens the initial increase in male accessory gland (MAG) length.	188
Figure 47. Warmer temperature increases testes length.	190
Figure 48. Effects of warmer temperature, aging, and their interaction on gene expression in female reproductive tissues.	192
Figure 49. Effects of warmer temperature, aging, and their interaction on gene expression in male reproductive tissues.	195
Figure 50. Graphical summary illustrating how warmer temperature accelerates the aging dependent changes in female and male reproductive tissues.	197




2



CHAPTER 1
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As one of the world’s deadliest animals, mosquitoes transmit parasites, bacteria, and viruses that cause disease in humans. These vector-borne diseases cause over 700,000 deaths annually around the world [1, 2]. Specifically, anopheline mosquitoes transmit malaria, a disease caused by protozoan parasites of the genus Plasmodium, resulting in 249 million annual cases globally, and most of the deaths caused by malaria occur in young children [1]. In sub-Saharan Africa, Anopheles gambiae (sensu stricto; herein referred to as A. gambiae) is a predominant vector of malaria, inhabiting a wide geographical range [3-7]. Mosquito-borne disease transmission remains a large global health burden for many reasons, including lack of capacity building in disease-endemic regions, complex life cycles of pathogens, and emergence of insecticide and drug resistance [8, 9]. 
Most mosquitoes are anautogenous, meaning that they must take a blood meal to acquire the nutrients needed to complete egg development and reproduce [10]. Upon blood feeding, mosquitoes may also acquire or transmit pathogens to humans. In order for transmission to occur, a mosquito must (i) take a blood meal to acquire a pathogen, (ii) survive the infection for the duration of the pathogen’s development and migration to the salivary glands, and (iii) take a second blood meal to transmit the pathogen to the next human [11-13]. Moreover, for mosquitoes to survive as a species, and for disease transmission to occur over time, they must successfully reproduce after blood feeding. In summary, two major processes in the mosquito largely dictate disease transmission risk: (i) the ability to mount an immune response to a pathogen and survive an infection and (ii) the ability to blood feed and reproduce.
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Mosquitoes are exposed to bacteria, viruses, protozoan parasites, nematodes, and fungi through a variety of mechanisms, such as interaction with their environment, sugar or blood feeding, injury, or transovarial (vertical) transmission. Once a microbe has entered the mosquito, mosquitoes mount a multifaceted immune response. Pathogen-associated molecular patterns (PAMPs) on the microbe are recognized and bound by pattern recognition receptors (PRRs) produced by the mosquito [14-16]. Then, immune signaling pathways such as the Toll pathway and Immune deficiency (IMD) pathway, amplify pathogen-recognition signals and induce downstream transcription of immune genes to activate effector mechanisms. Effector mechanisms can be categorized as cellular or humoral, and these effector mechanisms are enacted together over time [14, 17, 18]. 
Cellular effector mechanisms are mediated by hemocytes, the primary immune cells, that are either attached to tissues (sessile hemocytes) or circulating in hemolymph (circulating hemocytes) [19]. These hemocytes are involved in phagocytosis and production of recognition and effector molecules that amplify the immune response [14, 17, 18]. Humoral effector mechanisms are mediated by molecules produced and secreted by several types of cells [14, 17, 18]. For example, melanization occurs when melanin molecules are synthesized and deposited on the surface of pathogens, forming a surrounding layer that isolate pathogens and target them for phagocytosis by hemocytes [17, 20-22]. Melanin production is driven by the phenoloxidase (PO) cascade, in which PO is the key enzyme that carries out tyrosinase-like reactions [17, 21]. Oenocytoids, a type of hemocyte, produce the zymogen pro-PO, which is then activated via a serine protease cascade to form the active PO enzyme  [17, 21]. As other examples of humoral effectors, lysis of pathogens occurs when antimicrobial peptides (AMPs), lysozymes, reactive oxygen and nitrogen species (ROS/RNS) produced by hemocytes and other cells bind to and disrupt the cell membrane of pathogens, resulting in cell death [14, 17, 18]. Mosquitoes also drive a variety of other immune responses, such as autophagy, RNA interference, and apoptosis, that are important in response to viral infection and eliminating intracellular infection [14, 17, 18]. Altogether, mosquitoes have a suite of tools to quickly recognize a variety of pathogens, amplify immune effector responses, and quell an infection. 
The mosquito’s ability—or inability—to mount an immune response and eliminate an infection determines the number of mosquitoes surviving and biting humans over time, the ratio of mosquitoes to humans, and the likelihood of a bite being infectious to both mosquitoes and humans. A weaker immune response to infection may result in reduced survival and fewer bites but a higher likelihood of an infectious bite. On the other hand, a stronger immune response to infection may result in improved survival with a lower risk of bites by infectious mosquitoes.
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Upon eclosion, anautogenous adult mosquitoes undergo a period of reproductive maturation prior to blood feeding, known as hematophagic and gonotrophic capacitation, and this period is regulated by juvenile hormone (JH) [23-28]. During this initial period after eclosion, males mate with females, and in the process transfer a mating plug containing sperm and the ecdysteroid 20-hydroxyecdosone (20E) [29-31]. Once this period is completed, females enter a state of reproductive arrest until taking a blood meal, which is usually 72 h or later after eclosion [10, 28, 32]. 
Ingestion of a blood meal dramatically alters the female mosquito’s body by increasing body temperature, shifting metabolism and hormonal regulation toward reproductive needs, inducing changes in the midgut to enable blood digestion, and modifying the female’s immune system [32-43]. Unlike plant nectar that provides mostly carbohydrates, the blood meal provides proteins necessary for production of yolk protein precursors via a process called vitellogenesis, resulting in viable eggs [10]. The blood meal also triggers the production of hormones that regulate vitellogenesis and oogenesis, such as the ecdysteroid 20-hydroxyecdosone (20E) and the neuropeptide ovary ecdysteroidogenic hormone (OEH) [28, 32]. After oogenesis is complete, eggs are laid approximately 3 days after blood feeding, upon which females complete the gonotrophic cycle (the period of time from blood feeding to egg laying) and may take another blood meal for an additional gonotrophic cycle [44-46].
The mosquito’s ability—or inability—to blood feed and reproduce dictates mosquito population size, including the number of mosquitoes that are biting humans and the ratio of mosquitoes to human hosts [11-13]. A smaller mosquito population size translates to fewer bites and lower disease risk. Moreover, blood meal size, blood feeding propensity, and survival after blood feeding are components that determine the probability that a mosquito transmits a pathogen. If mosquitoes are less likely to bite or require smaller or more infrequent blood meals, disease risk will be lower.
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Mosquito immunity and reproduction are shaped by both biotic factors (such as life stage, aging, and predation) and abiotic factors (such as temperature, humidity, and rainfall) [47-57]. Mosquitoes are poikilothermic ectotherms, meaning that they do not use metabolism to regulate their body temperature and their temperature conforms with the temperature of the environment. Therefore, if global temperatures rise as predicted by climate change models [58], mosquito body temperature will increase, altering the efficiency of physiological processes. Specifically, warmer temperature accelerates development [48-50, 59, 60], quickens metabolism [61, 62], decreases body size [26, 48, 50, 63], and alters body composition [26]. Moreover, warmer temperature weakens immune responses to infection and reduces survival [48, 50, 56, 62, 64-74]. Across anopheline and culicine mosquitoes, transmission of vector-borne disease peaks between 22.7 and 29.1°C [67], with the capacity to transmit disease declining as mosquitoes near their upper thermal limit for survival [67, 75-79]. With respect to blood feeding and reproduction, warmer temperature reduces fecundity and fertility [48, 74, 80, 81], and the smaller body size of mosquitoes that emerge at warmer temperatures also correlate with reduced fecundity and survival  [50, 82, 83]. 
Because temperature modifies aspects of mosquito physiology that determine population success, temperature affects the habitat suitability and geographic range occupied by different mosquito species [78, 84-87]. Among abiotic factors (such as temperature, precipitation, vegetation, and urbanicity), temperature suitability is the most important predictor of geographic distribution [86]. Warming environmental temperatures may reduce habitability in some regions that become too hot for mosquito survival or pathogen development, reducing vector-borne disease transmission [86, 88-90]. However, in other regions that were previously too cold for a mosquito species, warming environmental temperatures may increase the habitability for mosquitoes, expanding their geographic range of habitation and increasing vector-borne disease risk [86, 88-90].
In summary, warming-dependent changes in mosquito physiology alter the ability of mosquitoes to mount an immune response, reproduce, and survive in their environment. This reduces vector-borne disease transmission in regions that become too warm for the mosquito or its pathogen but increases vector-borne disease transmission in regions that are no longer too cold. Thus, warmer environmental temperatures have profound implications for the global burden of vector-borne disease.
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Like most organisms, mosquitoes experience a gradual and progressive aging-dependent deterioration in body function, a conserved phenomenon known as senescence [91-101]. In insects and mammals alike, lifespan and aging are linked to the insulin/insulin-like growth factor 1 signaling (IIS)/target of rapamycin (TOR) pathway, in which inhibition of the TOR pathway extends organism lifespan [102-108]. 
Immune senescence occurs as aging gradually weakens the efficiency of the immune response [53, 98, 109-115]. Aging weakens the melanization immune response to infection [114-119], and older mosquitoes have fewer hemocytes that have higher phagocytic activity [53, 68]. Moreover, although antimicrobial peptide (AMP) and lysozyme gene expression may increase with aging when a fly is infected [104, 120-124], aging decreases the intrinsic ability to produce AMPs [120]. Altogether, immune senescence increases pathogen proliferation and risk of dying upon infection [53, 94, 111, 117, 125-128]. As a consequence, older mosquitoes have a lower vectorial capacity for disease transmission than younger mosquitoes but remain capable of transmission [129, 130]. Scrutinizing the factors that affect an aging-associated decline in mosquito immunity is important because aging dictates the likelihood of a mosquito surviving the duration of pathogen development and biting while being infectious [130, 131]. However, it remains unclear what factors drive the aging-associated decline in immunity in insects, including mosquitoes [113, 131].
In addition to weakened immunity, aging decreases mosquito reproduction, a common feature of organismal senescence [97]. Specifically, aging reduces mosquito fecundity, egg hatching, fertility, and survival after a blood meal [72, 132-135]. This aging-dependent decline in reproduction occurs because of an aging-dependent and blood-meal-dependent increase in reactive oxygen species (ROS), which cause genomic and tissue damage [135-137]. To successfully reproduce, the female mosquito must survive the duration of time needed to mate, take a blood meal, digest the blood meal, complete oogenesis, identify an oviposition site, and lay eggs on the surface of water, a process that requires at least 6 days [44-46]. However, because aging reduces survival and fecundity, the age at which a female mosquito takes a blood meal determines potential reproductive output. How aging affects male mosquito fertility is not known, but in male fruit flies, aging reduces spermatogenesis and insemination [138-141]. Thus, aging inhibits both female and male reproductive traits.
In summary, aging weakens the ability of mosquitoes to mount an immune response, reproduce, and survive in their environment. These aging-dependent changes may decrease the number of mosquitoes alive but increase the likelihood of an infectious bite, so it is important to account for the pace of aging, survival, and reproduction in vector-borne disease models [131, 142]. 
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The process of aging can be defined by time, known as chronological age, or by bodily function, known as physiological age or biological age. Chronological age can deviate from physiological age, meaning that depending on other biotic or abiotic factors, some organisms may seem younger or older than they are in terms of time [143]. In humans, for example, exercise and quality sleep slow the process of aging, but factors that contribute to mitochondrial dysfunction and DNA damage, such as smoking, accelerate aging [143]. In homeotherms, like humans, the deviation between chronological and physiological age is most often relatively small, and this is because homeotherms can regulate their metabolism to maintain a constant body temperature that is consistent with homeostasis of biological processes [144]. However, ectothermic poikilotherms like mosquitoes cannot use metabolism to regulate their body temperature, so the efficiency of their physiological processes is dictated by the temperature of the environment. Given that warmer environmental temperature increases mosquito body temperature, at the onset of this dissertation I hypothesized that warmer environmental temperature accelerates physiological aging and the timeline of senescence, uncoupling chronological and physiological aging. 
Evidence collected concurrently with my dissertation supports this hypothesis, demonstrating that warmer temperature can accelerate senescence [26, 68, 72]. Specifically, warmer temperature accelerates an aging-dependent decline in survival and weakening of body composition in sugar-fed mosquitoes [26, 72]. Moreover, warmer temperature accelerates immune senescence by increasing infection intensity and decreasing the number of hemocytes available to quell an infection earlier in life [68]. However, whether warmer temperature modifies aging-dependent changes in humoral immunity, blood feeding, or reproduction remained unknown. Therefore, my dissertation aimed to elucidate how warmer temperature and aging interact to shape humoral immunity, blood feeding, and reproduction in the African malaria mosquito, Anopheles gambiae. These were critical questions because whether a mosquito becomes infectious or clears an infection is determined by a suite of both cellular and humoral immune responses that work in concert in the face of infection. Additionally, the propensity to blood feed and the ability to reproduce dictate the density of a mosquito population and the biting rate. Understanding how warmer temperature modifies aging-based changes in humoral immunity, blood feeding, and reproduction sheds light on how warmer temperature affects disease transmission risk.


[bookmark: _Toc207279259]A road map to my dissertation: Wamer temperature accelerates immune and reproductive senescence in the African malaria mosquito Anopheles gambiae

Given the overarching hypothesis regarding the temperature-based decoupling of chronological and physiological aging, I hypothesized that warmer temperature weakens humoral immunity and reduces blood feeding and reproduction earlier in life, accelerating humoral immune senescence and reproductive senescence. My dissertation tested these hypotheses by evaluating how warmer temperature and aging interact to shape the humoral immune responses of melanization and lytic activity, with these findings presented in Chapters 2 and 3. Using biochemical and optical approaches, we demonstrate that warmer temperature accelerates the aging-dependent weakening of the melanization immune response and antimicrobial activity of hemolymph. 
More broadly, in Chapter 4, I explored how warmer temperature and aging interact to shape the mosquito transcriptome. Using RNA sequencing and network analysis, we uncovered that warmer temperature and aging interactively shape the mosquito transcriptome, and 1-day-old mosquitoes are very different from all other ages. Importantly, warmer temperature amplifies the aging-dependent reduction in immune gene expression, including genes involved in melanization and antimicrobial activity. Overall, warmer temperature modifies aging-dependent changes in the transcriptome, accelerating senescence. 
Next, in Chapters 5 and 6, I elucidate how warmer temperature and aging interact to shape blood feeding and reproduction. By tracking blood feeding propensity, blood meal size, survival, fecundity, and fertility, we discovered that warmer temperature accelerates reproductive senescence, and at the warmest temperature of 32°C, mosquitoes are infertile regardless of age. Then, by measuring tissue size and gene expression, we uncovered that warmer temperature accelerates the aging-dependent decrease in female ovary size and delays the early development of male accessory glands after eclosion. Therefore, warmer temperature accelerates aging-dependent changes in both female and male reproductive tissues.
In summary, warmer temperature accelerates the senescence of the mosquito’s humoral immune responses and reproductive ability. In other words, at warmer environmental temperatures, mosquitoes become more susceptible to infection and less fertile earlier in life. The real-life implication is that warmer temperatures may reduce the size of mosquito populations and the biting risk to humans while increasing the infectiousness of surviving mosquitoes. This body of work emphasizes the need to concurrently evaluate biotic and abiotic factors that impact vector-borne disease transmission and to evaluate how climate warming may change disease dynamics.





CHAPTER 2
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This chapter is adapted from “Higher temperature accelerates the aging-dependent weakening of the melanization immune response in mosquitoes” published in PLoS Pathogens and has been reproduced with the permission of the publisher and my co-author, Julián F. Hillyer. 
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Mosquitoes, like most insects, are both ectotherms and poikilotherms, meaning that their body temperature is dictated by the environmental temperature in which they reside. Climate change is causing an increase in environmental temperatures, and global temperatures are predicted to further rise by more than 1.5°C between 2030 and 2052 [58]. Increasing environmental temperature is, in turn, raising the body temperature of insects, and this phenomenon is more pronounced for species that inhabit the tropics [145-147]. This is particularly the case for mosquitoes that transmit disease [87, 148]; at higher temperatures the rate of development is faster [48, 50, 80, 149], the metabolic rate is higher [145, 150], the body size is smaller [26, 151], and the lifespan is shorter [48, 50, 152].
Changes in environmental temperature also affect the immune system of mosquitoes [66, 69, 76]. Higher temperature reduces the phagocytic activity of hemocytes, which are mosquito immune cells [66]. Higher temperature also weakens melanization [66, 71, 153, 154], which is a humoral immune response that encases and kills bacteria, malaria parasites, fungi, viruses, and filarial worms [154-159]. In contrast, higher temperature increases the transcription and activity of nitric oxide synthase [66, 160], which produces the antibacterial and antimalarial free radical, nitric oxide [161, 162]. Additionally, changes in temperature alter the expression of genes that encode components of the Toll pathway, apoptosis pathways, antimicrobial peptides, and other immune factors [66, 153, 163]. Because of these and other changes, the environmental temperature affects the probability that a mosquito transmits disease [67, 75-78, 153].
Another factor that affects the immune system of mosquitoes is aging. Mosquitoes, like most animals, undergo senescence, which is the gradual and irreversible deterioration of the efficiency of physiological processes that occurs with aging [91, 94, 95, 101, 110, 131, 164]. Senescence includes an aging-associated decline in immunity, leading to increased pathogen proliferation and increased risk of mortality [53, 94, 111, 117, 125-127]. For example, aging weakens the melanization immune response [114-118, 165], and decreases the number of hemocytes available to quell an infection [19, 53, 116, 166].
Although the independent effects of temperature and aging on the immune system have been investigated, it is unknown how temperature and age interact to shape the strength of the immune response of a mosquito or any other insect. That is, we do not know whether the environmental temperature influences the rate of immune senescence. We hypothesize that higher temperature uncouples physiological age from chronological age, thereby accelerating the progression of immune senescence. To test this hypothesis, we evaluated the independent and combined effects of temperature and aging on the melanization immune response of the mosquito, Anopheles gambiae, which is a major vector of malaria in sub-Saharan Africa (Figure 1) [4]. We found that, individually, higher temperature and aging weaken the melanization immune response, and that higher temperature accelerates the senescence of melanization. 
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[bookmark: _Toc206947139][bookmark: _Toc207290733]Figure 1. Experimental overview for investigating the effects of higher temperature, aging, and their interaction on the mosquito melanization immune response.  
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[bookmark: _Toc207279267]Melanization potential decreases with aging and higher temperature, and the aging-dependent decline is accelerated by higher temperature 
Phenoloxidase (PO) initiates the melanization immune response by catalyzing the hydroxylation of tyrosine to dopa and the oxidation of dopa to dopaquinone, which then spontaneously converts to the melanin precursor, dopachrome [14, 17]. To test the effects of higher temperature and aging on the melanization potential of hemolymph, we isolated hemolymph, incubated it with the PO substrate, L-DOPA, and measured OD490 30 min later (Figure 2). This assay captures melanization potential because it measures the ability of hemolymph to melanize in the event that the phenoloxidase-based cascade is turned on to its fullest. A higher OD490 indicates a higher melanization potential, or a greater ability to melanize a pathogen upon infection. 
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[bookmark: _Toc206947140][bookmark: _Toc207290734][bookmark: _Toc205634342]Figure 2. Diagrammatic overview of the melanization biochemical cascade and the experimental workflow. 
(A) Melanization biochemical cascade. (B) Workflow of the phenoloxidase spectrophotometric assay that measures melanization potential of the hemolymph and PO activity over time. (C) Representative images of melanization on the dorsal abdominal wall of 1-day-old mosquitoes reared at 27°C, at 24 h following treatment. Melanin deposition results in dark deposits.


Mosquitoes at higher temperatures have a lower melanization potential regardless of age or their infection status, with temperature accounting for 31% of the variation (Figures 3A and 3D). Relative to mosquitoes at 27ºC, the melanization potential of mosquitoes at 30ºC and 32ºC was 54% and 79% lower, respectively.
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[bookmark: _Toc206947141][bookmark: _Toc207290735][bookmark: _Toc205634343]Figure 3. Melanization potential decreases with higher temperature, aging, and infection. 
[bookmark: _Toc206947142](A) Melanization potential, aggregated by temperature and immune treatment, irrespective of age. (B) Melanization potential, aggregated by age and immune treatment, irrespective of temperature. (C) Melanization potential, aggregated by immune treatment, irrespective of temperature or age. Column height marks the estimated marginal mean, and whiskers indicate the standard error of the estimated marginal mean (S.E.M.). (D) Statistical analyses of the data using a linear model and a Type II ANOVA. The same measurements are plotted in Figures 3 and 4, but grouped or arranged differently, with aggregated data shown in this figure.



Aging reduces melanization potential regardless of temperature or infection status, with age accounting for 10% of the variation (Figures 3B and 3D). Relative to 1-day-old mosquitoes, the melanization potential of 5-day-old and 10-day-old mosquitoes was 36% and 52% lower, respectively. The melanization potential of 15-day-old mosquitoes was 58% lower than 1-day-old mosquitoes, indicating that aging beyond 10 days does not further reduce melanization potential.
Infection for 24 h reduces the melanization potential of the hemolymph regardless of temperature or age, with infection status accounting for 13% of the variation (Figures 3C and 3D). Relative to naïve mosquitoes, the melanization potential was 62% and 36% lower in E. coli- and M. luteus-infected mosquitoes, respectively, and injury also reduced the melanization potential by 22%. The large reduction in melanization potential during an infection indicates that PO is being depleted as it is used to fight the infection, and is an agreement with the findings in an earlier study [115]. Moreover, the trend for lower melanization potential in injured mosquitoes can be attributed to PO being used to heal the wound [167].
Temperature and age interact to reduce the melanization potential, with this interaction accounting for 5% of the variation (Figures 3D and 4). Specifically, higher temperature accelerates the aging-dependent decline in melanization potential. As an example using naïve mosquitoes only, and relative to 1-day-olds maintained at 27ºC, 1-day-olds maintained at 32ºC had a melanization potential that was 80% lower. As mosquitoes aged from 1 to 10 days old, the melanization potential of mosquitoes at 27°C decreased by 52%, but the melanization potential of mosquitoes at 32°C remained the same. As another example using M. luteus-infected mosquitoes only, and relative to 1-day-olds maintained at 27°C, 1-day-olds maintained at 32ºC had a melanization potential that was 82% lower. As mosquitoes aged from 1 to 10 days old, the melanization potential of mosquitoes at 27°C decreased by 53%, but the melanization potential of mosquitoes at 32°C remained the same. This signifies that at higher temperatures, the decrease in melanization potential occurs earlier in life than at cooler temperatures. Other interactions, such as the interaction between temperature and immune treatment, did not meaningfully shape melanization potential, so they were excluded from the model-of-best-fit.
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[bookmark: _Toc206947144][bookmark: _Toc207290736][bookmark: _Toc205634345]Figure 4. The aging-dependent decline in melanization is accelerated by higher temperature. 
Column height marks the estimated marginal mean, and whiskers indicate the S.E.M. The same measurements are shown in Figures 3 and 4, but grouped or arranged differently, with unaggregated data shown in this figure. The outcomes of statistical analyses are presented in Figure 3D. 


To confirm that the change in OD490 was due to PO activity and not the auto-oxidation of L-DOPA, every biological trial included a control composed of only L-DOPA and water. Auto-oxidation of L-DOPA was not detected (Appendix A: Figure S1). Furthermore, to determine whether the change in OD490 was enhanced by endogenous substrates in the hemolymph and not just the exogenous L-DOPA that was added to the hemolymph, a subset of hemolymph samples was mixed with water that was devoid of exogenous L-DOPA. Without exogenous L-DOPA, a change in OD490 was not detected (Appendix A: Figure S2). 
In summary, the melanization potential of hemolymph significantly decreases with higher temperature, aging, and infection. Furthermore, when the temperature is higher, the aging-dependent decline in melanization begins at a younger age, and therefore, we conclude that higher temperature accelerates the senescence-based deterioration of melanization potential.


[bookmark: _Toc207279268]The speed of melanization decreases with aging and higher temperature, and the aging-dependent decline is accelerated by higher temperature
Because the melanization potential described above only captures PO activity at a single point in time, we next analyzed how higher temperature, aging, and their interaction alter the speed of melanization over the time course of the 30 min assay. Similar to what we found for the overall melanization potential, higher temperature reduces the speed of melanization. At every timepoint in the assay, and regardless of age or infection status, mosquitoes at higher temperatures had a slower pace of melanization, with temperature accounting for 25% of the variation (Figures 5A and 5D). Combining the timepoint values for each individual temperature, and relative to mosquitoes at 27ºC, the PO activity of mosquitoes at 30ºC and 32ºC was 56% and 76% lower, respectively. 
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[bookmark: _Toc206947146][bookmark: _Toc207290737][bookmark: _Toc205634347]Figure 5. Over time, melanization decreases with aging, higher temperature, and infection. 
(A) Melanization activity over time, aggregated by temperature and immune treatment, irrespective of age. (B) Melanization activity over time, aggregated by age and immune treatment, irrespective of temperature. (C) Melanization activity over time, aggregated by immune treatment, irrespective of temperature or age. Each circle marks the estimated marginal mean, and whiskers indicate the S.E.M. (D) Statistical analyses of the data using a linear mixed-effects model and a Type II Wald Chi Square Test. The same measurements are plotted in Figures 5 and 6, but grouped or arranged differently, with aggregated data shown in this figure.


Aging also reduces the speed of melanization regardless of temperature or infection status, with age accounting for 11% of the variation (Figures 5B and 5D). The speed of melanization was fastest in 1-day-old mosquitoes, and while the endpoint of PO activity (the melanization potential at 30 min) was similar for 10- and 15-day-old mosquitoes, the oldest mosquitoes reached their maximum PO activity later in the assay. Combining the timepoint values for each individual age, and relative to 1-day-old mosquitoes, the PO activity of mosquitoes that were 5, 10, and 15 days old was 32%, 53%, and 57% lower, respectively. 
Infection for 24 h reduces the speed of melanization regardless of temperature or age, accounting for 12% of the variation (Figures 5C and 5D). Combining the timepoint values for each individual immune treatment, and relative to naïve mosquitoes, the PO activity of hemolymph was 58% and 40% lower in E. coli-infected and M. luteus-infected mosquitoes, respectively, whereas the PO activity of hemolymph was only 11% lower in injured mosquitoes. 
Temperature and age interact to reduce the speed of melanization more rapidly, accounting for 4% of the variation (Figures 5D and 6). Moreover, the reduction in PO activity over time with higher temperature was more pronounced in infected mosquitoes. Altogether, these interactions indicate that the shape of the increase in hemolymph melanization over the course of the assay is governed by the combined effects of higher temperature, older age, and infection. Mainly, the increase in PO activity over time is smallest in older mosquitoes that are at higher temperatures. Other interactions did not meaningfully affect PO activity, such as the interaction between immune treatment and age, the interaction between immune treatment and temperature, and the three-way interaction between time, age, and temperature (Figure 5D).
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[bookmark: _Toc206947147][bookmark: _Toc207290738]Figure 6. Over time, the aging-dependent decline in melanization is accelerated by higher temperature. 
Each circle marks the estimated marginal mean, and whiskers indicate the S.E.M. The same measurements are shown in Figures 5 and 6, but grouped or arranged differently, with unaggregated data shown in this figure. The outcomes of statistical analyses are presented in Figure 5D.


In summary, the speed of melanization significantly decreases with higher temperature, aging, and infection. Furthermore, higher temperature accelerates the aging-dependent deterioration of the melanization immune response. 


[bookmark: _Toc207279269]Melanin deposition on the dorsal abdominal wall decreases with aging, and this decrease is accelerated by higher temperature
Microorganisms that enter the hemocoel circulate with the hemolymph, where they are often melanized. Melanized microorganisms are subsequently phagocytosed by hemocytes that circulate with the hemolymph or are attached to tissues [156, 168-170]. Most attached hemocytes, called sessile hemocytes, are attached to the dorsal abdominal wall [19], and therefore, we set out to determine whether higher temperature, aging, and their interaction affect the melanization of pathogens by examining melanin deposition on the dorsal abdominal wall (Figure 2).
Melanin deposition on the dorsal abdominal wall is not strongly shaped by temperature, with this variable only accounting for 4% of the variation (Figure 7A and 7D). Melanin deposition is greatest at 30°C; relative to mosquitoes at 27°C, melanin deposition was 25% and 8% greater at 30°C and 32°C, respectively (Figure 7A and 7D). 
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[bookmark: _Toc206947148][bookmark: _Toc207290739]Figure 7. Melanin deposition on the dorsal abdominal wall decreases with aging. 
(A) Melanin deposition, aggregated by temperature and immune treatment, irrespective of age. (B) Melanin deposition, aggregated by age and immune treatment, irrespective of temperature. (C) Melanin deposition, aggregated by immune treatment, irrespective of temperature or age. Column height marks the estimated marginal mean, and whiskers indicate the S.E.M. (D) Statistical analyses of the data using a linear model and a Type II ANOVA. The same measurements are plotted in Figures 7 and 8, but grouped or arranged differently, with aggregated data shown in this figure.


Melanin deposition on the dorsal abdominal wall is predominantly shaped by aging, and this accounted for 20% of the variation (Figure 7B and 7D). Melanin deposition decreased with aging, with the greatest decreasing occurring between 1 and 5 days post eclosion. Specifically, relative to 1-day-old mosquitoes, melanin deposition in 5-, 10-, and 15-day-old mosquitoes was 73%, 80%, and 82% lower, respectively (Figure 7). 
With respect to immune treatment, melanin deposition on the dorsal abdominal wall of naïve and injured mosquitoes is negligible because these mosquitoes are not actively melanizing pathogens. This was expected given prior observations [168, 169, 171]. Because infection induces melanization, infection for 24 h increases melanin deposition, and this accounted for 14% of the variation (Figures 7C and 7D). Specifically, the melanized area of E. coli- and M. luteus-infected mosquitoes was 217% and 225% greater, respectively, than the melanized area in naïve mosquitoes.
Although higher temperature alone did not significantly affect melanin deposition on the dorsal abdominal wall, the aging-dependent decrease in melanin deposition accelerated when the temperature was higher, with the interaction between temperature and age accounting for 3% of the variation (Figures 7D and 8). As an example using E. coli-infected mosquitoes only, the melanized area at 27°C decreased by 70% when mosquitoes aged from 1 to 5 days old, but at 32°C, this aging-based decrease was 75%, indicating a larger decline when the temperature is higher. 
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[bookmark: _Toc206947149][bookmark: _Toc207290740]Figure 8. The aging-associated decrease in melanin deposition is accelerated by higher temperature. 
Column height marks the estimated marginal mean, and whiskers indicate the S.E.M. The same measurements are shown in Figures 7 and 8, but grouped or arranged differently, with unaggregated data shown in this figure. The outcomes of statistical analyses are presented in Figure 7D.



Furthermore, temperature and immune treatment interact to shape melanin deposition, and this accounted for 2% of the variation (Figures 7D and 8). This interaction is driven by the presence or absence of infection. In the absence of infection, the amount of melanin deposition at all temperatures is similar because pathogens are not being melanized. However, when a mosquito is infected, the effect of higher temperature depends on the pathogen. Specifically, higher temperature induced a decrease in melanin deposition following infection with M. luteus, but an increase following infection with E. coli (Figure 7A). For example, in 1-day-old mosquitoes, as temperatures warmed from 27°C to 32°C, the melanized area decreased by 31% in M. luteus-infected mosquitoes but increased by 57% in E. coli-infected mosquitoes.
The interaction between age and immune treatment also shapes melanin deposition, and this interaction accounted for 6% of the variation (Figures 7D and 8). Specifically, the aging-dependent decline in melanin deposition was only meaningful after infection, and the aging-dependent decline was more pronounced in M. luteus-infected mosquitoes than in E. coli-infected mosquitoes. For example, at 30°C, as mosquitoes aged from 1 to 15 days old, melanin deposition decreased by 87% and by 66% when infected with M. luteus and E. coli, respectively. 
Finally, temperature, age, and immune treatment interact to shape melanin deposition, and this three-way interaction accounted for 5% of the variation (Figures 7D and 8). Similar to the two-way interactions, this three-way interaction is driven by the infection status because in uninfected mosquitoes, the deposition of melanin is similar at all temperatures and ages because pathogens are not being melanized. As an example using M. luteus-infected mosquitoes only, and relative to 1-day-olds maintained at 27ºC, 1-day-olds maintained at 32ºC had 31% lower melanin deposition. As mosquitoes aged from 1 to 5 days old, the melanized area in mosquitoes at 27ºC decreased by 96%, but the melanized area in mosquitoes at 32°C decreased by a smaller 76%.
In summary, melanin is deposited on the dorsal abdominal wall after an infection, but the amount of melanin deposited decreases when the infection is initiated at an older age. Furthermore, higher temperature accelerates the aging-dependent decline in melanization.


[bookmark: _Toc207279270]Melanin deposition within the periostial regions decreases with aging but is only marginally affected by higher temperature
Within the dorsal abdominal wall, an infection for 24 h induces the aggregation of hemocytes around heart valves called ostia [170]. These hemocytes are called periostial hemocytes, and they reside in the periostial regions of abdominal segments 2-7 [169]. Abdominal segment 8 contains the posterior excurrent opening, and few sessile hemocytes reside in this segment [172, 173]. Because the number of hemocytes, including periostial hemocytes, decreases with aging [19, 53, 116, 166], we hypothesized that melanin deposition in the periostial regions decreases with aging and higher temperature, and that the effect of aging is amplified at higher temperature. To test this hypothesis, we reanalyzed the same abdomens sampled above but restricted the analysis to the periostial regions in abdominal segments 3-7 and the posterior excurrent opening.  
Although influential for the entire abdomen, temperature alone did not meaningfully affect melanin deposition in the periostial regions, accounting for none (0%) of the variation (Figures 9A and 9D). Aging, however, decreased melanin deposition within the periostial regions, with age accounting for 10% of the variation (Figures 9B and 9D). Like for the entire dorsal abdominal wall, the aging-related decrease in melanization was small when mosquitoes aged beyond 5 days. Immune treatment accounted for 26% of the variation (Figures 9C and 9D); melanin deposition was negligible in uninfected and injured mosquitoes but increased dramatically after infection. Relative to naïve mosquitoes, melanin deposition was 13 times greater in E. coli-infected mosquitoes and 44 times greater in M. luteus-infected mosquitoes. 
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[bookmark: _Toc206947150][bookmark: _Toc207290741]Figure 9. Melanin deposition within the periostial regions and posterior excurrent opening decreases with aging but is only marginally affected by higher temperature. 
(A) Melanin deposition, aggregated by temperature and immune treatment, irrespective of age. (B) Melanin deposition, aggregated by age and immune treatment, irrespective of temperature. (C) Melanin deposition, aggregated by immune treatment, irrespective of temperature or age. Column height marks the estimated marginal mean, and whiskers indicate the S.E.M. (D) Statistical analyses of the data using a linear model and a Type II ANOVA. The same measurements are plotted in Figures 9 and 10, but grouped or arranged differently, with aggregated data shown in this figure.



When examining interactions, the aging-associated decrease in melanization was dependent on the infection status, with this interaction accounting for 17% of the variation (Figures 9D and 10). Of interest, the aging-associated decrease in melanization was more pronounced in M. luteus-infected mosquitoes than in E. coli-infected mosquitoes. As an example, at 27°C the melanized area in M. luteus-infected mosquitoes decreased by 99.8% between 1 and 15 days after eclosion, but it only decreased by 84% in E. coli-infected mosquitoes. This is likely because in 1-day-old mosquitoes, the melanization of M. luteus is much stronger than the melanization of E. coli.
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[bookmark: _Toc206947151][bookmark: _Toc207290742]Figure 10. The aging-associated decrease in melanin deposition within the periostial regions and posterior excurrent opening is only marginally accelerated by higher temperature. 
Column height marks the estimated marginal mean, and whiskers indicate the S.E.M. The same measurements are shown in Figures 9 and 10, but grouped or arranged differently, with unaggregated data shown in this figure. The outcomes of statistical analyses are presented in Figure 9D.


Although temperature did not independently affect melanin deposition within the periostial regions, temperature interacted with age and infection status, with this three-way interaction accounting for 4% of the variation (Figures 9D and 10). Similar to the whole abdomen, this interaction was driven by the presence or absence of infection. Without infection, melanization was negligible. In infected mosquitoes, however, the aging-dependent reduction in melanin deposition was accelerated when the temperature was higher. This effect was more pronounced when mosquitoes were infected with M. luteus, likely because this infection induces the strongest melanization response. Additionally, similar to the entire dorsal abdominal wall, higher temperature had opposing effects depending on the pathogen, inducing a decrease in melanin deposition following infection with M. luteus, but an increase following infection with E. coli (Figure 9A).
In summary, melanin is deposited within the periostial regions only after infection. In infected mosquitoes, melanin deposition within the periostial region decreases with aging. Moreover, the aging-dependent decline in melanin deposition was more pronounced when the temperature was higher, especially in M. luteus-infected mosquitoes. 
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Although the independent effects of higher temperature and aging on the mosquito immune system have been studied, it remained unknown whether temperature and age interact to shape the immune response in mosquitoes or any other insect. We found that higher temperature and aging individually reduce melanization, and that higher temperature accelerates the aging-induced weakening of the melanization immune response (Figure 11). 
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[bookmark: _Toc206947152][bookmark: _Toc207290743]Figure 11. Summary of the effects of higher temperature, aging, and their interaction on the melanization immune response. 
Graphic that includes cuvettes created with BioRender.com.


Using both an ex vivo biochemical assay and an in vivo optical assay, we showed that the strength of the melanization response decreases with aging. This aging-dependent decline is in agreement with prior studies on mosquitoes [114-118, 165]. For example, Culex pipiens (order: Culicidae) loses over half of their PO activity by 14 days of adulthood [118], and aging reduces PO activity in crickets (order: Orthoptera) [174]. This aging-related decrease in melanization correlates with a decrease in the number of hemocytes [19, 53, 116, 166], which is important because hemocytes—mainly oenocytoids but also to some extent granulocytes—are major producers of key melanization enzymes such as phenoloxidase and phenylalanine hydroxylase [157, 166, 175, 176]. 
Unexpectedly, aging beyond 10 days did not meaningfully alter the mosquito’s melanization immune response. In insects, melanin is not only necessary for immune function, but it is also required for the sclerotization and pigmentation of the cuticle during molting  [17, 177, 178]. Given that melanization is energetically costly [17, 21], once the mosquito has reached adulthood and the cuticle has fully hardened, we suspect that there is a lower need for PO activity, and therefore, resources are deployed elsewhere. This is supported by mosquito larvae having much greater PO activity than adults [115], and similar to our findings, the aging-based weakening of the melanization of microfilaria is marginal beyond 5 days of age [116]. Thus, the plateau in the aging-associated decline of melanization is likely a consequence of achieving an optimal investment in melanization potential during adulthood.
We also discovered that higher temperature weakens the melanization immune response. Similar to our findings, the efficiency of C-type lectin 4-regulated melanization of Plasmodium falciparum in A. gambiae is less efficient when the temperature warms from 19°C to 27°C [154]. Moreover, higher temperature reduces the melanization of Sephadex beads that have been injected into A. gambiae or Anopheles stephensi [66, 71]. Higher temperature also reduces the strength of melanization in butterflies (order: Lepidoptera) and crickets [64, 179, 180], indicating that this phenomenon transcends the mosquito taxon. Additionally, higher temperature reduces the sclerotization and melanization of the cuticle, resulting in lighter colored insects [181]. In moths, beetles (order: Coleoptera) and crickets, a lighter cuticle correlates with a weaker melanization immune response [182-186], and in beetles, a lighter cuticle also correlates with a lower hemocyte density [186]. Thus, higher temperature weakens both cuticular and immune melanization across Insecta.
Prior to this study, it remained unknown whether or how temperature and age interact to shape the immune response in insects. Without considering interactive effects, both higher temperature and aging reduce mosquito survival and vector competence [67, 77, 129, 131, 153]. Recently, we reported that higher temperature and aging, individually and interactively, reduce body size and deteriorate the body condition of A. gambiae [26]. Here, we discovered that higher temperature and aging significantly interact to accelerate the weakening of the melanization response. To our knowledge, our study provides the first evidence that higher temperature accelerates immune senescence in mosquitoes—or any other insect—thereby decoupling physiological age from chronological age. Previously, we reported that the melanization of mosquito hemolymph is inhibited by a copper-specific enzyme inhibitor, diethyldithiocarbamate (DETC), indicating that melanization is driven by PO [115], and we and others have demonstrated an aging-related decline in the number of hemocytes [19, 53, 116, 166]. Therefore, we conclude that the warming-based acceleration of the aging-dependent decline in melanization is because of (i) an accelerated decline in PO availability, and (ii) an accelerated decline in the number of hemocytes that produce PO and other melanization enzymes.
The aging-dependent weakening of melanization potential is less pronounced when the temperature is higher. This is largely because mosquitoes reared at higher temperatures eclose with a lower melanization potential, which resembles that of older adults that had been reared at cooler temperatures. While this may seem to indicate a lack of aging-based weakening at higher temperatures, it is more likely that the aging-based weakening at higher temperature occurs during the immature stages and prior to adult emergence, reducing the initial adult potential for melanization. This notion is supported by the findings that larvae have greater melanization activity than adults [115], and that higher temperature reduces cuticular melanization [180, 185], which is needed during eclosion [177, 178].
Infection for 24 h activates the immune system and increases melanin deposition on the dorsal abdominal wall, so it may seem counterintuitive that infection for 24 h weakens the melanization potential of hemolymph. We hypothesize that the reduction we observed is due to PO enzyme depletion. PO enzymes are found in melanotic capsules following bacterial infection in Aedes aegypti [176], and upon wounding, PO enzymes also localize to the cuticle healing sites in Armigeres subalbatus [167]. Moreover, the expression of PO genes is not significantly upregulated following a hemocoelic infection in adult mosquitoes [115], and without a bloodmeal, the total protein content of a mosquito decreases with older age [26, 165]. Therefore, we suspect that the availability of PO in the hemolymph declines as PO is sequestered in the sites of bacterial infection or wounding, reducing the remaining melanization potential. In our experiments, we provided a saturating amount of PO’s substrate, L-DOPA, but inside the mosquito, it is likely that substrate reduction also contributes to reduced melanization potential upon infection. This notion is supported by a study where filarial worms were injected into the hemocoel of A. subalbatus, which found that the melanization response is accompanied by a reduction in tyrosine, one of the initial substrates of the melanization cascade [187]. Regardless of the specific reason for the reduction in melanization potential at 24 h following infection, the melanization potential in naïve mosquitoes represents the melanization activity that can take place at the initiation of any infection. The melanization potential in mosquitoes infected for 24 h then informs on how the progression of an infection affects this immune response.
Although infection for 24 h decreases melanization potential, it increases melanin deposition. This is because infection activates the melanization response, leading to the phagocytosis and sequestration of melanized bacteria by sessile hemocytes on the abdominal wall [19, 156, 168-170]. Interestingly, melanin deposition in mosquitoes infected with E. coli was greatest at the highest temperature, even when melanization potential was not. This may at first suggest a beneficial effect of higher temperature, but we do not believe that this is the case. Instead, we hypothesize that because the highest temperature is closer to the optimal growth temperature of E. coli, bacterial proliferation increases, leading to a greater melanization response. The optimal temperature for the growth of M. luteus is lower than for E. coli, and hence, this rising temperature trend is not observed for this bacterium. 
With infection, the robustness of the melanization response was greater in M. luteus-infected mosquitoes than in E. coli-infected mosquitoes, and the aging-dependent decline in melanization was more pronounced in M. luteus-infected mosquitoes. Different types of bacteria preferentially activate phagocytosis versus melanization responses [188]. In A. subalbatus and A. aegypti, E. coli are primarily phagocytosed by hemocytes, whereas M. luteus are primarily melanized [156, 157]. Given that the weakening of melanization was more pronounced in M. luteus-infected mosquitoes, we conclude that the warming-based acceleration of the aging-dependent decline of melanization is more pronounced when melanization is the major immune response elicited by the pathogen.
The experiments presented here were all conducted in the absence of a blood meal, and it is possible that the absence of a blood meal exacerbates the senescence of the melanization response. Upon ingesting a bloodmeal, mosquitoes synthesize cholesterol and convert it into the hormone 20-hydroxyecdysone (20E), which is a pleiotropic steroid that regulates molting, development, immunity, and longevity [189-191]. In A. gambiae, 20E primes and strengthens the immune response against P. falciparum [192, 193], including PO production [191, 194]. However, given that the mosquitoes in our study did not ingest a bloodmeal, we hypothesize that older adults may have less 20E, and therefore, weaker activation of hormone-regulated immunity. Moreover, a blood meal induces hemocyte proliferation [40, 43], and this opens the possibility of an enhanced melanization response. Therefore, future studies will incorporate blood feeding in the presence and absence of infection to test its effects on the senescence of the melanization immune response.
This study did not consider mosquito survival as part of the analysis. However, the risk of death increases with aging [53, 94, 111], higher temperature shortens lifespans [48, 50, 152], and infection decreases survival [53, 188]. How age, temperature and infection interact to shape mosquito survival is the focus of ongoing experiments in our laboratory, but the rate of mosquito death does not affect our conclusions on melanization. Here, we only assessed melanization in the surviving mosquitoes because these are the only mosquitoes that, under the conditions tested, would be available for pathogen acquisition and transmission. 
In summary, this study demonstrates that higher temperature accelerates immune senescence in mosquitoes, with higher temperature uncoupling physiological age from chronological age (Figure 11). These findings, which we believe are the first to show this interactive effect in any insect, highlight the need to holistically examine the impact of warming global temperatures on the ability of insects to transmit diseases to humans, animals and plants, or their ability to serve as pollinators for our food supply. Given that many abiotic and biotic factors—such as temperature and age—alter mosquito physiology and vector competence [47], the present study illuminates the importance of accounting for the interactive effects of the mosquito’s environment on internal physiology, which is inherently important when estimating immune function, disease transmission dynamics, and other critical processes.
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[bookmark: _Toc207279273]Mosquito rearing, treatments, and experimental overview
A laboratory colony of Anopheles gambiae, Giles sensu stricto (G3 strain; Diptera: Culicidae) was maintained at 27°C, 75% relative humidity, and a 12h:12h light:dark photoperiod. Eggs from this colony were collected and transferred to three environmental chambers held at 27ºC, 30ºC or 32ºC, where they were hatched and reared to adulthood, and then used for experimentation. These temperatures were selected because they are experienced by A. gambiae in nature and represent warming global temperatures [3, 7, 58]. Larvae were fed a mixture of 2.8 parts koi food to 1 part baker’s yeast daily, and pupae were separated daily. Upon eclosion, adults were maintained in 2.4 L plastic buckets with a mesh marquisette top and were fed 10% sucrose solution ad libitum. 
For all experiments, adult females at 1, 5, 10, and 15 days after eclosion were assessed in each temperature (Figure 1). These ages were selected because substantial changes in mosquito immunity occur with adult aging, and these ages encompass the timeline for Plasmodium parasite development within this mosquito [53, 75, 117, 195].
At each temperature and age, adult female mosquitoes were either (i) naïve (unmanipulated), (ii) injured, (iii) infected with Escherichia coli (Gram-negative bacteria; modified DH5α, GFP-expressing and tetracycline resistant), or (iv) infected with Micrococcus luteus (Gram-positive bacteria; ATCC 4698). E. coli and M. luteus were grown overnight in Luria-Bertani (LB) broth at 37ºC in a shaking incubator (New Brunswick Scientific, Edison, NJ, USA), and the cultures were then normalized to OD600 = 2. Mosquitoes were anesthetized on ice and injected into the hemocoel with 69 nL of sterile LB (injured mosquitoes) or a bacterial culture (infected mosquitoes) in the thoracic anepisternal cleft, using a Nanoject III Programmable Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). Absolute infection doses were determined by diluting the cultures, plating them on LB + tetracycline agar plates (E. coli) or LB-only agar plates (M. luteus), and counting the colony forming units (CFUs) that grew. Across experimental trials, the infection doses averaged at 12,203 E. coli per mosquito and 6,865 M. luteus per mosquito. Throughout this study, the age of the mosquito represents the age when the immune treatment was initiated.


[bookmark: _Toc207279274]Quantification of phenoloxidase activity in hemolymph
To quantify the melanization potential of hemolymph, or the ability of hemolymph to melanize a pathogen upon infection using active PO, we used a spectrophotometric assay as previously described [115, 196]. For each condition, hemolymph was extracted from 18-25 mosquitoes at 24 h after the immune treatment. Briefly, the lateral thorax of cold-anesthetized females was punctured using a 0.20 mm diameter minutien insect pin and the mosquitoes were placed inside a 0.6 mL microfuge tube that contained a small incision at the bottom. The 0.6 mL tube was nested inside a 1.5 mL microfuge tube and then centrifuged at 5000 RCF for 5 min at 4ºC. The ~1-2 µL of hemolymph that pooled at the bottom of the 1.5 mL tube was collected and stored at -20ºC until further use.
The PO activity of hemolymph was quantified using a biochemical assay that measures the conversion of 3,4-Dihydroxy-L-phenylalanine (L-DOPA, clear, λmax of 280 nm) to dopachrome (reddish-brown, λmax of 475 nm) [115, 197, 198] (Figures 2A and 2B). For this assay, 1 µL of hemolymph was added to 50 µL of deionized water. Then, 10 µL of that mixture was added to a cuvette containing 90 µL of 4 mg/mL L-DOPA (Sigma, St. Louis, MO, USA), and the absorbance at OD490 was measured every 5 min for 30 min using a BioPhotometer Plus spectrophotometer (Eppendorf AG, Hamburg, Germany). On average, 7 independent biological trials were conducted for each temperature-age-immune treatment combination. In total, 317 hemolymph samples, derived from approximately 6800 mosquitoes, were assayed. A negative control was conducted during each trial, where 10 µL of water was added to a cuvette containing 90 µL of 4 mg/mL L-DOPA. Additional controls were conducted using a subset of samples, in which diluted hemolymph was added to 90 µL of water.


[bookmark: _Toc207279275]Quantification of melanization on the dorsal abdominal wall 
To measure the melanization that occurs inside a mosquito, we imaged the dorsal abdominal wall and quantified the dark melanin deposits using a light intensity method previously described [115, 168, 169]. For each condition, mosquitoes were cold-anesthetized at 24 h after immune treatment and fixed by injecting cold, 16% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) into the hemocoel. After 10 min on ice, abdomens were bisected along the coronal plane and immersed in PBS containing 0.1% Triton X-100. Internal organs were removed, and the dorsal abdomens were rinsed in PBS and mounted flat on glass slides with coverslips using Aqua-Poly/Mount (Polysciences, Warrington, PA, USA).
	Dorsal abdominal segments 3-8 were imaged under brightfield illumination using a 10x objective on a Nikon Eclipse Ni-E compound microscope connected to a Nikon Digital Sight DS-Qi1 monochrome digital camera and Nikon Advanced Research NIS Elements software (Nikon, Tokyo, Japan). For each dorsal abdomen, two Z-stacks were captured using a linear encoded Z-motor. The first stack contained abdominal segments 3-5 whereas the second stack contained segments 6-8. Each Z-stack was then rendered into a focused, two-dimensional image using the Extended Depth of Focus (EDF) function in NIS Elements (Figure 2C).
For each mosquito, each abdominal segment was delineated using the region of interest (ROI) tool in NIS Elements, and each periostial region (the region surrounding the heart valves in segments 3-7) and the excurrent opening (in segment 8) was further delineated. Then, an intensity threshold was set such that it distinguished melanized areas (pixels below the threshold) from non-melanized areas (pixels above the threshold). Three independent biological trials were conducted for each temperature-age-immune treatment combination, with a minimum of three mosquitoes per group. On average, each combination contained 16 mosquitoes assayed across 3 independent biological trials, with 760 mosquitoes assayed in total.


[bookmark: _Toc207279276]Statistical analysis
Statistical analyses were completed using R Statistical Software, v4.2.2 [199]. The spectrophotometric data were analyzed in two ways: (i) using the OD490 reading at 30 min as a measure of the final melanization potential, and (ii) using the change in OD490 over the course of the 30 min experiment as a measure of PO activity over time. Data for each temperature-age-immune treatment combination were first tested for normality using the Shapiro-Wilk test and were found to be non-normal. Thus, the data were zero-adjusted and log-transformed to achieve normality.
For data on the final melanization potential, we used a linear model to identify the main effects of temperature, age, immune treatment, and the interaction between temperature and age. Other interactions (e.g., temperature x immune treatment) did not meaningfully contribute to melanization potential, so they were excluded from the model.
For data on PO activity over time, we used a linear mixed-effects model, fit by maximum likelihood, to identify the relationship between OD490 and the main effects of time, immune treatment, age, and temperature using the “lme4” package [200]. Two-way interactions among the main effects (time x immune treatment; time x age; time x temperature; immune treatment x age; immune treatment x temperature; age x temperature), three-way interactions among the main effects (time x immune treatment x temperature; time x age x temperature), and the random effect of the individual hemolymph sample were included as predictors in the model. 
Melanin deposition on the dorsal abdominal wall was analyzed the same way for two sets of data: (i) the melanized area on the entirety of dorsal abdominal segments 3-8, and (ii) the melanized area within the periostial regions in segments 3-7 plus the excurrent opening of segment 8. Data were non-normal, so they were zero-adjusted and log-transformed to achieve normality. Then, we used a linear model to identify the main effects of higher temperature, aging, infection, and their interactions (temperature x age; temperature x immune treatment; age x immune treatment; temperature x age x immune treatment) on the melanized area. 
[bookmark: _Hlk146276528]For all statistical analyses, final models were determined by a stepwise, multidirectional selection method, comparing model residuals, log-likelihood ratios, and Akaike Information Criterion (AIC) values. We then conducted type-II ANOVAs with Wald Chi Square Tests on the final models using the “car” package [201]. Partial effect sizes and 95% confidence intervals were calculated using the “effectsize” package [202]. To assess the effects of the interaction between temperature and age, for each statistical model we calculated estimated marginal means using the “emmeans” package on the response scale, also known as “least-square means” [203, 204]. Sidak-adjusted pairwise contrasts of the estimated marginal means were then performed within each temperature-age-immune treatment combination to identify significant differences between groups.
Estimated marginal means, ANOVA and Chi Square p-values, partial effect sizes, and effect size confidence intervals are presented in the main figures. Observed means for main melanization response variables and controls are presented in Appendix A: Figures S1-10. Additional information is presented in the supplement, including the raw data, raw means, estimated marginal means, model coefficients, and full ANOVA and Chi Square tables (Appendix A: Files S1-S3). Figures depicting methods were created with BioRender.com, whereas graphs depicting data were created with R and assembled into figures using Adobe Illustrator.
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This chapter is adapted from “Senescence of humoral antimicrobial immunity occurs in infected mosquitoes when the temperature is higher” published in the Journal of Experimental Biology and has been reproduced with the permission of the publisher and my co-authors, Monzerrat Ruiz and Julián F. Hillyer.
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The ability of mosquitoes to transmit diseases to humans and animals largely depends on the robustness of their immune response [205]. Upon infection, mosquitoes mount a multifaceted innate immune response. The cellular branch of the immune response includes phagocytosis by hemocytes, whereas the humoral branch includes melanization, antimicrobial peptides (AMPs), lysozymes and other lytic factors [14, 205]. Mosquitoes, like most insects, maintain at all times a basal level of antimicrobial effectors so they can quickly respond to an infection [206]. Once a pathogen is detected, effector pathways, such as the Toll and IMD signaling cascades, are activated, and a subsequent outcome is the production of AMPs like cecropins and defensins [14, 205, 206]. These effector molecules are released into the hemolymph to damage and kill pathogens.
The immune response of mosquitoes is altered by environmental factors such as temperature and humidity [54, 66]. Most insects, including mosquitoes, are both poikilotherms and ectotherms, so their body temperature is equivalent to the environmental temperature. As environmental temperatures are predicted to rise by >1.5°C between 2030 and 2052 [58], the ability of mosquitoes—or any insect—to respond to an infection will change. Higher temperature, for example, reduces the ability of hemocytes to phagocytose [66], weakens melanization [66, 71, 153, 154, 207], and alters the expression of immune genes [66, 153, 163].
In addition to temperature, aging alters mosquito immunity [101]. Like most organisms, as mosquitoes age, they experience a gradual, irreversible deterioration of physiological function, a process known as senescence [94, 101]. This includes a weakening of immune proficiency, increasing infection intensity and reducing survival [53, 72, 116]. For example, senescence weakens phenoloxidase-based melanization [116, 117, 207], and decreases the number of immune cells, called hemocytes, that circulate with the hemolymph [19, 53, 116, 166].  
Both temperature and age affect mosquito immunity, but how they interact to shape senescence is poorly understood. We hypothesize that higher temperature accelerates immune senescence, thereby uncoupling chronological age, measured in terms of time, and physiological age, measured in terms of performance. In support of this hypothesis, higher temperature and aging interact to alter mosquito survival and shape the mosquito’s body composition by accelerating the aging-dependent decline in protein content [26, 72]. Moreover, higher temperature accelerates the aging-dependent increase in infection intensity and the decline in the melanization immune response [72, 207]. Here, we tested how higher temperature and aging interact to shape the humoral immune response of the African malaria mosquito, Anopheles gambiae. We found that infection increases the antimicrobial activity of hemolymph. Moreover, in infected mosquitoes, antimicrobial activity decreases with higher temperature and increases from 1 to 5 days of age, stabilizing with further aging. Importantly, in E. coli-infected mosquitoes, higher temperature causes an aging-dependent decline in antimicrobial activity, and therefore, higher temperature can accelerate the senescence of the humoral immune response.


[bookmark: _Toc207279286]Methods


[bookmark: _Toc207279287]Mosquito rearing, treatments, and experimental overview
Mosquitoes were reared as described [207]. A colony of Anopheles gambiae, Giles sensu stricto (G3 strain; Diptera: Culicidae) was reared at 27°C, 75% relative humidity, and a 12h:12h photoperiod. Mosquito eggs were collected from this colony and hatched in environmental chambers held at 27°C, 30°C or 32°C, and reared to adulthood (Figure 12). Larvae were fed a mixture of 2.8:1 koi food:baker’s yeast daily, and pupae were separated daily. Upon eclosion, adults were fed 10% sucrose solution and maintained in 80 oz plastic buckets with a mesh top. These temperatures were selected because they are experienced by A. gambiae in nature, and they represent temperatures rising with climate change but are within the thermal physiological limits of this mosquito [3, 7, 58]. 
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[bookmark: _Toc206947153][bookmark: _Toc207290744]Figure 12. Experimental overview for investigating the effects of higher temperature, aging, and their interaction on mosquito antimicrobial activity. 


For each temperature, immune function was assessed in female mosquitoes at 1, 5, 10, and 15 days of adulthood (Figure 12). Mosquitoes experience immunosenescence over the first 15 days of age, and these ages are also milestones for Plasmodium sp. development [53, 195]. The antimicrobial activity of hemolymph was measured following four immune treatments: (i) naïve (unmanipulated) mosquitoes, (ii) injured mosquitoes, (iii) mosquitoes infected with GFP-expressing tetracycline-resistant Escherichia coli (Gram-negative bacteria; modified DH5α), or (iv) mosquitoes infected with Micrococcus luteus (Gram-positive bacteria; ATCC 4698). Bacterial cultures were grown overnight in a shaking incubator (New Brunswick Scientific, Edison, NJ, USA) in Luria-Bertani (LB) broth at 37ºC and then normalized to OD600 = 2. To infect mosquitoes, a capillary glass needle was inserted into the thoracic anepisternal cleft, and 69 nL of sterile LB (injured mosquitoes) or a bacterial culture (infected mosquitoes) was injected into the hemocoel using a Nanoject III Programmable Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). After infections, cultures were diluted and plated on LB agar plates, and the absolute infection dose was calculated. The average infection dose for E. coli was 12,010 and for M. luteus was 7,431. In the text and figures, the age of the mosquito is when the immune treatment was initiated.


[bookmark: _Toc207279288]Quantification of antimicrobial activity of hemolymph
For each condition, hemolymph was extracted from 18-25 mosquitoes at 24 h after the immune treatment as previously described [207]. Briefly, mosquitoes were cold-anesthetized and holes were punctured in the lateral thorax using 0.2 mm diameter minutien pins. Mosquitoes were then transferred to a 0.6 mL microfuge tube that had an incision at the bottom, and this tube was nested inside a 1.5 mL tube. Together, these tubes were centrifuged at 5000 RCF at 4ºC for 5 min, resulting in the collection of ~1-2 µL of hemolymph in the bottom of the 1.5 mL tube for each sample. Hemolymph was preserved at -20ºC until use. The 24 h timepoint was selected because antimicrobial activity of hemolymph is greatest at this time [208].
To quantify the antimicrobial activity of hemolymph, or the ability of hemolymph to kill pathogens using antimicrobial compounds such as AMPs, we used a zone-of-inhibition assay (Figure 13) as previously described [115]. To make M. luteus-seeded plates, cultures were grown overnight and normalized to OD600 = 10. Then, sterile, liquid 1% LB agar was made, cooled to ~55ºC, and the M. luteus culture was added to create a ratio of 1 part M. luteus culture to 11 parts LB agar liquid. The solution was immediately mixed, 6 mL of the solution was pipetted into 9 cm diameter Petri dish plates, and the plates were allowed to solidify at room temperature. Then, 13 equidistant holes of 1 mm in diameter were made in the plates by poking the agar with sterile 1000 µL pipette tips. Each plate contained approximately 1.4 x 108 M. luteus. 
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[bookmark: _Toc206947154][bookmark: _Toc207290745]Figure 13. Workflow of hemolymph collection and subsequent zone-of-inhibition assays to measure antimicrobial activity of hemolymph. 
Graphics depicting methods were created with Biorender.com. 


To measure the zone of inhibition, 1 µL of pure hemolymph was pipetted into each of the first 12 holes on each plate. As a negative control, 1 µL of distilled, sterile water was pipetted into the 13th hole. The plates were incubated at room temperature for 10 min to allow the hemolymph to absorb into the agar, and the plates were then inverted and incubated at 37ºC for 16 h. After incubation, plates were scanned alongside a ruler with the Epson Perfection V600 Photo scanner (Epson America, Inc., Long Beach, CA) at 46.8 pixels per mm, and the images were analyzed using ImageJ software [209]. For each hole, the diameter of the zone of bacterial growth inhibition was measured in triplicate, and the average diameter was used to calculate the area of the zone-of-inhibition. 
Each temperature-age-immune treatment group was analyzed over an average of 4 independent biological trials. For each group, each trial was composed of 1 hemolymph sample, which was collected from a pool of 18-25 mosquitoes. The volume of each hemolymph sample was 1-3 µL, and because only 1 µL of hemolymph was necessary for the zone-of-inhibition assay, when the volume of hemolymph was ≥ 2, we conducted a second zone-of-inhibition assay with the same sample as a technical replicate. Approximately 33% of the samples were ≥ 2 µL, so the antimicrobial activity of these samples was assayed twice, and the technical replicates were included as a random effect in the analysis when significant. In total, 229 hemolymph samples were assayed, derived from approximately 5000 mosquitoes. The number of hemolymph samples for each temperature-age-treatment group, including the number of biological replicates and technical replicates, are included in Appendix B: File S5, within the “Sample Size” sheet.


[bookmark: _Toc207279289]Statistical analysis
Statistical analyses were completed using R Statistical Software, v4.3.0 [199]. The data for each temperature-age-immune treatment combination were tested for normality using the Shapiro-Wilk test, and because the data were non-normal, the data were zero-adjusted and log-transformed to achieve normality. 
The entire dataset was first analyzed using a linear mixed-effects model, fit by restricted maximum likelihood, to identify the relationship between antimicrobial activity and the main linear effects of immune treatment, age, and temperature, as well as the non-linear effects of age and temperature (polynomial = 2), using the “lme4” package [200]. Two-way interactions among each of the main effects (temperature x immune treatment; polynomial temperature x age) and the random effects of the plate number and the seeded-plate batch were included as predictors in the model. Other interactions and random effects (e.g., age x immune treatment; technical replicate) did not meaningfully contribute to antimicrobial activity, so they were excluded from the model. 
Because the immune treatment had a disproportionally large effect on antimicrobial activity in the initial analysis, the data were separated by immune treatment and analyzed by linear mixed-effects models, fit by restricted maximum likelihood, to identify the effects of temperature, aging, and their interaction. For the uninfected mosquitoes (naïve and injury groups), the effects of temperature and age were linear (polynomial = 1), and the seeded-plate batch was included as a random effect. Additionally, the interaction between temperature and age did not contribute to antimicrobial activity and was excluded from the models-of-best-fit (Naïve interaction: χ² (1) = 1.3, p = 0.250; Injury interaction: χ² (1) = 2.2, p = 0.140). For the infected mosquitoes (E. coli and M. luteus groups), the effects of temperature and age were non-linear (polynomial = 2). For E. coli-infected mosquitoes, the interaction between temperature and age (polynomial = 2) was included in the model-of-best-fit (E. coli polynomial interaction: χ² (2) = 11.0, p = 0.004), but for M. luteus-infected mosquitoes this interaction did not meaningfully contribute to antimicrobial activity (M. luteus polynomial interaction: χ² (2) = 1.3, p = 0.512), so it was excluded from the model. For infected mosquitoes, technical replicate and seeded-plate batch meaningfully contributed to antimicrobial activity and were therefore included as random effects with E. coli infection, whereas seeded-plate number (within batches of plates) was similarly included as a random effect with M. luteus infection. Other random effects did not meaningfully contribute to antimicrobial activity and were therefore excluded. All final models were determined by a stepwise, multidirectional selection method, comparing model residuals, log-likelihood ratios, and Akaike Information Criterion (AIC). 
For each model, the dependent variables of temperature and age were normalized by centering and scaling prior to model fitting. Statistical significance of main and interactive effects was assessed using a type-II ANOVA with Kenward-Roger approximation of degrees of freedom using the “lmerTest” package [210], and estimated marginal means were calculated using the “emmeans” package [203, 204]. Tukey-adjusted (for overall differences in treatment) or Sidak-adjusted (for each immune treatment model) post-hoc comparisons of estimated marginal means were performed using the “multcomp” package [211]. Estimated marginal means, ANOVA p-values, partial effect sizes, and effect size confidence intervals are presented in the main figures. Observed means are presented in Appendix B: Figures S1-S2. Estimated marginal means from the full model fitted to the entire dataset are presented in Appendix B: Figure S3. 
Because infectious doses were normalized using the optical density of the bacterial culture, doses contained natural variation. Therefore, the correlation between the initial infectious dose (calculated after infection by plating the inoculum cultures) and the area of the zone of inhibition was assessed. The infectious doses and the area of zone of inhibition were non-normal using the Shapiro-Wilk normality test, so the Spearman’s rank correlation was used to test for a relationship between variables. Additional information in the supplement includes the raw data, code, observed means, estimated marginal means, model coefficients, and full ANOVA tables (Appendix B: Files S1-S5). Graphs depicting data were created with R and assembled into figures using Adobe Illustrator.



[bookmark: _Toc207279290]Results


[bookmark: _Toc207279291]Antimicrobial activity is a constitutive immune response that significantly increases after infection, regardless of temperature or age
To test the effects of higher temperature, aging, and their interaction on the overall antimicrobial activity of mosquitoes, we isolated hemolymph, incubated it in bacterially seeded plates, and measured the zone of inhibition, which is indicative of the ability of the hemolymph to inhibit microbial growth (Figures 12 and 13). We began by assessing the antimicrobial activity of naïve, injured, and infected (E. coli and M. luteus) mosquitoes, irrespective of the rearing temperature or the mosquito age. We found that the hemolymph from all mosquitoes inhibited microbial growth whereas water did not (Figures 14 and Appendix B: Figure S1). Although all hemolymph had antimicrobial activity, infection significantly increased antimicrobial activity (Figure 14). Specifically, naïve and injured mosquitoes had a similar, constitutive level of antimicrobial activity, whereas E. coli and M. luteus-infected mosquitoes had antimicrobial activity that was ~2.3 times higher than that of uninfected mosquitoes. Therefore, antimicrobial activity is strongly shaped by immune treatment, which accounts for 32% of the variation (Appendix B: File S5).
In summary, infecting a mosquito more than doubles the antimicrobial activity of hemolymph. Because of the large effect of immune treatment, we conducted subsequent analyses separately for each immune treatment.
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[bookmark: _Toc206947155][bookmark: _Toc207290746]Figure 14. Antimicrobial activity is a constitutive immune response that increases with infection. 
Area of zone-of-inhibition of hemolymph from naïve, injured and infected mosquitoes, irrespective of temperature or age. The column heights mark the estimated marginal means, and whiskers denote the standard error of the mean (SEM). Data were analyzed by a type-II ANOVA with Kenward-Roger approximation of degrees of freedom followed by Tukey-adjusted post-hoc multiple comparisons of means. Pairwise, post-hoc comparisons are indicated by letters; columns sharing the same letter are not significantly different from one another. 


[bookmark: _Toc207279292]In uninfected mosquitoes, temperature and aging do not strongly shape antimicrobial activity of hemolymph
We next analyzed how higher temperature, aging, and their interaction alter antimicrobial activity in uninfected mosquitoes. Irrespective of age, antimicrobial activity in both naïve and injured mosquitoes marginally increases as the temperature increases from 27°C to 32°C. That is, in naïve mosquitoes, antimicrobial activity was 38% and 71% greater at 30°C and 32°C than at 27°C, respectively (Figure 15A). In injured mosquitoes, antimicrobial activity was 7% and 11% greater at 30°C and 32°C than at 27°C, respectively (Figure 16A). However, the temperature groups were not significantly different from one another because the magnitudes of activity are small (Appendix B: File S5). Therefore, temperature only has a marginal effect on antimicrobial activity in naïve and injured mosquitoes, accounting for 8% and < 1% of the variation, respectively (Figures 15E and 16E).
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[bookmark: _Toc206947156][bookmark: _Toc207290747]Figure 15. Antimicrobial activity in naïve mosquitoes is low but marginally increases with higher temperature and aging. 
(A) Antimicrobial activity in naïve mosquitoes reared at different temperatures, regardless of age. (B) Antimicrobial activity in naïve mosquitoes at different ages, regardless of temperature. (C) Interaction plot for antimicrobial activity. (D) Antimicrobial activity in naïve mosquitoes at different ages, reared at different temperatures. (E) Results from a linear mixed-effects model followed by a Type II ANOVA with Kenward-Roger approximation of degrees of freedom followed by Sidak-adjusted post-hoc multiple comparisons of means. The same measurements are shown in Panels (A-D) but grouped or arranged differently. Main effects of temperature (irrespective of age) and age (irrespective of temperature) are shown in Panels (A) and (B), respectively, and unaggregated data (values for each temperature-age combination) are shown in Panels (C) and (D). Bars show the estimated marginal means, and whiskers indicate the SEM. Pairwise, post-hoc comparisons in panels (A-B) are indicated by letters; columns sharing the same letter are not significantly different from one another.
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[bookmark: _Toc206947157][bookmark: _Toc207290748]Figure 16. Antimicrobial activity in injured mosquitoes is low but marginally increases with temperature and aging. 
(A) Antimicrobial activity in injured mosquitoes reared at different temperatures, regardless of age. (B) Antimicrobial activity in injured mosquitoes at different ages, regardless of temperature. (C) Interaction plot for antimicrobial activity. (D) Antimicrobial activity in injured mosquitoes at different ages, reared at different temperatures. (E) Results from a linear mixed-effects model followed by a Type II ANOVA with Kenward-Roger approximation of degrees of freedom followed by Sidak-adjusted post-hoc multiple comparisons of means. The same measurements are shown in Panels (A-D) but grouped or arranged differently. Main effects of temperature (irrespective of age) and age (irrespective of temperature) are shown in Panels (A-B), respectively, and unaggregated data (values for each temperature-age combination) are shown in Panels (C) and (D). Bars show the estimated marginal means, and whiskers indicate the SEM. Pairwise, post-hoc comparisons in panels (A-B) are indicated by letters; columns sharing the same letter are not significantly different from one another.


Irrespective of temperature, antimicrobial activity in both naïve and injured mosquitoes also marginally increases as mosquitoes age. That is, in naïve mosquitoes, antimicrobial activity in 5-, 10-, and 15-day-old mosquitoes was 10%, 24%, and 39% greater than in 1-day-old mosquitoes, respectively (Figure 15B). In injured mosquitoes, antimicrobial activity in 5-, 10-, and 15-day-old mosquitoes was 7%, 17%, and 27% greater than in 1-day-old mosquitoes, respectively (Figure 16B). However, the age groups were not significantly different from one another (Appendix B: File S5). Therefore, aging only has a marginal effect on antimicrobial activity in naïve and injured mosquitoes, accounting for 2% and < 1% of the variation, respectively (Figures 15E and 16E).
For naïve and injured mosquitoes, temperature and age did not interact to shape antimicrobial activity (Naïve interaction: χ² (1) = 1.3, p = 0.250; Injury interaction: χ² (1) = 2.2, p = 0.140), meaning that the effects of temperature are not modified by aging or vice versa (Figures 15C-D, 16C-D; Appendix B: File S5). In summary, antimicrobial activity in the hemolymph of uninfected mosquitoes does not meaningfully change with either higher temperature or aging. This is likely because without infection, immune signaling is mostly inactive and antimicrobial activity is inherently low.


[bookmark: _Toc207279293]In infected mosquitoes, antimicrobial activity decreases at the highest temperature and increases from 1 to 5 days of age, stabilizing with further aging
We then assessed antimicrobial activity in E. coli-infected and M. luteus-infected mosquitoes. Irrespective of age, antimicrobial activity in both E. coli- and M. luteus-infected mosquitoes marginally increases as the temperature increases from 27°C to 30°C, and then significantly decreases when the temperature further increases to 32°C. That is, in E. coli-infected mosquitoes, the antimicrobial activity of hemolymph increases 3% between 27°C and 30°C, and then decreases 60% between 30°C and 32°C (Figure 17A). Similarly, in M. luteus-infected mosquitoes, the antimicrobial activity of hemolymph increases 26% between 27°C and 30°C, and then decreases 40% between 30°C and 32°C (Figure 17A). Overall, temperature accounts for 27% and 25% of the variation in E. coli and M. luteus-infected mosquitoes, respectively (Figures 17E and 18E).
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[bookmark: _Toc206947158][bookmark: _Toc207290749]Figure 17. In E. coli-infected mosquitoes, antimicrobial activity decreases at the highest temperature and stabilizes with age, and higher temperature causes an aging-dependent decline of antimicrobial activity. 
(A) Antimicrobial activity in E. coli-infected mosquitoes reared at different temperatures, regardless of age. (B) Antimicrobial activity in E. coli-infected mosquitoes at different ages, regardless of temperature. (C) Interaction plot for antimicrobial activity. (D) Antimicrobial activity in E. coli-infected mosquitoes at different ages, reared at different temperatures. (E) Results from a linear mixed-effects model followed by a Type II ANOVA with Kenward-Roger approximation of degrees of freedom followed by Sidak-adjusted post-hoc multiple comparisons of means. The same measurements are shown in Panels (A-D) but grouped or arranged differently. Main effects of temperature (irrespective of age) and age (irrespective of temperature) are shown in Panels (A-B), respectively, and unaggregated data (values for each temperature-age combination) are shown in Panels (C) and (D). Bars show the estimated marginal means, and whiskers indicate the SEM. Pairwise, post-hoc comparisons in panels (A) and (B) are indicated by letters; columns sharing the same letter are not significantly different from one another.
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[bookmark: _Toc206947159][bookmark: _Toc207290750]Figure 18. In M. luteus-infected mosquitoes, antimicrobial activity decreases at the highest temperature and stabilizes with age, but higher temperature does not alter the effects of aging. 
(A) Antimicrobial activity in M. luteus-infected mosquitoes reared at different temperatures, regardless of age. (B) Antimicrobial activity in M. luteus-infected mosquitoes at different ages, regardless of temperature. (C) Interaction plot for antimicrobial activity. (D) Antimicrobial activity in M. luteus-infected mosquitoes at different ages, reared at different temperatures. (E) Results from a linear mixed-effects model followed by a Type II ANOVA with Kenward-Roger approximation of degrees of freedom followed by Sidak-adjusted post-hoc multiple comparisons of means. The same measurements are shown in Panels (A-D) but grouped or arranged differently. Main effects of temperature (irrespective of age) and age (irrespective of temperature) are shown in Panels (A) and (B), respectively, and unaggregated data (values for each temperature-age combination) are shown in Panels (C-D). Bars show the estimated marginal means, and whiskers indicate the SEM. Pairwise, post-hoc comparisons in panels (A-B) are indicated by letters; columns sharing the same letter are not significantly different from one another.


Irrespective of temperature, antimicrobial activity in both E. coli- and M. luteus-infected mosquitoes increases from 1 to 5 days of age, stabilizes between 5 and 10 days of age, and then marginally decreases as mosquitoes age further to 15 days. That is, in E. coli-infected mosquitoes, the antimicrobial activity of hemolymph increases 16% between 1- and 5-days-old, but then decreases by 7% between 5- and 10-days-old and by 25% between 10- and 15-days-old (Figure 17B). In M. luteus-infected mosquitoes, the antimicrobial activity of hemolymph increases 38% between 1- and 5-days-old and by 20% between 5- and 10-days-old, but then decreases by 6% between 10- and 15-days-old (Figure 18B).  Overall, age accounts for 5% and 25% of the variation in E. coli- and M. luteus-infected mosquitoes, respectively (Figures 17E and 18E).
For both E. coli- and M. luteus-infected mosquitoes, the strength of the antimicrobial activity correlates with the presence of infection, but not pathogen load. That is, irrespective of age or temperature, antimicrobial activity in infected mosquitoes was not meaningfully shaped by the initial infectious dose of bacteria (Figure 19). 
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[bookmark: _Toc206947160][bookmark: _Toc207290751]Figure 19. The initial dose of bacteria used to infect mosquitoes does not meaningfully affect antimicrobial activity. 
(A) Correlation between E. coli infectious dose and antimicrobial activity. (B) Correlation between M. luteus infectious dose and antimicrobial activity. Data were analyzed using Spearman’s rank correlation. Gray shading indicates 95% confidence intervals.


In summary, antimicrobial activity in infected mosquitoes decreases at the highest temperature of 32°C and increases after 1 day of age, stabilizing with further aging. Therefore, antimicrobial activity strengthens with infection and aging, but the ability to respond to infection weakens at higher temperature. 


[bookmark: _Toc207279294]In E. coli-infected mosquitoes, higher temperature causes an aging-dependent decline in antimicrobial activity
Given that higher temperature and aging individually shape antimicrobial activity in infected mosquitoes, we next investigated whether the effects of temperature are modified by aging, and vice versa. We discovered that when mosquitoes are infected with E. coli, temperature and age significantly interact, with higher temperature causing an aging-dependent decline in antimicrobial activity (χ² (2) = 11.0, p = 0.004; Figures 17C-D). 
There are two ways to visualize the interaction between temperature and aging in E. coli-infected mosquitoes. First, aging has effects that depend on the temperature (Figures 17C-D). At 27°C, antimicrobial activity increases linearly with aging, whereas at 30°C, antimicrobial activity increases between 1 and 5 days of age and then decreases with further aging. At 32°C, antimicrobial activity is highest in 1-day-old mosquitoes and progressively decreases with aging. In other words, the age of maximum antimicrobial activity occurs earlier in the mosquito’s life when the temperature is warmer, shifting from 15-days-old at 27°C, to 5-days-old at 30°C, and to 1-day-old at 32°C. Importantly, at the highest temperature of 32°C, antimicrobial activity in 1-day-old mosquitoes is 19% and 39% lower than the antimicrobial activity of same-aged mosquitoes reared at 27°C and 30°C, respectively. This means that not only does the age of maximum activity occur earlier in the mosquito’s life when the temperature is warmer, thereby accelerating an aging-dependent weakening, but antimicrobial activity is lower when the temperature is warmer. 
Second, temperature has effects that depend on aging (Figures 17C-D). When E. coli-infected mosquitoes are 1, 5, or 10 days old, antimicrobial activity is highest at 30°C and lowest at 32°C. However, at 15 days of age, antimicrobial activity is highest at 27°C and is markedly lower at 30°C and 32°C. Therefore, antimicrobial activity is highest at 30°C except at the oldest age, when the maximum antimicrobial activity shifts to 27°C. Overall, the interaction of higher temperature and aging on antimicrobial activity in E. coli-infected mosquitoes accounts for 11% of the variation (Figure 17E).
When mosquitoes are infected with M. luteus, however, the interaction between temperature and aging does not meaningfully shape antimicrobial activity (χ² (2) = 1.3, p = 0.512; Figures 18C-D; Appendix B:File S5). This indicates that, for M. luteus-infected mosquitoes, the effects of temperature are not modified by aging or vice versa. 
In summary, when mosquitoes are infected with E. coli (but not M. luteus), antimicrobial activity is shaped by the interaction between temperature and aging. More specifically, higher temperature accelerates immune senescence, weakening the antimicrobial response.


[bookmark: _Toc207279295]Discussion


The robustness of the mosquito’s immune response depends on many factors. Here, we show that higher temperature and aging, individually and interactively, shape the mosquito’s humoral immune response to infection (Figure 20). We found that antimicrobial activity in infected mosquitoes decreases at the highest temperature of 32°C and increases beyond 1 day of age, stabilizing with further aging. Importantly, we discovered that higher temperature causes an aging-dependent weakening of antimicrobial activity when mosquitoes are infected with E. coli, dampening their ability to fight an infection. 
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[bookmark: _Toc206947161][bookmark: _Toc207290752]Figure 20. Summary of the effects of higher temperature, aging, and their interaction on the antimicrobial humoral immune response. 


The highest temperature of 32°C weakens antimicrobial activity in infected mosquitoes. Similarly, the strength of melanization decreases when the temperature warms [66, 207]. This agrees with other costs associated with high temperature. That is, temperatures above the insect’s thermal optimum exert costly physiological stress, and thermodynamic conditions constrain organismal growth and fitness [147, 212]. High temperature also increases insect metabolism, alters endocrine and nervous system regulation, and increases oxidative stress and desiccation risk [70, 85]. Therefore, high temperatures are costly; there are fewer resources available to respond to infection, and the effectors that are produced may function suboptimally.
[bookmark: _Hlk165814726]Antimicrobial activity increases as infected mosquitoes age from 1 to 5 days old and then stabilizes with further aging. This increase in antimicrobial activity with aging is supported by an expansion of the types of AMPs expressed and an increase in their expression with aging [120, 213]. Although at first glance this may indicate a more robust immune response, greater AMP expression in aging flies results in neurodegeneration, cytotoxicity and apoptosis, and shorter lifespans, serving as a hallmark of senescence [122, 214, 215]. Thus, an aging-associated increase or stabilization in antimicrobial activity may aid in the fight against infection, but it is associated with other costs of aging. 
In uninfected mosquitoes, antimicrobial activity marginally increases with aging, whereas in infected mosquitoes, antimicrobial activity marginally decreases as mosquitoes age from 10 to 15 days. In aging flies, the fat body, where AMPs are primarily produced [216], undergoes the loss of structural component lamin-B, which results in increased secretion of peptidoglycan recognition proteins (PGRPs), increased IMD pathway signaling, and cytotoxicity [214, 217]. Given that the fat body regulates nutrient sensing and metabolism in flies [218, 219], and the body composition of mosquitoes is shaped by aging [26], we suspect that the beginning decline of antimicrobial activity at 15 days of age is likely driven by aging-dependent dysregulation of the fat body. 
Importantly, we discovered that higher temperature and aging interact to shape antimicrobial activity, with higher temperature causing an aging-dependent weakening of antimicrobial activity in E. coli-infected mosquitoes. High temperature accelerates the aging-dependent decline in both body condition and the melanization immune response, altering mosquito survival and increasing infection intensity in A. gambiae [26, 72, 207]. The present study addresses humoral immunity more broadly, measuring the additive activity of antimicrobial effectors that synergistically kill pathogens, rather than a single effector molecule or pathway. It is likely that higher temperature and aging upregulate some effectors while downregulating others [66], and the relative importance of each effector may depend on the type of infection, the temperature, or the age [208, 220]. In addition, gene expression levels may not directly correlate with effector protein abundance, and protein abundance may not directly correlate with antimicrobial activity [221]. Regardless, the overall effect is a temperature-dependent acceleration of immunosenescence, with this weakening resulting from the deterioration of a suite of humoral immune factors that typically work together to fight infection.
Here, we used live bacteria to measure the outcome of infection at increasing temperatures and ages, like how infection would occur in a natural setting. Unsurprisingly, infection increased the antimicrobial activity in the hemolymph. Similar to our findings, infection with E. coli, M. luteus, Enterobacter sp., and Staphylococcus aureus also increases the antimicrobial activity in the hemolymph [115, 208]. While we found that E. coli- and M. luteus-infection resulted in similar levels of antimicrobial activity and were both individually shaped by temperature and aging, higher temperature caused an aging-dependent weakening of antimicrobial activity after E. coli-infection but not M. luteus-infection. However, the warming based acceleration of senescence of melanization is more pronounced in mosquitoes infected with M. luteus than with E. coli [207]. The activation of different immune pathways by different types of pathogens may explain these differences [156, 157, 188, 222]. 
In conclusion, our study demonstrates that higher temperature weakens antimicrobial activity in response to infection. Importantly, when mosquitoes are infected with E. coli, higher temperature uncouples chronological aging from physiological aging by accelerating senescence (Figure 20). Future studies must continue to holistically evaluate how multiple abiotic and biotic stressors—such as higher temperature and aging—interact to impact infection outcomes. This is increasingly important because mosquitoes, along with other poikilothermic and ectothermic insects, face rising global temperatures, which may alter their ability to transmit diseases, serve as pollinators, or populate different geographic regions.  
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Introduction


Most insects are ectotherms and poikilotherms; they do not use metabolism to regulate their body temperature, and their body temperature fluctuates with the temperature of the environment. As the planet becomes warmer, the body temperature of insects is increasing, which is affecting physiology. At the organismal level, warmer temperature accelerates development, increases metabolism, and alters body composition, but it also reduces body size, decreases fecundity, weakens immunity, and lowers survival [26, 48-50, 61-63, 66, 67, 72, 74, 80, 81, 207, 223]. This is reflected at the transcriptomic level, where changes in temperature modify the expression of genes involved in metabolism, detoxification, and immunity [34, 153, 163]. Given that mosquitoes transmit disease-causing pathogens, continued temperature-dependent changes in mosquito physiology and survival will have profound consequences on the global burden of disease [67, 75, 78, 79].
Aging is another factor that affects physiology. As mosquitoes age, their body deteriorates via a process called senescence [94, 95, 131]. At the organismal level, aging weakens body composition, decreases reproduction, reduces immune prowess, and lowers survival [26, 52, 53, 116, 117, 130, 132-134, 165, 224]. This is reflected at the transcriptomic level, where aging increases the expression of genes involved in detoxification while decreasing the expression of genes involved in metabolism, autophagy, salivary gland protein production, and the maintenance of cuticular structure [124, 225-227]. Moreover, aging modulates the expression of pathogen recognition molecules and antimicrobial effectors [115, 124, 228, 229]. Although mosquitoes must outlive the extrinsic incubation period of blood-borne pathogens for disease transmission to occur, as mosquitoes get older, their ability to transmit pathogens diminishes [130, 131].
Warmer temperature and aging interact to shape mosquito physiology. Specifically, warmer temperature accelerates the aging-dependent decline in survival [72]. Moreover, warmer temperature also quickens the aging-dependent weakening of the mosquito’s body composition and the ability to both reproduce and respond to an infection [26, 72, 207, 230, 231]. We hypothesize that the warming-based acceleration of senescence is reflected at the transcriptomic level, and the examination of transcriptomic changes will shed light on additional senescence-based consequences of warming environmental temperatures. 
Here, we elucidate how warmer temperature and aging, individually and interactively, shape the transcriptome of naïve and immune-induced female Anopheles gambiae. Using an RNA-sequencing and network-analysis approach, we demonstrate that immune induction, warmer temperature and aging dramatically alter the transcriptome and that warmer temperature modifies the effects of aging. For example, warmer temperature amplifies the aging-dependent changes in immune gene expression but dampens the aging-dependent changes in metabolism and DNA repair gene expression. These transcriptomic changes explain differences in a mosquito’s ability to respond to infection and survive in its warming environment. 


[bookmark: _Toc207279305]Results


[bookmark: _Toc207279306]Immune induction, warmer temperature, and aging shape the transcriptome
To determine how immune induction, warmer temperature, aging, and the interaction between temperature and age alter gene expression, we reared mosquitoes at 27°C, 30°C or 32°C, and sequenced the transcriptome of naïve and immune-induced mosquitoes at 1-, 5-, 10-, or 15-days post eclosion (Figure 21A). Principal component analysis (PCA) demonstrated that immune induction, temperature, and age all shape the transcriptome (Figure 21B). Mosquitoes clustered by immune treatment, regardless of their rearing temperature or age, which indicates that mounting an immune response induces global transcriptomic changes. Likewise, mosquitoes reared at different temperatures formed separate clusters, irrespective of immune treatment or age, although these clusters were less distinct. Importantly, mosquitoes of different ages clustered separately, irrespective of immune treatment or temperature, with 1-day-old mosquitoes being markedly different from any other age. In summary, immune induction, warmer temperature, and aging individually shape the mosquito transcriptome.
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[bookmark: _Toc206947162][bookmark: _Toc207290753]Figure 21. Immune treatment, temperature, and adult age shape the mosquito’s transcriptome. 
(A) Experimental overview to assess the individual and interactive effects of warmer temperature (27°C, 30°C, or 32°C) and aging (1, 5, 10, or 15 days) on the transcriptome of naïve and immune-induced Anopheles gambiae mosquitoes. (B) Principal component analysis across all samples, color-coded by immune treatment (left panel), temperature (middle panel), or age (right panel).


[bookmark: _Toc207279307]Distinct functional categories of the transcriptome are affected by immune induction, warmer temperature, and aging
To identify broad patterns in the transcriptome, we performed iterative weighted gene co-expression network analysis (iterative WGCNA [232]) across all samples to identify genes that have expression patterns that correlate with each trait: immune induction, temperature or age. We identified 22 modules of similarly co-expressed genes (numbered 1-22), which further clustered into 6 larger interconnected metamodules (lettered A through F) (Figure 22A). 
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[bookmark: _Toc206947163][bookmark: _Toc207290754]Figure 22. Immune treatment, temperature, and age have unique effects on different functional parts of the mosquito’s transcriptome. 
(A) Diagram illustrating the outcome of iterative weighted gene co-expression network analysis (iWGCNA), which identified 22 modules of interconnected genes (1-22) that further clustered into 6 metamodules (A-F). Lines between modules indicate interconnectivity and the thicker lines indicate a stronger connectivity. (B) Heatmap of trait-correlation analysis illustrating the correlation between each module and each trait (e.g. temperature) at each level of the trait (e.g. 27°C, 30°C, or 32°C). Naïve and immune-induced levels of the immune status trait are abbreviated as Nv and Im, respectively. Each box depicts the correlation value on the first line and its p-value on the second line. Positive correlations are red and negative correlations are blue, with stronger correlations having more intense colors. Modules were arranged using unsupervised hierarchical clustering based on Euclidian distances, with shorter distances indicating more similar expression patterns. (C-E) Over-representation analysis of Module 22 (C), Module 16 (D), and Module 19 (E), where gene ratio (enrichment) is on the horizontal axis and gene ontology (GO) term is on the vertical axis. Dot size indicates the number of genes enriched within each category and dot color indicates the p-value (adjusted p<0.05). 


We then determined how genes in each module correlate with each level within a trait by performing a module-trait-correlation analysis (Figure 22B). A strong correlation indicates how, for a trait (e.g., temperature), gene expression is shaped by each level within the trait (e.g., 27°C, 30°C or 32°C); this correlation can either be positive (a general increase in expression of genes in the module) or negative (a general decrease in expression of genes in the module). We plotted the trait-correlations on a heatmap and conducted over-representation analysis (ORA) to identify enriched gene ontology (GO) terms in each module (Figure 22B-E). Most modules were shaped by one trait more than by another (Figure 22B). For example, metamodule F strongly correlates with immune induction, but weakly correlates with temperature or age. Metamodule F is the only metamodule that is composed of one module, and that module, module 22, positively correlates with genes involved in immunity and the negative regulation of endopeptidase activity (Figure 22C). Metamodule D strongly correlates with 32°C and 1-day-old mosquitoes but weakly correlates with immune induction. Within metamodule D, module 16 is enriched for genes involved in cell signaling, molecule transport, and synaptic activity (Figure 22D). Metamodule E strongly correlates with 1-day-old mosquitoes, moderately correlates with immune induction, and weakly correlates with temperature. Within metamodule E, module 19 is enriched for genes involved in metabolism and mitochondrial function and molecule transport (Figure 22E). In summary, 22 modules are uniquely shaped by immune induction, warmer temperature, and aging. 


[bookmark: _Toc207279308]Immune induction upregulates immunity and downregulates metabolism
We next identified the specific genes and biological processes that are shaped by the main effect of immune induction by conducting differential expression (DE) analysis followed by Gene Set Enrichment Analysis (GSEA). Immune induction significantly altered the transcriptome, irrespective of temperature or age. Relative to naïve mosquitoes, immune-induced mosquitoes had 355 differentially expressed genes (DEGs), with 242 genes upregulated and 113 genes downregulated (Table 1). Immune induction upregulated genes involved in immunity and protein processing, but downregulated genes involved in metabolism and mitochondrial function and methylation (DNA replication and repair) (Figure 23). Additionally, immune induction had a bidirectional effect on genes involved in molecule transport and genes involved in translation and RNA processing. For example, Golgi transport (molecule transport) and tRNA aminoacylation (translation and RNA processing) were upregulated, but ion transport (molecule transport) and rRNA processing (translation and RNA processing) were downregulated. 


[bookmark: _Toc205638559][bookmark: _Toc207287658]Table 1. Number of genes and biological processes differentially regulated by immune induction.
	[bookmark: _Hlk200532593]Immune-Induction
(Naïve baseline)

	Differentially Expressed
Genes
(Log2 Fold Change >|1| 
and Adj. p<0.05)
	GSEA
	Functional Categories
	Biological Process 
GO terms

	Total Number
	355
	Total Number
	6
	31

	Upregulated
	242
	
	
	

	Downregulated
	113
	
	
	


Gene Set Enrichment Analysis (GSEA) was performed on differentially expressed genes to identify enrichment for functional categories and the biological process gene ontology (GO) terms within them (illustrated in Figure 23).


[bookmark: _Toc206947164][bookmark: _Toc207290755]Figure 23. Immune induction upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories. 
Diagram illustrates the outcome of Gene Set Enrichment Analysis, where normalized enrichment score (NES) is on the horizontal axis and gene ontology (GO) term is on the vertical axis. Dot sizes indicate the adjusted p-value (p<0.05), and dot colors indicate positive enrichment (red) versus negative enrichment (blue).


The upregulation of immunity genes after immune induction was expected. Less anticipated was the downregulation of genes involved in metabolism, which suggests that there is a trade-off between immunity and metabolism. Indeed, mounting an immune response is energetically costly [233-235]. Life history theory explains that organisms allocate their finite energetic resources toward processes that increase reproductive output and survival [236, 237]. In fruit flies, the activation of encapsulation (an immune response) is linked to a lower metabolic rate [238]. This matches our discovery that immune induction upregulates genes involved in immunity while downregulating genes involved in metabolism.
Interestingly, one metabolic process was enriched after immune induction: chitin catabolism. This may indicate that infection modifies cuticular structure. Alternatively, this may be a consequence of cuticular injury during injection. In summary, when a mosquito mounts an immune response, genes involved in immunity and protein processing are upregulated, whereas genes involved in metabolism are downregulated. 


[bookmark: _Toc207279309]Warmer temperature increases metabolism and cell signaling but decreases DNA repair, translation, and protein processing 
Because naïve and immune-induced mosquitoes differ across the transcriptome, we next separated these two immune treatments and investigated the main effect of temperature by DE analysis followed by GSEA. For temperature, we compared mosquitoes at 27°C to mosquitoes at 32°C, irrespective of age. Warmer temperature (32°C) resulted in 377 DEGs in naïve mosquitoes and 425 DEGs in immune-induced mosquitoes, with approximately half of the genes being upregulated and half being downregulated (Table 2, Figure 24).


[bookmark: _Toc205638560][bookmark: _Toc207287659]Table 2. Number of genes differentially regulated when the temperature is increased from 27°C to 32°C.
	
	Warmer Temperature: 27°C to 32°C 
(27°C baseline)

	
	Differentially Expressed
Genes
(Log2 Fold Change >|1| and Adj. p<0.05)
	GSEA
	Functional Categories
	Biological Process 
GO terms

	Naïve
	Total Number
	377
	Total Number
	10
	39

	
	Upregulated
	186
	
	
	

	
	Downregulated
	191
	
	
	

	Immune-Induced
	Total Number
	425
	Total Number
	12
	63

	
	Upregulated
	224
	
	
	

	
	Downregulated
	201
	
	
	


Gene Set Enrichment Analysis (GSEA) was performed on differentially expressed genes to identify enrichment for functional categories and the biological process gene ontology (GO) terms within them (illustrated in Figure 24).



[bookmark: _Toc206947165][bookmark: _Toc207290756]Figure 24. Increasing the temperature from 27°C to 32°C upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories. 
Diagram illustrates the outcome of Gene Set Enrichment Analysis, where normalized enrichment score (NES) is on the horizontal axis and gene ontology (GO) term is on the vertical axis. Dot sizes indicate the adjusted p-value (p<0.05) and dot colors indicate positive enrichment (red) versus negative enrichment (blue). Left and right gene columns display outcomes in naïve and immune-induced mosquitoes, respectively.


In both naïve and immune-induced mosquitoes, warmer temperature upregulated genes involved in cell adhesion, cell signaling, synaptic activity and metabolism and mitochondrial processes. The warming-based increase in metabolism is likely due to the metabolic rate being faster when the temperature is warmer [239, 240]. 
In both naïve and immune-induced mosquitoes, warmer temperature downregulated genes involved in the cell cycle, DNA replication and repair, maturation of LSU-rRNA (miscellaneous), protein processing, and translation and RNA processing. This suggests that 32°C disrupts essential processes like cell division and genome maintenance, and this is tied to the warming-based increase in the production of reactive oxygen species, which damages DNA and inhibits its repair [61, 241-251]. 
In both naïve and immune-induced mosquitoes, warmer temperature had a bidirectional effect on genes involved in molecule transport. For example, warmer temperature upregulated ion transport genes but downregulated genes involved in protein import into the nucleus. 
The effect of warmer temperature was mostly similar between naïve and immune-induced mosquitoes, but warmer temperature caused more DEGs and more enriched functional categories (with more GO terms per category) in immune-induced mosquitoes than in naïve mosquitoes (Table 2). Also, unique to immune-induced mosquitoes was that warmer temperature upregulated genes involved in sensory perception and chitin metabolism (metabolism and mitochondrial function) but downregulated genes involved in transcription.


[bookmark: _Toc207279310]Aging decreases metabolism but increases DNA replication and repair, transcription, and translation
We next assessed how overall aging (from 1 to 15 days) shapes the transcriptome of naïve and immune-induced mosquitoes, irrespective of temperature. Overall aging resulted in 3085 DEGs in naïve mosquitoes and 3006 DEGs in immune-induced mosquitoes, with about one-third of the genes being upregulated and two-thirds being downregulated (Table 3, Figure 25). Based on the number of DEGs, overall aging has a much larger effect on gene expression than warmer temperature or immune induction.






[bookmark: _Toc205638561][bookmark: _Toc207287660]Table 3. Number of genes differentially regulated during overall aging (1 to 15 days), early aging (1 to 5 days), and late aging (10 to 15 days) in naïve and immune-induced mosquitoes.
	Age
	 Differentially Expressed Genes
(Log2 Fold Change >|1| 
and Adj. p<0.05)
	GSEA
	Functional Categories
	Biological Process 
GO terms

	Overall Aging:
1 day to 15 days

(1 day is baseline)
	Naïve
	Total Number
	3085
	Total Number
	12
	61

	
	
	Upregulated
	1172
	
	
	

	
	
	Downregulated
	1913
	
	
	

	
	Immune-Induced
	Total Number
	3006
	Total Number
	11
	56

	
	
	Upregulated
	1063
	
	
	

	
	
	Downregulated
	1943
	
	
	

	Early Aging:
1 day to 5 days

(1 day is baseline)
	Naïve
	Total Number
	2529
	Total Number
	12
	68

	
	
	Upregulated
	953
	
	
	

	
	
	Downregulated
	2529
	
	
	

	
	Immune-Induced
	Total Number
	2476
	Total Number
	12
	65

	
	
	Upregulated
	880
	
	
	

	
	
	Downregulated
	1596
	
	
	

	Late Aging:
10 days to 15 days

(10 days is baseline)
	Naïve
	Total Number
	133
	Total Number
	10
	45

	
	
	Upregulated
	67
	
	
	

	
	
	Downregulated
	66
	
	
	

	
	Immune-Induced
	Total Number
	80
	Total Number
	10
	41

	
	
	Upregulated
	34
	
	
	

	
	
	Downregulated
	46
	
	
	


Gene Set Enrichment Analysis (GSEA) was performed on differentially expressed genes to identify enrichment for functional categories and the biological process gene ontology (GO) terms within them (illustrated in Figure 25).


[bookmark: _Toc206947166][bookmark: _Toc207290757]Figure 25. Aging from 1 to 15 days upregulates, downregulates or has a bidirectional effect on the expression of genes in distinct functional categories. 
Diagram illustrates the outcome of Gene Set Enrichment Analysis, where normalized enrichment score (NES) is on the horizontal axis and gene ontology (GO) term is on the vertical axis. Dot sizes indicate the adjusted p-value (p<0.05), and dot colors indicate positive enrichment (red) versus negative enrichment (blue). Left and right gene columns display outcomes in naïve and immune-induced mosquitoes, respectively. 


In both naïve and immune-induced mosquitoes, overall aging upregulated genes involved in the cell cycle, DNA replication and repair, transcription, and translation and RNA processing. This upregulation of DNA repair is tied to the accumulation of aging-based damage that occurs in dipteran insects [246-251], and the aging-based decrease in the efficiency of DNA repair that causes genomic instability, telomere and mitochondrial dysfunction, stalling of replication and transcription, impaired protein folding, and cell death [252-255]. Together, the increase in DNA damage and the inefficiency of repair likely necessitates the upregulation of genes involved in DNA repair.
In both naïve and immune-induced mosquitoes, overall aging downregulated genes involved in cell adhesion, metabolism and mitochondrial function, sensory perception of smell (sensory perception), and synaptic activity. The downregulation of metabolic genes reflects the reduced metabolic rate that is a characteristic of senescence [256-259]. Additionally, overall aging downregulated genes involved in tissue development, organ morphogenesis, and extracellular matrix organization (miscellaneous). This is likely because 1-day-old mosquitoes express the genes needed to complete the body reorganization that occurs during hematophagic and gonotrophic capacitation immediately after eclosion [23-27]. 
In both naïve and immune-induced mosquitoes, overall aging had a bidirectional effect on genes involved in molecule transport and protein processing. Specifically, genes involved in protein import into the nucleus (molecule transport), intracellular protein transport (molecule transport), protein folding (protein processing) and de-ubiquitination (protein processing) were upregulated, whereas genes involved in ion transport (molecule transport) and proteolysis (protein processing) were downregulated. 
The effect of overall aging was largely similar between naïve and immune-induced mosquitoes. However, in naïve mosquitoes, but not in immune-induced mosquitoes, aging downregulated cell signaling and digestion (miscellaneous). 


[bookmark: _Toc207279311]Early and late aging have opposing effects on many biological processes, but both decrease metabolism
Because 1-day-old mosquitoes cluster very differently from all other ages (Figure 21), we evaluated the effect of aging in naïve and immune-induced mosquitoes, stratified by early aging (from 1 to 5 days) and late aging (from 10 to 15 days). Most changes in gene expression occurred during early aging, regardless of immune treatment or temperature (Table 3, Figure 26). Specifically, early aging resulted in 2529 DEGs in naïve mosquitoes and 2476 DEGs in immune-induced mosquitoes, with about one-third of the DEGs being upregulated and two-thirds being downregulated. Late aging resulted in 133 DEGs in naïve mosquitoes and 80 DEGs in immune-induced mosquitoes, with approximately half of the DEGs being upregulated and half being downregulated. 

[bookmark: _Toc206947167][bookmark: _Toc207290758]Figure 26. Early aging (1 to 5 days) and late aging (10 to 15 days) have different effects on the regulation of the expression of genes in distinct functional categories. 
Diagram illustrates the outcome of Gene Set Enrichment Analysis, where normalized enrichment score (NES) is on the horizontal axis and gene ontology (GO) term is on the vertical axis. Dot sizes indicate the adjusted p-value (p<0.05) and dot colors indicate positive enrichment (red) versus negative enrichment (blue). Columns display outcomes in naïve (left) and immune-induced (right) mosquitoes, with each column split into early aging and late aging.


In both naïve and immune-induced mosquitoes, early and late aging had opposing effects on many biological processes. Early aging upregulated genes involved in the cell cycle, DNA replication and repair, and translation and RNA processing, but these same processes were downregulated during late aging. In contrast, early aging downregulated genes involved in cell signaling, synaptic activity, and the sensory perception of smell (sensory perception), but these processes were upregulated during late aging. Moreover, early and late aging altered different processes involved in molecule transport.
In naïve and immune-induced mosquitoes, both early and late aging downregulated genes involved in metabolic processes (Figure 26), which matches the decline in metabolism observed with overall aging (Figure 25). Additionally, both early and late aging had a bidirectional effect on genes involved in protein processing. Specifically, early aging upregulated protein folding and modification but downregulated proteolysis. Late aging upregulated protein catabolism but downregulated peptide catabolism. 
Finally, early aging caused not just more DEGs but also enriched for more biological processes than late aging (Table 3). Unique to early aging was that genes involved in transcription were upregulated, but genes involved in chitin metabolism (metabolism and mitochondrial function) were downregulated. In summary, early and late aging enrich for different biological processes. However, both early and late aging downregulate metabolism, which corresponds to the decline in metabolism that occurs with overall aging.


[bookmark: _Toc207279312]The interaction between warmer temperature and aging shapes the transcriptome
Because warmer temperature and aging interact to deteriorate body condition, decrease survival, and weaken reproduction and immunity [26, 68, 72, 207, 230, 231], we next queried whether these two traits interact to shape the transcriptome using differential expression comparisons. We uncovered that warmer temperature interacts with aging to alter the transcriptome of both naïve and immune-induced mosquitoes (Figure 27A). This interaction resulted in 5362 DEGs in naïve mosquitoes and 5246 DEGs in immune-induced mosquitoes. Of these DEGs, 794 genes were unique to naïve mosquitoes, 678 genes were unique to immune-induced mosquitoes, and 4568 DEGs were shared. 


[bookmark: _Toc206947168][bookmark: _Toc207290759]Figure 27. The interaction between warmer temperature and aging shapes biological processes within the mosquito. 
(A) Venn diagram illustrating the number of differentially expressed genes (DEGs) affected by the interaction between temperature and age in naïve and immune-induced mosquitoes. (B-C) Heatmaps illustrating mRNA abundance of genes grouped by k-means clustering in naïve (B) and immune-induced (C) mosquitoes, including the enriched functional categories in each cluster. Interaction-based DEGs were grouped by expression pattern similarity into 10 clusters. Z-scores indicate mRNA abundance scaled across samples, and color indicates abundance: higher is red whereas lower is blue. More intense colors depict larger absolute value of the z-score.


We next characterized how the interaction between temperature and age affects different biological processes by k-means clustering followed by GO enrichment (Figure 27B-C). Notably, in naïve mosquitoes, aging downregulated genes involved in metabolism and mitochondrial function, and when the temperature was warmer, the aging-dependent downregulation occurred earlier in life (k-means cluster n-10) (Figure 27B). Also, aging upregulated genes involved in the cell cycle, DNA replication and repair, and translation and RNA processing, but this aging-dependent upregulation was smaller when the temperature was warmer (k-means cluster n-5) (Figure 27B).In immune-induced mosquitoes, aging downregulated genes involved in immunity, metabolism and mitochondrial function, and protein processing, and when the temperature was warmer, the aging-dependent downregulation occurred earlier in life (k-means cluster i-9) (Figure 27C). In summary, warmer temperature and aging interact to shape the transcriptome. 


[bookmark: _Toc207279313]Warmer temperature amplifies the aging-dependent decrease in immunity
Many genes are affected by the interaction between warmer temperature and aging (Appendix C: Files S1-S3). Here, we expand on a few genes that are key in the immune response to infection (Figure 28, Appendix C: Table S1).



[bookmark: _Toc206947169][bookmark: _Toc207290760]Figure 28. Warmer temperature modifies the aging-dependent changes in immune gene expression. 
(A-H) Variance stabilized transformation (VST) of mRNA abundance illustrating the expression of immune genes in naïve and immune-induced mosquitoes. Box plots display the minimum and maximum, inner quartile range (box), median (horizontal line in box), and outliers (circles). Box plot color depicts rearing temperature. The same information is presented in tabular format in Appendix C: Table S1.


Complement-like thioester-containing proteins (TEPs) are pattern recognition receptors that positively regulate phagocytosis, melanization, and the infection-induced aggregation of hemocytes on the heart [168, 260-265]. In both naïve and immune-induced mosquitoes, TEP1 and TEP4 expression in 1-day-old mosquitoes was similar for all temperatures. In naïve mosquitoes, TEP1 expression remained constant with aging except at 32°C, where it markedly decreased, but TEP4 expression increased with aging except at 32°C, where expression remained constant. In immune-induced mosquitoes, TEP1 and TEP4 expression decreased with aging, and this decrease was amplified at 32°C (Figure 28A-B). 
The Janus kinase-signal transducer and activator of transcription (JAK-STAT) and the c-Jun N-terminal kinase (JNK) pathways are important for the antibacterial, antiplasmodial, and antiviral responses [266-272]. In both naïve and immune-induced mosquitoes, warmer temperature and aging increased the expression of the JAK-STAT ligand, Unpaired (UPD3A), and the JNK transcription factor, c-Jun N-terminal kinase (JNK3) (Figure 28C-D). Importantly, the effects of age depended on the temperature: the aging-dependent increase in expression was much greater when the temperature was warmer. 
Nitric oxide is an antimicrobial and signaling molecule that is produced by nitric oxide synthase (NOS). In naïve mosquitoes, the general pattern was that NOS expression increased with aging in a manner that was the same for all temperatures, except at 15-days-old, where 32°C caused a disproportionate increase in NOS mRNA abundance (Figure 28E). In immune-induced mosquitoes, NOS expression in 1-day-old mosquitoes was the same for all temperatures, but beyond this age, 32°C accelerated the aging-dependent increase in NOS expression. Another lytic factor is the antimicrobial peptide, Defensin 1 (DEF1). In naïve mosquitoes, DEF1 expression marginally increased with aging at 27°C and 30°C but decreased with aging at 32°C (Figure 28F). In immune-induced mosquitoes, warmer temperature and aging decreased DEF1 expression, and the aging-dependent decrease occurred faster at 32°C.
Melanization is an effector response against bacteria, parasites, and fungi [17, 159, 273, 274]. The pro-phenoloxidase, PPO6, is a positive driver of melanization, and the CLIP-domain serine protease, CLIPA5, is a negative regulator of this process. In both naïve and immune-induced mosquitoes, warmer temperature and aging decreased PPO6 expression, and the aging-dependent decrease occurred faster when the temperature was warmer (Figure 28G). In both naïve and immune-induced mosquitoes, aging from 1 to 5 days sharply decreased CLIPA5 expression, whereas aging from 5 to 15 days slightly increased expression, irrespective of temperature (Figure 28H). In both naïve and immune-induced mosquitoes, warmer temperature did not affect the expression of CLIPA5 at most ages. However, at 10-days-old, the expression of CLIPA5 was lowest at 32°C. These gene expression changes explain our phenotypic observation that the aging-based reduction of melanization is faster when the temperature is warmer [207].


[bookmark: _Toc207279314]Warmer temperature dampens the aging-dependent decrease in metabolism and the aging-dependent increase in DNA repair 
Many metabolic and DNA repair genes are also affected by the interaction between temperature and age (S1-S3 Files). Here, we expand on a few genes involved in metabolism and DNA repair (Figure 29, Appendix C: Table S2).



[bookmark: _Toc206947170][bookmark: _Toc207290761]Figure 29. Warmer temperature modifies the aging-dependent changes in the expression of genes involved in metabolism and DNA repair. 
(A-H) Variance stabilized transformation (VST) of mRNA abundance illustrating the expression of genes involved in metabolism and DNA repair in naïve and immune-induced mosquitoes. Box plots display the minimum and maximum, inner quartile range (box), median (horizontal line in box), and outliers (circles). Box plot color depicts rearing temperature. The same information is presented in tabular format in Appendix C: Table S2.


The electron transport chain, glycolysis, and the citric acid cycle generate cellular energy in the form of ATP. NADH dehydrogenase is part of complex I in the electron transport chain and transfers electrons from NADH to coenzyme Q [275, 276]. Aging decreased the expression of NADH dehydrogenase, but warmer temperature increased expression (Figure 29A). However, in 1-day-old mosquitoes, the warming-based increase did not occur, and instead, NADH dehydrogenase expression was the same at all temperatures.
ATP-dependent 6-phosphofructokinase (PFK) regulates glycolysis. Aging, especially between 1 and 5 days, decreased PFK expression, and warmer temperature caused a small increase (Figure 29B). However, in 15-day-old mosquitoes, the warming-based increase in PFK expression was amplified at 32°C. 
Pyruvate dehydrogenase phosphatase regulates the complex that converts pyruvate into acetyl-CoA, which then enters the citric acid cycle. Later, isocitrate dehydrogenase (NAD+) catalyzes the rate-limiting step to produce NADH [277]. Aging decreased the expression of both genes whereas warmer temperature generally increased expression (Figure 29C-D). The exception to this pattern was 1-day-old mosquitoes, where 32°C decreased expression. 
The ability to repair DNA is critical for survival [254]. DNA repair enzymes and proteins maintain chromosomal stability and facilitate mismatch repair, homologous recombination, and alternative-non-homologous end joining [278-280]. Aging from 1 to 5 days increased the expression of DNA helicase MCM8 and DNA ligase 1, but further aging stabilized the expression. Expression of MCM8 and DNA ligase 1 in 1-day-old mosquitoes was similar for all temperatures, but with aging, expression of these genes was lower when the temperature was warmer (Figure 29E-F). A similar phenomenon was observed for the DNA repair genes RAD62 and MSH4 (Figure 29G-H).
In summary, expression of metabolic genes decreases with aging, but warmer temperature dampens the aging-based decrease. Conversely, expression of DNA repair genes increases with aging, but warmer temperature dampens the aging-based increase.


[bookmark: _Toc207279315]Discussion


Using an RNA-sequencing and network analysis approach, we demonstrate that the transcriptome of mosquitoes is individually and interactively shaped by environmental temperature and aging: warmer temperature modifies the aging-dependent changes in the transcriptome of both naïve and immune-induced mosquitoes (Figure 30). 



[bookmark: _Toc206947171][bookmark: _Toc207290762]Figure 30. Warmer temperature modifies the aging-dependent changes in the mosquito transcriptome. 
Red arrows indicate upregulation, blue arrows indicate downregulation, and black dash indicates no change.


A pronounced discovery was that, regardless of temperature or immune status, aging from 1 to 15 days—and mostly aging from 1 to 5 days—dramatically changes the transcriptome. Aging is known to downregulate the expression of genes involved in metabolism, autophagy, and the maintenance of cuticular structure [124, 225-227]. Moreover, older mosquitoes have a reduced metabolic rate and a weakened immune system, which are hallmarks of senescence in Insecta [250, 257, 281]. Here, we observed that aging downregulates expression of genes involved in metabolism and immunity but upregulates genes involved in DNA repair. For example, aging decreases expression of NADH dehydrogenase (metabolism) and PPO6 (immunity) but increases expression of MCM8 (DNA repair). An aging-based decrease in NADH dehydrogenase mRNA abundance correlates with the aging-based decrease in NADH dehydrogenase protein abundance, and the aging-based decrease in PPO6 mRNA abundance correlates with the aging-based weakening of the melanization immune response [115, 207, 259]. Moreover, the aging-dependent increase in mRNA abundance of MCM8 and other DNA repair genes is likely due to the aging-dependent accumulation of DNA damage, which requires repair to maintain fidelity and chromosomal integrity [252-255]. Importantly, the aging-dependent changes we observed occurred at all temperatures investigated, indicating that aging greatly alters physiology regardless of environmental temperature.
Notably, early and late aging had opposing effects on many genes and biological processes. Most aging-based changes in the transcriptome occurred during early aging, making the transcriptomic profile of 1-day-olds very different from all other ages. For example, the expression of PFK (metabolism) was much higher in 1-day-olds than in any other age. This and other changes are likely explained by 1-day-olds having a higher metabolic rate while carrying out tissue remodeling and developmental processes over the first 3 days of adulthood that result in sexual maturity [23-27, 32, 44]. Moreover, this marked difference with early aging matches findings in Aedes aegypti and Aedes albopictus, where 1-day-old mosquitoes have a much higher expression of genes involved in calcium binding and maintenance of cuticular structure, but a much lower expression of genes involved in cell division compared to older mosquitoes [282].
Environmental temperature also modifies the transcriptome. Warmer temperature quickens metabolism, weakens immunity, and lowers survival [34, 48-50, 61, 62, 66, 72, 81, 153, 163, 207]. Here, we observed that warmer temperature upregulates processes like metabolism and cell signaling but downregulates processes like DNA repair and protein processing. For example, warmer temperature upregulates the expression of NADH dehydrogenase (metabolism) but downregulates the expression of PPO6 (immunity) and MCM8 (DNA repair). Similar changes in gene expression with warmer temperature have also been observed in Aedes aegypti and Anopheles stephensi, with warmer temperature having a global effect on the mosquito transcriptome [34, 153, 163]. Importantly, the temperature-dependent transcriptomic changes we observed occurred even as the mosquito aged, demonstrating that warmer temperature alters biological processes regardless of age. 
We discovered that warmer environmental temperature modifies the effects of aging on the transcriptome. Warmer temperature accelerates senescence in mosquitoes, weakening body condition, reproduction and immunity, and reducing survival [26, 68, 72, 207, 230, 231]. In D. melanogaster, C. elegans, and even humans, warmer environmental temperature reduces longevity, likely accelerating the onset of senescence [72, 144, 223, 283-285]. Here, we observed that warmer temperature and aging interact to shape the expression of over 6000 genes, broadly altering immunity, metabolism and mitochondrial function, the cell cycle, protein processing, sensory perception, DNA replication and repair, and other processes. For example, warmer temperature amplifies the aging-dependent decrease in the expression of PPO6 (immunity), weakening the melanization immune response. Additionally, warmer temperature dampens the aging-dependent decrease in the expression of metabolic genes that generate ATP through the electron transport chain, glycolysis, and the citric acid cycle. This is likely because mosquitoes have an overall faster metabolic rate when the temperature is warmer [67, 85, 223]. Finally, warmer temperature dampens the aging-based increase in the expression of DNA repair genes, and this correlates with warmer temperature inhibiting DNA repair [61, 241-245, 286]. 
In summary, warmer temperature and aging individually alter the transcriptome, and importantly, warmer temperature modifies the aging-dependent changes. In both naïve and immune-induced mosquitoes, warmer temperature amplifies the aging-dependent decrease in immunity but dampens both the aging-dependent decrease in metabolism and the aging-dependent increase in DNA repair. Altogether, warmer temperature accelerates senescence, dramatically shaping the transcriptome of mosquitoes in ways that reflect changes in their ability to respond to infection and survive in our warming world.
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[bookmark: _Toc207279317]Mosquito rearing and experimental overview
A colony of Anopheles gambiae (Giles sensu stricto, G3 strain; Diptera: Culicidae) was maintained at the standard rearing temperature of 27°C, 75% relative humidity, and a 12h:12h, light:dark photoperiod, as described [72, 207]. Eggs produced by this colony were transferred to three environmental chambers with similar humidity and light conditions, but kept at three different temperatures: 27°C, 30°C or 32°C. These temperatures were selected because they simulate higher environmental temperatures that mosquitoes may experience in nature as the climate warms [58, 287]. Eggs were hatched in water, larvae were fed koi food mixed with baker’s yeast (2.8:1 koi:yeast ratio), pupae were separated daily, and adults were fed 10% sucrose ad libitum. 
At each temperature, adult females that were 1, 5, 10, or 15 days after emergence were allocated into two immune treatment groups: (i) naïve (not injected), and (ii) immune-induced by injecting heat-killed Escherichia coli. These ages were selected to encompass the physiological changes that occur throughout adulthood [53, 72], and to include ages relevant for parasite development in the mosquito [195]. E. coli was selected as the immune inducer so that the transcriptomic findings could be compared to prior phenotypic studies that assessed how warmer temperature modifies aging [26, 72, 207, 230]. Bacteria were heat-killed to avoid the confounding variable of differing bacterial growth rates at each temperature [288]. Because the transcriptional response to heat-killed bacteria wanes over time [289], we selected a 6 h post immune treatment time point and a dose of OD600 = 2 to maximally capture transcriptomic changes. The choice of timepoint and dose was validated in preliminary RT-qPCR experiments (Appendix C: Figure S1, File S4). 
GFP-expressing and tetracycline-resistant DH5α E. coli were grown overnight in 5 mL of Luria-Bertani (LB) broth in a 37°C shaking incubator (New Brunswick Scientific, Edison, NJ, USA). Prior to injection, bacteria were diluted to OD600 = 2, heat-killed at 95°C for 10 min, and cooled on ice for 5 min. Using LB + tetracycline agar plates, heat-killed bacteria were plated to confirm death, and live bacteria were plated to determine the number of colony forming units (CFUs) that would have been in each injection had they not been heat-killed (~9,300 CFUs per heat-killed injection). For immune induction, 69 nL of heat-killed E. coli were injected into the hemocoel via the thoracic anepisternal cleft using a Nanoject III Programmable Nanoliter Injector (Drummond Scientific Company, Broomall, PA, USA). 
After immune treatment, naïve and immune-induced mosquitoes were returned to their respective temperatures and provided 10% sucrose ad libitum. At 6 h post immune treatment, mosquitoes were briefly anesthetized on ice, groups of 12-15 females were homogenized in 200 µL of TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and samples were stored at -80°C until RNA extraction. 
Five independent biological trials were completed for each temperature-age-immune treatment combination, resulting in 120 samples derived from 1772 mosquitoes. All immune treatments were performed in the morning and all sample collections were performed in the afternoon to avoid possible confounding effects related to circadian rhythms. 


[bookmark: _Toc207279318]RNA extraction, library preparation, and RNA-sequencing
RNA was extracted using the TRIzol-chloroform phase separation protocol per manufacturer’s instructions (Fisher Scientific, Waltham, MA, USA), and resuspended in Buffer RLT (Qiagen, Hilden, Germany) mixed with 1% 2-mercaptoethanol (Fisher Scientific). RNA was then purified using the RNeasy Mini Kit (Qiagen), treated with DNase on the column (Promega, Madison, WI, USA), and eluted in 32 µL of RNase-free water. RNA concentration and integrity was determined using the Agilent 2100 Bioanalyzer and High Sensitivity RNA TapeStation (Agilent Technologies, Santa Clara, CA, USA). 
Library preparation for sequencing was completed using the stranded mRNA NEBNext Poly(A) mRNA library preparation kit with an input of 300 ng of RNA (New England BioLabs, Ipswich, MA, USA). Library quality control was conducted using fluorometric Qubit (Invitrogen) and the 2100 BioAnalyzer. Libraries were sequenced on the Illumina NovaSeq 6000 (paired-end, 150 base pair read) at Vanderbilt University Medical Center’s VANTAGE core facility. The RNAseq data, including raw and normalized gene counts for each sample, and the metadata, including sample information and protocols, were deposited in NCBI’s Gene Expression Omnibus (GEO) database [290], and are accessible through GEO Series accession number GSE284722.


[bookmark: _Toc207279319]RNAseq data processing
Sequencing reads were adapter-trimmed and quality-filtered using Trimgalore v0.6.7 [291]. An alignment reference was generated from the A. gambiae genome (AgamP4.14, VectorBase-66), and trimmed reads were aligned to the genome and counted using Spliced Transcripts Alignment to a Reference (STAR) v2.7.9a with the “–quantMode GeneCounts” parameter [292].
About 20 million uniquely mapped reads were acquired for each sample, resulting in a mapping rate of ~85%, which is above what is considered sufficient sequencing coverage [293]. Sample-level quality control, low count filtering, and normalization to sequencing depth were conducted using the DESeq2 package v1.36.0 [294]. Genes counted fewer than five times in three or more samples were removed [295]. To investigate the similarities and differences between samples, we first performed Principal Component Analysis (PCA) and evaluated how the samples clustered by immune treatment, temperature, and age. Five samples were removed from downstream analyses because PCA deemed that four samples were mislabeled and one sample was a statistical outlier by Cook’s distance [296]. Of the 120 samples, 115 were used in downstream analyses.
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We next conducted iterative weighted gene co-expression network analysis (iterative WGCNA) to (i) identify the biological processes that were most affected by each trait of immune treatment, temperature, and age and (ii) organize the transcriptome into “modules” of genes that may have similar co-expression patterns [232, 297]. To do so, we first identified how genes correlate in a network and performed power analysis of the signed network of correlations using the “beta” power selection for iWGCNA’s soft thresholding to reach scale-free topology [298], resulting in a power of 20 for downstream analysis (Appendix C: File S5). Then, we used module-trait-correlation analysis to identify how each module’s eigengene (the first principal component, akin to a summary measure of the module’s overall activity) correlates with each immune status, each temperature, and each age. We plotted these correlations and their p-values in a heatmap, in which modules with more similar expression patterns are clustered together on the vertical axis (unsupervised hierarchical clustering based on Euclidian distances). We then identified the primary function of genes within a module by over-representation analysis (ORA) with the clusterProfiler v4.2.2 R package [299] that used gene description and gene ontology (GO) terms specific to A. gambiae derived from the Vector Base A. gambiae PEST assembly GO annotations, version 66. 


[bookmark: _Toc207279321]Main effect analysis: Immune induction, warmer temperature, and aging
To identify the individual effects of immune induction, warmer temperature, or aging, we next performed differential gene expression (DE) analysis using DESeq2. Genes were considered differentially expressed when they were 2-fold different (log2 fold change ≥ 1 or ≤ -1) and had Benjamini-Hochberg adjusted p < 0.05 [300]. This threshold captures biologically meaningful changes in gene expression [294]. 
To identify the main effect of immune induction, we conducted a pairwise DE comparison between immune-induced mosquitoes and naïve mosquitoes, irrespective of rearing temperature or age at immune treatment, using naïve mosquitoes as the baseline. For temperature and age, data on naïve and immune-induced mosquitoes were first separated so they could be analyzed independently. To identify the main effect of temperature for each immune treatment, irrespective of age, we conducted a pairwise DE comparison between mosquitoes at the coolest and warmest temperatures (27°C vs. 32°C), using the cooler temperature as the baseline. To identify the main effect of aging for each immune treatment, irrespective of temperature, we conducted three pairwise DE comparisons: overall aging (1 day vs. 15 days), early aging (1 day vs. 5 days) and late aging (10 days vs. 15 days), using the younger age in each comparison as the baseline. 
For each DE comparison, GSEA was performed to identify which biological functions (“Biological Process” GO terms) were enriched, using normalized enrichment scores (NES), where a larger magnitude indicates greater enrichment. A positive NES indicates that genes within the GO term are upregulated, whereas a negative NES indicates that genes within the GO term are downregulated. We next used REVIGO, with Drosophila as the closest reference, to summarize the resulting significant GO terms (log2 fold change ≥ 1 or ≤ -1; adjusted p < 0.05) into common representative terms [301], and parsed them into 12 overarching functional categories: cell adhesion, cell cycle, DNA replication and repair, immunity, metabolism and mitochondrial function, molecule transport, protein processing, transcription, translation and RNA processing, sensory perception, synaptic activity, and miscellaneous.


[bookmark: _Toc207279322]Warmer temperature and aging interaction analysis
To identify the interactive effects of warmer temperature and aging, we separated the data by immune treatment and conducted two separate interactive analyses. For each interactive analysis, we separated each temperature-age combination such that there were 12 different conditions (27°C-1 day, 30°C-5 day, etc.). We conducted all possible pairwise contrasts by DE analysis using DESeq2 (Appendix C: Table S3) to identify DEGs affected by aging at a specific temperature and DEGs affected by temperature at a specific age. If a gene was differentially expressed at 2 ages at a given temperature, or at 2 temperatures at a given age, then the gene was considered significantly affected by an interaction between temperature and age (Appendix C: S1-S3 Files). 
To infer how the interaction between temperature and age shapes physiology, we performed k-means clustering to analyze expression pattern similarities [302]. This analysis grouped the interaction-DEGs into 10 clusters that were each assigned a number as a label. We generated a supervised heatmap of the clustered interaction-DEGs by scaling the mRNA abundance for each gene across all samples to generate a z-score (Appendix C: File S3). Specifically, Z-scores were generated by subtracting the mean mRNA abundance value across all genes from the individual gene mRNA abundance value, then dividing this difference by the standard deviation of expression. GSEA was then conducted for each cluster to identify which biological functions were enriched (Appendix C: File S6). Enriched GO terms were then assigned to the 12 functional categories (as described above for main effect GSEAs) to summarize the interactive effects of warmer temperature and aging on biological function. 
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This chapter is adapted from “Warmer temperature accelerates reproductive senescence in mosquitoes” published in Frontiers in Physiology and has been reproduced with the permission of the publisher and my co-authors, Tania Y. Estévez-Lao, Tobias C. McCabe, and Julián F. Hillyer. 
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A mosquito population can only be maintained if its members reproduce. Most mosquitoes are anautogenous, so they require a blood meal to complete oogenesis and lay eggs [10]. The blood meal provides proteins that are converted into lipids and yolk protein precursors through a process called vitellogenesis, culminating in egg production [10]. The blood meal also provides cholesterol, which is converted into the ecdysteroid, 20-hydroxyecdysone (20E), that together with other hormones, regulates vitellogenesis, oogenesis, and oviposition [32]. Ingesting blood causes major physiological changes in a female mosquito [33-35]. For example, a blood meal increases body temperature [36], alters metabolism and hormone production [32, 37], induces structural and microbial changes in the midgut [38, 39], and modifies immune responses [40-43]. 
The rise in global temperatures is affecting the ability of many organisms to reproduce, but it is having a particularly profound effect on organisms that are unable to regulate their body temperature. Mosquitoes are part of that group; as ectothermic poikilotherms, mosquito body temperature is predicated by the temperature of the environment. Warmer environmental temperature increases body temperature, leading to faster metabolism [61, 62], altered body composition [26], reduced survival [48, 50, 72, 73], and weakened immunity [66-68, 207]. Importantly, warmer temperature reduces reproduction by decreasing egg hatching and fecundity [48, 74, 80, 81]. Indirectly modifying reproduction, mosquitoes that develop at warmer temperatures are smaller [26, 48, 50, 63], which lowers their fecundity and survival [50, 82, 83]. 
In addition to temperature, aging modifies a mosquito’s ability to reproduce. With aging, mosquitoes undergo physiological deterioration through a process called senescence [53, 94, 130]. This includes an aging-related decline in survival, fecundity, and fertility [72, 132-134]. To reproduce, adult females must survive long enough to mate, take a blood meal, digest the blood meal, and complete oogenesis and oviposition. Because older mosquitoes are more likely to die and are less fecund, the age when a blood meal is ingested impacts the reproductive output. 
Warmer temperature can accelerate senescence [26, 68, 72, 207, 230]. For example, warmer temperature accelerates the aging-dependent decline in survival and body composition of sugar fed mosquitoes [26, 72], and warmer temperature accelerates an aging-dependent weakening of immune responses [68, 72, 207, 230]. However, whether warmer temperature modifies the aging-associated changes in blood feeding and reproduction is unknown. This is a critical question because the propensity to blood feed shapes a mosquito population and its ability to transmit disease.
Here, we tested whether warmer temperature accelerates the aging-dependent decline in blood feeding and reproduction in the African malaria mosquito, Anopheles gambiae. We observed that warmer temperature and aging reduce blood feeding, oviposition success, fecundity and fertility, and that mosquitoes are sterile at the warmest temperature of 32°C. Importantly, we discovered that warmer temperature accelerates the senescence of reproduction, quickening the aging-dependent decline in oviposition, fecundity, and fertility.


[bookmark: _Toc207279332]Methods


[bookmark: _Toc207279333]Experimental design: Mosquito rearing and blood feeding
	A laboratory colony of Anopheles gambiae (Giles sensu stricto, G3 strain; Diptera: Culicidae) was maintained at 27°C, with 75% relative humidity and a 12h:12h light:dark photoperiod. Eggs from this colony were hatched in three environmental chambers that were maintained at 75% relative humidity and at 27°C, 30°C or 32°C. Larvae were fed a mixture of koi food and baker’s yeast (2.8:1 ratio) daily. Pupae were separated daily, and upon eclosion, adults were fed 10% sucrose ad libitum. Rearing was done at these three temperatures because they are temperatures that mosquitoes may experience in nature and simulate rising global temperatures [3, 58]. Female and male mosquitoes were maintained together until offered a blood meal.
At each temperature, adult mosquitoes at 3, 5, 10, and 15 days after eclosion were offered a blood meal (Appendix D: Figure S1). These ages were chosen to capture the physiological changes that occur with aging, and because they encompass the timeline for parasite development within A. gambiae [195]. We selected 3 days as the youngest age because anautogenous mosquitoes undergo 3 days of adult maturation prior to being receptive to blood feeding [32, 44], which we confirmed in preliminary experiments. Throughout this manuscript, age refers to the day of adulthood when the mosquito took its blood meal.
For blood feeding, mosquitoes were aspirated into a 16-ounce paper cup with a mesh top, starved for one hour, and offered for 30 min defibrinated sheep blood (Hemostat Laboratories, Dixon, CA, USA) heated to 37°C using a Hemotek membrane feeder (Hemotek Ltd., Blackburn, United Kingdom) with a Parafilm membrane (Amcor, Neenah, WI, USA). At the onset, the experimenter stimulated mosquitoes by breathing into the cup three times. Immediately after blood feeding, mosquitoes were anesthetized on ice, the proportion of mosquitoes that took a blood meal was calculated (see below), and the mosquitoes that blood fed were allocated into cups marked for the different experiments (Appendix D: Figure S1). A subset of mosquitoes from each group were not offered a blood meal and instead were used for pre-blood meal measurements.


[bookmark: _Toc207279334]Blood feeding proportion and blood meal mass
The proportion of female mosquitoes that took a blood meal was calculated by counting the number of non-blood-fed and blood-fed females in a container. For each temperature-age combination, blood feeding success was measured across three to five independent biological trials, with an average of 159 females being offered a blood meal per trial. In total, 9,384 females were offered a blood meal.
Because rearing mosquitoes at the three temperatures has a small effect on adult size [26], relative blood meal mass was calculated by taking the mass of blood-fed mosquitoes and dividing it by the mass of non-blood-fed mosquitoes. Mass was measured by pooling five mosquitoes (either blood-fed or non-blood-fed) in a pre-weighed 1.5 mL microfuge tube, weighing the tube on an analytical balance (Denver Instrument, Inc., Denver, CO, USA), and dividing the mass of the mosquito content by five. For each temperature-age combination, blood meal mass was calculated across three to five biological trials, and each trial had approximately five biological replicates. For each biological trial, the biological replicate values of both blood-fed mosquitoes and non-blood-fed mosquitoes were averaged, and the mean blood-fed value was divided by the mean non-blood-fed value to obtain the relative blood meal size (a ratio) for that biological trial. In total, 578 mass measurements were made, derived from 2,890 female mosquitoes, and this yielded 45 relative blood meal mass values.
The proportion of females that took a blood meal was analyzed using a non-parametric beta regression with a logit link, accounting for temperature, age, and their interaction. The relative blood meal mass was found to be non-normal using the Shapiro-Wilk test, so data were log-transformed to achieve normality. The transformed data were then analyzed using a generalized linear regression with a gaussian distribution and identity link.
For both blood feeding proportion and relative blood meal mass, models were fit using the “glmmTMB” package [303]. Statistical significance of main and interactive effects of temperature and age were assessed using a type-II ANOVA with Kenward-Roger approximation of degrees of freedom using the “lmerTest” package [210]. Sidak-adjusted post-hoc pairwise comparisons were conducted using the “emmeans” and “multcomp” packages [203, 204, 211].


[bookmark: _Toc207279335]Mosquito survival after a bloodmeal
To determine how warmer temperature and aging shape female survival after a blood meal, groups of ~35 blood-fed females were returned to their respective temperatures and provided 10% sucrose daily. Survival was monitored daily until all individuals had died [72]. For each temperature-age combination, survival was assessed in three to five independent biological trials. In total, survival was measured for 1,398 blood-fed females. No water was provided as an oviposition site in this experiment.
Survival was measured as the number of days alive after the blood meal (instead of days alive after eclosion) so that the survival of mosquitoes receiving a blood meal at an older age could be compared to the survival of mosquitoes receiving a blood meal at a younger age. Kaplan-Meier survival curves were created to visualize how temperature and age shape survival after a blood meal. Curves were fit using the “ggsurvfit” and “survminer” packages [304, 305], and the median survival for each temperature-age group was determined. 
To assess the hazard ratio, or the relative risk of dying on any given day, we scaled and centered the temperature and age variables. Then, we applied the Cox proportional hazards model using the “survival” package [306], but residuals indicated that the proportional hazards assumption was violated. Thus, we instead used the “coxphw” package to apply a Cox non-proportional hazards model with weighted estimation [72, 307], also accounting for experimental start date. 


[bookmark: _Toc207279336]Oviposition success, fecundity, fertility, and oviposition-related survival
After a blood meal, we sequentially tracked oviposition success, fecundity, fertility, and oviposition-related survival. For each trial, blood-fed female mosquitoes from each temperature and age combination were individually placed in fly vials (Fisher Scientific, Waltham, MA, USA) with a mesh top. Cotton soaked in 10% sucrose solution was placed on top of each mesh, and the tubes were returned to their respective rearing temperature. Two days later, ~80% of mosquitoes were provided an oviposition site by adding 5 mL of deionized water to the bottom of the tube whereas the other ~20% were not provided an oviposition site. 
For mosquitoes with an oviposition site, we quantified oviposition success (the proportion of mosquitoes that laid any eggs) and fecundity (the number of eggs laid by mosquitoes that laid eggs) by counting under a dissecting microscope (Nikon SMZ645, Nikon, Tokyo, Japan) the number of eggs laid on days 3 and 4 post blood meal. For each tube, the number of eggs laid on day 4 was calculated by counting all the eggs and subtracting the number of eggs counted on day 3.
For the mosquitoes that laid eggs on day 3 post blood meal, we quantified egg hatching success by calculating the percentage of eggs laid on day 3 that hatched on day 4 post blood meal, and fertility by counting the number of larvae on day 4 post blood meal. After counting the eggs and larvae on day 4 post blood meal, the water in the bottom of each tube was removed, leaving a dry tube except for the cotton soaked in 10% sucrose solution at the top of the tube. 
For mosquitoes that had an oviposition site and for those without one, we measured survival beginning 2 days after a blood meal and ending when all mosquitoes had died. We compared the survival of females that were provided an oviposition site to females that were not provided one. We also compared survival of mosquitoes that were provided an oviposition site and laid eggs to mosquitoes that were provided an oviposition site but did not lay eggs. Survival was analyzed as described above. Oviposition, fecundity, fertility and survival outcomes were measured in three to five independent biological trials, each with ~20 mosquitoes. In total, data were collected for 849 blood-fed females. 
Data on the proportion of mosquitoes that laid eggs were analyzed by binomial regression (binomial family with logit link) with a random effect of trial number. Only mosquitoes that survived beyond 2 days post blood meal were included in the analysis, as those that died sooner were inherently unable to lay any eggs. Data on the number of eggs laid by mosquitoes that laid eggs (zeroes were excluded because those mosquitoes were captured in the proportion analysis above) were analyzed using a negative binomial regression (negative binomial family with log link). The percentage of eggs laid each day and the percentage of eggs that hatched were analyzed using a non-parametric Kruskal-Wallis chi-squared test, followed by Dunn’s post-hoc tests. The number of larvae produced by mosquitoes that laid eggs was analyzed using a zero-inflated regression, where the count component (one or more larvae) was fit by a negative binomial regression with a log link and the zero component (zero larvae) was fit by a binomial regression with logit link using the “pscl” package [308]. Statistical significance of main and interactive effects of warmer temperature and aging were assessed using a type-II ANOVA with Kenward-Roger approximation of degrees of freedom and Sidak-adjusted post-hoc pairwise comparisons. 


[bookmark: _Toc207279337]Statistical analysis
All statistical analyses described above were conducted using R Statistical Software, v4.4.1 [199]. Graphs were generated in R and figures were assembled in Adobe Illustrator. Observed means and ANOVA p-values are presented in the main figures. Raw data (Appendix D: File S1), processed data including calculations, estimated marginal means and full statistical analyses (Appendix D: File S2), and R code (Appendix D: File S3) are presented in the supplementary files.


[bookmark: _Toc207279338]Results


[bookmark: _Toc207279339]Warmer temperature reduces blood feeding propensity and blood meal mass, but aging only reduces blood feeding propensity
Because A. gambiae are anautogenous mosquitoes that must acquire a blood meal to complete oogenesis [10], we first asked how warmer temperature, aging, and their interaction alter the proportion of females that ingest a blood meal when one is offered. To do so, we reared mosquitoes at 27°C, 30°C or 32°C, and at each temperature, adult females at 3, 5, 10, and 15 days after eclosion were offered a blood meal (Appendix D: Figure S1).
Warmer temperature reduces the proportion of females that take a blood meal, regardless of age; 81% of mosquitoes took a blood meal at 27°C, whereas only 69% and 41% of mosquitoes took a blood meal at 30°C and 32°C, respectively (Figure 31A). Aging beyond 10 days slightly reduces the proportion of mosquitoes that take a blood meal, regardless of temperature, as seen in the 15% reduction between days 10 and 15 (Figure 31B). Temperature and age do not significantly interact to shape the propensity to blood feed (Figure 31C-E).



[bookmark: _Toc206947172][bookmark: _Toc207290763]Figure 31. Warmer temperature and aging reduce blood feeding propensity. 
(A) Percentage of females reared at each temperature that took a blood meal, irrespective of age. (B) Percentage of females at each age that took a blood meal, irrespective of temperature. (C) Interaction plot showing the average percentage of females that took a blood meal. (D-E) The percentage of females that took a blood meal at each temperature within each age group b or at each age within each temperature group (E). The same measurements are shown in (A–E) but grouped or arranged differently. Main effects of temperature (irrespective of age) and age (irrespective of temperature) are shown in (A) and (B), respectively, and unaggregated data (values for each temperature-age combination) are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual data points. Statistical outcomes of main and interactive effects were determined by a non-parametric beta regression with a logit link with a type-II ANOVA with Kenward–Roger approximation of degrees of freedom and Sidak-adjusted post-hoc multiple comparisons of means. Post-hoc comparisons in (A-B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, * p < 0.05.


Given that warmer temperature and aging shape mosquito body size, dry weight, and body composition in sugar fed mosquitoes [26], we next asked how blood meal mass, relative to the mosquito’s body mass, is shaped by warmer temperature, aging, and their interaction. Warmer temperature reduces the blood meal mass, regardless of age. Relative to mosquitoes at 27°C, the blood meal mass of mosquitoes at 30°C and 32°C was 2.8% and 11.5% smaller, respectively (Figure 32A). Aging, regardless of temperature, does not meaningfully alter the blood meal mass (Figure 32B), and warmer temperature and aging do not interact to shape blood meal mass (Figure 32C-E). In summary, warmer temperature reduces blood feeding propensity and causes mosquitoes to take smaller blood meals, whereas aging only marginally reduces blood feeding propensity.



[bookmark: _Toc206947173][bookmark: _Toc207290764]Figure 32. Warmer temperature, but not aging, reduces the mass of a blood meal.
(A) Relative blood meal mass (mass blood-fed ÷ mass non-blood-fed) of females reared at each temperature, irrespective of age. (B) Relative blood meal mass of females blood-fed at each age, irrespective of temperature. (C) Interaction plot showing the average relative blood meal mass. (D-E) Relative blood meal mass at each temperature within each age group (D) or at each age within each temperature group (E). The same measurements are shown in (A–E) but grouped or arranged differently. In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual data points. Statistical outcomes were determined by a generalized linear regression with a type-II ANOVA with Kenward–Roger approximation of degrees of freedom and Sidak-adjusted post-hoc multiple comparisons of means. Post-hoc comparisons in (A) and (B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, * p < 0.05.


[bookmark: _Toc207279340]Warmer temperature accelerates the aging-dependent decline in survival after a blood meal
The survival of sugar-fed female mosquitoes is lower when the temperature is warmer and when they age [72]. But for a population to be maintained, mosquitoes must take a blood meal and survive long enough to oviposit. Therefore, we measured how temperature and aging shape the survival of blood-fed mosquitoes. 
Warmer temperature reduces median survival, regardless of age. Specifically, the median survival after a blood meal decreased from 10 days at 27°C to 6 days at 32°C (Figure 33A). Each 1°C increase in temperature increases the daily risk of a mosquito dying by 32% (Figure 33D). 



[bookmark: _Toc206947174][bookmark: _Toc207290765]Figure 33. Warmer temperature and aging reduce mosquito survival after a blood meal. 
(A) Survival probability after a blood meal when mosquitoes are reared at different temperatures, irrespective of age. (B) Survival probability after a blood meal when feeding was done at different ages, irrespective of temperature. (C) Survival probability of mosquitoes reared at different temperatures after receiving a blood meal at different ages. The same measurements are shown in (A–C) but grouped or arranged differently, and the shading around each line represents the 95% confidence interval. (D) Hazard ratio, or risk of dying, associated with blood feeding and degree increase in temperature, day increase in age prior to acquiring the blood meal, and the interaction between temperature and age. Diamonds indicate the hazard ratio determined by a Cox non-proportional hazards model with weighted estimation; whiskers indicate 95% confidence intervals. A hazard greater than 1.0 indicates a greater risk of death. 


Ingesting a blood meal at an older age lowers the median survival, regardless of temperature. When the blood meal was acquired at 3 days of age, the median survival after the blood meal was 14 days, but when acquired at 15 days, the median survival was 2 days (Figure 33B). Each day of aging prior to blood feeding increases the likelihood of a mosquito dying by 37% (Figure 33D). 
Warmer temperature accelerates the aging-dependent decline in median survival (Figure 33C). For example, mosquitoes at 27°C had a median survival of 7 days when the blood meal was acquired on day 10, which was equal to the median survival at 32°C when the blood meal was acquired on day 5. Thus, the survival outcome of older mosquitoes at cooler temperatures is similar to the survival outcome of younger mosquitoes at warmer temperatures. However, the interaction of warmer temperature and aging only increased the daily risk of dying by 4% (Figure 33D). In summary, warmer temperature and aging reduce mosquito survival and increase the risk of dying after a blood meal, and at warmer temperatures, the aging-dependent decline in median survival occurs earlier in the mosquito’s life. 


[bookmark: _Toc207279341]Warmer temperature accelerates the aging-dependent reduction in oviposition success
Following a blood meal, hormonal changes induce oogenesis and oviposition [32], and oviposition success is affected by environmental factors [309]. We next asked how warmer temperature and aging interact to shape oviposition success, defined as the proportion of mosquitoes that lay eggs. 
Warmer temperature strongly reduces oviposition success, regardless of age: 55% of mosquitoes laid eggs at 27°C whereas only 29% and 17% of mosquitoes laid eggs at 30°C and 32°C, respectively (Figure 34A). Moreover, the age when a mosquito acquires a blood meal has a non-linear effect on oviposition, irrespective of temperature; oviposition success increased by 16% between 3 and 5 days of age, plateaued between 5 and 10 days of age, and decreased by 28% between 10 and 15 days of age (Figure 34B). 



[bookmark: _Toc206947175][bookmark: _Toc207290766]Figure 34. Warmer temperature accelerates the aging-dependent decline in oviposition success. 
(A) Percentage of females at each temperature that laid eggs, irrespective of age. (B) Percentage of females that laid eggs when the blood meal was acquired at each age, irrespective of temperature. (C) Interaction plot showing the average percentage of females that laid eggs at each temperature and age. (D-E) Percentage of females at each temperature within each age group that laid eggs (D) or at each age within each temperature group (E). The same measurements are shown in (A–E) but grouped or arranged differently. In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual data points. Statistical outcomes were determined by a binomial regression followed by a type-II ANOVA with Kenward–Roger approximation of degrees of freedom and Sidak-adjusted post-hoc multiple comparisons of means. Post-hoc comparisons in (A) and (B) are indicated by asterisks: *** p < 0.001.


Warmer temperature accelerates the aging-dependent reduction in oviposition success (Figures 34C-E). For example, temperature did not affect oviposition success when the blood meal was acquired at 3 days of age but had a large effect when it was acquired at older ages (Figure 34D). Moreover, aging had different effects at different temperatures: an inverted parabola at 27°C, a plateau and sharp drop at 30°C, and a steady decline at 32°C (Figure 34E). In summary, oviposition success decreases when the temperature is warmer and as mosquitoes age beyond 10 days, and the aging-dependent decrease in oviposition success is accelerated at warmer temperatures.


[bookmark: _Toc207279342]Warmer temperature and aging reduce fecundity and delay oviposition, and the aging-dependent reduction in fecundity is accelerated at warmer temperature
We next analyzed the mosquitoes that laid eggs, and asked how warmer temperature and aging interactively shape fecundity, defined as the total number of eggs laid after a blood meal. Similar to oviposition success, warmer temperature reduces fecundity, regardless of age; mosquitoes laid 56% fewer eggs at 32°C than at 27°C (Figure 35A). Aging also reduces fecundity, regardless of temperature; mosquitoes laid 75% fewer eggs when the blood meal was acquired on day 15 than when it was acquired on day 3 (Figure 35B). 



[bookmark: _Toc206947176][bookmark: _Toc207290767]Figure 35. Warmer temperature and aging reduce fecundity and delay oviposition, and at warmer temperatures, the aging-dependent reduction in fecundity occurs earlier in life. 
(A) Number of eggs laid at each temperature, irrespective of age. (B) Number of eggs laid at each age, irrespective of temperature. (C) Interaction plot showing the average number of eggs at each temperature and age. (D-E) Number of eggs laid at each temperature within each age group (D) or at each age within each temperature group (E). The same measurements are shown in (A–E) but grouped or arranged differently. In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual data points. (F) Percentage of eggs laid on days 3 and 4 post blood meal at each temperature, irrespective of age. (G) Percentage of eggs laid on days 3 and 4 after a blood meal acquired at different ages, irrespective of temperature. (H) Percentage of eggs laid on days 3 and 4 post blood meal at each temperature within each age group. The same measurements are shown in (F-H) but grouped or arranged differently. Data on the number of eggs laid by mosquitoes in (A-E) were analyzed using a negative binomial regression followed by a type-II ANOVA with Kenward–Roger approximation of degrees of freedom and Sidak-adjusted post-hoc multiple comparisons of means. Post-hoc comparisons in (A-B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, * p < 0.05. Data on the percentage of eggs laid each day in (F-H) were analyzed using a non-parametric Kruskal-Wallis chi-squared test to compare all temperature-age groups (X2 = 26.749; d. f. = 11; p = 0.005).


Warmer temperature accelerates the aging-dependent reduction in fecundity (Figures 35C-E). Fecundity declines with aging at each temperature, but egg laying was greatly reduced when the blood meal was acquired on day 15 and mosquitoes were at 30°C, a phenotype that occurred earlier—at day 10—when mosquitoes were at 32°C.
We next investigated whether temperature and aging alter the timing of oviposition by comparing the proportion of eggs laid on day 3 post blood meal versus day 4 post blood meal. Regardless of age, warmer temperature delays oviposition. At 27°C, 87% of eggs were laid by 3 days post blood meal, whereas at 32°C, 76% of eggs were laid by day 3 (Figure 35F). Regardless of temperature, aging beyond 10 days delays oviposition. Mosquitoes that acquired a blood meal at 3, 5 or 10 days of age laid ~85% of their eggs by 3 days post blood meal, but this was reduced to 68% when the blood meal was acquired at 15 days of age (Figure 35G). Finally, temperature and aging interact to delay oviposition; the steep aging-related delay in oviposition occurs at an earlier age when the temperature is warmest (Figure 35H). Altogether, warmer temperature and aging reduce mosquito fecundity and delay oviposition, and warmer temperature accelerates the aging-dependent reduction in fecundity and delay in oviposition.


[bookmark: _Toc207279343]Mosquitoes are infertile at the warmest temperature and oldest age
Egg hatching occurs after embryogenesis is complete, within one to two days after oviposition [309-311]. Factors such as temperature, water quality, and desiccation alter the rate of embryonic development and hatching success [309, 312, 313]. Thus, we next assessed how warmer temperature and aging shape egg hatching success (% of eggs that hatch) and fertility (absolute number of larvae).
Eggs laid by mosquitoes reared and maintained at 32°C do not hatch, regardless of age (Figure 36A). Specifically, ~30% of the eggs laid at 27°C and 30°C hatched, whereas only 0.5% of the eggs laid at 32°C hatched. Moreover, eggs laid by mosquitoes that received a blood meal at 15 days of age do not hatch, regardless of temperature (Figure 36B). Egg hatching success increased from 15% to 36% between 3 and 5 days of age, plateaued between 5 and 10 days, and sharply decreased to 1% at 15 days. Warmer temperature and aging interact to decrease egg hatching success (Figure 36C). At 27°C, egg hatching was greatest when the blood meal was acquired at 10 days of age, at 30°C it was greatest at 5 days of age, and at 32°C meaningful egg hatching did not occur at any age. 



[bookmark: _Toc206947177][bookmark: _Toc207290768]Figure 36. At the warmest temperature and oldest age, mosquitoes are infertile. 
(A) Percentage of eggs that hatched into larvae at each temperature, irrespective of age. (B) Percentage of eggs that hatched into larvae when the blood meal was acquired at each age, irrespective of temperature. (C) Interaction plot showing the average percentage of eggs that hatched into larvae at each temperature and age. (D) Number of larvae produced at each temperature, irrespective of age. (E) Number of larvae produced when the blood meal was acquired at each age, irrespective of temperature. (F) Interaction plot showing the average number of larvae produced at each temperature and age. b The number of larvae produced at each temperature within each age group (G) or at each age within each temperature group (H). The same measurements are shown in (A–C), and the same measurements are shown in (D-H), but grouped or arranged differently. In (A-B) and (D-E) and (G-H), bars represent means, whiskers indicate the SEM, and circles show individual data points. Data on the percentage of eggs hatching into larvae in (A-C) were analyzed using a non-parametric Kruskal-Wallis chi-squared test comparing all temperature-age groups (X2 = 62.585; d. f. = 11; p = 0.005), followed by Dunn’s post-hoc tests. Data on the number of larvae produced in (D-H) were analyzed using a zero-inflated negative binomial regression followed by a type-II ANOVA with Kenward–Roger approximation of degrees of freedom and Sidak-adjusted post-hoc multiple comparisons of means. Post-hoc comparisons are indicated by asterisks: *** p < 0.001, ** p < 0.01. 


We next investigated how warmer temperature and aging affect fertility, defined as the absolute number of larvae. Similar to egg hatching success, the warmest temperature of 32°C and the oldest age of 15 days render mosquitoes infertile. The number of larvae at 27°C and 30°C was similar, but the number of larvae at 32°C was 99% lower (Figure 36D). Additionally, relative to mosquitoes receiving a blood meal at 3 days of age, the number of larvae doubled when mosquitoes received a blood meal at 5 days of age (Figure 36E), decreased by about one third between 5 and 10 days of age, before sharply declining to nearly zero by 15 days of age (Figure 36E). 
Warmer temperature and aging interact to decrease fertility. This interactive effect is largely driven by the warmest temperature and the youngest and oldest ages (Figure 36F). Specifically, when the blood meal was given at 3 days of age, the highest number of larvae occurred at 30°C, whereas when the blood meal was given beyond 3 days of age the highest number was at 27°C (Figure 36G). Moreover, the aging-dependent shape of the fertility curve was different for each temperature; the number of larvae at 27°C resembled an inverted parabola, at 30°C it was a steady decline, and at 32°C it was zero regardless of age (Figure 36H). In summary, warmer temperature and aging reduce egg hatching success and fertility, and warmer temperature quickens the aging-dependent decline in reproduction. At the warmest temperature of 32°C and oldest age of 15 days, mosquitoes are infertile. 


[bookmark: _Toc207279344]Access to an oviposition site reduces survival, regardless of temperature or age
In one of the first experiments in this study, we measured how warmer temperature and aging interact to shape the survival of mosquitoes that ingest a blood meal (Figure 33). However, these mosquitoes did not have an opportunity to oviposit. Given that warmer temperature and aging interact to reduce both survival and oviposition, we next assessed how access to an oviposition site after a blood meal affects the survival of mosquitoes that are reared at different temperatures and ingest a blood meal at different ages. 
Mosquitoes that have access to an oviposition site have lower survival and an increased risk of dying than mosquitoes without access to an oviposition site, regardless of temperature or age. Specifically, access to an oviposition site decreases median survival by 3 days, and the daily risk of dying increases by 67% (Figures 37A and 37E). The increased mortality is most pronounced around day 3 post blood meal, which is when most oviposition takes place.



[bookmark: _Toc206947178][bookmark: _Toc207290769]Figure 37. Access to an oviposition site reduces survival, regardless of temperature or age of blood feeding. 
(A) Survival probability after a blood meal with or without access to an oviposition site, irrespective of age or temperature. (B) Survival probability after a blood meal with or without access to an oviposition site at each temperature, irrespective of age. (C) Survival probability after a blood meal with or without access to an oviposition site when feeding was done at different ages, irrespective of temperature. (D) Survival probability after a blood meal with or without access to an oviposition site at each temperature and when feeding was done at different ages. (A-D) The same measurements are shown in (A–D) but grouped or arranged differently, and the shading around each line represents the 95% confidence interval. (E) Hazard ratio, or risk of dying, associated with each degree increase in temperature, day increase in age prior to acquiring the blood meal, having access to an oviposition site, and the interaction between temperature and age. Diamonds indicate the hazard ratio determined by a Cox non-proportional hazards model with weighted estimation; whiskers indicate 95% confidence intervals. A hazard greater than 1.0 indicates a greater risk of death.


Warmer temperature reduces mosquito survival and increases the risk of dying, regardless of age or access to an oviposition site. Without an oviposition site, median survival decreased from 11 days to 7 days when the temperature warmed from 27°C to 32°C, and with an oviposition site, median survival decreased from 8 days to 5 days when the temperature warmed from 27°C to 32°C (Figure 37B). Regardless of whether an oviposition site was available, each 1°C increase in temperature increases the daily likelihood of dying by 18% (Figure 37E). 
Aging beyond 5 days reduces mosquito survival and increases the risk of dying, regardless of the temperature or access to an oviposition site (Figures 37C and 37E). Without an oviposition site, median survival decreased 3.5 days between mosquitoes that took a blood meal at 3 versus 15 days of age, and with an oviposition site, median survival decreased 5 days between those same ages. Regardless of access to an oviposition site, each day of aging prior to blood feeding increases the daily likelihood of dying by 10% (Figure 37E). 
Warmer temperature and aging interact to slightly increase survival when mosquitoes do not have access to an oviposition site, but not when an oviposition site is provided (Figures 37D-E). With an oviposition site, the median survival of 15-day-olds at 30°C was the same as 15-day-olds at 32°C (3 days), but without an oviposition site, the median survival of 15-day-olds at 30°C (5 days) was lower than 15-day-olds at 32°C (7 days). Thus, the oldest mosquitoes survive slightly longer at the warmest temperature when an oviposition site is not provided, and this interactive effect of warmer temperature and aging reduces the daily risk of dying by 11% (Figure 37E). In summary, mosquitoes that have access to an oviposition site have lower survival than mosquitoes that are deprived access to an oviposition site, regardless of temperature or age. Moreover, warmer temperature and aging reduce survival, regardless of whether the mosquitoes have access to an oviposition site. 


[bookmark: _Toc207279345]When mosquitoes have access to an oviposition site, laying eggs improves survival
Among those mosquitoes with access to an oviposition site, we next assessed whether the act of laying eggs alters survival. Mosquitoes that lay eggs have greater survival and a lower risk of dying than mosquitoes that do not lay eggs, regardless of temperature or age. Specifically, mosquitoes that laid eggs had a median survival that was 5 days greater than mosquitoes that did not lay eggs, and laying eggs reduced the daily risk of dying by 30% (Figures 38A-E). The greatest rate of mortality for mosquitoes that did not lay eggs occurred during the two days when the oviposition site was available, indicating that the risk of dying is highest when mosquitoes try to oviposit but are unable to do so. 



[bookmark: _Toc206947179][bookmark: _Toc207290770]Figure 38. Laying eggs improves mosquito survival after a blood meal when mosquitoes have access to an oviposition site. 
(A) Survival probability after a blood meal when mosquitoes have access to an oviposition site and either lay eggs or do not lay eggs, irrespective of temperature or the age when the blood meal was acquired. (B) Survival probability after a blood meal when mosquitoes have access to an oviposition site and either lay eggs or do not lay eggs at each temperature, irrespective of age of blood feeding. (C) Survival probability when feeding was done at different ages and mosquitoes have access to an oviposition site and either lay eggs or do not lay eggs, irrespective of temperature. (D) Survival probability after a blood meal when mosquitoes have access to an oviposition site and either lay eggs or do not lay eggs at each temperature and each age when feeding was done. The same measurements are shown in (A–D) but grouped or arranged differently, and shading around each line represents the 95% confidence interval. (E) Hazard ratio, or risk of dying, associated with each degree increase in temperature, day increase in age prior to acquiring the blood meal, laying eggs versus not laying eggs when provided access to an oviposition site, and the interaction between temperature and age. Diamonds indicate the hazard ratio determined by a Cox non-proportional hazards model with weighted estimation; whiskers indicate 95% confidence intervals. A hazard greater than 1.0 indicates a greater risk of death. Survival data presented in this figure derives from the survival data of mosquitoes with access to an oviposition site that is presented in Figure 37.


Warmer temperature reduces survival and increases the risk of dying, regardless of age or egg laying. When mosquitoes did not lay eggs, median survival decreased by 2 days as the temperature warmed from 27°C to 32°C, and when mosquitoes laid eggs, median survival decreased by 3 days as the temperature warmed (Figure 38B). Regardless of egg laying or age, each 1°C increase in temperature increased the daily risk of dying by 14% (Figure 38E). 
Aging reduces mosquito survival and increases the risk of dying, regardless of temperature or egg laying. When mosquitoes blood fed at 15 days of age, survival decreased by 44% relative to when mosquitoes blood fed at 3 days of age (Figure 38C), and each day of aging prior to blood feeding increased the daily risk of dying by 13% (Figure 38E). 
When mosquitoes were given access to an oviposition site, three main interactive effects related to egg laying emerged: (i) temperature and aging, (ii) temperature and egg laying, and (iii) aging and egg laying. First, warmer temperature and aging slightly interact to improve survival when mosquitoes lay eggs. This interaction is driven by the effect of blood feeding at an older age, where 10- and 15-day-old mosquitoes have similar survival at every temperature instead of a warming-based decrease in survival (Figure 38D). The interactive effect of warmer temperature and aging marginally reduced the daily risk of dying by 7% (Figure 38E). Second, the warmest temperature causes a less pronounced decline in survival when mosquitoes do not lay eggs. Specifically, mosquitoes that laid eggs had lower survival at 32°C than at 30°C, whereas mosquitoes that did not lay eggs had similar survival at 32°C and 30°C (Figures 38B and 38D). Third, mosquitoes at older ages died faster when they did not lay eggs, but this effect did not occur at younger ages. Specifically, mosquitoes that ingested a blood meal at 10 or 15 days of age had a sharper decline in survival after a blood and a lower median survival when they did not lay eggs compared to when they laid eggs, whereas mosquitoes that ingested a blood meal at 3 or 5 days of age had similar survival regardless of egg laying (Figure 38C).
In summary, mosquitoes that have access to an oviposition site have higher survival when they lay eggs than when they do not lay eggs, regardless of temperature or age. Moreover, warmer temperature and aging reduce survival, regardless of whether a mosquito lays eggs. 


[bookmark: _Toc207279346]Failure to lay eggs drives oviposition-related death
The findings that access to an oviposition site reduces survival but laying eggs increases survival appear contradictory, so we compared the survival of mosquitoes that did not have access to an oviposition site to the survival of mosquitoes that had access to an oviposition site and subsequently laid eggs or did not lay eggs. Mosquitoes that did not have access to an oviposition site had similar median survival as mosquitoes that were provided an oviposition site and laid eggs. This median survival was double the median survival of mosquitoes that were provided an oviposition site but did not lay eggs (Figure 39A). Moreover, although the daily risk of dying was 26% higher in mosquitoes that were provided an oviposition site and laid eggs than in mosquitoes that were not provided an oviposition site, the increased daily risk of dying jumped to 82% in mosquitoes that were provided with an oviposition site but failed to lay eggs (Figure 39B). In summary, the process of oviposition carries a risk of dying, but trying to oviposit and failing to do so carries the highest risk. 



[bookmark: _Toc206947180][bookmark: _Toc207290771]Figure 39. Failure to lay eggs increases risk of death. 
(A) Survival probability after a blood meal, irrespective of temperature or age when blood feeding was done, when mosquitoes have (i) no access to an oviposition site, (ii) access to an oviposition site but did not lay eggs, and (iii) access to an oviposition site and laid eggs. Shading around each line represents the 95% confidence interval. (B) Hazard ratio, or risk of dying, associated with each degree increase in temperature, day increase in age of acquiring the blood meal, having access to an oviposition site but not laying eggs (relative to no oviposition site access), and having access to an oviposition site and laying eggs (relative to no oviposition site access), and the interaction between temperature and age. Diamonds indicate the hazard ratio determined by a Cox non-proportional hazards model with weighted estimation; whiskers indicate 95% confidence intervals. A hazard greater than 1.0 indicates a greater risk of death. Survival data presented in this figure derives from the survival data presented in Figures 37 and 38.



[bookmark: _Toc207279347]Discussion


Successful reproduction is essential for the existence of a mosquito population. Here, we uncovered that warmer temperature and aging reduce mosquito blood feeding and reproductive outcomes (Figure 40). Importantly, we discovered that warmer temperature accelerates the senescence of mosquito reproduction.



[bookmark: _Toc206947181][bookmark: _Toc207290772]Figure 40. Diagrammatic summary illustrating that warmer temperature accelerates reproductive senescence in mosquitoes.


Our experiments show that warmer temperature reduces blood feeding propensity and blood meal size, irrespective of aging. We also identified that warmer temperature reduces oviposition success, delays egg laying, and reduces fecundity and fertility. Importantly, at 32°C, mosquitoes are sterile. Warmer temperature has also been shown to reduce blood feeding propensity in Aedes albopictus [314], and a warming-based decline in reproduction occurs in both mosquitoes and fruit flies [48, 74, 80, 81, 309, 315-318]. Although others have reported that A. gambiae do not lay eggs at 32°C [48], we observed that mosquitoes at this temperature lay eggs, but that these eggs do not hatch. An earlier study reported that egg hatching in A. gambiae can occur at 31°C [315], and therefore, small changes in temperature can have a large impact on fertility. Mosquitoes at warmer temperatures have a faster metabolic rate [24, 146], which correlates with lower nutrient availability; these mosquitoes are slightly smaller and have lower protein content and teneral reserves [26, 27, 83]. These reserves are needed for previtellogenic ovarian development [319, 320], and after a blood meal, mosquitoes with low nutrient reserves are more likely to rebuild their own lipid and protein reserves rather than create egg yolk deposits [10, 27, 83, 319]. Therefore, we suspect that body composition at warmer temperature is insufficient for optimal reproduction, thereby shifting the blood meal usage toward resource allocation for maternal processes, including energy for survival, digestion, and excretion. Moreover, mosquitoes at warmer temperatures take smaller blood meals, likely reducing nutrient intake. Thus, we infer that mosquitoes at warmer temperatures have greater metabolic demands for nutrient stores, have fewer nutrient reserves, and acquire fewer building blocks with a blood meal, resulting in lower fertility.
After reaching reproductive maturity, decreased reproductive output with further aging is a nearly universal feature of organismal senescence [97]. Aging decreases mosquito fecundity in both anopheline and culicine mosquitoes [132-135]. Here, we observed that aging not only reduces mosquito fecundity, but also reduces oviposition success, delays egg laying, and reduces fertility. Moreover, at the oldest age, mosquitoes were sterile. In mosquitoes and other hematophagous dipterans, the aging-associated decline in reproduction is attributed to an increase in oxidative damage caused by reactive oxygen species (ROS) that are generated after a blood meal [135-137]. As flies age, there is a decrease in the transcription and activity of ROS detoxification enzymes, such as catalase and superoxide dismutase, hindering the ability to protect against oxidative stress [135, 229, 321]. Thus, aging-dependent oxidative damage is likely a major driver of the senescence of reproduction that we observed. 
Prior to this study, the effects of warmer temperature and aging on mosquito reproduction—or the reproduction of any insect—had only been studied in isolation. Whether temperature and aging interactively shape reproduction remained unknown. Here, we discovered that warmer temperature accelerates reproductive senescence. In other words, when the temperature is warmer, the aging-dependent reduction in fecundity and fertility occurs earlier in life, and at the warmest temperature, mosquitoes are sterile regardless of age. Recently, warming-based acceleration of senescence has been observed in other facets of mosquito physiology: warmer temperature accelerates changes in body composition, worsens survival outcomes in sugar fed mosquitoes, and alters the strength of the immune response [26, 68, 72, 207, 230]. In another Ecdysozoan, the nematode Caenorhabditis elegans, warmer temperature also accelerates reproductive senescence [322-324]. Thus, we hypothesize that warmer temperatures may accelerate reproductive senescence in Ecdysozoans in general, and this may be a feature of all poikilothermic ectotherms. A mechanistic understanding of warming-based reproductive senescence could be exploited to mitigate the spread of vector-borne diseases. 
Mosquito reproduction and immunity are linked [192, 325, 326]. Melanization, for example, is involved in immune defense, cuticular sclerotization, and egg chorion tanning [327]. We recently demonstrated that warmer temperature accelerates the aging-dependent weakening of the phenoloxidase-based melanization immune response [207]. We suspect that the weakening of melanization transcends immunity and contributes to the decline in reproduction because warmer temperature and aging reduce the systemic level of active phenoloxidase [207]. Therefore, less phenoloxidase is available for egg chorion tanning and hardening. 
An unexpected finding in this study was that having access to an oviposition site increases the risk of dying. By separately examining the survival of mosquitoes that had access to an oviposition site and either laid eggs or failed to do so, we uncovered that the increased risk of death rests almost exclusively in mosquitoes that attempt to lay eggs but are unsuccessful. These mosquitoes had fully developed eggs in their abdomens, so we suspect that they died attempting to oviposit. This phenomenon occurs in humans (breeched babies) and birds [328, 329]. In the case of mosquitoes, failed oviposition results in eggs becoming stuck in the cloaca, which inhibits excretion through the same canal [330]. However, this may not be universal; a prior study demonstrated that survival is lower when mosquitoes are deprived of an oviposition site [331]. We believe that the discrepancy between the two findings is driven by the stressors of warmer temperature and aging that were applied in our study.
Warmer temperature accelerates the aging-associated delay in oviposition. This may be a consequence of mosquitoes sensing sub-optimal oviposition conditions [332-335], like high water temperature. Egg hatching may also be delayed. Most eggs hatch within one to two days of being laid [309-311], but we were unable to measure hatching beyond the 4th day post-blood feeding out of concern that larval cannibalism would bias the readings. Regardless, eggs at 27°C and 31° have a similar time to hatching [315], so it is unlikely that warmer temperature delays egg hatching.
To transmit disease, a mosquito must survive the extrinsic incubation period of the pathogen, which could be days or weeks [195, 336, 337]. We observed that both warmer temperature and aging reduce mosquito survival after a blood meal. Our data match prior observations that warmer temperature reduces the survival of blood-fed mosquitoes [48, 50, 73, 338-340]. Moreover, because the mosquitoes in our study are reared from egg to adulthood at their respective temperature, we also captured carry-over effects from larval development, and larvae that develop at warmer temperatures were previously shown to have lower survival [49, 50]. Similarly, our data support prior studies demonstrating that older mosquitoes survive fewer days after a blood meal than younger mosquitoes [131, 133]. We also discovered that warmer temperature accelerates the aging-dependent decline in survival after a blood meal, indicating that the effects of age are modified by temperature. In sugar-fed mosquitoes, warmer temperature accelerates the aging-dependent decline in survival [72]. Taking a blood meal decreases survival when sugar is plentiful [340], and our data support this: sugar-fed mosquitoes had median survival of 21 versus 8 days when at 27°C versus 32°C [72], whereas blood-fed mosquitoes had a median survival of 10 days versus 6 days when at 27°C versus 32°C. Thus, the warming-based acceleration of senescence is exacerbated in blood-fed mosquitoes.
The mosquitoes used in this study were reared at their respective experimental temperature. Therefore, the phenotypes observed could be due to the quality of the females, the quality of the males, or both. Our prior research has demonstrated that the quality of the females is compromised at warmer temperature [26]. One intriguing possibility is that male-associated traits contribute to warmer temperature accelerating reproductive senescence. Prior to blood feeding, mating between a female and a male mosquito permanently alters the female’s transcriptional profile [31]. During mating, the male transfers the ecdysteroid, 20E, into the female [29], and although the female also produces 20E to regulate oogenesis, the male-transferred 20E signals the female to protect the sperm and increase egg development [341-343]. In our experiments, the mosquitoes had mated because the cages were roughly 50% female and 50% male for 3 days, and (i) the majority of adult A. gambiae mate after 24 h post emergence [344], and (ii) a single male can mate with about 8 females [345]. It is unknown how temperature affects the reproductive physiology of male mosquitoes, but warmer temperature negatively impacts sperm abundance in male fruit flies [346]. It is possible that temperature-related changes in male physiology can be exploited to curtail mosquito populations. Conversely, if the males are unable to copulate in warm environments, then warmer temperatures may prevent the success of control strategies such as the sterile insect technique.
In summary, warmer temperature accelerates reproductive senescence in the mosquito, and at the warmest temperature of 32°C, mosquitoes are sterile. Therefore, climate change resulting in warmer global temperatures will have consequential effects on mosquito population dynamics and disease transmission outcomes, including the potential for significantly reduced mosquito populations in geographical areas that become too warm.
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To complete oogenesis and reproduce, most female mosquitoes must complete two events: (i) mate with a male to receive the sperm needed for fertilization, and (ii) take a blood meal to obtain the nutrients needed to produce eggs. In preparation for oogenesis, female mosquitoes ready themselves by developing their ovaries through several stages: (i) previtellogenesis, which occurs within the first 72 h after eclosion; (ii) reproductive arrest, which occurs around 72 h after eclosion and before the first blood meal; and (iii) vitellogenesis, which begins after mating and blood feeding and entails the synthesis of yolk protein precursors (YPPs) in the fat body and their transport to growing oocytes [10, 28, 347-349]. 
The sesquiterpenoid juvenile hormone (JH) primarily regulates previtellogenesis, while the ecdysteroid 20-hydroxyecdysone (20E) primarily regulates vitellogenesis [10, 25, 28, 32, 190, 350-357]. Specifically, stimulated by metamorphosis and by nutritional sensing, the corpora allata produces JH until 48-50 h post eclosion, which triggers the maturation of primary ovarian follicles and primes the fat body for YPP synthesis [25, 319, 351-359]. During mating (and usually prior to blood feeding), males transfer into the female’s atrium a mating plug that contains sperm and a large amount of 20E [29]. This sexually-transferred 20E regulates oogenesis and oviposition and induces transcriptional changes that result in refractoriness to mating [29, 341, 342, 360-363]. 
When a female ingests blood, JH titers decrease, and the ovaries synthesize 20E from blood-meal-derived cholesterol [28]. The female- and male-derived 20E induces expression of YPPs in the fat body, which are secreted into the hemolymph and transported to developing ovarian follicles [10, 28, 347, 364]. Moreover, the male-derived 20E regulates the expression of Mating-Induced Stimulator of Oogenesis (MISO), which stimulates the accumulation of lipids in developing oocytes [341]. As follicles develop, the oocytes become distinguishable from nurse cells, and the yolk progressively increases in size as proteins and lipids accumulate until the oocyte has reached its full length, resulting in an oblong egg [349, 351, 365-367]. 
The ability to reproduce is affected by extrinsic factors such as environmental temperature, and intrinsic factors such as the age of the mosquito [231]. Because mosquitoes are ectothermic poikilotherms and their body temperature conforms to the temperature of the environment, warmer environmental temperature increases metabolism, alters body composition and size, and weakens immunity [26, 48, 50, 61-63, 66, 67, 72, 207, 230]. Warmer temperature also decreases egg hatching, fecundity, and fertility [48, 50, 74, 80, 81, 231]. How warmer environmental temperature affects the reproductive ability of male mosquitoes is unknown, but in fruit flies and flour beetles, warmer temperature reduces sperm abundance, competitiveness, viability, and fertilization success [346, 368, 369].
Aging also affects reproductive success because, like in most organisms, the physiological condition of mosquitoes progressively deteriorates with time, a phenomenon known as senescence [94, 95, 101, 131]. Aging causes a decline in body condition, immunity, and reproductive capacity [26, 53, 68, 72, 130, 132-134, 207, 230, 231]. Pertaining to reproduction, aging in female mosquitoes reduces blood feeding propensity, survival after a blood meal, oviposition success, fecundity, and fertility [132-134, 231]. Because female mosquitoes must survive long enough to mate, take a blood meal, complete oogenesis and lay eggs, and because older females are less likely to survive and reproduce, the age at which a female mates and blood feeds impacts reproductive success. In males, aging beyond 10 days also reduces the production of sperm, the synthesis of seminal proteins, and the ability to inseminate [138-141, 370]. Therefore, the age at which mating occurs also dictates reproductive success.
Warmer temperature quickens senescence in mosquitoes [26, 68, 72, 207, 230, 231]. For example, warmer temperature accelerates an aging-dependent weakening in immunity and body condition and shortens lifespan [26, 68, 72, 207, 230]. Importantly, warmer temperature delays oviposition and accelerates an aging-dependent decline in female fecundity, fertility, and survival, with females effectively becoming infertile at 32°C, regardless of age [231]. However, how warmer temperature accelerates reproductive senescence remains unknown for either sex. Mosquito population size is a critical determinant of disease transmission risk [371]. Therefore, identifying how warmer temperature accelerates reproductive senescence may identify targets that can be manipulated to reduce mosquito populations.
Here, we investigated how warmer temperature and aging interact to modify reproductive tissues in the African malaria mosquito, Anopheles gambiae. We discovered that warmer temperature accelerates the aging-dependent decrease in ovary size in blood-fed females and delays the early development of male accessory glands (MAGs). Moreover, warmer temperature accelerates aging-dependent changes in the expression of reproductive genes in both female and male reproductive tissues. 
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[bookmark: _Toc207279358]Mosquito rearing, feeding, and dissection
A colony of A. gambiae (Giles sensu stricto, G3 strain; Diptera: Culicidae) was maintained in an environmental chamber at standard rearing conditions: 27°C, 75% humidity, and a 12h:12h light:dark photoperiod [231]. The eggs from this colony were hatched in environmental chambers held at either 27°C, 30°C, or 32°C with the same humidity and photoperiod. These temperatures simulate warming environmental temperatures that mosquitoes may experience in nature [58, 87]. Upon hatching, larvae were fed a 2.8:1 mixture of koi food and baker’s yeast daily. Each day, pupae were separated, and eclosed adults were fed 10% sucrose daily. Female and male adults of the same age were caged together until experimentation.
Experiments were conducted at each temperature on blood-fed females, and on sugar-fed females and males (Figure 41A, B). Experiments on females were initiated at 3, 5, 10, or 15 days of age whereas experiments on males were initiated at 1, 3, 5, or 10 days of age (Figure 41B). These ages were selected because females begin seeking a blood meal at approximately 3 days of age [25, 28, 356], and males complete sexual maturation and mate after 1 day post emergence [30, 344, 372-374]. 



[bookmark: _Toc206947182][bookmark: _Toc207290773]Figure 41. Experimental overview to determine the effects of warmer temperature, aging, and their interaction on female and male reproductive tissues. 
(A) Females were reared at 27, 30, or 32°C and received a sugar or blood meal at 3, 5, 10, or 15 days of age. At 24 h after feeding, female spermathecae and ovaries were collected and assayed for tissue size or gene expression. (B) Males were reared at 27, 30, or 32°C and fed sugar. At 1, 3, 5, or 10 days of age, male accessory glands (MAGs) and testes were dissected and assayed for tissue size or gene expression. Images of reproductive tissues are not shown to scale.


To blood feed females, mosquitoes were starved for 1 h and then offered a blood meal for 30 min. Defibrinated sheep blood (Hemostat Laboratories, Dixon, CA, USA) was loaded into a Hemotek membrane feeder (Hemotek Ltd., Blackburn, United Kingdom) with a Parafilm membrane (Amcor, Neenah, WI, USA) and heated to 37°C. Blood feeding was stimulated by breathing onto the mosquitoes two to three times throughout the 30 min period. 
Female mosquitoes were anesthetized on ice and dissected in sterile PBS at 24 h after blood or sugar feeding, and males were dissected at the age when the experiment was started. The 24 h time point for females was selected to allow for vitellogenesis to begin in blood-fed females, capturing differences in ovary size prior to egg laying [28]. To dissect females, the spermathecae and ovaries were removed by grasping the 8th abdominal segment with forceps and gently pulling. To dissect males, the MAGs and testes were removed by grasping the claspers with forceps and gently pulling. Forceps and 0.20 mm diameter minutien insect pins were used to separate and clean the tissues. The female and male tissues were then immediately used to measure size or to extract RNA.


[bookmark: _Toc207279359]Measuring reproductive tissue size
Upon dissection, reproductive tissues were immersed in a drop of PBS on a glass microscope slide and imaged using epi-illumination on a Nikon SMZ1500 stereomicroscope connected to a Nikon Digital Sight DS-Fi1 CCD Color Camera and Nikon Advanced Research NIS-Elements software (Nikon, Tokyo, Japan). A micrometer slide was also imaged with every batch of photographs for linear length calibration (Meiji Techno America, Campbell, California, USA). 
Using ImageJ (U.S. National Institutes of Health, Bethesda, Maryland, USA), we first calibrated the scale using the “set scale” tool on the micrometer images. Then, we measured the length and width of each ovary, or the diameter of each spermathecae. Similarly, the length and width of each MAG and testis were measured. Each measurement was made in triplicate, and the average of the three measurements was calculated for each individual tissue. Then, for each mosquito, the average length and width of the pair of tissues (ovaries, MAGs, and testes; there is only one spermatheca in each female) was calculated to generate a single value for each feature per mosquito (e.g., ovary width). If a mosquito only had one measurable tissue from the pair, this tissue was used to determine the size. 
For females, approximately 25 spermathecae and 20 pairs of ovaries were measured per temperature-age-feeding group combination, which were collected across 3-5 biological trials. In total, 603 spermathecae and 489 pairs of ovaries were measured. For males, approximately 28 pairs of MAGs and 7 pairs of testes were measured per temperature-age combination, which were collected across 3 biological trials. The delicate nature of the testes, which are fragile and often broke apart during dissection in a way that prevented measurement, limited the sample size of the testes. In total, 333 pairs of MAGs and 85 pairs of testes were measured.
Each tissue measurement was analyzed independently. For ovary length, ovary width, and spermathecae diameter, the effects of temperature, age, feeding group (sugar or blood) and their two- and three-way interactions, were analyzed using generalized linear regressions (gaussian family with log link). For MAG length and width, the effects of temperature, age, and their two-way interaction were analyzed using generalized linear regressions (gaussian family with log link). For testes length and width, the effects of temperature and age were compared using descriptive statistics because of the smaller sample size. Feeding group was not a variable for males because they only ingest sugar. Models were fit and assessed using the “glmmTMB” and “DHARMA” packages in R [303, 375, 376]. For each measurement, model selection was followed by a type-II ANOVA (Wald chi-square tests) with Kenward-Roger approximation of degrees of freedom and by Sidak-adjusted post-hoc comparisons of estimated marginal means using the “emmeans” package [203, 377]. Averages, variances, datapoints, Chi-square values, degrees of freedom, and p values are presented in the figures. Raw data, model information, additional post-hoc comparisons, and R code are presented in the supplemental data files (Appendix E: Files S1-3).


[bookmark: _Toc207279360]Measuring reproductive tissue mRNA abundance by quantitative real-time PCR
At each temperature, females that took a blood meal at 5 or 15 days of age were dissected at 24 h after blood feeding, and males that ingested sugar were dissected at 3, 5, or 10 days of age. For females, reproductive tissues from ~14 mosquitoes—spermathecae, ovaries, and the tissues that connect them—were pooled in 200 µL of TRIzol, homogenized, and RNA was isolated as per manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). For males, reproductive tissues of ~20 mosquitoes—MAGs, testes, and the tissues that connect them—were similarly pooled and RNA isolated. RNA was further purified using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and up to 5 µg of RNA was used for cDNA synthesis using the SuperScript III First-Strand Synthesis System for RT-PCR and Oligo (dT)20 primers (Applied Biosystems, Foster City, CA, USA). Using the cDNA as template, gene specific primers (Supplementary Table 1), and the Power SYBR Green PCR Master Mix (Applied Biosystems), RT-qPCR was performed on a Bio Rad CFX Connect Real-Time Detection System (Hercules, CA, USA). Relative mRNA abundance was determined via the 2-ΔΔCT method [378], using the ribosomal protein housekeeping gene RpS7 as the reference, and RpS17 as a control. Fold-change in mRNA abundance was calculated using the coolest temperature and the youngest age as the baseline (27°C–5-day-old for females and 27°C–3-day-old for males). For each temperature-age combination and sex, three independent biological trials were conducted, and each trial had two or three technical replicates. In total, we measured mRNA abundance in 18 female samples (derived from ~252 females) and 27 male samples (derived from ~540 males).
To determine whether mRNA abundance differed across temperature-age groups, a non-parametric Kruskal-Wallis Chi-square rank sum test was conducted for each gene, followed by Dunn’s post-hoc comparisons. The results from the Kruskal-Wallis test are presented in the figures, while post-hoc comparisons are presented in the supplement (Appendix E: File S2). 
To visualize which genes share similar expression patterns across temperature-age groups, average fold change values were log-transformed for each gene. Using the R package “pheatmap” [379], log-transformed fold change values were plotted on a heatmap, in which Euclidian distances were used to cluster genes (heatmap rows) by expression pattern similarity. Heatmap colors show similarity and deviation from the mean gene expression across temperature-age groups. 
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[bookmark: _Toc207279362]Neither warmer temperature, aging nor feeding affect the size of a female’s spermatheca
We first assessed how warmer temperature and aging affect the size of the female’s sperm storage organ, called the spermatheca [380]. While some insects have more than one spermatheca, A. gambiae females only have one [343, 380].
Relative to sugar-fed females, the spermatheca of blood-fed females was 1.13% larger, indicating that blood feeding does not meaningful affect its size. Relative to mosquitoes at 27°C, the spermatheca of both sugar-fed and blood-fed mosquitoes at 32°C was ~1.8% smaller, indicating that rearing temperature does not affect its size (Figure 42A). The size of the spermatheca was also similar at all ages tested (Figure 42B). However, there was a slight interaction between temperature, age, and feeding treatment (Figure 42C-F). This interaction is driven by sugar-fed mosquitoes reared at 30°C having a spermatheca that was slightly larger at 10 days old, but the difference is small. In summary, spermatheca size is not meaningfully affected by blood feeding, warmer temperature, aging, or their interaction. 

[bookmark: _Toc206947183][bookmark: _Toc207290774]Figure 42. Warmer temperature and aging do not affect spermatheca size. 
(A) Mean spermatheca diameter of females reared at each temperature that took a sugar or blood meal, irrespective of age. (B) Mean spermatheca diameter of females that took a sugar or blood meal at each age, irrespective of temperature. (C) Interaction plot showing the mean spermatheca diameter of females that took a sugar or blood meal at each temperature within each age group. (D-E) Mean spermatheca diameter of females that took a sugar or blood meal at each temperature within each age group (D) or at each age within each temperature group (E). (F) Statistical outcomes determined by a generalized linear regression model (gaussian family with log link) followed by a type-II ANOVA Wald Chi-square test with Kenward–Roger approximation of degrees of freedom. The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual female data points. Sidak-adjusted post-hoc comparisons of means in (A) and (B) are indicated by asterisks: ** p < 0.01.


[bookmark: _Toc207279363]Warmer temperature accelerates the aging-dependent decrease in the size of the ovaries of blood-fed females
Relative to sugar feeding, blood feeding increased ovary size (Figures 43 and 44, Appendix E: Figure S1). Across all temperatures and ages, blood-fed females had ovaries that were 51% longer and 90% wider than sugar-fed females (Figures 43 and 44, Appendix E: Figure S1). Additionally, females that blood-fed at 3 and 5 days of age had ovaries that were similar in size, color and translucency at all temperatures, but the ovaries of older mosquitoes were smaller and more translucent, with fewer discernible follicles (Figure 43). 



[bookmark: _Toc206947184][bookmark: _Toc207290775]Figure 43. Effects of warmer temperature, aging, and their interaction on female ovaries. 
(A-B) Representative images of ovaries from females that were reared at 27, 30, or 32°C and were sugar-fed (A) or blood-fed (B) at 3, 5, 10, or 15 days of age. Ovaries were dissected 24 h after feeding. Quantitative analyses of ovary size are presented in Figures 44 and Appendix E: Figure S1.



[bookmark: _Toc206947185][bookmark: _Toc207290776]Figure 44. Warmer temperature accelerates the aging-dependent decrease in ovary length in blood-fed females. 
(A) Mean ovary length of females reared at each temperature that took a sugar or blood meal, irrespective of age. (B) Mean ovary length of females that took a sugar or blood meal at each age, irrespective of temperature. (C) Interaction plot showing the mean ovary length of females that took a sugar or blood meal at each temperature within each age group. (D-E) Mean ovary length of females that took a sugar or blood meal at each temperature within each age group (D) or at each age within each temperature group (E). (F) Statistical outcomes determined by a generalized linear regression model (gaussian family with log link) followed by a type-II ANOVA Wald Chi-square test with Kenward–Roger approximation of degrees of freedom. The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual female data points. Sidak-adjusted post-hoc comparisons of means in (A) and (B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, and * p < 0.05.


	Temperature did not affect ovary size in sugar-fed mosquitoes, but the warmest temperature of 32°C reduced ovary size in blood-fed mosquitoes (Figures 44A and Appendix E: Figure S1A). Specifically, ovary size in blood-fed females was similar between 27°C and 30°C, but 12% shorter and 21% narrower at 32°C. 
Aging reduced ovary size in both sugar-fed and blood-fed females, irrespective of temperature (Figures 44B and Appendix E: Figure S1B). Sugar-fed females that were 15 days of age had ovaries that were 20% shorter and 28% narrower than those that were 3 days of age. Similarly, 15-day-old mosquitoes that blood-fed had ovaries that were 35% shorter and 54% narrower than those that received a blood meal at 3 days of age. 
Warmer temperature and aging interacted to shape ovary size in both sugar-fed and blood-fed females, and this interactive effect depended on whether they ingested blood or not (Figures 44C-F and Appendix E: Figure S1C-F). In sugar-fed females, at 27°C ovary size increased as the mosquito aged from 3 to 5 days old and then decreased, whereas at 32°C, there was a progressive decrease with age. However, in blood-fed females, at 27°C ovary size was similar between 3 and 5 days old followed by a steep aging-related decrease, whereas at 32°C, there was a constant but more gradual aging-related decrease.
In summary, ovaries are smallest at 32°C in blood-fed females, and aging decreases the size of the ovaries regardless of diet. Moreover, warmer temperature accelerates the aging-dependent decrease in the size of the ovaries of blood-fed females.


[bookmark: _Toc207279364]Warmer temperature lessens and delays the increase in the size of male accessory glands that occurs early in life
Warmer temperature did not affect MAG size, but aging non-linearly shaped MAG size (Figures 45, 46A-B, and Appendix E: Figure S2). Specifically, MAG length increased by 11% from 1 to 3 days of age, plateaued between 3 and 5 days of age, and decreased by 5% from 5 to 10 days of age (Figures 45 and 46B). MAG width was affected in a similar manner, but the increase between 1 and 3 days of age was less pronounced (Figures 45 and Appendix E: Figure S2B). 

[bookmark: _Toc206947186][bookmark: _Toc207290777]Figure 45. Effects of warmer temperature, aging, and their interaction on male accessory glands and testes. 
Representative images of male accessory glands (MAGs) and testes from males that were reared at 27, 30, or 32°C and dissected at 1, 3, 5, or 10 days of age. Quantitative analyses of MAGs are presented in Figures 46 and Appendix E: Figure S2 and of testes in Figures 47 and Appendix E: Figure S3.

[bookmark: _Toc206947187][bookmark: _Toc207290778]Figure 46. Warmer temperature delays and lessens the initial increase in male accessory gland (MAG) length. 
(A) Mean MAG length of males reared at each temperature, irrespective of age. (B) Mean MAG length of males at each age, irrespective of temperature. (C) Interaction plot showing the mean MAG length of males at each temperature within each age group. (D-E) Mean MAG length of males at each temperature within each age group (D) or at each age within each temperature group (E). (F) Statistical outcomes determined by a generalized linear regression model (gaussian family with log link) followed by a type-II ANOVA Wald Chi-square test with Kenward–Roger approximation of degrees of freedom. The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual male data points. Sidak-adjusted post-hoc comparisons of means in (A) and (B) are indicated by asterisks: *** p < 0.001 and * p < 0.05.


Although warmer temperature alone did not shape MAG size, warmer temperature and aging interacted to alter MAG size (Figures 46C-F, and Appendix E: Figure S2C-F). At 27°C, MAG size increased between 1 and 3 days of age and then decreased, whereas at 30°C and 32°C the increase was smaller and slower, peaking at 5 days of age before decreasing. Moreover, although temperature alone did not affect MAG size, at 27°C the MAGs were largest in 3-day-old mosquitoes, but at 30°C and 32°C they were larger in 5-day-old mosquitoes.
In summary, the size of MAGs increases from 1 to 3 days of age, plateaus from 3 to 5 days of age, and then decreases. Moreover, warmer temperature lessens and delays the increase in MAG size that occurs early in life.


[bookmark: _Toc207279365]Warmer temperature increases the size of the testes
Warmer temperature increased the size of the testes, which was mostly manifested in increased length (Figures 45, 47A, and Appendix E: Figure S3A). Testes were 27% longer at 30°C than at 27°C, but there was no meaningful size difference between 30°C and 32°C. Aging non-uniformly affected the size of the testes (Figures 47B and Appendix E: Figure S3B). Specifically, testes length was smallest at 3 days of age but was relatively similar at all other ages, whereas testes width was the same from 1 to 5 days of age but smallest at 10 days of age. Finally, warmer temperature and aging do not appear to interact to shape testes length or width (Figures 47C-E and Appendix E: Figures S3C-E). 



[bookmark: _Toc206947188][bookmark: _Toc207290779]Figure 47. Warmer temperature increases testes length. 
(A) Mean testes length of males reared at each temperature, irrespective of age. (B) Mean testes length of males at each age, irrespective of temperature. (C) Interaction plot showing the mean testes length at each temperature within each age group. (D-E) Mean testes length at each temperature within each age group (D) or at each age within each temperature group (E). The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual male data points.


[bookmark: _Toc207279366]In female reproductive tissues, warmer temperature accelerates an aging-dependent decrease in Vg expression but an increase in MISO and HPX15 expression
To determine whether warmer temperature and aging individually and interactively shape the expression of genes involved in reproduction within the female reproductive tissues (spermathecae, ovaries, and their connecting tissue), we assessed 5-day-old and 15-day-old adult females at each temperature at 24 h after blood feeding. These ages were selected because female fertility is greatest at 5 days of age and lowest at 15 days of age [231]. We assayed genes involved in several aspects of female reproduction: (i)  Na+/K+/Ca2+ exchanger 3 (exCh3) and heme peroxidase 15 (HPX15), both of which protect sperm [343, 381]; (ii) vitellogenin (Vg) and lipophorin (Lp), which are genes that encode YPPs [347, 348, 382, 383]; (iii) mating-induced stimulator of oogenesis (MISO) that regulates mating and lipid distribution [320, 341, 363, 384-387]; and (iv) catalase 1 (CAT1) that mediates oxidative stress [135, 136, 388]. 
The expression of female reproductive genes was strongly shaped by aging (Figure 48). Specifically, aging from 5 to 15 days, irrespective of temperature, increased mRNA abundance of HPX15, MISO, and Lp by 134%, 102%, and 546%, respectively. Opposingly, aging from 5 to 15 days decreased mRNA abundance of Vg by 88%.

[bookmark: _Toc206947189][bookmark: _Toc207290780]Figure 48. Effects of warmer temperature, aging, and their interaction on gene expression in female reproductive tissues. 
(A) Heatmap illustrates the relative expression of each gene across temperature-age groups. Average fold change values, relative to females reared at 27°C receiving a blood meal at 5 days old, were log-transformed for each gene. Gene rows were clustered by expression pattern similarity. For each gene, statistical differences among temperature-age groups were detected using a non-parametric Kruskal-Wallis Chi-square rank sum test. (B-C) Mean fold change of female reproductive genes that differed across temperature-age groups. Column heights mark the mean mRNA fold change, relative to females reared at 27°C receiving a blood meal at 5 days old, at each temperature within each age group (B) or at each age within each temperature group (C). Whiskers indicate the SEM, and circles show the values for each trial. RpS7 was used as the reference gene, and RpS17 was used as the control gene.


Warmer temperature also shaped the expression of female reproductive genes (Figure 48). Specifically, HPX15 mRNA abundance was 114% higher at 32°C than at 27°C, MISO was 50% lower at 32°C than at 27°C, and Lp and Vg did not meaningfully change with temperature. The mRNA abundance of exCh3 and CAT1 did not differ across temperature-age groups, and as expected, the mRNA abundance of the ribosomal gene, RpS17, also did not change (Figures 48A, Appendix E: Figure S4).
Warmer temperature and aging interactively altered the expression of Vg, HPX15 and MISO, but not Lp, CAT1, or exCh3 (Figure 48B-C). Specifically, in 5-day-old females, mRNA abundance of Vg resembled an inverted parabola as the temperature changed from 27°C to 32°C, whereas in 15-day-olds, it was a precipitous drop. Additionally, the warming-based increase in HPX15 mRNA abundance was much more pronounced in 15-day-old mosquitoes than in 5-day-old mosquitoes. Finally, the aging-dependent increase in MISO occurred at 30°C and 32°C, but not at 27°C. In summary, warmer temperature accelerates the aging-dependent changes in mRNA abundance in female reproductive tissues. 


[bookmark: _Toc207279367]In male reproductive tissues, warmer temperature accelerates the aging-dependent decrease in the expression of Plugin, TGase3, phLP, and CYP315A1
We next conducted a similar analysis on the reproductive tissues of males (MAGs, testes and their connecting tissues) in 3-, 5-, and 10-day-old adults. These ages were selected because males have completed sexual maturation by 3 days of age but have a shorter lifespan than females [30, 142, 344, 372-374], and so, this range captures males that are sexually mature and mating. We measured the transcription of genes involved in several aspects of male reproduction: (i) Plugin (Plugin) and transglutaminase-3 (TGase3) that form the mating plug [360, 389, 390]; (ii) lysophospholipase (phLp) involved in lipid metabolism [391, 392]; and (iii) a 2-hydroxylase enzyme (CYP315A1) involved in 20E biosynthesis [29, 360, 393]. 
Like in females, the expression of male reproductive genes was strongly shaped by aging (Figure 49). Specifically, aging from 3 to 10 days decreased mRNA abundance of phLp, Plugin, CYP315A1, and TGase3 by 47%, 72%, 75%, and 87%, respectively. The mRNA abundance of the control ribosomal gene, RpS17, decreased slightly (18%) with aging.



[bookmark: _Toc206947190][bookmark: _Toc207290781]Figure 49. Effects of warmer temperature, aging, and their interaction on gene expression in male reproductive tissues. 
(A) Heatmap illustrates the relative expression of each gene across temperature-age groups. Average fold change values, relative to males reared at 27°C dissected at 3 days old, were log-transformed for each gene. Gene rows were clustered by expression pattern similarity. For each gene, statistical differences among temperature-age groups were detected using a non-parametric Kruskal-Wallis Chi-square rank sum test. (B-C) Mean fold change of male reproductive genes that differed across temperature-age groups. Column heights mark the mean mRNA fold change, relative to males reared at 27°C dissected at 3 days old, at each temperature within each age group (B) or at each age within each temperature group (C). Whiskers indicate the SEM, and circles show values for each trial. RpS7 was used as the reference gene, and RpS17 was used as the control gene.


Warmer temperature also decreased the expression of all four genes (Figure 49). Specifically, the mRNA abundance of phLp, Plugin, CYP315A1, and TGase3 was 21%, 38%, 43%, and 60% lower at 32°C than at 27°C, respectively.
Warmer temperature accelerated the aging-dependent decrease in the expression of Plugin, CYP315A1, and TGase3 (Figures 49B-C). For example, at both 27°C and 32°C, TGase3 mRNA abundance decreased by 85% and 83%, respectively, as males aged from 3 to 10 days. However, in 3-day-old mosquitoes, TGase3 mRNA abundance was already 64% lower at 32°C than at 27°C, indicating that the decline in TGase3 expression begins earlier in life when the temperature is warmer.
In summary, expression of male reproductive genes decreases with aging and warmer temperature. Moreover, warmer temperature accelerates the aging-dependent decline in expression.


[bookmark: _Toc207279368]Discussion


Warmer temperature accelerates reproductive senescence in female mosquitoes, reducing fecundity and fertility earlier in life [231]. Here, we demonstrate that warmer temperature modifies the aging-dependent changes in the size of female and male reproductive tissues and the expression of reproductive genes in ways that reflect declining fecundity and fertility (Figure 50). 



[bookmark: _Toc206947191][bookmark: _Toc207290782]Figure 50. Graphical summary illustrating how warmer temperature accelerates the aging dependent changes in female and male reproductive tissues.


Warmer temperature accelerates the aging-based decrease in oviposition success, fecundity and fertility [231]. Here, we discovered that warmer temperature accelerates an aging-dependent decrease in the size of ovaries of blood-fed females, providing a physical explanation for the previously observed reduction in reproductive ability. Ovaries may be smaller because they contain fewer follicles, have delayed follicle development during vitellogenesis, have degenerated follicles or a combination of these factors, any of which would reduce egg production. Similar to our findings, in other dipterans, warmer temperature reduces the size of ovaries, and warmer temperature increases the death of early germline cysts and of follicles undergoing vitellogenesis [394-396]. Mosquitoes reared at 27°C and 32°C are only marginally different in body size [26], so the warming-based reduction in the size of the ovaries occurs independently of body size. Moreover, aging also decreases the size of ovaries in sugar-fed females. Given that previtellogenesis is completed by 3 days of age [25, 28, 356], this suggests that the aging-based deterioration of the ovaries begins prior to blood feeding. As dipterans age, reactive oxygen species cause oxidative damage that reduces fecundity [135-137, 397]. This aging-based increase in oxidative damage is exacerbated by warmer temperature when females take a blood meal [146, 398]. Moreover, mosquitoes at warmer temperatures have lower protein content and fewer teneral reserves, which are also depleted with aging [26, 27, 83]. So, although the body composition of sugar-fed mosquitoes reared at 27°C and 32°C is relatively similar [26], females may divert more blood-meal-acquired proteins and lipids toward replenishing their energy stores [10, 27, 83, 319], having a deleterious impact on ovary development. Thus, when the temperature is warmer, ovaries are smaller and the aging-based deterioration occurs faster, resulting in an accelerated deterioration of the egg production machinery [231]. 
Previously, we observed that warmer temperature accelerates an aging-dependent decline in fertility, ultimately reducing the number of hatched larvae [231]. We uncovered that warmer temperature accelerates an aging-dependent decrease in the expression of Vg in female reproductive tissues. Moreover, we also observed that decreased Vg expression correlates with increased Lp expression, suggesting that excess lipids are transported into the reproductive tissues when the temperature is warmer. Reduced Vg expression and increased Lp expression can cause accelerated embryonic arrest and infertility by (i) impairing amino acid incorporation into the developing oocytes, (ii) preventing oocyte melanization, and (iii) causing excess lipids to accumulate in the ovaries [399].  
The warming based acceleration of an aging-dependent decrease in fecundity and fertility may be also driven by a reduction in 20E, which positively regulates Vg, Lp, MISO, and HPX15 [10, 28, 32, 341, 343, 400]. We previously observed that warmer temperature reduces blood meal size [231], and smaller blood meals provide less cholesterol, which could reduce 20E levels given that cholesterol is the building block of 20E. Alternatively, warmer temperature may reduce the amount of 20E transferred from the male to the female during copulation, which reduces expression of 20E-responsive genes in the female and decreases their ability to lay eggs [342]. This hypothesis is supported by our observation that warmer temperature accelerates an aging-dependent decrease in the expression of the male enzyme CYP315A1 involved in 20E synthesis. Moreover, we uncovered that warmer temperature delays the increase in the size of the MAGs that produce 20E [29, 363], potentially reducing the production of sperm and MAG proteins [139, 401, 402]. Therefore, we hypothesize that the warming-based acceleration of an aging-dependent decline in fecundity and fertility may be due to both a female- and male-20E-mediated decline in Vg expression. 
The Target of Rapamycin (TOR) signaling pathway detects the levels of amino acids in the hemolymph and also positively regulates Vg expression [10, 32, 37]. Warmer temperature and aging both deplete the teneral reserves of proteins, lipids, and carbohydrates [26, 48-50, 314, 403-405], and females that have low teneral reserves use their first blood meals to replenish somatic energy stores prior to diverting energy to egg production [27, 44, 82, 406, 407]. Thus, at warmer temperatures, depletion of teneral reserves may occur faster, thereby decreasing TOR-mediated Vg expression. Fewer amino acids incorporated into developing oocytes led to reduced fertility [399], so this likely contributes to the warming-based acceleration of an aging-dependent decline in fecundity and fertility.
Upon mating, the female nourishes the collected sperm inside the spermatheca for the remainder of her reproductive lifespan [380, 408, 409]. Here, the warming-based acceleration of the aging-dependent decrease in the expression of mating plug and lipid metabolism genes in males (Plugin, TGase3, and phLp) suggests that males transfer fewer sperm-protecting components during copulation. Moreover, warmer temperature accelerates an aging-dependent increase in the expression of HPX15 in females, suggesting that the heme peroxidase that protects long-term fertility is more essential when the temperature is warmer [343].
YPPs, such as vitellogenin (Vg) and lipophorin (Lp), were previously thought to only be produced in the fat body. More recent studies have demonstrated that YPPs are also expressed in the reproductive tissues of some insects, including mosquitoes [31, 350, 383, 386, 410-412]. Here, we detected expression of Vg and Lp in female reproductive tissues. However, the reproductive tissue samples collected from both females and males may contain a small amount of adhered fat body, which would contribute to the Vg and Lp mRNA detected [413]. Regardless, it is unknown how warmer temperature and aging, individually or interactively, alter the expression of these genes in their primary site of production—the fat body—and this should be the focus of future experimentation.
Although we uncovered that warmer temperature accelerates an aging-dependent decrease in the size of ovaries, the size of the spermatheca remained unchanged. The spermatheca is made of chitin and resilin that together form a thick cuticle-based structure that stores and protects sperm upon mating. Because the spermatheca is fully developed and sclerotized prior to adult eclosion [380, 408], and because body size is relatively similar when mosquitoes are reared 27°C versus 32°C [26], it stands to reason that spermatheca size should not change with blood feeding, warmer temperature, or aging. 
Beyond warmer temperature and aging, other factors may affect the development of reproductive tissues. This study focused on Anopheles gambiae, but reproduction may differ across mosquito species and strains [141, 414]. For example, Aedes aegypti males transfer JH to females during mating, whereas A. gambiae males transfer 20E to females during mating [29, 141, 414-416]. Moreover, other abiotic and biotic factors may also interact to affect reproductive ability. For example, mosquitoes must protect themselves against desiccation in low-humidity environments [417], and low humidity decreases egg production and hatching [54, 418-420].
In summary, in blood-fed females, warmer temperature accelerates an aging-dependent decrease in the size of the ovaries and modifies the changes in reproductive gene expression that occur with aging. In males, warmer temperature lessens and delays the increase in the size of the male accessory glands and accelerates an aging-dependent decrease in reproductive gene expression. Given that warmer temperature accelerates reproductive senescence [231], these data shed light on how physical and transcriptional changes underpin the warming-based acceleration of an aging-dependent decline in mosquito fecundity and fertility. 
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CHAPTER 7


[bookmark: _Toc207279372]CONCLUSIONS


[bookmark: _Toc207279373]Warmer temperature accelerates immune and reproductive senescence


By quantifying humoral immune responses to infection, blood feeding, and reproduction, this body of work demonstrates that warmer environmental temperature accelerates both immune and reproductive senescence in mosquitoes. In other words, when the temperature is warmer, mosquitoes become more susceptible to infection and less able to reproduce earlier in life than when the temperature is cooler. This acceleration of immune and reproductive senescence has important and relevant implications for mosquito-borne disease transmission in our warming world. 
In Chapter 2, I illustrate that when mosquitoes become infected, warmer temperature accelerates an aging-dependent weakening of the melanization immune response. Moreover, in naïve, uninfected mosquitoes, warmer temperature reduces the melanization potential of the mosquito’s hemolymph, reducing their intrinsic ability to melanize. Similarly, in Chapter 3, I demonstrate that warmer temperature accelerates an aging-dependent weakening of the antimicrobial activity of hemolymph, reducing the mosquito’s ability to effectively lyse and kill pathogens with effectors like antimicrobial peptides (AMPs), lytic enzymes, and reactive oxygen and nitrogen species (ROS/RNS). These data align with recent evidence that warmer temperature accelerates an aging-dependent increase in infection intensity and an aging-dependent weakening of the cellular immune response [68, 72]. Moreover, mosquitoes at warmer temperatures have altered body composition and poorer survival earlier in life [26, 72]. Taken together, immune senescence begins earlier in life when the temperature is warmer, making mosquitoes less able to mount an effective immune response against a pathogen. 
In Chapter 4, I used RNA sequencing and a network analysis approach to identify how warmer temperature modifies aging dependent changes in the mosquito transcriptome, accelerating senescence in both naïve and immune-induced mosquitoes. For example, warmer temperature amplifies aging-dependent changes in immune gene expression but dampens the aging-dependent decrease in metabolic gene expression and the aging-dependent increase in DNA repair gene expression. These data illustrate that warmer temperature alters mosquito aging across many biological processes. Moreover, the transcriptomic changes explain the phenotypic changes I discovered in Chapters 2 and 3. Overall, warmer temperature dramatically alters the mosquito transcriptome in ways that alter the ability of the mosquito to survive and mount an immune response. 
Chapter 5 highlights how warmer temperature accelerates reproductive senescence, decreasing fecundity and fertility earlier in life. Importantly, at the warmest temperature of 32°C, mosquitoes become infertile regardless of what age they take a blood meal. Further investigation in Chapter 6 revealed that warmer temperature accelerates the aging-dependent decrease in female ovary size and lessens and delays the development of male accessory glands. Moreover, warmer temperature accelerates aging-dependent changes in both female and male reproductive tissues. Taken together, these studies illustrate that warmer temperature affects both female and male reproductive tissues in ways that dramatically reduce reproductive capacity.
In summary, when the temperature is warmer, mosquitoes age faster, reducing their ability to fight an infection and reproduce earlier in life. These studies have generated novel evidence that warmer environmental temperature accelerates immune and reproductive senescence in mosquitoes. 


[bookmark: _Toc207279374]What does this mean for mosquito-borne disease transmission?


Of the nearly 4,000 mosquito species across the globe, 88 of them are known vectors of human disease, and an additional 331 species may be potential vectors [421]. Altogether, less than 10% of the world’s mosquito species can transmit disease [421]. In order for a human to become infected when bit by an infectious mosquito, the pathogen must pass through a variety of physical and biological barriers that serve as bottlenecks in both the mosquito and human, reducing the risk of infection [422-424]. For example, for Plasmodium parasites, 20% of sporozoites successfully migrate from the mosquito’s abdomen to the salivary glands, and less than 1% of these sporozoites are injected into the human host during biting [422, 423, 425-427]. Once in the human host, only about 20% of the sporozoites enter the human blood stream [422, 423]. Thus, few mosquitoes in nature are infected with human pathogens and successfully transmit them [421, 422, 428, 429]. However, variation in pathogen exposure, fine-scale differences in mosquitoes and pathogens, and the complex life cycles of pathogens within mosquitoes and humans enable disease transmission to persist [55, 56, 66, 69, 220, 430-432]. Here, the findings of this dissertation open the question: How does the acceleration of immune and reproductive senescence at warmer temperatures alter mosquito-borne disease transmission?
Mosquito-borne disease transmission can be modeled using the Ross-Macdonald equation for the calculation of the basic reproductive number, R0, which represents the number of human infections resulting from an initial infection within a population of mosquitoes [11, 13]. The equation below incorporates information on the ratio of mosquitoes to humans (m), the mosquito biting rate per day (a), the daily survival probability (- ln(p)), the duration of the incubation period of the pathogen (n), the transmission efficiency from infected mosquito to uninfected human (b), the transmission efficiency from infected human to uninfected mosquito (c), and the human infectious period or recovery rate (1/r) [11-13, 425]. A value of R0 greater than 1 predicts increased disease transmission, while a value less than 1 predicts reduced disease transmission [11-13, 425].


Ross-Macdonald model:  			(Equation 1) [11, 13] 	


In terms of disease transmission, accelerated immune and reproductive senescence may reduce vectorial capacity by: reducing the number of mosquitoes that survive and are available to bite humans, thereby decreasing the ratio of mosquitoes to humans (m); lowering the daily survival probability (- ln(p)); decreasing the likelihood of surviving the time required for pathogen development (pn); and reducing the biting risk (a). However, surviving mosquitoes will be less likely to control or eliminate an infection, meaning that the mosquitoes that are alive and biting may be more likely to be infectious, potentially increasing the transmission efficiency from infected mosquito to uninfected human (b). Finally, warmer temperature increases the pathogen development rate within the mosquito, increasing the likelihood of transmission [67, 76, 77, 79, 337, 433, 434].
However, a more infectious mosquito does not necessarily equate to a higher likelihood of infection [422]. To illustrate this, in Anopheles stephensi mosquitoes that were infected with rodent malaria parasite Plasmodium yoelli, the number of sporozoites (the parasite development stage that is transmitted from mosquito to human) in the salivary glands was weakly correlated with the number of sporozoites injected into mouse skin [435]. In heavily infected mosquitoes (with ≥ 12,000 sporozoites in the salivary glands), there was no correlation between the number of sporozoites in the lumen of the salivary glands with the number injected into skin [435]. In this same study, the vast majority of mosquitoes (85%) injected under 1% of the total sporozoite load in the salivary glands [435]. Moreover, when identifying factors that alter mosquito disease transmission, changes within the R0 equation are exponentiated and multiplicative [425]. Thus, the concurrent decrease of multiple linear and exponential components of the equation has a much greater impact than any singular component increasing. In other words, a warming-based acceleration of immune and reproductive senescence will likely reduce the R0 and mosquito-borne disease risk in regions that become too warm. 
When the environmental temperature increases, mosquitoes may also move geographical locations to escape regions that become too warm, or they may adapt to warming climates by shifting their timing of activity [87, 147, 436]. Climate warming can result not only in life history and population dynamic changes, but also in geographic range changes or altered trophic level interactions [437]. For example, climate warming is expected to shift the geographic range of insects, including mosquitoes, to regions that they previously did not inhabit [87]. Mosquitoes can also migrate hundreds of kilometers via wind currents [438]. This may increase the risk of vector-borne disease in new regions. In regions that become too warm, mosquitoes may shift their behavior by becoming more active at night when it is cooler or by favoring indoor locations that are cooler, increasing the biting risk for humans [87]. Thus, a warming-based acceleration of immune and reproductive senescence may also shift the geographic burden of disease or alter mosquito biting behavior, potentially resulting in new human populations at risk for disease. Altogether, predicting mosquito-borne disease transmission is complex [66, 69, 87], and climate-based disease models are more useful at the local level on a short time scale, rather than over larger space and time, and other factors that alter disease risk, like human-induced urbanization and infrastructure change need to be accounted for to better predict disease on a larger scale [437, 439-441]. 


[bookmark: _Toc207279375]Strengths and limitations

This dissertation presents a holistic and robust approach to understanding how warmer temperature and aging interact to shape mosquito immunity and reproduction. Evidence of a warming-based acceleration of immune senescence is presented for phenotypes of two different immune responses, melanization and antimicrobial activity, and the phenotypic changes can be explained by transcriptomic changes observed by RNAseq. Moreover, this dissertation addresses many reproductive phenotypes, including blood feeding propensity, blood meal size, fecundity, fertility, and survival. To dig deeper into the warming-based acceleration of reproductive senescence observed on the phenotypic level, this dissertation also provides mechanistic insight into how warmer temperature modifies aging-related changes in both female and male reproductive tissue structure and mRNA abundance. Altogether, this dissertation serves as a cross-scale approach demonstrating that warmer temperature modifies mosquito physiology in ways that affect their ability to mount an immune response and reproduce.
A strength of this dissertation is that it captures life history carry-over effects of warmer temperature. Mosquitoes are holometabolous, transitioning from aquatic larvae that develop into pupae, which emerge into terrestrial adults. Factors that affect the larval environment, including temperature, larval density and predation, diet, and larval infection can also affect the outcome of adults emerging from that environment, known as carry-over effects [48-50, 55, 60, 81, 442-449]. For example, when larvae are infected with E. coli bacteria in the hemocoel, transstadial transmission occurs, and larvae develop into infected adults that have shorter lifespans [442]. Moreover, warmer larval rearing temperatures reduce adult fecundity and survival [81]. Thus, an understanding how warmer temperature affects adult mosquitoes is incomplete without accounting for larval carry-over effects. Unlike many studies that transfer mosquitoes to the temperature of interest after adult emergence [56, 75, 79, 163], experiments in this dissertation were conducted on mosquitoes reared from egg to adulthood at each temperature, capturing carry-over effects. 
In this dissertation, immune responses were measured following a septic, whole-body bacterial infection in the hemocoel of the mosquito. By infecting through the hemocoel rather than a blood meal, experiments on the immune system avoid confounding effects of the physiological changes that occur with blood-feeding [33, 36]. Using two different types of bacteria (gram-negative E. coli and gram-positive M. luteus) also allowed for comparing the effects of warmer temperature and aging on immune responses with different pathogens. I believe that the outcomes observed can be extrapolated to other insects, including agricultural pests and pollinators that become infected without a blood meal.
In nature, mosquitoes experience a diurnal fluctuation in temperature as the sun rises and sets. Small changes in temperature and diurnal temperature fluctuations shape the mosquito’s ability to mount an immune response as well as the pathogen’s development [56, 432, 450-453]. A limitation of this dissertation is the use of constant warmer temperatures rather than fluctuating diurnal temperatures. Disease-prediction models that do not account for fluctuating temperatures tend to overestimate malaria risk in warm environments and underestimate malaria risk in cooler environments [453]. However, A. gambiae mosquitoes primarily rest indoors and experience a smaller range of daily fluctuations in temperature than mosquitoes that rest outdoors [454]. Moreover, fluctuating environmental conditions in field mosquitoes have little effect on the expression of aging genes relative to mosquitoes reared in the lab at a constant temperature [227], and the diurnal temperature regime is only marginally significant in determining Plasmodium infection in A. gambiae compared to mosquitoes at constant temperatures [455]. Thus, using a constant temperature reveals the maximum phenotypic effect of warmer temperature in a semi-field-realistic setting. 
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Here, I demonstrate that when the temperature is warmer, mosquitoes become more susceptible to infection and less able to reproduce earlier in life, compared to when the temperature is cooler. This is clearly demonstrated on the phenotypic level and the transcriptomic level throughout the thesis, but questions remain regarding the precise mechanisms and complex interactions that drive warming- and aging-based changes in immunity and reproduction.
We observed that immune induction downregulates the expression of genes involved in metabolism (Chapter 4), which suggests that mounting an immune response is energetically costly [233-235, 238]. Organisms have a finite amount of energetic resources, and life history theory dictates that energy allocation toward immunity results in a trade-off, with less energy available for non-immune processes that drive reproduction and survival [236, 237]. Moreover, we observed that warmer temperature increases the expression of genes involved in metabolism regardless of immune status (Chapter 4), suggesting that warmer temperature may force allocation toward metabolism over immunity. This is supported by data presented in Chapters 2 and 3, in which warmer temperature weakens humoral immunity. Moreover, warmer temperature dampens the aging-dependent decrease in metabolic gene expression (Chapter 4). Thus, future work should address how the interaction between warmer temperature and aging shape trade-offs between immunity and metabolism. Specifically, the Target of Rapamycin (TOR) pathway, which senses nutrients though insulin-like peptides and amino acid signaling, regulates both immunity and metabolism in dipterans, and inhibition of the TOR pathway promotes immune activation [456-458]. Therefore, future studies should seek to shed light on how warmer temperature and aging interact to affect the TOR pathway and its contributions to immunity and metabolism. 
With regards to reproduction, Chapters 5 and 6 focus on blood feeding and reproduction in mosquitoes that have taken a single blood meal. However, in nature, mosquitoes may take multiple blood meals and reproduce over the course of multiple gonotrophic cycles [33, 46, 407, 459-461]. Taking multiple blood meals increases fecundity and the amount of protein incorporated into developing oocytes after a blood meal [407]. Here, we observed that warmer temperature reduces blood feeding propensity and blood meal size for the first blood meal taken (Chapter 5), and warmer temperature and aging deplete teneral reserves and deteriorate body composition [26]. It stands to reason that females that take a blood meal at warmer temperatures and older ages may divert nutrients from the blood meal toward their own energy investment rather than toward reproduction, and perhaps these females require additional blood meals to produce viable eggs. Thus, future studies should investigate how warmer temperature and aging shape reproduction after multiple blood meals, and whether the time period between blood meals affects reproductive output. 
Lastly, important for both immunity and blood feeding, intestinal barrier integrity after a blood meal may be affected by the interaction between warmer temperature and aging. The intestinal epithelial barrier not only aids in blood meal digestion, but also physically blocks pathogens from entering the hemocoel, produces immune effectors, and maintains a functional microbiome [462-467]. As insects age, they experience progressive deterioration of the intestinal barrier, and this disrupts intestinal cellular proliferation, weakens immunity, induces microbial dysbiosis, and causes leaking of intestinal contents into the hemocoel [466, 468-472]. Given that warmer temperature accelerates senescence of humoral immunity and reproduction (Chapters 2-6), we suspect that warmer temperature also accelerates an aging-dependent weakening of intestinal integrity. This may inhibit blood meal digestion and nutrient acquisition, weaken immunity, and lower survival. For these reasons, how warmer temperature and aging interact to shape intestinal barrier integrity and function in mosquitoes is an ongoing topic of investigation in our lab.
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To summarize, this body of work demonstrates that warmer temperature accelerates aging-dependent changes in mosquitoes, weakening their immune responses to infection and inhibiting their ability to reproduce earlier in life. These warming- and aging-based changes in mosquito immunity and reproduction will likely reduce the mosquito’s ability to maintain a population and transmit disease to humans in regions that become too warm. Importantly, this dissertation highlights the need to evaluate how biotic and abiotic factors interact with each other to shape insect vectors and the diseases that they transmit. 
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APPENDICES
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This Appendix contains the supplementary figures and tables corresponding to Chapter 2, “Higher temperature accelerates the aging-dependent weakening of the melanization immune response in mosquitoes,” published in PLoS Pathogens and accessible at: https://doi.org/10.1371/journal.ppat.1011935.



Figure S1. Auto-oxidation of exogenous L-DOPA is negligible. Time course of OD490 measurements of L-DOPA plus water for 30 min. The lower end of the scale is amplified on the right. No meaningful auto-oxidation of L-DOPA was detected. Each circle marks the mean, and whiskers indicate the S.E.M.



Figure S2. Melanization in isolated hemolymph is negligible without the addition of the phenoloxidase substrate, L-DOPA. Time course of OD490 measurements of hemolymph for 30 min. The lower end of the scale is amplified on the right. No meaningful melanization was detected in the absence of exogenous L-DOPA. Each circle marks the mean, and whiskers indicate the S.E.M.



Figure S3. Raw means of melanization potential, aggregated by temperature, age, and immune treatment. (A) Melanization potential, aggregated by temperature and immune treatment, irrespective of age. (B) Melanization potential, aggregated by age and immune treatment, irrespective of temperature. (C) Melanization potential, aggregated by immune treatment, irrespective of temperature or age. Column height marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S3 and S4, but grouped or arranged differently, with aggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 3.



Figure S4. Raw means of melanization potential. Column height marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S3 and S4, but grouped or arranged differently, with unaggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 4. 


[bookmark: _Hlk147227067]Figure S5. Raw means of melanization over time, aggregated by temperature, age, and immune treatment. (A) Melanization activity over time, aggregated by temperature and immune treatment, irrespective of age. (B) Melanization activity over time, aggregated by age and immune treatment, irrespective of temperature. (C) Melanization activity over time, aggregated by immune treatment, irrespective of temperature or age. Each circle marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S5 and S6 Figs, but grouped or arranged differently, with aggregated data shown this figure. The estimated marginal means of these data, resulting from the linear mixed model, are presented in Fig 5.



Figure S6. Raw means of melanization over time. Each circle marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S5 and S6, but grouped or arranged differently, with unaggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear mixed model, are presented in Fig 6. 



Figure S7. Raw means of melanin deposition on the dorsal abdominal wall, aggregated by temperature, age, and immune treatment. (A) Melanin deposition, aggregated by temperature and immune treatment, irrespective of age. (B) Melanin deposition, aggregated by age and immune treatment, irrespective of temperature. (C) Melanin deposition, aggregated by immune treatment, irrespective of temperature or age. Column height marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S7 and S8, but grouped or arranged differently, with aggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 7.



S8 Fig. Raw means of melanin deposition on the dorsal abdominal wall. Column height marks the raw mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S7 and S8, but grouped or arranged differently, with unaggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 8.




S9 Fig. Raw means of melanin deposition within the periostial regions and posterior excurrent opening, aggregated by temperature, age, and immune treatment. (A) Melanin deposition, aggregated by temperature and immune treatment, irrespective of age. (B) Melanin deposition, aggregated by age and immune treatment, irrespective of temperature. (C) Melanin deposition, aggregated by immune treatment, irrespective of temperature or age. Column height marks the mean, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix A: Figs S9 and S10, but grouped or arranged differently, with aggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 9.





S10 Fig. Raw means of melanin deposition within the periostial regions and posterior excurrent opening. Column height marks the mean, and whiskers indicate the S.E.M. The same measurements are shown in Appendix A: Figs S9 and S10, but grouped or arranged differently, with unaggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear model, are presented in Fig 10.
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Appendix B


This Appendix contains the supplementary figures and tables corresponding to Chapter 3, “Senescence of humoral antimicrobial immunity occurs in infected mosquitoes when temperatures are higher,” published in The Journal of Experimental Biology and available at https://doi.org/10.1242/jeb.248149.



Figure S1. Observed means of antimicrobial activity: all mosquitoes have some level of antimicrobial activity, regardless of infection. Area of zone-of-inhibition of hemolymph from naïve, injured and infected mosquitoes, irrespective of temperature or age, as well as water. The column heights mark the observed means, and whiskers indicate the S.E.M. The same measurements are plotted in Appendix B: Figs S1 and S2, but grouped or arranged differently, with aggregated data shown in this figure. The estimated marginal means of these data, resulting from the linear mixed model fitted to the entire data set, are presented in Figs 14 and Appendix B: S3.



Figure S2. Observed means of antimicrobial activity: area of zone-of-inhibition of hemolymph from naïve, injured and infected mosquitoes, stratified by temperature and age. (A) Antimicrobial activity, showing the effects of temperature within each age. (B) Antimicrobial activity, showing the effects of age within each temperature. The column heights mark the observed means, and whiskers indicate the S.E.M. The same measurements are plotted in A and B and in Appendix B: Fig S1, but grouped or arranged differently. The estimated marginal means of these data, resulting from linear mixed models on the full data set and on data stratified by immune treatement, are presented in Figs 14-17 and Appendix B: S3.





Figure S3. Estimated marginal means of antimicrobial activity: area of zone-of-inhibition of hemolymph from naïve, injured and infected mosquitoes, stratified by temperature and age. (A) Antimicrobial activity, showing the effects of temperature within each age. (B) Antimicrobial activity, showing the effects of age within each temperature. The column heights mark the estimated marginal means, and whiskers indicate the S.E.M. The same measurements are plotted in A and B, but grouped or arranged differently. The estimated marginal means of these data result from the full linear mixed model fitted to the entire data set, including all immune treatments, and are also presented as aggregated data in Figure 14.


[bookmark: _Toc207279381]

Appendix C


This Appendix contains the supplementary figures and tables corresponding to Chapter 4, “Warmer temperature accelerates senescence by modifying the aging-dependent changes in the mosquito transcriptome, altering immunity, metabolism, and DNA repair,” currently under review at Immunity & Ageing. 


Figure S1. Preliminary experiments designed to select the type of immune treatment and dose show that immune gene expression at 6 h post immune treatment does not differ between live or heat-killed E. coli injection, nor between bacterial doses. The relative abundance of mRNA of three immune genes (LysC1, CECA, and DEF1) and one house keeping gene (RPS17) was measured by qRT-PCR using the 2- ΔΔCT method and RpS7 as the reference. Heat-killed and live bacterial doses included a low dose (OD600 = 2) and a high dose (OD600 = 5). Primers used and methods for cDNA synthesis and qRT-PCR are as we have described (https://doi.org/10.1186/s13071-017-2302-6). Data show two independent biological trials. Column heights represent mean fold change with error bars indicating the standard deviation. Rearing temperature and mosquito age are depicted at the top of the plots. 
Table S1. List of pair-wise comparisons for interaction analysis.



Table S3. Summary table of data depicted in Fig 28.


Table S4. Summary table of data depicted in Fig 29.
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Appendix D


This Appendix contains the supplementary figures and tables corresponding to Chapter 5, “Warmer temperature accelerates reproductive senescence in mosquitoes,” published in Frontiers in Physiology and available at https://doi.org/10.3389/fphys.2025.1610310.



Figure S1. Experimental overview to determine the effects of warmer temperature, aging, and their interaction on mosquito blood feeding, reproduction, and survival.
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Appendix E


This Appendix contains the supplementary figures and tables corresponding to Chapter 6, “Warmer temperature accelerates the aging-dependent decrease in female ovary size, delays male accessory gland development, and accelerates aging-dependent changes in reproductive gene expression in Anopheles gambiae mosquitoes” accepted for publication in August 2025 in Insects.

Figure S1. Warmer temperature accelerates the aging-dependent decrease in ovary width in blood-fed females. (A) Mean ovary width of females reared at each temperature that took a sugar or blood meal, irrespective of age. (B) Mean ovary width of females that took a sugar or blood meal at each age, irrespective of temperature. (C) Interaction plot showing the mean ovary width of females that took a sugar or blood meal at each temperature within each age group. (D-E) Mean ovary width of females that took a sugar or blood meal at each temperature within each age group (D) or at each age within each temperature group (E). (F) Statistical outcomes determined by a generalized linear regression model (gaussian family with log link) followed by a type-II ANOVA Wald Chi-square test with Kenward–Roger approximation of degrees of freedom. The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual female data points. Sidak-adjusted post-hoc comparisons of means in (A) and (B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, and * p < 0.05.  


[image: P1845#yIS1]
Figure S2. Warmer temperature delays the initial increase in male accessory gland (MAG) width. (A) Mean MAG width of males reared at each temperature, irrespective of age. (B) Mean MAG width of males at each age, irrespective of temperature. (C) Interaction plot showing the mean MAG width of males at each temperature within each age group. (D-E) Mean MAG width of males at each temperature within each age group (D) or at each age within each temperature group (E). (F) Statistical outcomes determined by a generalized linear regression model (gaussian family with log link) followed by a type-II ANOVA Wald Chi-square test with Kenward–Roger approximation of degrees of freedom. The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual male data points. Sidak-adjusted post-hoc comparisons of means in (A) and (B) are indicated by asterisks: *** p < 0.001, ** p < 0.01, and * p < 0.05.



Figure S3. Warmer temperature increases testes width. (A) Mean testes width of males reared at each temperature, irrespective of age. (B) Mean testes width of males at each age, irrespective of temperature. (C) Interaction plot showing the mean testes width at each temperature within each age group. (D-E) Mean testes width at each temperature within each age group (D) or at each age within each temperature group (E). The same data are plotted multiple ways: main effects of temperature and age (within feeding group) are shown in (A) and (B), respectively, and unaggregated data are shown in (D-E). In (A-B) and (D-E), bars represent means, whiskers indicate the SEM, and circles show individual male data points.
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Figure S4. Effects of warmer temperature, aging, and their interaction on the expression of additional genes in female reproductive tissues. (A-B) Mean fold change of female reproductive genes that did not change across temperature-age groups. Column heights mark the mean mRNA fold change, relative to females reared at 27°C receiving a blood meal at 5 days old, at each temperature within each age group (A) or at each age within each temperature group (B). Whiskers indicate the SEM, and circles show values for each trial.
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