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Abstract  27 

While dietary macronutrients are known to regulate insect immunity, few studies have 28 

examined their evolutionary effects. Here, we evaluate this relationship in the cricket 29 

Gryllodes sigillatus by maintaining replicate populations on four diets differing in protein (P) 30 

to carbohydrate (C) ratio (P- or C-biased) and nutritional content (low- or high-nutrition) for 31 

>37 generations. We split each population into two; one maintained on their evolution diet 32 

and the other switched to their ancestral diet. We also maintained populations exclusively on 33 

the ancestral diet (baseline). After three generations, we measured three immune parameters 34 

in males and females from each population. Immunity was higher on P-biased than C-biased 35 

diets and on low- versus high-nutrition diets, although the latter was most likely driven by 36 

compensatory feeding. These patterns persisted in populations switched to their ancestral 37 

diet, indicating genetic divergence. Crickets evolving on C-biased diets had lower immunity 38 

than the baseline, whereas their P-biased counterparts had similar or higher immunity than 39 

the baseline, indicating that populations evolved with dietary manipulation. While females 40 

exhibited superior immunity for all assays, the sexes showed similar immune changes across 41 

diets. Our work highlights the important role that macronutrient intake plays in the evolution 42 

of immunity in the sexes. 43 
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1. Introduction 55 

Animals are under constant attack from a variety of pathogens and parasites [1]. 56 

Consequently, the immune system is a central component of a host’s life-history [2] and is 57 

expected to be under strong selection [3]. Yet, hosts continue to be susceptible to pathogenic 58 

infection and immune responses vary greatly within and between species, as well as across a 59 

range of ecological contexts [1]. The most prominent explanation for the persistence of this 60 

variation is that mounting an immune response is costly to the host and there is now 61 

considerable empirical support proving that these costs are both widespread and can be 62 

manifest at different individual or evolutionary scales [4]. For example, there are costs 63 

associated with maintaining and using the immune system (termed usage costs [2]), including 64 

energetic costs [5], and damage caused to self through autoreactivity and autoimmunity [6]. 65 

There may also be fitness costs of evolving an efficient immune system (termed evolutionary 66 

costs [2]) mediated by trade-offs between immunity and other important life-history traits 67 

(e.g. reproduction, [8]), as well as between different immune components [8] or defence 68 

against different pathogens (termed multiple fronts costs [10]) . 69 

Nutrition provides the necessary resources for immune function and, therefore, is 70 

crucial to mediating the costs of immunity [10, 11]. Consequently, it is not surprising that diet 71 

has a pronounced effect on immunity in a range of invertebrate [12-14] and vertebrate [15-72 

17] species. In many studies, however, the diets used are poorly defined in nutritional 73 

composition (e.g. ‘good’ vs. ‘bad’ diets), making it difficult to determine the specific 74 

component(s) (i.e. calories or macronutrient content) that regulate immunity [18, 19]. An 75 

exception to this pattern are studies on insects that have used the Geometric Framework (GF) 76 

for nutrition [20]. Studies using this approach in Lepidoptera larvae [21-25] and adult 77 

Orthoptera [26, 27] have shown that elements of constitutive immune function (e.g. 78 

haemocyte counts, antimicrobial and phenoloxidase (PO) activity) are higher on protein- (P) 79 

biased than carbohydrate- (C) biased diets. Furthermore, the survival of bacteria- [24, 28] and 80 

virus-challenged Lepidoptera larvae [23, 25] is higher on P-biased than C-biased diets. 81 

However, survival to bacterial infection is higher on C-biased diets in Drosophila 82 

melanogaster [14] and on high fat-low P diets in burying beetles [13] suggesting that the role 83 

of P in immunity is far from universal in insects.  84 

Most studies examining the link between diet and immunity are restricted to a single 85 

generation. This means they cannot directly evaluate how immune function evolves in 86 
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response to diet. To the best of our knowledge, a single study has examined the effects of diet 87 

on the evolution of immunity [29]. In D. melanogaster populations maintained for over 160 88 

generations on a poor-quality larval diet, both larvae and adults evolved increased 89 

susceptibility to an entomopathogenic bacterium (Pseudomonas entomophila) compared to 90 

individuals from control populations [29]. This increased susceptibility was attributed to a 91 

loss of intestinal barrier integrity, without changes in antimicrobial peptide expression, ROS 92 

production or bacterial load [29]. There are a number of features of this study, however, that 93 

limit a more detailed understanding of how nutrition influences the evolution of immunity. 94 

First, as the poor-quality larval diet was obtained by simple dilution (25% of the control 95 

diet’s nutritional composition), the specific role that macronutrients play in the evolution of 96 

immunity cannot be determined. Second, because larvae were fed the higher-quality control 97 

diet as an adult, any nutritional deficiencies experienced as a larvae could have been 98 

corrected in the adult stage through compensatory feeding [30]. Finally, as only larvae and 99 

adult females were included in this study, any sex differences in how immunity responds to 100 

diet were not examined. However, given that immune sexual dimorphism appears widespread 101 

in insects [31] and there is growing evidence that diet has sex-specific effects on immunity 102 

[12, 13, 26], it is likely that there will also be differences in how the sexes evolve with diet. 103 

Collectively, this highlights a need for multigenerational studies that independently 104 

manipulate the dietary caloric and macronutrient content across all life stages and that 105 

examine how immune function evolves in both sexes. 106 

The decorated cricket (Gryllodes sigillatus) has proven an excellent model to study 107 

the evolution of insect immunity [12, 32, 33]. Immunity is sexually dimorphic in this species, 108 

with females having higher haemocyte counts, PO activity and encapsulation ability than 109 

males [33, 34], although sex differences are less pronounced when considering the clearance 110 

of and resistance to specific fungal and bacterial pathogens (Letendre et al., unpublished 111 

data). There is also considerable evidence suggesting that immunity is traded against 112 

reproduction in G. sigillatus, especially in males [12, 32, 33, 35-37], and that the intake of 113 

macronutrients plays an important role in regulating the strength of this trade-off in the sexes 114 

[12]. Female encapsulation ability and egg production both increase with P and C intake, 115 

whereas male encapsulation ability increases with P intake but nightly calling effort (the time 116 

spent calling to attract a mate) increases with C intake [12]. As females can optimise both 117 

reproduction and immunity at the same nutrient intake, whereas males cannot, this results in a 118 

larger nutrient space-based trade-off between these traits in males than females [12]. 119 
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However, the role these macronutrients play in the evolution of immunity across generations 120 

in G. sigillatus is currently unknown. 121 

Here, we examine the evolution of immune function in response to diet in male and 122 

female G. sigillatus. We used an experimental evolution approach where we maintained 123 

replicate populations on four diets differing in their P:C ratio (P- or C-biased) and total 124 

nutritional content (low- or high-nutrition) for over 37 generations. Each population was then 125 

split at random to form two new populations, with one being maintained on their original 126 

“evolution” diet and the other switched to a standard “ancestral” diet to create a common 127 

garden setting. Crickets were maintained in these new populations for three generations to 128 

reduce any possible transgenerational non-genetic effects [38]. We then measured three 129 

immune parameters (haemocyte count, zone of inhibition and PO activity) in males and 130 

females. In parallel to the evolution diet populations, we also maintained replicate 131 

populations exclusively on the ancestral diet and measured these parameters in males and 132 

females to serve as a baseline for comparison to our evolution diet populations. Based on our 133 

experimental design, any differences observed across populations maintained on their 134 

original evolution diet will reflect the nutritional environment plus any genetic divergence 135 

that occurred in response to diet, whereas any differences across populations switched to the 136 

ancestral diet will only reflect genetic divergence. Moreover, comparison between males and 137 

females from these populations with those maintained exclusively on the ancestral diet will 138 

allow us to determine the magnitude and direction in which immunity has evolved. 139 

 140 

2. Methods 141 

(a) Experimental evolution procedure 142 

Gryllodes sigillatus used in this study were taken from our mass colony that are the 143 

descendants of approximately 500 adults collected in Las Cruces, New Mexico in 2001. Our 144 

mass colony is distributed across 12 transparent 15L plastic containers and housed in an 145 

environmental chamber (Percival I-66VL) maintained at 32±1°C, 14L:10D cycle. Crickets 146 

were provided ad libitum with a 50-50% mixture of commercial cat (Friskies 7, Nestle Purina 147 

PetCare, Australia) and rat (Specialty Feeds, Australia) pellets, water in 60mL glass test tubes 148 

plugged with cotton wool and cardboard egg cartons for shelter. Food and water were 149 

replenished weekly. When adults were detected, a 10cm Petri dish containing moistened 150 
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cotton wool was added as an oviposition substrate. Hatchling nymphs were collected en 151 

masse and approximately 500 nymphs were allocated at random to each container to establish 152 

the next generation. This process ensures gene flow each generation to promote the 153 

maintenance of genetic variation.  154 

We used crickets taken at random from the mass colony (at generation 42) to establish 155 

replicate experimental populations of G. sigillatus evolving on artificial diets varying in both 156 

the P:C ratio and total nutritional content (i.e. calories). Each replicate set of populations 157 

consists of five diets (figure 1). This includes a standard cricket diet (SCD, 72% nutrition, 1P: 158 

2.33C) that consists of the 50:50 mix of cat:rat diet fed to our mass colony, plus four 159 

additional diets (henceforth “evolution diets”) positioned symmetrically around the SCD in a 160 

factorial design: (i) high-nutrition/P-biased (H/P, 92% nutrition, 1.05P:1C), (ii) low-161 

nutrition/P-biased (L/P, 52% nutrition, 1.05P:1C), (iii) high-nutrition/C-biased (H/C, 92% 162 

nutrition, 1P:5.71C) and (iv) low-nutrition/C-biased (L/C, 52% nutrition, 1P:5.71C) (figure 1). 163 

The composition of these diets is provided in table S1. In total, we established four replicate 164 

populations to evolve on each of these diets (total n = 20 populations). For each population, 165 

approximately 500 nymphs were randomly allocated to a 15L plastic container upon hatching 166 

and provided with water, egg carton and respective diet. Crickets were restricted to the same 167 

diet throughout their life and maintained following the protocol used for our mass colony, 168 

except that crickets were not mixed between populations each generation and food and water 169 

was checked every 2 days and replenished as needed.  170 

After evolving on these evolution diets for between 37 and 46 generations (depending 171 

on the evolution diet and specific replicate population, table S2), nymphs were taken at 172 

random from each population maintained on H/P, L/P, H/C and L/C diets and used to 173 

establish two new populations; in the first one, nymphs were established on SCD 174 

(“switched”) and in the second, on the diet they evolved on (“not switched”). Thus, each 175 

population was reared on both their original evolution diet and also in a common garden 176 

setting. In addition, we maintained the four replicate populations established on SCD, to 177 

serve as an ancestral baseline. This resulted in a total of 36 populations. 178 

Crickets in each population were maintained as outlined above on their respective diet 179 

for two generations prior to measuring immunity to minimise the potential for any 180 

transgenerational non-genetic effects (e.g. maternal or paternal effects, [39]). A total of 60 F3 181 

nymphs from each population were established in individual plastic containers (5 cm3) 182 
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provided with water in a small 5mL plastic vial plugged with cotton wool, egg carton and 183 

their respective diet in a vial cap (10mm diameter, 7mm deep). Fresh food and water was 184 

provided and containers cleaned each week. At final instar, nymphs were checked daily for 185 

eclosion to adulthood. Haemolymph for immune assays was collected from 15 crickets of 186 

each sex per population (total n = 1080 crickets) at 8 days post-eclosion.  187 

(b) Immune assays 188 

Haemocyte counts, the zone of inhibition (ZI) and total phenoloxidase (PO) activity were 189 

measured using established protocols for G. sigillatus [39]. These immune assays are 190 

positively genetically correlated with survival to infection by the gram-negative bacterium 191 

Serratia marcescens in both sexes [46]. 192 

To collect haemolymph, crickets were cold-anaesthetised (5min). The cuticular 193 

membrane was pierced under the dorsal pronotum plate (sterile 25G needle). 4µL outflowing 194 

haemolymph were collected by positioning a prechilled glass microcapillary tube (Wiretrol® 195 

II MicroDispenser, Drummond Scientific, USA) at the puncture site. Haemolymph was 196 

expelled into 11µL Grace’s insect medium (GM, Sigma-Aldrich, G8142, Australia) to be 197 

used in ZI assays. 4µL of this mixture was added to 12µL GM (final dilution 1/15) and 198 

circulating haemocytes were immediately counted using an optical microscope (400X) with a 199 

haemocytometer (FastRead102®, ImmuneSystems, UK). Another 4µL of the mixture was 200 

added to 20µL GM for PO assays. The samples for ZI and PO assays were snap-frozen in 201 

liquid nitrogen and stored at -80°C until later analysis [34].   202 

For the ZI assay, nutrient agar plates seeded with Micrococcus luteus (ATCC® 4698) 203 

were prepared as follows: bacteria were grown (48h, 30°C, 250 rpm) in nutrient broth 204 

(Oxoid, Thermo Fisher Scientific, Australia) and added to liquid medium containing 1% agar 205 

held at 40°C to achieve a final density of 1.5x105 cells/mL. 6mL seeded medium was poured 206 

into 10cm Petri dish to solidify. Sample wells were made using a Pasteur pipette (Volac 207 

D810) fitted with a ball pump. 2.5µL sample solution (thawed on ice) were pipetted in 208 

duplicate into wells. Negative control wells (GM only) were included on each plate. Plates 209 

were inverted and incubated (48h, 30°C). For each inhibition zone, two diameter 210 

measurements, perpendicular to one another, were obtained blind to treatment (ImageJ, 211 

version 1.8.0_112; http://rsbweb.nih.gov/ij) and averaged. The duplicate mean was used in 212 

subsequent analyses. 213 

http://rsbweb.nih.gov/ij
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 For total PO activity, 10µL sample was combined with 135µL H2O, 20µL phosphate-214 

buffered saline (PBS, Gibco, ThermoFisher Scientific) and 5µL bovine pancreas α-215 

chymotrypsin (5mg/ml, Sigma-Aldrich, CAS: 9004-07-3) in each well of a 216 

spectrophotometer microplate. The mixture was incubated (15min, room temperature). 20µL 217 

L-DOPA (4mg/ml, Sigma-Aldrich, CAS: 59-92-7) were added and the optical density (OD) 218 

recorded at 490nm every 40s for 45min, 30°C (SPECTROstar nano, BMG LabTech, Thermo 219 

Fisher Scientific). The total change in OD over time was determined (MARS data analysis 220 

software, version 2.10). The average slope of the change in OD/min was calculated for 221 

control wells (GM) and subtracted from the slope of a given sample to extract the corrected 222 

slope, with a larger slope indicating more PO activity. Samples were tested in duplicates and 223 

randomised within and across plates.  224 

(c) Statistical analysis 225 

Immune parameters data was condensed to means for each evolution diet population and sex. 226 

We analysed these means using a Multivariate Analysis of Variance (MANOVA) that 227 

included total nutrition, nutrient ratio, diet switch and sex (and their interactions) as fixed 228 

effects and our three immune parameters as response variables. We used a MANOVA 229 

because these assays are genetically correlated [46]. As most of the interaction terms 230 

involving sex were statistically significant in this overall MANOVA model, we also 231 

conducted MANOVAs separately in each sex. In these sex-specific MANOVAs, we used the 232 

same model structure, with the notable exclusion of sex as a main effect. In both the overall 233 

and sex-specific MANOVAs, univariate ANOVAs were used to determine which assays 234 

contributed to the overall multivariate effects observed. Fisher’s PLSD post-hoc tests were 235 

used to determine how these assays differed across evolution diets and diet switch treatment.  236 

As the diet switch treatment could not be applied to our four replicate SCD 237 

populations, they were not included in these MANOVA models. Instead, we estimated the 238 

mean of each assay separately for males and females across these SCD populations and 239 

compared them to the mean of our experimental diet populations using a one sample t-test. 240 

As all crickets were maintained on SCD for 42 generations prior to being established in our 241 

experimental populations, we consider the mean of these populations as the ancestral baseline 242 

that enables us to determine the direction that immune function has evolved in response to 243 

our dietary regime. 244 

 245 
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3. Results 246 

Our overall MANOVA model revealed significant overall multivariate effects of total 247 

nutrition, nutrient ratio, diet switch and sex on immunity (table 1). On average, females 248 

expressed higher functional immune responses, as did individuals raised on P-biased diets 249 

and those switched to the SCD (table 1, table S3, figure 2). However, with the exception for 250 

the interactions between nutrient ratio and diet switch (B x C) and between nutrient ratio, diet 251 

switch and sex (B x C x D), all other interactions were significant indicating that the 252 

influence of the main effects on immunity is more complex than described by these average 253 

effects. Importantly, the prevalence of significant lower (A x D, B x D, C x D) and higher (A 254 

x B x D, A x C x D, A x B x C x D) order interactions involving sex indicates that the effects 255 

of total nutrition, nutrient ratio and diet switch on immunity differ for males and females. 256 

Therefore, to better understand these interactions we conducted separate MANOVAs for each 257 

sex. 258 

In females, there were significant multivariate effects of total nutrition, nutrient ratio 259 

and diet switch on immunity (table 2). On average, haemocyte count and PO activity (but not 260 

ZI) were higher on low-nutrition than high-nutrition diets and all three assays were higher on 261 

P-biased than C-biased diets and when switched to SCD than when maintained on their 262 

original evolution diet (table 2, figure 2A,C & E). There was also a significant multivariate 263 

interaction between total nutrition and nutrient ratio (A x B) on immunity because the 264 

increase in haemocyte count and PO activity on P-biased diets was greater, on average, on 265 

low-nutrition diets than high-nutrition diets (table 2, figure 2A & E). Although the 266 

multivariate interaction between nutrient ratio and diet switch (B x C) was not significant, the 267 

interactions between total nutrition and diet switch (A x C) and between total nutrient, 268 

nutrient ratio and diet switch (A x B x C) were significant and illustrates that the magnitude 269 

of the increase in haemocyte count and PO activity when females are switched to SCD 270 

depends on the total nutrition and nutrient ratio of the evolution diet (table 2, figure 2A,C & 271 

E). With a few notable exceptions (e.g. the H/P diet for all immune assays and the L/P diet 272 

for ZI), immunity was typically higher when females were switched to the SCD than when 273 

maintained on their original evolution diet (table S4, figure 2A,C & E). Irrespective of 274 

whether females were maintained exclusively on their original evolution diet or switched to 275 

the SCD, immunity was always highest on the L/P diet and followed most often by the H/P 276 

diet (figure 2A,C & E). In most instances, females evolving on C-biased diets had lower 277 

immunity than the ancestral baseline, whereas their P-biased counterparts had similar, or in 278 
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some cases higher, immunity than the baseline (table S5, figure 2A,C & E). There are some 279 

notable exceptions to this pattern, however, including females when switched from the H/C 280 

diet to the SCD that had significantly higher haemocyte counts than the baseline (figure 2A) 281 

and females evolving on the H/P diet from both diet switch treatments that had significantly 282 

lower PO activity than the baseline (figure 2E). 283 

In males, there were also significant multivariate effects of total nutrition, nutrient 284 

ratio and diet switch on immunity and the way these main effects influenced specific assays 285 

largely mirrored those observed in females (table 2, figure 2B,D & F). In contrast to females, 286 

however, the multivariate interaction between total nutrition and nutrient ratio (A x B) was 287 

not significant in males (table 2). As observed in females, the multivariate interaction 288 

between nutrient ratio and diet switch (B x C) was not significant but the interactions 289 

between total nutrition and diet switch (A x C) and between total nutrition, nutrient ratio and 290 

diet switch (A x B x C) were significant (table 2). In males, however, these significant 291 

interactions were driven exclusively by haemocyte count (table 2, figure 2B,D & F). As in 292 

females, most immune assays in males were higher when switched to the SCD than when 293 

maintained on their original evolution diet (table S4, figure 2B,D & F). The exception to this 294 

pattern, however, was haemocyte count and PO activity that were not significantly higher 295 

when switched from the H/P diet to the SCD (table S4, figure 2B & F). Again, the magnitude 296 

of these effects in males were driven by differences in how evolution diet influences immune 297 

parameters within each diet switch treatment. Male immunity was always highest on either 298 

the L/P or H/P evolution diets (at roughly equal frequency), irrespective of diet switch 299 

treatment (figure 2B,D & F). Like females, males evolving on C-biased diets typically had 300 

lower immunity than the ancestral baseline, while their P-biased counterparts had similar, and 301 

in some cases, higher immunity than the baseline (table S6, figure 2B,D & F). Obvious 302 

exceptions were males switched from L/C and H/C diets to the SCD that showed significantly 303 

higher haemocyte counts than the ancestral baseline (table S6, figure 2B). 304 

 305 

 306 

4. Discussion 307 

Dietary macronutrients are known to play a key role in regulating insect immunity [12, 14, 308 

21, 22, 28, 40], yet surprisingly few studies have examined the importance of macronutrient 309 
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intake to how immunity evolves. Here we provide the first study using experimental 310 

evolution to examine how immune function evolves in response to diets varying in both P:C 311 

ratio (P- or C-biased) and total nutritional content (low- vs. high-nutrition) in male and 312 

female G. sigillatus. Our evolution diets had a pronounced effect on the evolution of 313 

immunity in both sexes, with both the P:C ratio and total nutritional content of the diet 314 

playing important roles. The effects of P:C ratio were largely consistent with single-315 

generation studies showing that immunity is consistently higher on P-biased (H/P and L/P) 316 

than C-biased (H/C and L/C) diets. The effects of total nutrition, however, were more 317 

surprising with immunity being higher on low-nutrition (L/P and L/C) than high-nutrition 318 

(H/P and H/C) diets, although this effect was largely driven by the increase in immunity on 319 

L/P diets. Immunity in both sexes was consistently higher when switched from their original 320 

evolution diet to SCD but the differences in immune parameters across evolution diets largely 321 

persisted, indicating a genetic basis to this divergence. Furthermore, in most cases, crickets 322 

evolving on P-biased diets had similar or higher immunity than crickets maintained 323 

exclusively on the ancestral diet, whereas those evolving on C-biased diets had lower 324 

immunity than the ancestral baseline, indicating that this genetic divergence also resulted in 325 

evolutionary change. Despite females exhibiting superior immunity to males for all assays we 326 

examined, the sexes showed similar patterns of divergence in immunity across evolution diet 327 

populations. Collectively, our results demonstrate a clear and important role for 328 

macronutrients in the evolution of immunity in male and female G. sigillatus. 329 

Our finding that immunity was higher for crickets evolving on P-biased than C-biased 330 

diets is largely consistent with the general patterns shown in single-generation studies on 331 

insects. For example, GF studies in Spodoptera littoralis [21, 23, 28], S. exempta [24, 25] and 332 

Manduca sexta [22] larvae and adult mormon crickets (Anabrus simplex, [27]) have all 333 

shown that P intake increases the production of immune cells, immune enzymes and 334 

antimicrobial peptides, as well as improves survival to infection. This finding is also 335 

consistent with our previous work on G. sigillatus showing that encapsulation response is 336 

optimised with a high consumption of P-biased diets in both males (5.14P:1C) and females 337 

(1.04P:1C) [12]. Together with our finding that immunity is similar or higher than the 338 

ancestral baseline when evolving on P-biased diets, this suggests that P is the core 339 

macronutrient limiting the evolution of increased immunity in G. sigillatus. Our finding that 340 

immunity was, on average, higher on low-nutrition diets, however, was far less consistent 341 

with the pattern shown in available literature. Indeed, single-generation studies on M. sexta 342 
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[22] and S. littoralis [21, 28] larvae, as well as in adult male and female G. sigillatus [12], 343 

have all shown that immune function is typically enhanced with higher nutrient intakes. 344 

Moreover, larval and adult D. melanogaster from replicate populations maintained for over 345 

160 generations on a low-nutrition diet evolved lower resistance to the bacterium P. 346 

entomophila compared with control populations maintained on a diet of higher nutritional 347 

content [29]. It is important to note, however, that this average effect we observed in G. 348 

sigillatus was largely driven by the increase in immunity when evolving on L/P diet. Our 349 

previous work examining the evolution of feeding behaviour of crickets from these 350 

populations offers an explanation for this unexpected pattern. We have shown that both males 351 

and females have evolved compensatory feeding behaviours (the increase in consumption of 352 

low nutrient diets [20]), being especially pronounced on the L/P diet. For example, males and 353 

females increase consumption by 116% and 109%, respectively, when feeding on the L/P diet 354 

compared to the H/P diet and this results in a 22% and 18% increase in P and C intake 355 

(Williams et al., unpublished data). Consequently, crickets actually have a higher intake of P 356 

when evolving on the L/P than H/P diet. This finding is more consistent with the view that 357 

immunity is energetically costly [5, 41, 42] and highlights the need to consider the evolution 358 

of feeding behaviour in diet manipulation studies that span multiple generations.  359 

We also found a strong effect of our diet switch treatment on the immune function of 360 

male and female G. sigillatus. For the majority of evolution diets, male and female immunity 361 

was higher when switched to SCD than when maintained on their original diet, although the 362 

magnitude of this effect did differ across evolution diets. For example, immunity in both 363 

sexes always increased when switched from a C-biased diet (L/C and H/C) to the SCD, as 364 

would be expected given the higher P content of this diet. The effects of diet switch on P-365 

biased diets, however, were less consistent. With a few notable exceptions (all involving ZI), 366 

immunity generally increased in both sexes when switched from L/P diet to SCD, whereas 367 

little change was typically observed when switched from H/P diet to SCD. While the exact 368 

reason for this difference is currently unknown, it is clearly not driven by the absolute intake 369 

of P, which is reduced on SCD. It is possible that there is an optimal intake of P whereby the 370 

over-ingestion of this macronutrient has a negative impact on immunity. Indeed, we have 371 

recently shown in these populations that both males and females from populations maintained 372 

on L/P diet had shorter lifespans and aged faster than crickets maintained on the other diets 373 

(Rios-Villamil et al., unpublished data). Importantly, despite the overall effects of diet 374 

switching, the differences we observed in immunity across evolution diets largely persisted 375 
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when crickets were maintained on the common SCD, indicating that this response has a 376 

genetic basis. Furthermore, the fact that most populations also showed significant divergence 377 

from the ancestral baseline indicates that the changes in immunity with diet are an 378 

evolutionary response. Again, this pattern of divergence from the ancestral baseline was 379 

largely consistent across our diet switch treatments with crickets evolving on C-biased diets 380 

having lower immunity than the ancestral baseline, and crickets evolving on P-biased diets 381 

having similar, or in some cases higher, immunity than the baseline. This finding suggests 382 

that P may be the key macronutrient that constrains the evolution of enhanced immunity in G. 383 

sigillatus. This may occur because the immune system has such a high demand for P that it 384 

must compete against other life-history traits for this macronutrient (i.e. a resource-based 385 

trade-off, [12]). However, given that immunity is unlikely to be under strong selection in our 386 

experimental populations (as the full range of pathogens and parasitoids will be encountered), 387 

it is also possible that this outcome is driven by changes in immune physiology, such as the 388 

expression of immune genes [28] and antimicrobial peptides [47], that have been shown to 389 

increase with P consumption in other insect species. Clearly, further work is needed before 390 

we will fully understand how P influences the evolution of immunity in male and female G. 391 

sigillatus. 392 

Immune sexual dimorphism is common across the animal kingdom, especially in 393 

insects [31]. While all individuals have to balance the costs of immunity with investment in 394 

other functions (e.g. reproduction), the sexes are expected to adopt different strategies to 395 

optimise fitness [31]. Males are predicted to adopt a “live hard, die young” strategy that 396 

maximises the number of matings at the expense of immunity, whereas females are predicted 397 

to invest more heavily in immunity as this enables them to live longer and maximise the 398 

number of offspring produced [31]. Thus, females are predicted to have superior immunity to 399 

males [31], but not under all possible conditions [43]. In agreement with this prediction, we 400 

found that females had superior immunity across our evolution diets for all three assays 401 

examined, although this was far more pronounced for PO activity than haemocyte count and 402 

ZI. However, despite some minor differences in the mean order of how immune function 403 

responded to our evolution diets, the pattern was largely similar across the sexes. The same 404 

was true for the pattern of how the sexes diverged from the ancestral baseline across 405 

evolution diets. In both cases though, females showed a greater responsiveness to evolution 406 

diets than males for two of the three assays we examined. For example, across our evolution 407 

diets, the coefficient of variation (CV) for haemocyte count and PO activity was 29% and 408 
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18% higher in females than males, respectively, although the CV for ZI was only 3% higher 409 

in males than females. This raises the obvious question: why does diet have a larger effect on 410 

females than males for these assays? In G. sigillatus, females are the shorter-lived sex and 411 

egg laying decreases rapidly with age, whereas the opposite pattern exists for calling effort in 412 

males, suggesting that females experience higher costs of reproduction [44]. It is therefore 413 

possible that immune function is more sensitive to diet in females because of these higher 414 

costs of reproduction and the resulting effects it has on the trade-off between these traits. 415 

While the trade-off between immunity and reproduction is well documented in insects [45], 416 

as well as in male G. sigillatus [12, 32, 33, 35-37], it has not been thoroughly examined in 417 

females of this species. Assessing changes in male and female reproduction, as well as the 418 

degree to which immunity is traded against reproduction, across our diet populations is an 419 

important next step in our research moving forward. 420 
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Table 1. Overall MANOVA model examining the effects of total nutrition, nutrient ratio, diet 562 

switch and sex on immune function (haemocyte count, zone of inhibition and PO activity) in 563 

male and female crickets. Univariate ANOVAs to determine how each immune assay 564 

contributed to the overall multivariate effects are available in Table S1. The estimated partial 565 

Eta squared (ηp
2) is equal to the Pillai’s trace. However, as this estimate of effect size is based 566 

on a biased estimate of the population variance, we also provide the estimated partial omega 567 

squared (ꞷp
2) with 95% confidence intervals (CIs). 568 

 MANOVA 
Model terms Pillai’s Trace F3,46 P ꞷp

2 (95% CIs) 
Total nutrition (A) 0.69 34.29 0.0001 0.67 (0.50,0.77) 
Nutrient ratio (B) 0.89 118.75 0.0001 0.88 (0.81,0.91) 
Diet switch (C) 0.75 46.44 0.0001 0.73 (0.59,0.81) 
Sex (D) 0.94 239.39 0.0001 0.93 (0.90,0.95) 
A x B 0.53 17.11 0.0001 0.49 (0.29,0.64) 
A x C 0.48 14.27 0.0001 0.44 (0.24,0.61) 
A x D 0.39 9.72 0.0001 0.34 (0.14,0.53) 
B x C 0.07 1.13 0.35 0.01 (0.00,0.19) 
B x D 0.69 33.45 0.0001 0.66 (0.50,0.76) 
C x D 0.40 10.34 0.0001 0.36 (0.15,0.54) 
A x B x C 0.38 9.35 0.0001 0.33 (0.13,0.52) 
A x B x D 0.39 9.98 0.0001 0.35 (0.15,0.53) 
A x C x D 0.16 2.97 0.04 0.11 (0.00,0.31) 
B x C x D 0.10 1.74 0.17 0.04 (0.00,0.24) 
A x B x C x D 0.17 3.10 0.04 0.11 (0.00,0.32) 
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Table 2. MANOVAs examining the effects of total nutrition, nutrient ratio and diet switch on 569 

immune function separately in each sex. Univariate ANOVAs were used to determine how 570 

each immune assay contributed to the overall multivariate effects.  571 

 MANOVA 
 Female   Male  
Model terms Pillai’s Trace F3,22 P ꞷp2 (95% CIs)  Pillai’s Trace F3,22 P ꞷp2 (95% CIs) 
Total nutrition (A) 0.77 24.58 0.0001 0.73 (0.51,0.84)  0.55 8.83 0.0001 0.47 (0.17,0.68) 
Nutrient ratio (B) 0.91 73.59 0.0001 0.89 (0.79,0.94)  0.89 56.44 0.0001 0.86 (0.74,0.92) 
Diet switch (C) 0.76 23.72 0.0001 0.72 (0.50,0.83)  0.77 24.36 0.0001 0.73 (0.51,0.84) 
A x B 0.65 13.85 0.0001 0.60 (0.31,0.76)  0.26 2.56 0.08 0.15 (0.00,0.45) 
A x C 0.58 10.24 0.0001 0.52 (0.21,0.71)  0.34 3.78 0.03 0.24 (0.00,0.52) 
B x C 0.28 2.89 0.06 0.18 (0.00,0.47)  0.05 0.41 0.75 0.00 (0.00,0.19) 
A x B x C 0.37 4.35 0.02 0.28 (0.02,0.55)  0.47 6.50 0.003 0.39 (0.09,0.62) 
 Univariate ANOVAs 
 Immune assay F1,24 P ꞷp2 (95% CIs)  Immune assay F1,24 P ꞷp2 (95% CIs) 
Total nutrition (A) HC 67.60 0.0001 0.72 (0.51,0.82)  HC 22.49 0.0001 0.45 (0.17,0.66) 
 ZI 1.32 0.26 0.01 (0.00,0.27)  ZI 0.14 0.71 0.00 (0.00,0.16) 
 PO  32.28 0.0001 0.55 (0.27,0.72)  PO  5.99 0.02 0.16 (0.01,0.44) 
Nutrient bias (B) HC 107.56 0.0001 0.80 (0.64,0.88)  HC 8.79 0.007 0.23 (0.02,0.50) 
 ZI 107.47 0.0001 0.80 (0.64,0.88)  ZI 82.21 0.0001 0.76 (0.57,0.85) 
 PO  160.68 0.0001 0.86 (0.74,0.91)  PO  140.49 0.0001 0.84 (0.71,0.90) 
Diet switch (C) HC 64.48 0.0001 0.71 (0.49,0.82)  HC 62.90 0.0001 0.70 (0.48,0.82) 
 ZI 5.68 0.03 0.15 (0.00,0.43)  ZI 17.21 0.0001 0.38 (0.11,0.61) 
 PO  35.32 0.0001 0.57 (0.30,0.73)  PO  9.28 0.006 0.24 (0.03,0.51) 
A x B HC 13.15 0.001 0.32 (0.07,0.56)  HC 2.17 0.15 0.04 (0.00,0.32) 
 ZI 0.00 0.99 0.00 (0.00,0.08)  ZI 4.00 0.06 0.10 (0.00,0.38) 
 PO  36.49 0.0001 0.58 (0.31,0.74)  PO  0.77 0.39 0.00 (0.00,0.24) 
A x C HC 32.45 0.0001 0.55 (0.27,0.72)  HC 11.35 0.003 0.28 (0.05,0.54) 
 ZI 0.28 0.60 0.00 (0.00,0.19)  ZI 0.22 0.64 0.00 (0.00,0.18) 
 PO  5.91 0.02 0.16 (0.01,0.44)  PO  1.39 0.25 0.01 (0.00,0.28) 
B x C HC 0.34 0.57 0.00 (0.00,0.20)  HC 0.31 0.59 0.00 (0.00,0.19) 
 ZI 6.73 0.02 0.18 (0.01,0.46)  ZI 0.00 0.98 0.00 (0.00,0.08) 
 PO  0.28 0.60 0.00 (0.00,0.18)  PO  1.00 0.33 0.00 (0.00,0.25) 
A x B x C HC 8.00 0.009 0.21 (0.02,0.48)  HC 21.02 0.0001 0.44 (0.16,0.65) 
 ZI 0.31 0.58 0.00 (0.00,0.19)  ZI 0.19 0.66 0.00 (0.00,0.18) 
 PO  9.95 0.004 0.26 (0.04,0.52)  PO  0.55 0.46 0.00 (0.00,0.22) 

Abbreviations: HC = haemocyte count, ZI = zone of inhibition and PO = phenyloxidase activity. 
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Figure Legends 572 

Figure 1. The distribution of evolution diets in nutrient space. The solid black lines represent 573 

the nutritional rails for P-biased (H/P and L/P) and C-biased (H/C and L/C) diets, where the 574 

ratio of P:C in the diet are fixed. The solid red line represents the nutritional rail for SCD. 575 

The black dashed lines are isocaloric lines that connect diets with different P:C ratio but the 576 

same total nutritional content. The isocaloric line closest to the origin connects the two low-577 

nutrition diets (L/C and L/P), whereas the isocaloric line furthest from the origin connects the 578 

two high-nutrition diets (H/C and H/P). The red dashed line represents the isocaloric line for 579 

the SCD. 580 

Figure 2. The mean (± standard error) haemocyte count (A,B), zone of inhibition (C,D) and 581 

PO activity (E,F) in female and male crickets across evolution diets and diet switch 582 

treatments. In each panel, the white bars represent crickets maintained on their original 583 

evolution diet (not switched) and the grey bars represent crickets switched from their original 584 

evolution diet to the SCD (switched). The red solid lines represent the mean of the immune 585 

assay measured on male and female crickets from the ancestral baseline populations 586 

(maintained exclusively on the SCD) and the red dashed lines represent the standard errors 587 

for this mean. Within each diet switch treatment, different letters provided at the base of each 588 

bar represent significant differences across evolution diets at P < 0.05. 589 
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Figure 1 590 
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Figure 2 591 

 

 


