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Abstract 18 

BACKGROUND: Biological control is a cornerstone of Integrated Pest Management and 19 

could also play a key role in managing the evolution of insecticide resistance. Ecological 20 

theory predicts that the fitness cost of insecticide resistance can be increased under exposure 21 

to invertebrate natural enemies or pathogens, and can therefore increase the value of 22 

integrating biological control into pest management. In this study of the peach potato aphid, 23 

Myzus persicae, we aimed to identify whether insecticide resistance affected fitness and 24 

vulnerability of different aphid clones to the entomopathogenic fungus Akanthomyces 25 

muscarius.  26 

 27 

RESULTS: Insecticide resistant clones were found to be slightly less susceptible to the 28 

pathogen than susceptible clones. However, this pattern could also be explained by the 29 

influence of length of laboratory culture, which was longer in susceptible clones and was 30 

positively correlated with susceptibility to fungi. Furthermore, resistance status did not affect 31 

aphid development time or intrinsic rate of increase of aphids. Finally, in a cage trial the 32 

application of fungus did not increase the competitive fitness of insecticide resistant clone 33 

‘O’. 34 

 35 

CONCLUSION: We found no fitness cost in reproductive rate or pathogen susceptibility 36 

associated with chemical resistance in M. persicae. In contrast, some susceptible clones, 37 

particularly those subject to decades of laboratory rearing, showed enhanced susceptibility to 38 

a fungal pathogen, but not reduced reproductive fitness, an observation consistent with down-39 

regulation of costly immune functions in culture. Overall, fungal pathogen control is 40 

compatible with insecticides and should not increase the selection pressure for resistance of 41 

M. persicae to chemical insecticides. 42 
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 43 

Introduction 44 

The development of a sustainable and more efficient crop production system is 45 

necessary to feed the rising human population. Pest management is a key issue for crop 46 

production with reports of up to 59% losses in yield of major crops worldwide due to 47 

herbivores, pathogens and weeds.1 The intrinsic resistance in wild plants against pathogens 48 

and pests is lacking in domesticated crops, as conventional breeding programs can result in 49 

loss of resistance traits.2, 3 Modern agricultural practices since the 1960s have relied on the 50 

intensive use of synthetic chemical pesticides to control crop pests, which helped increase 51 

yields significantly.4 However, growing concerns towards their adverse effects on humans5, 6 52 

and the environment7-10 is prompting regulators to impose restrictions on their use. 53 

Insecticide resistance provides a competitive advantage under insecticide selection 54 

pressure to those individuals that express the trait, however mutations conferring resistance 55 

can lead to evolutionary trade-offs that cause fitness penalties.11, 12 The mechanisms evolved 56 

to overcome the effects of chemical insecticides can have pleiotropic consequences on their 57 

fitness in particular environmental conditions,13 or when under attack by natural enemies14, 15 58 

or pathogens. This effect can be positive, for example when the resistance mechanism 59 

evolved to chemical insecticides also protects against a pathogen (i.e. cross-resistance). This 60 

effect can also be negative, when the increased resistance towards insecticides results in a 61 

‘fitness cost’. This fitness cost can manifest in a reduced ability in reproduction, survival or 62 

can hinder the competitive ability of the resistant individual in the absence of the 63 

insecticide.17  The loss of fitness may be even more severe in the presence of a pathogen.18 A 64 

number of studies have shown increased fitness costs of resistance to the entomopathogenic 65 

bacterium Bacillus thuringiensis in Plutella xylostella (reduced egg fertility) and 66 

Pectinophora gossypiella (greater larval mortality) when under challenge from other 67 
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pathogens19, including baculovirus20 and nematodes.21 An enhanced fitness penalty - in which 68 

insecticide-resistant individuals had higher susceptibility to an entomopathogen than 69 

insecticide-susceptible individuals - could be exploited to reduce the frequency of resistant 70 

individuals in a population, thereby prolonging the effective ‘shelf life’ of the insecticide.19, 71 

22. Thus, for Integrated Pest Management (IPM) programs that use both synthetics and 72 

biologicals, there may be resistance management benefits arising from using 73 

entomopathogens in rotation or in spatial mosaics with chemicals. However, we cannot 74 

assume that entomopathogens will always select against insecticide resistant genotypes- the 75 

consequences of resistance must be checked through experimentation. 76 

Entomopathogenic fungi (EPF) are important natural pathogens of arthropods. There 77 

are approximately 750 fungal species described as causing infection in insect and mites.23 78 

Ascomycete fungi belonging to the order Hypocreales, such as Beauveria spp., 79 

Akanthomyces spp. and Metarhizium spp. have been well-studied and used widely as 80 

environmentally friendly biological control agents.24, 25 Host insects are infected by fungal 81 

propagules that penetrate the cuticle.26 This makes EPF ideal candidates for the control of 82 

aphids and other sap-feeding insects that cannot be effectively controlled by microbial 83 

control agents that infect via ingestion. Fungal pathogens are becoming more established with 84 

an increasing number of strains being developed as mycoinsecticides and mycoacaricides to 85 

control greenhouse pests.27, 28 However, their potential as tools in resistance management is 86 

not yet fully explored.  87 

Myzus persicae Sulzer (Hemiptera: Aphididae), the peach-potato aphid, is one of the 88 

most economically important crop pests in temperate regions of the world; methods for 89 

controlling this species rely almost solely on the application of chemical insecticides.29, 30 The 90 

intensive use of insecticidal substances has led to the development of resistance to most 91 

classes of insecticides making M. persicae one of the most widely resistant insect species.31, 92 
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32 Resistance monitoring of M. persicae suggests that pirimicarb and pyrethroid resistance is 93 

dominant in aphid populations across the United Kingdom.33 Currently, there are seven 94 

distinct resistance mechanisms described in M. persicae.31 These include: the enhanced 95 

production of carboxylesterases conferring resistance to organophosphates (OP) and 96 

carbamates34, 35; modification of the acetylcholinesterase enzyme (MACE) leading to 97 

insensitivity to dimethyl carbamates and pirimicarb36, 37; target-site resistances due to 98 

mutation of the voltage-gated sodium channel, termed “knockdown resistance” (kdr) and 99 

“super-kdr” conferring resistance to pyrethroids38, 39; mutation or duplication in a ligand-100 

gated chloride channel responding to ɣ-aminobutyric acid (GABA) leading to resistance to 101 

cyclodienes40;  overexpression of the P450 gene CYP6CY341 and mutation of the nicotinic 102 

acetylcholine receptor (nAChR) conferring resistance to neonicotinoids42; and reduced 103 

penetration through the cuticle.41  104 

The genetic basis for insecticide resistance involves genes associated with the 105 

increased production of metabolic enzymes linked with detoxification processes or alteration 106 

of insecticide receptor binding sites.31 The disruption caused by these genetic changes is 107 

often linked with fitness costs (i.e. traits that contribute to individual reproductive success) in 108 

this species, as in other insects.11, 17 For example, reported fitness costs for M. persicae 109 

include reduced overwintering capacity,13 reduced response to alarm pheromones15, 43 and an 110 

increased vulnerability to parasitoids.14 Further studies are needed to establish fitness costs of 111 

resistance in aphid individuals with a varying degree of resistance and individuals carrying a 112 

number of different resistance mechanisms.11 113 

The loss in effectiveness of chemicals due to the development of resistance and the 114 

growing concern about their negative effect on human health and the environment provides a 115 

strong incentive for stakeholders to work on finding alternatives as well as improving the 116 

efficacy of existing compounds.44 Furthermore, recent regulatory bans and restrictions has led 117 
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to few active substances being available for use to control aphids.45-47 Heavily relying on the 118 

few insecticides currently used for control can lead to an increase in selection pressure for 119 

resistance to evolve.48 The ever-increasing costs, more stringent regulatory restrictions, and 120 

time and complexity of developing new insecticides,49-51 means that an effective insecticide 121 

resistance management (IRM) system is critical to preserve the utility and investment in 122 

present and future arthropod pest control.52 Biological solutions can play an important part in 123 

IRM especially if pathogens such as fungi can enhance the fitness discrepancies between 124 

resistant and susceptible insects.20 125 

In this study, we test whether resistance mechanisms evolved in response to 126 

insecticide use in M. persicae carry a fitness cost in terms of increased susceptibility to EPF. 127 

We use the pathogen Akanthomyces muscarius (Petch) Spatafora, Kepler, Zare and B. 128 

Shrestha, (formerly Lecanicillium muscarium /Verticillium lecanii) Ve6 (19-79),53 a 129 

biocontrol agent used in the whitefly mycoinsecticide Mycotal®, that has shown virulence 130 

against aphid pests in controlled conditions.54 We hypothesize that chemical resistance 131 

carries a fitness cost, therefore resistant aphids will be more susceptible to EPF. Firstly, we 132 

test the susceptibility of genetically distinct lineages of M. persicae with varying degree of 133 

chemical resistance against the fungus in a set of standardized bioassays. Secondly, we 134 

investigate the fitness of insecticide resistant and susceptible (hereafter referred to as 135 

“resistant” and “susceptible”, respectively) aphids under pathogen challenge in a competition 136 

assay. The M. persicae clones used in the study have been in captivity for different lengths of 137 

time. We therefore investigate whether a different degree of adaptation to laboratory 138 

conditions has an effect on aphid mortality and survival under pathogen challenge. Life-139 

history data on development and fecundity of M. persicae lineages were collected to further 140 

characterize any differences in reproductive fitness associated with resistance. 141 
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Methods  142 

Insect cultures 143 

Populations of Myzus persicae were reared in BugDorm-4 Polyester Mesh rearing 144 

cages (NHBS, UK) on chinese cabbage, Brassica pekinensis plants at BBCH growth stage 145 

13-15 (start). Colonies were sub-cultured as required by transferring 5-15 apterous adults 146 

onto fresh plants. M. persicae individuals of defined age were produced by confining cohorts 147 

of mature apterous virginoparae in clip cages on chinese cabbage plants (BBCH 13-15) for 148 

48 hours to produce progeny. Adults were then removed and the nymphs maintained for 149 

further nine days. Populations were maintained at 24±1°C, 14L: 10D photoperiod, which 150 

ensured the maintenance of an anholocyclic life cycle. Rearing efficency is higher at 24±1°C, 151 

however, bioassays were carried out at 20±1°C, which is more representative for pest 152 

populations in the United Kingdom. Clones of M. persicae used in the study are shown in 153 

Table 1. 154 

Table 1 M. persicae clones used in the study. Resistance mechanisms: knockdown resistance 155 

(kdr); super-knockdown resistance (skdr); Overexpression of cytochrome P450 CYP6CY3 156 

(CYP6CY3); Modified acetilcholineesterase enzyme (MACE); nicotinic acetylcholine 157 

receptor mutation (R81T). 158 

Clone Country of origin Year of 
collection 

Resistance mechanism 

4106A UK 2000 - 

4255A UK 2000 - 

5557 Germany 1967 - 

1X Italy 1996 - 

US1L UK 1974 - 
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Clone Country of origin Year of 
collection 

Resistance mechanism 

Chilpot Chile 2018 - 

92H6 Italy 2010 Kdr, sKdr, CYP6CY3 

5191A Greece 2007 MACE, CYP6CY3 

O UK 2007 MACE, sKdr, CYP6CY3 

5666A France 2009 R81T, Kdr, sKdr, CYP6CY3 

5444B Italy 2011 R81T, Kdr, sKdr, CYP6CY3 
 159 

Fungal cultures 160 

Five grams of wettable powder formulation of Mycotal (Koppert, NL) containing A. 161 

muscarius spores was dissolved in 10 ml sterile water. 100 µl of the homogenized suspension 162 

was spread on Sabouraud dextrose agar (SDA) in 90 mm triple vented Petri dishes (Fisher 163 

Scientific, Loughborough, UK) and incubated in darkness at 23±1 °C for 10-14 days. 164 

Conidial suspensions were prepared by agitating mycelia with a 'L-shaped' spreader (Fisher 165 

Scientific, Loughborough, UK) in 10 ml of 0.01% V/V  Triton X-100. The suspensions were 166 

then passed through sterile cheesecloth to remove any hyphal fragments. Suspensions were 167 

enumerated using Fastread102 counting chambers (Kova International, USA) and adjusted to 168 

the required concentration in 0.01% V/V  Triton X-100. Applications for the competition 169 

assay were carried out by dissolving Mycotal in sterile water and directly applying according 170 

to the label rate. 171 

Laboratory bioassay of M. persicae susceptibility to A. muscarius 172 

The median lethal concentration (LC50) for A. muscarius was calculated as 4x106 173 

conidia/ml for the aphid clone O based on a dose response bioassay using seven doses and 174 
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18-20 insects per dose.55 20-22 even-aged adult apterous aphids were treated in a 55 mm 175 

Petri dish with the LC50 of A. muscarius conidial suspension. Fungal suspensions were 176 

applied with a microspray tower consisting of an acrylic cylindrical tube, a top cap and artist 177 

airbrush (HP-SBS ECL3500 with standard nozzle, Iwata), similar to those in other EPF 178 

studies.56, 57 Precise specifications and validation of the consistency of this set-up have been 179 

described previously.55 The volume and pressure settings after calibration were determined as 180 

400 µl and 83 kPa. Bioassays were carried out at 4x106 and 4x107 conidia/ml resulting in an 181 

applied dose of 615 and 1237 spores per mm2, respectively. These doses correspond to the 182 

previously determined LD50 and LD90, respectively. Initial experiments used all the clones in 183 

Table 1, except for ’Chilpot’. After treatment, aphids were maintained on single leaves of 184 

Chinese cabbage in plastic cups with mesh covered vents at 20±1 °C and a 14:10 L:D regime. 185 

The petiole of the leaves were placed in water with a nutrient bead (Osmocote Controlled 186 

Release Plant Food, Greenfingers, UK). Aphid mortality was recorded daily for 7 days post-187 

treatment. Nymphs were removed daily. Dead insects were surface sterilized with 70 % 188 

ethanol and rinsed in sterile distilled water. Sterilized cadavers were plated on SDA agar and 189 

observed for fungal outgrowth to confirm death attributed to fungal infection. Treatments 190 

were replicated at least 3 times. Controls were treated with sterile carrier (0.01% Triton-X-191 

100).  192 

Laboratory bioassay: effect of adaptation to laboratory rearing 193 

The susceptible aphid clones used in this study have been maintained in the laboratory 194 

for more than double the time of resistant clones on average (Table 1). In order to empirically 195 

test whether time spent in laboratory rearing has an effect on the susceptibility of M. persicae 196 

to A. muscarius, a set of standardized bioassays using an additional recently captured 197 

susceptible aphid clone Chilpot was tested against our standard resistant clone ’O’. Bioassays 198 
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were carried out as described above, using 20-22 even-aged adult apterous aphids and two 199 

previously described doses of A. muscarius. Treatments for each clone were replicated five 200 

times for the lower, four times for higher dose. 201 

Competition assay 202 

A competition experiment was carried out in BugDorm-4 Polyester Mesh rearing 203 

cages (NHBS, UK) with whole Chinese cabbage plants in order to test whether the 204 

differences in pathogen susceptibility observed in bioassays translated to differences in 205 

competitive fitness over multiple generations in the presence of Mycotal®. Cages were set up 206 

with initial 15-15 even-aged apterous adults of susceptible (1X) and resistant (O) M. persicae 207 

genotypes. Treatment of Mycotal® were delivered with an artist airbrush (HP-SBS ECL3500 208 

with standard nozzle, Iwata) at a 20 cm distance directly on the cabbage plant. The applied 209 

dose was 3 ml of suspension with a concentration of 2.7 x 107 spore/ml per plant and was 210 

applied three times at intervals of 7 days. Controls were treated with sterile carrier (0.01% 211 

Triton-X-100). The cages were maintained in a plant growth chamber at 20±1 °C, 70 % 212 

humidity and a 14:10 L:D regime. Duplicates were run simultaneously under the same 213 

conditions. After 22 days 2nd and 3rd instar nymphs were picked randomly from the plant and 214 

frozen at -80 °C individually in wells of 96 well plates. Frozen nymphs were used in high-215 

throughput detection of a resistance mutation. 216 

High-throughput detection of knockdown resistance in Myzus persicae using allelic 217 

discriminating quantitative PCR 218 

DNA extractions of sampled aphid nymphs were carried out by adding 50 µl of 300mM 219 

sucrose solution (0.3M sucrose, 0.3M NaCl, 60mM Tris-Cl pH 8) to each well, 220 

homogenizing using TissueLyser II (Qiagen) and boiling in a shallow water-bath for 9 221 
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minutes. The 96 well plates were centrifuged at 4000 rpm for 2 minutes and placed on ice for 222 

5 minutes before transferring the supernatant DNA to a new 96 well PCR plate. 223 

DNA samples were subjected to a high-throughput TaqMan assay58 to identify the frequency 224 

of resistant aphid clones. This is a PCR-based allelic discrimination assay utilizing 225 

fluorescent dye-labelled probes that specifically bind to the allele of the voltage-gated sodium 226 

channel gene with M918L (super-kdr) or the wild-type allele. The assays were run in 96 well 227 

plates with 12.5 µl reaction volumes. Each reaction contained 7.5 µl of  TaqMan universal 228 

PCR master mix (Applied Biosystems, USA), 1.5 µl of fluorescent probe (M918L), 1.5 µl of 229 

sample DNA and 2 µl of nuclease free water.  230 

Myzus persicae development time and intrinsic rate of increase 231 

Life history experiments were used to explore whether resistance status affected reproductive 232 

fitness in M. persicae under controlled environment conditions. Apterous adults were placed 233 

individually on single leaves of Chinese cabbage in plastic cups with mesh covered vents at 234 

20±1 °C and a 14:10 L:D regime. The following day three of the newly produced nymphs 235 

were kept on the leaf, while the adult and the rest of the progeny was removed. The time 236 

from birth to reproducing adult was recorded for the remaining three aphids. Development 237 

time was calculated for all aphid clones based on at least 4 replicate leaves. 238 

The intrinsic rate of increase (rm) was recorded the following 5-9 days counting the number 239 

of nymphs produced each day (per aphid) and calculated as described in:59 240 

𝑟! = (𝑙𝑛𝑀" × 	𝑐)/𝑑 241 

Where Md is the number of nymphs produced by the adult in the first d days of reproduction. 242 

The correction constant (c = 0.738) is an approximation of the total fecundity produced in the 243 

first days of reproduction.60 244 
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Statistical analysis 245 

Data analyses was carried out in R version 3.6.0.60 Generalized linear models (GLM) with 246 

binomial error structure were used to analyze bioassay endpoint (day 7) data, survivorship 247 

analysis with Cox proportional hazard models (’Survival’) were used to analyse mortality 248 

data collected daily.61 Where model comparisons could not be made using F tests, due to the 249 

models have the same degrees of freedom, we compared explanatory power using the 250 

Aikaike Information Criterion (AIC).62 Frequency data from competition experiments were 251 

analyzed using Pearson's chi-squared test statistic. We tested the effect of adaptation to 252 

laboratory rearing (measured in years since capture) on susceptibility to A. muscarius using 253 

mixed model ANOVA and a set of standardized bioassays comparing the susceptibility of 254 

recently captured susceptbile and resistant clones. Aphid development data and intrinsic rate 255 

of increase was analyzed using one-way ANOVA, comparisons were carried out using Tukey 256 

HSD with 95% confidence intervals. 257 

Results 258 

Standardized laboratory bioassay of M. persicae susceptibility to A. muscarius 259 

No mortality due to fungal infection was observed prior to day three. Fungal treatment had a 260 

significant effect on aphid mortality on day four (χ2 = 33.96, df = 1, p < 0.001) and onwards. 261 

Mean control mortality after 7 days was 4.28% ± 1.54. Mortality of insecticide susceptible M. 262 

persicae was marginally higher at day 7 compared to resistant aphid clones (χ2 = 4.9, df = 1, p 263 

= 0.028, Figure 1B). We found no significant effect of individual clonal lineage on endpoint 264 

mortality when analysed with GLM (χ2 = 7.8, df = 9, p = 0.55). 265 
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 266 

Figure 1 Mean survivorship curves of insecticide resistant and susceptible aphids over 7 day 267 

after treatment with A. muscarius (A). Endpoint mortality of different M. persicae clonal 268 

lineages after 7 days of exposure to A. muscarius (B). Panel headings indicate the 269 

concentration of fungal propagules (spores/ml). Boxplots showing median, first and third 270 

quartiles, whiskers are 1.5 * interquartile range (IQR). Data beyond the end of the whiskers 271 

are outliers. Clones are ordered according to year of collection. 272 

The insecticide susceptible M. persicae clones used in this experiment have been in 273 

laboratory rearing for longer than resistant aphids (Table 1). In order to understand whether 274 

the marginal difference seen in mortality is explained by adaptation to laboratory rearing, we 275 

evaluated whether number of years in laboratory rearing could explain the observed variation 276 

in mortality. The results indicate a possible negative effect of adaptation to laboratory rearing 277 

on aphid mortality in the bioassays (χ2 = 3.3, df = 1, p = 0.068). Based on the Akaike 278 
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information criterion (AIC), the GLM with resistance as an independent variable explains 279 

variation slightly better than the same mixed model with time spent in laboratory rearing as 280 

an independent variable (dfresistance = 75, AICresistance = 380.35; dftime = 75, AICtime = 381.88). 281 

The survivorship analyses largely confirmed the results of the mixed models and 282 

showed a significant relationship between insecticide resistance and mortality due to EPF 283 

infection (Figure 1A), with resistant M. persicae having a lower risk of death (hazard ratio= 284 

0.68) compared to susceptible aphids (χ2 = 41.4, df = 1, p < 0.001). Testing whether 285 

individual aphid genotype has an effect on mortality, we found clone O and 5191A to have a 286 

significantly lower hazard ratio compared to the other aphid clones (HR = 0.54; 0.51 287 

respectively, likelihood ratio = 444.1, df = 10, p < 0.001). We found that time spent in 288 

laboratory rearing has an effect on aphid survival, with the more recently collected clones 289 

having lower hazard ratios (χ2 = 20.8, df = 1, p < 0.001). 290 

In order to experimentally test the effect of laboratory adaptation on susceptibility to 291 

EPF we conducted standardised bioassays on a recently collected fully susceptible M. 292 

persicae (Chilpot) against a resistant genotype (O). We found no significant difference in 293 

endpoint mortality between the recently collected susceptible M. persicae and the resistant 294 

genotype (χ2 = 0.043, df = 1, p = 0.84, Figure 2). This finding is consistent with the 295 

hypothesis that adaptation to the laboratory rearing environment has a negative effect on the 296 

aphid’s ability to survive infection by A. muscarius.  297 
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 298 

Figure 2 Endpoint mortality of M. persicae clones Chilpot and O lineages after 7 days of 299 

exposure to A. muscarius. Panel headings indicate the concentration of fungal propagules 300 

(spores/ml). Boxplots showing median, first and third quartiles, whiskers are 1.5 * 301 

interquartile range (IQR). Data beyond the end of the whiskers are outliers.  302 

Competition assay 303 

 TaqMan assays were effective at discriminating nymphs based on the prevalence of 304 

the M918L mutation (skdr). The proportion of resistant and susceptible clones of M. persicae 305 

changed significantly over the course of the experiment (Table 2) for both controls (χ² = 306 

139.4, df = 2, p < 0.001) and treatments (χ² = 122.3, df = 2, p < 0.001). The resistant genotype 307 

clone O almost completely outcompeted the susceptible genotype 1X in all cages over three 308 

weeks regardless of fungal treatment. No significant difference in the proportions of resistant 309 

nymphs were found when comparing control and treated samples (χ²=6.4, df = 3, p = 0.094), 310 

suggesting that there is no significant fitness cost to infection with A. muscarius. 311 
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Table 2 Proportion of resistant nymphs at end point of fitness competition experiment. 312 

Treatment Sample size Proportion of resistant clone 

Control 1 83 0.89 

Control 2 96 0.99 

Treatment 1 93 0.97 

Treatment 2 76 0.88 

Myzus persicae clone life-history 313 

 The development time of M. persicae clones used in this study were in the range of 5-314 

9 days. We found no significant effect of resistance or adaptation to artifical rearing on 315 

development time (F1,70 = 2.56, p = 0.11 and F1,70 = 0.25, p = 0.62, respectively; Figure 3.). 316 

The intrinsic rate of increase ranged from 0.23 to 0.46 and similarly to development time, 317 

was not affected by insecticide resistance or adaptation to laboratory rearing in aphid clones 318 

(F1,70 = 1.52, p = 0.22 and F1,70 = 0,015, p = 0.9, respectively; Figure 3). However, we found a 319 
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significant difference in both development time (F10,61 = 2.76, p < 0.01) and intrinsic rate of 320 

increase (F10,61 = 3.39, p < 0.01) of different clones. 321 

 322 

Figure 3 Development time (A) and intrinsic rate of increase (B) of M. persicae clones used 323 

in the study. Clones are ordered according to year of capture. 324 

Discussion 325 

Our data reveal that both insecticide resistant and susceptible clones of M. persicae 326 

are vulnerable to A. muscarius, and control is not strongly compromised by pre-existing 327 

mechanisms of insecticide resistance. Contrary to our expectation, that insecticide resistant 328 

M. persicae would be more likely to succumb to fungal infection, we observed a marginally 329 

higher tolerance to entomopathogenic fungi in resistant aphids. The small effect size of 330 

resistance and the similarity in susceptibility of different M. persicae clones meant that there 331 

were no clear associations between fungal susceptibility and particular resistance 332 
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mechanisms, suggesting that the observed slight cross-resistance between chemical resistance 333 

and tolerance to EPF is linked to minor polygenic effects, rather than a single effect of one 334 

major insecticide resistance gene. However, a wide range of secondary metabolites secreted 335 

by EPF might be impacted by the overexpression of cytochrome P450, glutathione S-336 

transferase, nonspecific esterases and other detoxification enzymes that are overexpressed in 337 

resistant insects and can lead to improved tolerance to fungal entomopathogens.63, 64 338 

Survivorship analysis revealed a similar relationship between insecticide resistance 339 

and susceptibility to EPF. We observed a small effect of cross-resistance akin to that detected 340 

via day seven mortality data described above. However, clones 5191A and O, had 341 

significantly lower rates of death from fungal infection compared to the rest of the aphid 342 

clones. This effect was not obvious from only endpoint (day 7) mortality. Both clone 5191A 343 

and O were collected from the field in 2007 (tobacco and potato, respectively), carry the 344 

MACE mutation which leads to insensitivity to pirimicarb,31 and overexpress the cytochrome 345 

P450 CYP6CY3, that metabolizes nicotine and detoxifies neonicotinoids.65 Clone O also 346 

carries a mutation in the voltage gated sodium channel that is essential for neural function 347 

(super-kdr). 348 

Importantly the small differences shown in fungal susceptibility between resistant and 349 

susceptible clones did not mean that our focal insecticide resistant clone gained a fitness 350 

advantage in the presence of EPF over multiple generations. In our cage trials EPF 351 

application had no impact on the relative fitness of resistant clone O, showing that there is no 352 

substantive positive cross-resistance. The observed dominance of clone O in the competition 353 

experiment is most likely driven by the difference in life history traits of clones 1X and O 354 

(Figure 3A and B). This difference in intrinsic rate of increase was only marginally 355 

significant for aphids on severed leaves (TukeyHSD, conf = 0.95, p < 0.05). Considering the 356 

timescale of the competition experiment, this small effect could have been augmented due to 357 
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the multiple generations in this experiment and the increased power of competition 358 

experiments to identify fitness differences.19, 66 Studying fitness cost under laboratory 359 

condition can be useful to identify specific traits with fitness deficits. However, these studies 360 

are limited as subtle fitness differences might only become apparent in field conditions, 361 

where hosts are exposed to environmental stress, compete for limited resources and are 362 

challenged by natural enemies.11, 17 363 

Years spent in artificial rearing had a significant effect on aphid survival when 364 

infected with entomopathogenic fungi. The insect immune defense is a costly evolved trait, 365 

which if not under selection can be reduced rapidly in artificial culture.67-69 The susceptible 366 

clones used in this study have been in artificial rearing for 21.4 years longer than resistant 367 

clones, on average. We did not observe a difference in susceptibility to EPF in the recently 368 

captured clone when tested against our standard resistant clone suggesting that the observed 369 

difference in susceptibility to EPF can be driven by adaptation to artificial rearing. In 370 

contrast, estimates of fitness from life-history experiments did not show that susceptible 371 

clones from long-term cultures had lower reproductive fitness, presumably because these 372 

traits are still under strong selection pressure in the laboratory. 373 

Nevertheless, combining chemical pesticides with EPF to control aphids would still 374 

be beneficial in reducing the amount of chemicals used even if there is no fitness cost to 375 

exploit. The combination of biopesticides with different mode of action can potentially 376 

improve efficacy of individual components and also reduce the build-up of resistance. 377 

However, in order to combine a microbial biocontrol agent with chemical pesticides, first the 378 

effect of the chemical on different aspects of the biocontrol agent has to be evaluated in vitro. 379 

Several studies have investigated the inhibitory effect of chemicals on entomopathogenic 380 

fungi70-75 and have shown that timing and order of application of the biocontrol agent and the 381 

chemical are paramount,76, 77 while a range of different agrochemicals are potentially 382 



 20 

compatible with A. muscarius (previously Lecanicillium muscarium) and Beauveria bassiana 383 

spores.72-74  384 

Akanthomyces muscarius is currently available for commercial use for the control of 385 

whitefly and thrips in greenhouses. Our results show that regardless of pre-existing resistance 386 

mechanisms carried by M. persicae, all tested aphid clones were found to be susceptible to 387 

treatment with A. muscarius Ve6 under controlled environmental conditions. The observed 388 

effect of cross-resistance between chemical insecticides and EPF is very small and unlikely to 389 

have a major impact on the prospect of biological control and is likely to be due to the 390 

confounding effect of length of laboratory culture. Furthermore, to test for any cost of 391 

resistance to insecticides in aphids, studies need to be carried out taking in to account the 392 

effect of adaptation to laboratory rearing. 393 
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 618 

Figure legends 619 

Figure 1 Mean survivorship curves of insecticide resistant and susceptible aphids over 7 day 620 

after treatment with A. muscarius (A). Endpoint mortality of different M. persicae clonal 621 

lineages after 7 days of exposure to A. muscarius (B). Panel headings indicate the 622 

concentration of fungal propagules (spores/ml). Boxplots showing median, first and third 623 

quartiles, whiskers are 1.5 * interquartile range (IQR). Data beyond the end of the whiskers 624 

are outliers. Clones are ordered according to year of collection. 625 

Figure 2 Endpoint mortality of M. persicae clones Chilpot and O lineages after 7 days of 626 

exposure to A. muscarius. Panel headings indicate the concentration of fungal propagules 627 

(spores/ml). Boxplots showing median, first and third quartiles, whiskers are 1.5 * 628 

interquartile range (IQR). Data beyond the end of the whiskers are outliers.  629 

Figure 3 Development time (A) and intrinsic rate of increase (B) of M. persicae clones used 630 

in the study. Clones are ordered according to year of capture. 631 
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