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ABSTRACT: 12 

Many microbial symbionts have multiple phenotypic consequences for their animal hosts. However, 13 

the ways in which different symbiont-mediated phenotypes combine to affect fitness are not well 14 

understood. We investigated whether there are correlations between different symbiont-mediated 15 

phenotypes. We used the symbiont Spiroplasma, a striking example of a bacterial symbiont 16 

conferring diverse phenotypes on insect hosts. We took 11 strains of Spiroplasma infecting pea 17 

aphids (Acyrthosiphon pisum) and assessed their ability to provide protection against the fungal 18 

pathogen Pandora neoaphidis and the parasitoids Aphidius ervi and Praon volucre. We also assessed 19 

effects on male offspring production for five of the Spiroplasma strains. All but one of the 20 

Spiroplasma strains provided very strong protection against the parasitoid P. volucre. As previously 21 

reported, variable protection against P. neoaphidis and A. ervi was also present; male-killing was 22 

likewise a variable phenotype. We find no evidence of any correlation, positive or negative, between 23 

the different phenotypes, nor was there any evidence of an effect of symbiont phylogeny on 24 

protective phenotype. We conclude that multiple symbiont-mediated phenotypes can evolve 25 

independently from one another without trade-offs between them. 26 
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INTRODUCTION 30 

Many animals form close and persistent interactions with symbiotic microorganisms. These 31 

relationships are particularly common in insects, which harbour a variety of heritable symbionts that 32 

are predominantly vertically transmitted between generations at high frequency. There are two 33 

chief classes of mechanisms that allow these maternally-inherited symbionts to persist in host 34 

lineages. First, symbionts can manipulate reproduction so that females carrying maternally-35 

transmitted symbionts are overrepresented in subsequent generations. Second, the symbiont can 36 

provide a service to the insect that increases host fitness. In insects which feed on nutrient-poor 37 

resources, microbial symbionts can provide vital nutrients such as amino acids or vitamins, and the 38 

symbionts are often essential (obligate) for host growth and reproduction [1]. Another potential 39 

benefit symbionts can provide is to increase their hosts’ ability to ward off natural enemies 40 

(pathogens, parasitoids, predators) [2]. The risk of natural enemy attack often varies in time and 41 

space [3], there may be costs of carrying symbionts in the absence of attack [4], and there is strong 42 

specificity in enemy–symbiont interactions that means no single strain can provide universal 43 

protection [5]; together these may explain why defensive symbiotic associations tend not to become 44 

obligate (i.e. are facultative). Different symbiont persistence mechanisms thus have different 45 

ecological and evolutionary consequences for both partners in the symbiosis.  46 

There is evidence that some symbionts switch from one type of persistence mechanism to another 47 

or display multiple phenotypes simultaneously. The bacterial symbiont Wolbachia, which is 48 

extremely widespread throughout insects and some other arthropods, is well-known as a parasite 49 

that manipulates the reproduction of its host through a variety of different mechanisms [6]. 50 

However, in bedbugs (Cimicidae), Wolbachia instead acts as a nutritional mutualist, producing B-51 

vitamins for its blood-feeding host [7]. Wolbachia can also induce multiple phenotypes in a single 52 

host: in Drosophila, a Wolbachia that spreads through cytoplasmic incompatibility (that is, matings 53 

between symbiont-infected males and symbiont-free females are infertile) simultaneously reduces 54 
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its host’s susceptibility to viral disease [8, 9]. In addition, single symbiont species or strains can 55 

confer multiple beneficial phenotypic effects on the same insect. For example, the bacterial 56 

symbiont Serratia symbiotica in aphids (Aphididae) can protect against parasitoids [10] and also 57 

mitigate the effects of heat shock [11]. Mechanisms of symbiont persistence are therefore not 58 

necessarily fixed nor mutually exclusive [12]. 59 

In spite of the wide array of symbiont-mediated effects that have now been described in insects, a 60 

question remains as to why single symbiont ‘species’ induce multiple host phenotypes. For example, 61 

different phenotypes could represent alternative strategies for persistence by different strains of the 62 

same symbiont species. Alternatively, beneficial symbiont-mediated traits could be compensating 63 

for costly parasitic effects, in which case we would expect to see both phenotypes conferred by a 64 

single strain and a positive correlation between the traits. Martinez and colleagues [13] showed that 65 

antiviral and cytoplasmic incompatibility traits of Wolbachia infecting Drosophila were uncorrelated 66 

across different strains; although the two traits co-occur, the strength of protection is not related to 67 

the degree of cytoplasmic incompatibility. The costs of symbiont carriage to the host were found to 68 

vary with the strength of antiviral protection only, thought to be because both costs and the extent 69 

of protection increase with symbiont titre [13]. However, apart from this example, the relationships 70 

between parasitic and mutualistic phenotypes are little known, while patterns of co-occurrence of 71 

beneficial phenotypes have not to our knowledge been investigated.  72 

The symbiont Spiroplasma has been linked with a variety of different host phenotypes, and thus 73 

provides an opportunity to investigate how multiple symbiont-mediated phenotypes interact. 74 

Members of the genus Spiroplasma are widespread invertebrate endosymbionts [14]. Several 75 

different Spiroplasma clades, infecting diverse insect orders, are known to cause “male-killing”, in 76 

which the male but not the female progeny of an infected mother are destroyed. It is generally 77 

assumed that male-killing benefits the maternally-transmitted symbiont by reallocating resources 78 

from sons to daughters [15]. In addition, a number of different defensive phenotypes have been 79 
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described, including resistance to hymenopteran parasitoids in several Drosophila species [16-18] 80 

and resistance to a sterilising nematode in Drosophila neotestacea [19-21].  81 

The relationships between the different phenotypic effects of Spiroplasma remain unclear. Co-82 

occurrence of male-killing and parasitoid protection in the Drosophila symbiont Spiroplasma 83 

poulsonii (also known as the male sex ratio organism, MSRO) shows that beneficial and reproductive 84 

manipulation phenotypes can coexist [18]. However, protective Spiroplasma in D. neotestacea and 85 

D. hydei do not induce male-killing [17, 22], suggesting that protection can provide an alternative 86 

persistence strategy for Spiroplasma. In pea aphids (Acyrthosiphon pisum), Spiroplasma is known to 87 

both cause male-killing [23] and protect against a common fungal pathogen [24]. It is also costly to 88 

its host aphid, reducing life-time reproduction [25]. However, neither of these phenotypes is found 89 

in all aphid Spiroplasma strains [24, 26] and we do not know whether the different phenotypes are 90 

induced by different symbiont strains, or if single strains can confer multiple phenotypes. 91 

We studied the relationships between multiple symbiont-mediated phenotypes in pea aphids 92 

(Acyrthosiphon pisum) carrying different strains of Spiroplasma. We took 11 strains of Spiroplasma 93 

and assessed their protective phenotypes against (i) the fungus Pandora neoaphidis, (ii) the 94 

parasitoid Aphidius ervi, and (iii) the parasitoid Praon volucre. For a subset of five strains, we also 95 

assessed male-killing capability. We then looked for positive or negative correlations between the 96 

different phenotypes. Finally, we looked for an association between phenotypes and symbiont 97 

phylogeny to see whether particular symbiont lineages have consistent effects on their hosts. We 98 

were thus able to distinguish between three alternative hypotheses for the relationships between 99 

multiple symbiont-mediated phenotypes: whether (a) there are positive correlations between 100 

different phenotypes, (b) there are negative correlations between different phenotypes, or (c) 101 

symbiont-mediated phenotypes are evolving independently of one another. 102 
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METHODS 103 

Experimental organisms and symbiont manipulations 104 

Pea aphids were collected in southern England and in France (see Table 1 for details of collection 105 

host plants). Each experimental line derives from a single parthenogenetic female. Prior to 106 

experiments, aphids were maintained as asexually reproducing lines in the laboratory at 14 °C and 107 

70 ± 10% relative humidity with a light: dark period of 16 : 8 hours. Aphids were kept in 9 cm Petri 108 

dishes containing a single leaf of Vicia faba inserted into 2% agar gel and transferred to fresh dishes 109 

every 7–10 days. Aphid lines were screened for all previously-reported species of facultative 110 

endosymbionts infecting pea aphids using diagnostic PCR [27, 28]. All collected aphids harboured a 111 

co-infection between Spiroplasma and one other facultative symbiont (see Table 1 for details); co-112 

infecting symbionts were removed using oral administration of specific antibiotics (cefotaxime, 113 

gentamicin and ampicillin) via the food plant, as described previously [29]. This antibiotic 114 

combination does not impact either the aphid primary symbiont, Buchnera aphidicola, or 115 

Spiroplasma. A period of 6–8 generations with no detectable presence of non-Spiroplasma 116 

facultative symbionts using diagnostic PCR was allowed to elapse before the aphids were considered 117 

free of the target symbionts. 118 

In order to compare the effects of different Spiroplasma strains in a common host genotype 119 

background, we introduced artificial infections of Spiroplasma to a symbiont-free pea aphid line 120 

(‘Clone 145’). A small quantity of haemolymph (c. 0.25 μl) was removed from a naturally-infected 121 

adult aphid (‘donor’) using a microcapillary needle and injected into an uninfected first-instar aphid 122 

(‘recipient’). Recipient aphids were kept until adulthood and their later offspring (>10 in birth order) 123 

were retained and tested for Spiroplasma once they themselves had begun to reproduce. Aphid lines 124 

testing positive for Spiroplasma using diagnostic PCR were maintained for a minimum of seven 125 

generations before they were used in experiments to allow the infection to stabilise. Immediately 126 

prior to each experiment, symbiont status was reconfirmed by diagnostic PCR. We found no 127 
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instances of subsequent symbiont loss for aphids which had tested positive for Spiroplasma at the 128 

second generation after injection. We used an alternative recipient aphid line for the male-killing 129 

assays (‘Clone 200’) to that used for the resistance assays, after preliminary experiments indicated 130 

that Clone 145 does not readily produce sexual aphids under laboratory conditions, but the infection 131 

procedure was otherwise identical.  132 

Fungal pathogen resistance assay 133 

Resistance to fungal pathogens was assessed by exposing aphids to a single strain of the specific 134 

aphid pathogen Pandora neoaphidis. The fungal strain (ARSEF 2588) was obtained from the USDA 135 

Agriculture Research Service collection of entomopathogenic fungi (ARSEF); this strain is the same as 136 

that used for previous studies [30-32] and details of isolate preparation to produce infectious stock 137 

aphid cadavers can be found in McLean et al. [30]. We compared resistance of symbiont-free aphids 138 

to that of aphids carrying 11 different Spiroplasma strains. Each treatment consisted of 44 eleven-139 

day-old aphids with the same Spiroplasma strain, all of which had moulted to the final, adult, instar. 140 

The aphids were placed together in the base of a 4 cm diameter Perspex infection chamber with four 141 

sporulating stock cadavers above. Infectious cadavers were rotated between the different 142 

experimental chambers at regular intervals, so that each set of cadavers covered each chamber for 143 

an equal proportion of the entire experimental exposure period (2 hours). Since cadavers may vary 144 

slightly in their spore production, the rotation ensures that each aphid receives as equal a spore 145 

dose as possible. Control aphids (44 per Spiroplasma strain) were placed in chambers for an 146 

equivalent period, but without exposure to fungus. 147 

Following fungal exposure, aphids were transferred to Petri dishes containing a single leaf of Vicia 148 

faba inserted into 2% agar gel and the dishes sealed using parafilm to elevate humidity to >95% 149 

which maximises fungal infection. Aphids were placed on dishes in groups of four; this means that 150 

for each aphid line there were at least 10 different dishes for each treatment for the post-exposure 151 

period. Dishes were kept at 20 °C. Aphids were transferred to fresh dishes, without parafilm, on days 152 
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3 and 6 after infection. Aphid survival and evidence of sporulation were scored every 24 hours for 8 153 

days after infection. Observers were unaware of the treatment status of all dishes throughout the 154 

infection scoring process.  155 

In addition to the experiment described above, a separate experiment with an identical protocol was 156 

carried out on a separate occasion using a subset of the Spiroplasma strains. This additional 157 

experiment allows us to determine whether our results were influenced by factors that might vary 158 

over time such as pathogen virulence. 159 

Parasitoid resistance assays 160 

We assessed aphid resistance to two species of braconid hymenopteran parasitoids, Aphidius ervi 161 

and Praon volucre. The experimental procedures were essentially identical for the two wasp species. 162 

We compared resistance of symbiont-free aphids to that of genetically-identical aphid lines carrying 163 

11 different Spiroplasma strains. Experimental parasitoid stocks were obtained from Fargro 164 

(Arundel, UK) and reared in the laboratory on a highly susceptible pea aphid clone (‘C256’), 165 

supplemented with a 5:1 water:honey solution, at 20 °C with a 16 h:8 h light:dark cycle. Prior to 166 

experiments, wasps of both sexes were kept together in cages (and thus were assumed to be 167 

mated), and were given access to aphids for oviposition experience. Female wasps were isolated 168 

from aphids and other wasps for between one and two hours before being used in experiments. For 169 

both parasitoid species, experiments were carried out in three temporal blocks at 20 °C.  170 

Each replicate consisted of 15 third instar aphids placed on a Petri dish containing a single leaf of 171 

Vicia faba. A single female parasitoid was introduced to each dish for three hours, a period which 172 

previous observations had shown to be sufficient to allow parasitism of the majority of aphids 173 

present whilst minimising superparasitism (laying multiple eggs in a single host). Dishes were 174 

checked to confirm that all parasitoids were active and attacking aphids (individual oviposition 175 

events were not recorded). After parasitism, aphids were transferred to fresh leaves on new Petri 176 

dishes, and retained for 11 days, with further transfers to fresh leaves every 3–4 days. On day 11 177 
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following parasitism, the number of surviving and parasitized aphids were recorded. Both parasitoid 178 

species form distinctive ‘mummies’ on successful pupation: for A. ervi, aphids become swollen and 179 

golden, while for P. volucre the parasitoid larvae emerges beneath the swollen aphid and spins a 180 

cocoon. Parasitism was defined as the proportion of aphids that produced mummies (excluding any 181 

aphids which had died in the course of the experiment for unknown reasons). For each parasitoid, 182 

there were between five and 10 replicates per aphid line (mean = 6.8 for A. ervi; 7.6 for P. volucre). 183 

In addition to the experiments using Spiroplasma, we investigated whether the aphid symbiont 184 

Hamiltonella defensa could protect against Praon volucre. The symbiont H. defensa is known to 185 

provide strong protection against diverse aphid parasitoids including A. ervi [33], but does not 186 

appear to protect against Praon pequodorum [34]. Hamiltonella defensa has not yet been tested 187 

against P. volucre, and we therefore conducted these experiments to provide a comparison with the 188 

results for Spiroplasma. The methodology was similar to that employed for Spiroplasma, with the 189 

exception that comparisons were conducted between naturally-infected aphids and their antibiotic-190 

cured counterparts. Details of the methods can be found in the online supplementary material. 191 

Male-killing assay 192 

In order to assess the male-killing activity of Spiroplasma, we used a subset of five aphid lines 193 

infected with different Spiroplasma strains, as well as an uninfected control line. These aphid lines 194 

were from a different genotype (200) to that used for the resistance assays (145), because the latter 195 

genotype does not produce sexual females or males under any experimental conditions we 196 

investigated. Time and resource constraints prevented us from testing reproductive manipulation 197 

across the entire panel of strains. We exposed the aphids to conditions that mimic autumn, and thus 198 

trigger the production of a sexual generation. To do this, we followed a protocol based on the 199 

second experiment described in Simon et al. [23]. Third instar aphids were placed on Petri dishes 200 

containing Vicia faba, in controlled temperature cabinets at 18 °C with a short light period (12 hours 201 

light) for seven days. The offspring of these initial aphids were the sexuparae (that is, individuals 202 
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capable of producing sexually-reproducing females, and males). The sexuparae were then 203 

transferred to an environment at 20 °C with a 16 hour light period. We used 12 sexuparae for each 204 

aphid line except Sp709 (for which n=6) and all offspring of the sexuparae were sampled. On 205 

becoming adult, the offspring were scored as being either asexual females, sexual females, or males 206 

(under this protocol, sexual females were not expected to be produced). Aphids which died before 207 

adulthood were placed in 100% ethanol and subsequently tested using microsatellite sequencing to 208 

determine whether they were male or female. In aphids, males have a single X chromosome (XO) 209 

and females two (XX). We could therefore use a sex-linked microsatellite locus AIA09M [35] on the X 210 

chromosome, for which the mother is heterozygous in the recipient aphid genotype, to detect 211 

whether offspring were male or female. In Clone 200, used in the experiment, females carry two 212 

alleles (four base pairs difference) while males carry only one. 213 

Statistical analysis of phenotype data  214 

Statistical analysis was carried out in R version 3.4.3 and 3.5.0 [36]. For fungal pathogen resistance, 215 

we analysed the proportion of aphids that produced a sporulating cadaver in the eight days 216 

following infection using generalized linear models with a quasibinomial error structure. Multiple 217 

comparisons were conducted with Dunnett contrasts against symbiont-free aphids using the 218 

MULTCOMP package [37]. The effect of symbionts on survival in the absence of fungal pathogens 219 

(the controls) was analysed using a GLM on survival at the end of the experiment (Day 8) as above. 220 

For parasitoid resistance, we analysed the proportion of aphids forming a parasitoid mummy, using 221 

GLM with a quasibinomial error structure. Multiple comparisons were carried out using Dunnett 222 

contrasts against the uninfected aphid line, implemented using MULTCOMP. We analysed the effect 223 

of Spiroplasma on male-killing by comparing the proportion of male offspring produced by the 224 

different aphid lines, again using generalized linear models with a quasibinomial error structure and 225 

Dunnett contrasts.  226 

Phylogenetic analysis 227 
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All Spiroplasma strains occurring in pea aphids appear to belong to a single clade referred to as 228 

Spiroplasma ixodetis, a basal divergence within Spiroplasma [38]. We used an existing phylogeny of 229 

Spiroplasma strains [39] to look for an association between symbiont phylogeny and observed fungal 230 

and parasitoid resistance phenotypes; the male-killing phenotype was excluded from this analysis 231 

because of the low number of strains investigated. The phylogeny [39] was constructed with 232 

maximum likelihood techniques, using concatenated rpoB and dnaA sequences (available in 233 

GenBank, accession numbers MG288511–MG288588). For our analysis, we excluded from the 234 

original phylogeny all strains not used in our phenotype experiments. We tested for phylogenetic 235 

inertia by assessing whether Spiroplasma strains that are close in the phylogeny have similar effects 236 

on their host using Abouheif’s Cmean index and Pagel’s λ [40]. A power analysis showed that for our 237 

data, Abouheif’s Cmean is the more powerful measure where phylogenetic inertia is weak while 238 

Pagel’s λ is more powerful where phylogenetic inertia is strong. The analysis was performed in R 239 

using the ‘Phylosignal’ package version 1.2 [41]. 240 

RESULTS 241 

Fungal pathogen resistance assay 242 

The degree of protection provided by Spiroplasma against the fungal pathogen Pandora neoaphidis 243 

was highly variable (Figure 1A). Three strains had no significant impact on sporulation rates (Dunnett 244 

contrast with symbiont-free aphids; Sp237: z = -2.255, p = 0.189; Sp324: z = 2.431, p = 0.125; Sp710: 245 

z = -0.927, p = 0.977). Two strains reduced sporulation to below 10% (Sp161: z = -6.180, p < 0.001; 246 

Sp322: z = -6.254, p < 0.001) and the remaining strains all provided significant protection of varying 247 

strengths (Figure 1A). The additional experiment using a sub-set of Spiroplasma strains confirmed 248 

that the protective phenotypes observed are consistent over time (Figure S2).  249 

The survival of control aphids (those not exposed to the fungus) was not significantly altered by the 250 

presence of Spiroplasma strains, with one exception, Sp161, that reduced survival of aphids relative 251 
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to symbiont-free individuals (z = -3.029, p = 0.025). Spiroplasma is thus generally not costly to aphid 252 

survival under the experimental conditions of brief starvation and humidity stress. 253 

Parasitoid resistance assays 254 

On average, 75% of symbiont-free aphids were successfully parasitized by P. volucre under our 255 

experimental conditions. We found that 10 out of 11 Spiroplasma strains investigated provided 256 

protection against the parasitoid Praon volucre (Figure 1B). For three symbiont strains, we did not 257 

observe any parasitoid mummies (Sp708, Sp709, Sp710) and the protection is therefore extremely 258 

effective under our experimental conditions. A single Spiroplasma strain (Sp700) made no difference 259 

to parasitism rates (Dunnett contrast with symbiont-free aphids; z= 1.018, p = 0.976; 79% mummies) 260 

(Figure 1B). 261 

One strain of Spiroplasma (Sp146) provided significant protection against Aphidius ervi (Dunnett 262 

contrast with symbiont-free aphids; z = -3.407, p = 0.006), with the proportion of mummies falling 263 

from 86% in uninfected aphids to 15% in aphids with the symbiont. Another strain (Sp237) showed a 264 

weak trend towards protection (z = -2.517, p = 0.080; 28% mummies). No other strains (9/11) made 265 

a statistically significant difference to aphid resistance (Figure 1C).  266 

We found no evidence that any of the five genetically-diverse strains of H. defensa we investigated 267 

provides protection against the parasitoid P. volucre. Details of the results of this experiment (Figure 268 

S1) can be found in the online supplementary material. 269 

Male-killing assay 270 

We recorded the number and sex of offspring produced by symbiont-free sexuparae, and by 271 

sexuparae of the same genotype carrying five different strains of Spiroplasma. Offspring of 272 

sexuparae can include parthenogenetic females, sexually-reproducing females, and males. As 273 

expected for our protocol, only parthenogenetic females and males were recorded in our treatments 274 
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(i.e. no sexually-reproducing females). Sexuparae of the experimental aphid line produced 44% male 275 

offspring when symbiont-free. 276 

Two strains of Spiroplasma caused complete male-killing (Sp161, Sp700) (Figure 2). One Spiroplasma 277 

strain significantly reduced the proportion of males, but males still occurred (Dunnett contrast with 278 

symbiont-free aphids; Sp237: 19% males, z = 3.029, p = 0.012). The two further strains had no 279 

significant effect on the proportion of males produced, although in both cases fewer males were 280 

produced (Dunnett contrast with symbiont-free aphids; Sp709: 21% males, z = 1.619, p = 0.417; 281 

Sp710: 33% males, z = 1.266, p = 0.672).  282 

We used microsatellites to attempt to identify whether aphids that died before becoming adults 283 

were female or male; results were obtained for 84% of dead aphids (661 individuals). For symbiont-284 

free aphids, the proportion of dead aphids that were male was 51%, and the number of dead aphids 285 

just 57 individuals (~7% of the total offspring). For strains conferring ‘complete’ male-killing (Sp161 286 

and Sp700) the proportions of dead aphids that were males were 78% and 82%, respectively (dead 287 

aphids comprised 20% and 48% of the total offspring). Again, the other Spiroplasma strains showed 288 

intermediate phenotypes, but there was considerable variation: Sp709 had a much higher 289 

proportion of dead offspring that were males (64%) than either of the others (Sp237: 38% of dead 290 

individuals male; Sp710: 31%), although the proportion of all offspring which died before adulthood 291 

was very similar for all three (10–13%).  292 

Correlation between phenotypes and effect of symbiont phylogeny 293 

We found no evidence that resistance to the fungal pathogen was correlated with resistance to 294 

P. volucre (Spearman’s correlation: S = 1402.9, p = 0.353, rho = 0.208). Although only one 295 

Spiroplasma strain showed significant protection against A. ervi, there was nevertheless variation in 296 

resistance to A. ervi between aphids infected with different Spiroplasma strains; we therefore tested 297 

whether resistance to the two different parasitoids was significantly correlated. We found that this 298 

was not the case (Spearman’s correlation: S = 1821.6, p = 0.900, rho = -0.029).  299 
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Male-killing appears to be uncorrelated with fungal pathogen resistance and parasitoid resistance. 300 

We are cautious about our conclusions because the number of data points available for the 301 

correlation is very small and some values are zero. However, there is no evidence of any association 302 

between resistance against Praon volucre and strength of male-killing (Spearman’s correlation: S = 303 

124.76, p = 0.497, rho = 0.244), or between resistance against the fungal pathogen and male-killing 304 

(Spearman’s correlation: S = 91.6, p = 0.197, rho = 0.445). A visual inspection of the data (Figure 1, 305 

Figure 2) shows that similar male-killing phenotypes are associated with different combinations of 306 

protective phenotypes.  307 

We used an existing phylogeny of Spiroplasma strains [39] to test the hypothesis that different 308 

Spiroplasma protective phenotypes are associated with symbiont phylogeny (Figure 1).There was no 309 

evidence of phylogenetic effects on any of the phenotypes we tested (Table 2) and all estimates of 310 

phylogenetic inertia obtained are low, with values close to zero or even negative, indicating that 311 

there is not even a weak trend towards phylogenetic inertia. Although presence of poorly-supported 312 

nodes in our phylogenetic tree could theoretically prevent us from detecting real correlations 313 

between phylogeny and phenotype, this would require multiple errors that are each unlikely. 314 

Complete male-killing was found only in one clade of Spiroplasma, although more data would be 315 

needed to test whether this phenotype is linked to phylogeny. We were unable to test for evidence 316 

of phylogenetic effects on male-killing due to the small sample sizes involved. 317 

DISCUSSION 318 

The facultative endosymbiont Spiroplasma can confer multiple phenotypes on its pea aphid hosts. 319 

We investigated four potential phenotypes associated with this symbiont: fungal pathogen 320 

resistance, resistance against two different parasitoid species, and male-killing. Protection against 321 

fungal pathogens was found for eight of the 11 Spiroplasma strains (Figure 1A), with considerable 322 

variation in efficacy between strains. We also found that Spiroplasma can equip aphids with strong 323 

protection against the parasitoid P. volucre. All but one of the 11 strains investigated provided high 324 
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or very high levels of protection against P. volucre, compared with only one strain in our study 325 

providing significant protection against A. ervi (Figure 1B, 1C). Male-killing was absent, partial or 326 

complete, depending on the Spiroplasma strain (Figure 2). We found no evidence for positive or 327 

negative correlations between any of the different phenotypes, or an association between 328 

protective phenotypes and symbiont phylogeny. There is thus no evidence that different strains use 329 

alternative persistence mechanisms—reproductive manipulation versus fitness benefits, or one 330 

fitness benefit versus another—to maintain themselves in the host population. Our assays were 331 

conducted under relatively benign conditions, on a single food plant, and with minimal variation in 332 

our chosen antagonists; it is possible that under more challenging circumstances, trade-offs might be 333 

observed. However, it appears most likely that the different phenotypes are evolving independently. 334 

We identified effective and specific protection by Spiroplasma against the aphid parasitoid 335 

P. volucre. Parasitoids of this genus appear unaffected by the well-known aphid symbiont H. defensa 336 

([34] and this study Figure S1), whose protection is known to be highly specific to particular genera, 337 

species or even genotypes of parasitoids [5, 42-44]. It has been proposed that Spiroplasma provides 338 

protection against parasitoids in Drosophila melanogaster by competing for lipids , although there is 339 

also evidence to support Spiroplasma from D. melanogaster and D. neotestacea producing 340 

substances toxic to parasitoids [19]. In this last case, and also in Spiroplasma-induced protection 341 

against nematodes, ribosome inactivating proteins (RIPs) are believed to be involved. The specificity 342 

of action against P. volucre suggests that in aphids, production of toxins is a more likely mechanism 343 

than indirect resource competition (which would presumably act similarly against all parasitoids), 344 

though further work is needed to test this idea. 345 

If protection against parasitoids requires multiple species-specific mechanisms, why do not these all 346 

occur in a single symbiont? Such a symbiont would presumably increase its host’s fitness, possibly 347 

leading to selection on the host to strengthen the symbiosis. One possibility is the mechanisms have 348 

evolved independently and cannot transfer between species. Although parasitoid protection by 349 
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H. defensa [45] is provided by a toxin-encoding bacteriophage (APSE) [46-48], and these phage also 350 

occur in the symbiont Arsenophonus [49], APSE have not been identified in other any aphid 351 

symbionts. A second possibility is that the different mechanisms interfere with each other or are in 352 

some way incompatible if present in the same cell (different parasitoid-specific mechanisms might 353 

rely on different alleles of a single gene, for example). Finally, carriage and maintenance of the 354 

different mechanisms may entail costs to the symbiont, either in absolute terms (perhaps the risk of 355 

failing to be transmitted to aphid progeny) or when competing with other symbionts within the host.  356 

A combination of costs and fluctuating fitness benefits (depending on the risk of parasitoid attack) 357 

may help explain both why defensive mechanisms are not stacked up in the same individual and why 358 

multiple defensive symbionts can coexist in the same host population. Surveys of the frequency of 359 

the different Spiroplasma-induced phenotypes in natural aphid populations would be helpful in 360 

exploring these ideas.  361 

Spiroplasma is a costly symbiont in pea aphids: it shortens lifespan and reduces life-time 362 

reproduction [25]. Five of the strains considered in this study were examined for potential costs in a 363 

previous study [25]. The symbionts in that study were in a different aphid genetic host background 364 

from either of those used here, so we are cautious about comparing the results too closely, but the 365 

patterns observed in that study (both Sp227 and Sp161 were found to have a greater reproductive 366 

cost and to be associated with higher mean reproductive age than strains Sp322, Sp327 and Sp709) 367 

do not imply that previously reported fitness costs correlate (positively or negatively) with either 368 

fungal or parasitoid resistance as reported in the current study. In nature, the real costs may be 369 

different from those reported in laboratory studies, in part because presence of co-infecting 370 

symbionts may modify those costs [25]. Pea aphid Spiroplasma in Europe seems to be found 371 

predominantly in co-infections with other aphid symbionts (all strains in this study, see also [39]; 372 

however this may not be the case for Spiroplasma in the US [50]). Understanding the basis for this 373 

apparent propensity to form associations with other symbionts might assist in understanding how 374 
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aphids may accumulate multiple defences through acquisition of multiple symbionts, and also how 375 

symbiont costs are manifested under field conditions.  376 

Given the apparent challenges of providing protection against multiple parasitoids, how and why is 377 

Spiroplasma capable of protecting against fungal pathogens in addition to protecting against 378 

parasitoids? If there is competition between symbionts for hosts, bacteria could be evolving to 379 

provide multiple potential benefits to outcompete other symbiont strains or species. Protection 380 

against fungal pathogens has arisen in many diverse aphid symbionts [24, 51, 52]. Perhaps it is more 381 

straightforward or less costly for bacterial symbionts to acquire the (as yet unknown) means of 382 

protecting against fungal pathogens than to evolve protection against a broad range of parasitoids. 383 

Spiroplasma is unusual among aphid symbionts in causing male-killing: no other aphid symbiont has 384 

yet been found to bias the sex ratio towards females [23, 53]. Among male-killing bacteria, aphid 385 

Spiroplasma is also unusual because male death occurs relatively late in development with many 386 

male aphids surviving to the third or fourth nymphal instar. The results of our microsatellite 387 

sequencing show that in the two Spiroplasma strains causing total male-killing, a large proportion of 388 

the dead aphids (and therefore total offspring) were males; a similar effect was previously observed 389 

by Simon et al. (2011). Late male-killing has been reported for microsporidian parasites in 390 

mosquitoes [54, 55] and in a virus attacking a species of moth [56, 57], but we are not aware of 391 

other examples from bacterial reproductive manipulators. The delayed male-killing in mosquito 392 

microsporidians is suggested to benefit the parasite by increasing the potential for horizontal 393 

transmission . Little is known about aphid Spiroplasma transmission in nature, but it is possible that 394 

horizontal transmission is important. However, it is also possible that male-killing is a relict state for 395 

pea aphid Spiroplasma, and is no longer advantageous in its new host. We note that in Drosophila, 396 

male-killing by Spiroplasma can be deferred to the pupal stage when the gene responsible (SpAID) 397 

has a deletion of the OTU domain [58]. It is therefore possible that both the partial and the late-398 

killing phenotypes might represent degraded forms of an ancestral phenotype. 399 
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Spiroplasma strains can persist in aphid populations in spite of their cost to hosts [25], presumably 400 

due to the protective and male-killing phenotypes this symbiont can confer. We find that these 401 

diverse phenotypes are not correlated, suggesting that they do not represent alternative strategies 402 

for success. However, there is considerable variation between Spiroplasma strains in their protective 403 

capabilities and in the extent of male-killing. The variation could originate from co-evolutionary 404 

interactions between symbionts and natural enemies [59], or from variation in interactions with 405 

different host genotypes [31, 32]. We conclude that the multiple phenotypes of symbiotic 406 

Spiroplasma represent independent, flexible and potentially coevolving outcomes of ongoing 407 

interactions between host, symbionts, and in some cases natural enemies.  408 
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Table 1. Details of aphids and symbiont strains used in experiments.  570 

Aphid 
clone 
name 

Symbiont 
manipulation 
role 

Original symbiont 
infection 

Strain 
name Collection plant Host biotype* 

Collection 
location/year 

146 Donor Sp + Fukatsuia** Sp146 Medicago sativa Trifolium UK/2010 

161† Donor Sp + Hamiltonella Sp161 Medicago sativa Medicago sativa 2 UK/2003 

217 Donor Sp + Fukatsuia** Sp217 Medicago sativa Trifolium/Medicago UK/2010 

227 Donor Sp + Regiella Sp227 Medicago sativa Medicago sativa 1 UK/2012 

237 Donor Sp + Fukatsuia** Sp237 Medicago sativa Trifolium UK/2010 

322 Donor Sp + Fukatsuia** Sp322 Trifolium pratense Trifolium  UK/2003 

324 Donor Sp + Fukatsuia** Sp324 Trifolium pratense Trifolium  UK/2003 

700†† Donor Sp + Hamiltonella Sp700 Medicago sativa Medicago sativa France/1999 

708 Donor Sp + Regiella Sp708 Trifolium pratense Trifolium  France/2011 

709 Donor Sp + Serratia Sp709 Vicia cracca Vicia cracca France/2011 

710 Donor Sp + Serratia Sp710 Vicia cracca Vicia cracca France/2011 

200 Recipient Hamiltonella  Medicago sativa Medicago sativa 2 UK/2012 

145 Recipient none  Lathyrus pratensis Hybrid UK/2003 

* Biotypes assigned according to the microsatellite scheme described in Peccoud et al. (2009); note that not all 571 
biotypes correspond to the host collection plant 572 
** This symbiont was previously referred to as ‘X-type’ 573 
† Strain used previously to demonstrate fungal pathogen resistance in pea aphid Spiroplasma (Lukasik et al. 574 
2013) 575 
†† Strain used previously to demonstrate male-killing in pea aphid Spiroplasma (Simon et al. 2011) 576 
 577 

 578 

 579 

 580 

Table 2. Results of statistical correlations between different Spiroplasma phenotypes and symbiont 581 

phylogeny. 582 

 Explanatory variable 1 Explanatory variable 2 Cmean index P-value Pagel’s λ P-value 

      

Phylogenetic 
relatedness 

Resistance to fungal 
pathogen Pandora 
neoaphidis 

-0.337 0.889 <1.10-3 1.000 

Phylogenetic 
relatedness 

Resistance to parasitoid 
Praon volucre 

0.037 0.165 <1.10-3 1.000 

Phylogenetic 
relatedness 

Resistance to parasitoid 
Aphidius ervi 

-0.034 0.327 0.112 0.782 

 583 
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Figure legends 585 

 586 

Figure 1. Resistance phenotypes of aphids carrying different 11 strains of Spiroplasma. Grey bar 587 

indicates control aphids without the symbiont. Phylogenetic relationships of the strains are shown 588 

on the left-hand side of the figure; these were obtained from the tree in [39] by dropping all strains 589 

that were not included in this study. The tree was inferred by maximum likelihood from the 590 

concatenated sequences of the rpoB and dnaA genes; scale bar indicates substitution rate. For strain 591 

details, see Table 1. A susceptibility to the fungal pathogen Pandora neoaphidis, B susceptibility to 592 

the parasitoid wasp Praon volucre, C susceptibility to the parasitoid wasp Aphidius ervi. Error bars 593 

denote standard error of the mean. 594 

 595 

 596 
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 597 

Figure 2. Proportion of male offspring produced by aphids without any symbiont (grey bar) and 598 

carrying different strains of Spiroplasma (red bars). For strain details, see Table 1. Error bars denote 599 

standard error of the mean. 600 


