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Aphid specialization on different summer hosts is associated with strong genetic 23 

differentiation and unequal symbiont communities despite a common mating habitat 24 

 25 

Abstract  Specialization on different host plants can promote evolutionary diversification of 26 

herbivorous insects. Work on pea aphids (Acyrthosiphon pisum) has contributed significantly to 27 

the understanding of this process, demonstrating that populations associated with different host 28 

plants exhibit performance trade-offs across hosts, show adaptive host choice and genetic 29 

differentiation, and possess different communities of bacterial endosymbionts. Populations 30 

specialized on different secondary host plants during the parthenogenetic summer generations 31 

are also described for the black bean aphid (Aphis fabae complex) and are usually treated as 32 

different (morphologically cryptic) subspecies. In contrast to pea aphids, however, host choice 33 

and mate choice are decoupled in black bean aphids, because populations from different 34 

summer hosts return to the same primary host plant to mate and lay overwintering eggs. This 35 

could counteract evolutionary divergence, and it is currently unknown to what extent black 36 

bean aphids using different summer hosts are indeed differentiated. We addressed this question 37 

by microsatellite genotyping and endosymbiont screening of black bean aphids collected in 38 

summer from the goosefoot Chenopodium album (subspecies A. f. fabae) and from thistles of 39 

the genus Cirsium (subspecies A. f. cirsiiacanthoides) across numerous sites in Switzerland and 40 

France. Our results show clearly that aphids from Cirsium and Chenopodium show strong and 41 

geographically consistent genetic differentiation, and that they differ in their frequencies of 42 

infection with particular endosymbionts. The dependence on a joint winter host has thus not 43 

prevented the evolutionary divergence into summer host-adapted populations that appear to 44 

have evolved mechanisms of reproductive isolation within a common mating habitat. 45 

 46 
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Introduction 49 

 50 

Herbivorous insects exhibit an enormous species diversity and elevated diversification rates 51 

compared to other clades of insects (Mitter et al., 1988, Farrell, 1998). It is often assumed that 52 

this diversity is promoted by host shifts and host utilization trade-offs (Futuyma & Moreno, 53 

1988, Jaenike, 1990, Fry, 1996). Effective exploitation of a new host may require traits or 54 

combinations of traits that reduce fitness on the original host, and the divergent selection will 55 

eventually favour assortative mating and reproductive isolation (e.g. Nosil et al., 2002). This 56 

mode of ecological speciation is theoretically plausible and increasingly supported by empirical 57 

evidence (Via, 2001, Drès & Mallet, 2002, Rundle & Nosil, 2005, Egan et al., 2012).  58 

Aphids, in particular the pea aphid Acyrthosiphon pisum, have played an important role in 59 

the investigation of host specialization. As cyclical parthenogens, aphids have only one sexual 60 

generation per year over winter and they reproduce clonally throughout the growth season. This 61 

allows for powerful tests of trade-offs by rearing the same genotypes (clones) on different host 62 

plants. The pioneering work of Sara Via took advantage of this to show that pea aphids living 63 

on clover and alfalfa represent sympatric host races exhibiting strong performance trade-offs in 64 

that they have high fitness on their own host and strongly reduced fitness on the alternative host 65 

(Via, 1991a, b). These host races also show (incomplete) reproductive isolation and they are 66 

genetically differentiated (Via, 1999, Via et al., 2000, Hawthorne & Via, 2001). It has later 67 

been demonstrated that host specialization is pervasive in pea aphids and that nearly every 68 

genus of legume hosts has its own population of pea aphids, ranging from host races to 69 

separate, reproductively isolated species (Peccoud et al., 2009). These host-associated 70 

populations are not only differentiated genetically, they also differ in the frequencies of 71 

infection with various facultative or secondary endosymbionts (Ferrari et al., 2012, Smith et al., 72 

2015). Secondary endosymbionts are heritable endosymbiotic bacteria that commonly infect 73 

aphids and can provide important ecological benefits such as defense against parasites or heat 74 
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tolerance (reviewed in Oliver et al., 2010), but unlike the obligate or primary endosymbiont 75 

Buchnera aphidicola, they are not strictly required for aphid survival. Although it is feasible 76 

that random drift leads to different frequencies of secondary symbionts when host races are 77 

reproductively isolated, there is comparative evidence suggesting a functional role of 78 

endosymbionts in host plant adaptation (Henry et al., 2013, 2015), and experimental evidence is 79 

starting to emerge that bacterial endosymbionts can indeed alter aphid performance on 80 

particular host plants (Tsuchida et al., 2004, Ferrari et al., 2007, Wagner et al., 2015). 81 

Another case of host-specialized subpopulations, at first glance comparable to that in pea 82 

aphids, occurs in black bean aphids of the Aphis fabae complex (Blackman & Eastop, 2000). 83 

Early work by Iglisch (1968), Müller (1982) and Thieme (1987) has shown that black bean 84 

aphids collected from a number of different summer hosts are specialized on their 'home' plants 85 

and develop poorly when translocated between host plants. Based on this kind of evidence, 86 

several morphologically cryptic taxa have been distinguished within the A. fabae complex that 87 

have sometimes been treated as species (Lampel & Meier, 2007), but mostly as subspecies 88 

(Heie, 1986, Blackman & Eastop, 2000). We will adhere to the latter here for the sake of 89 

consistency with the bulk of the published literature, while remaining impartial as to whether 90 

this is the appropriate level of taxonomic classification. These taxa include the nominal 91 

subspecies A. f. fabae, mainly associated with broad bean (Vicia faba), sugar beet (Beta 92 

vulgaris) and Chenopodium sp.; A. f. cirsiiacanthoides, associated with thistles (Cirsium sp.); A. 93 

f. solanella, associated with nightshade (Solanum nigrum); and A. f. mordwilkoi, associated 94 

with Tropaeolum majus. The evolution of host-specialized populations is more difficult to 95 

understand in A. fabae because in contrast to the monoecious pea aphid, in which the entire life-96 

cycle with sexual and asexual generations takes place on the same host plant, A. fabae is host-97 

alternating (heteroecious). Specialization extends only to asexual generations on the herbaceous 98 

secondary host plant, because all subspecies return to the same primary host plant in autumn to 99 

mate and lay overwintering eggs. The primary host is the European spindle tree (Euonymus 100 
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europaeus) and occasionally the guelder-rose (Viburnum opulus), particularly for A. f. 101 

mordwilkoi. Interestingly, a non-host-alternating (sub)species permanently residing on spindle 102 

trees has also been described, A. (f.) euonymi (Heie, 1986, Blackman & Eastop, 1994). The 103 

shared primary host entails that every sexual generation there is the potential for hybridization 104 

between subspecies specialized on different secondary host plants. It also means that mate 105 

choice and (secondary) host choice are decoupled. Both conditions seem obstructive to 106 

ecological speciation compared to monoecious aphids, in which adaptive host choice will 107 

naturally lead to assortative mating (Hawthorne & Via, 2001). It appears that for the subspecies 108 

to remain distinct, assortative mating on the primary host or some other form of reproductive 109 

isolation must have evolved. Although there is some evidence supporting this assumption, 110 

isolation seems far from perfect (Thieme & Dixon, 1996, Raymond et al., 2001).  111 

Astonishingly, very little population genetic information is available as to whether the 112 

proposed subspecies of A. fabae are genetically differentiated. A study using allozyme 113 

electrophoresis found evidence of genetic differentiation (Jörg & Lampel, 1996), whereas 114 

another using microsatellites did not report any estimates of genetic differentiation (Coeur 115 

d'Acier et al., 2004). In both cases, inference might have been hampered by the relatively small 116 

number of clones analyzed per subspecies. It is further unknown whether different subspecies 117 

of A. fabae vary in their frequencies of infection with secondary symbionts. Could it even be 118 

that the ability to grow and reproduce on specific secondary hosts is determined by the 119 

possession of particular endosymbionts, such that black bean aphids mate and disperse 120 

randomly and are 'sorted' into host-specialized populations every spring anew? Under such a 121 

scenario, no genetic differentiation among aphids from different secondary host plants would be 122 

expected.  123 

Here we present a comprehensive sampling of black bean aphids from different plants, 124 

namely Chenopodium album (secondary host of A. f. fabae) and thistles of the genus Cirsium, 125 

mainly Ci. arvense (secondary host of A. f. cirsiiacanthoides) across many sites in Switzerland 126 
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and France. Microsatellite analysis and diagnostic PCRs for several secondary symbionts 127 

showed clearly that aphids from Chenopodium and Cirsium exhibit strong genetic 128 

differentiation and unequal frequencies of infection with bacterial endosymbionts, indicating 129 

that the use of a common primary host plant has not prevented the evolutionary divergence into 130 

distinct host-adapted populations. 131 

 132 

Methods 133 

 134 

Aphid collection 135 

 136 

From May to early July 2009, we collected aphids from their secondary hosts at fourteen 137 

sites in Switzerland and three sites in France (Fig. 1). Aphis f. fabae was collected from Ch. 138 

album, A. f. cirsiiacanthoides mainly from Ci. arvense with a few individuals from Ci. vulgare 139 

(29 out of 290). Potential host plants were checked for aphid colonies and one individual was 140 

collected from each infested plant, with a minimum distance of 5 meters between two colonies 141 

of the same subspecies to avoid collecting clonal descendants from the same individual. The 142 

goal was to collect at least 20 aphids from each subspecies per site, although this was not quite 143 

achieved for all sites (Table 1). Aphids were collected into individual tubes and stored at -80°C 144 

until DNA extraction. 145 

 146 

Microsatellite analysis and secondary symbiont detection 147 

 148 

Aphid DNA was prepared using a Chelex® protocol (Bio-Rad, Hercules, CA, USA). Aphids 149 

were crushed in 1.5 ml tubes with 100 µl of 5% Chelex® suspension and 5 µl of 20 mg/ml 150 

Proteinase K (Sigma, Saint-Louis, MO, USA). The samples were then incubated at room 151 

temperature overnight. The next morning, samples were incubated at 65°C for 15 min, and at 152 
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100°C for 6 min. Extracts were briefly vortexed between each stage of the preparation. Samples 153 

were finally centrifuged and the supernatant stored at -20°C until use in PCRs.  154 

All aphids were genotyped at eight microsatellite loci (Coeur d'Acier et al., 2004), using a 155 

single multiplex PCR reaction as described in Sandrock et al. (2011). We further tested each 156 

aphid for infection with five known facultative bacterial endosymbionts of aphids, namely 157 

Hamiltonella defensa, Regiella insecticola, Serratia symbiotica, Rickettsia sp., and X-type or 158 

PAXS (Chen et al., 1996, Moran et al., 2005, Guay et al., 2009). This was done by diagnostic 159 

PCR, amplifying part of the symbionts’ 16S rRNA gene. Similar to Peccoud et al. (2014), we 160 

used a multiplex PCR assay to simultaneously test for the presence of these symbionts, using 161 

the generic bacterial forward primer 16SA1 (Fukatsu & Nikoh, 1998), and specific backward 162 

primers labeled with fluorescent dyes for each endosymbiont species (Table S1). All PCR 163 

reactions also included a specific reverse primer for the obligate endosymbiont B. aphidicola, 164 

which is expected to be present in all aphids and thus served as an internal positive control for 165 

the presence of amplifyable endosymbiont DNA in the DNA preparation. The PCR was 166 

conducted in a final volume of 10 µl with 5 µl of 2× Qiagen® Multiplex PCR Mastermix, the 167 

primers, ddH2O and 1 µl of DNA extract. The PCR program used a first step of denaturation at 168 

95°C for 3 minutes followed by 10 cycles at 95°C for 1 min, 65-56°C (touchdown, -1°C per 169 

cycle) for 1 min, 72°C for 2 min, followed by an additional 25 cycles at 95°C for 1 min, 55°C 170 

for 1 min, 72°C for 2 min and a final extension step at 72°C for 6 min. Fragments were run on 171 

an ABI 3730 automated sequencer and analyzed in GENEMAPPER 3.7. The assay was ground-172 

truthed with DNA extracts from aphids with known endosymbionts either singly or in mixtures 173 

and reliably detected all endosymbionts in mixtures of three or two, also when extracts were 174 

mixed at unequal volumes (1:9). We further verified the results from the multiplex PCR with 175 

single-locus PCRs for a random sample of 70 aphids from multiple species of the genus Aphis 176 

(including A. fabae), and we sequenced 2-3 amplicons from each primer combination to 177 

confirm the identity of the endosymbionts. The sequences are deposited in GenBank under 178 
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accession nrs. KX531102-KX531114, except for sequences from Rickettsia sp., which were too 179 

short for deposition in GenBank. These are available from the corresponding author. The only 180 

problems arose through occasional spurious peaks for S. symbiotica caused by 'pull-ups' from 181 

strong peaks of the similar-sized B. aphidicola fragment. When unclear we thus verified the 182 

presence or absence of S. symbiotica by doing additional single-locus PCRs checked on agarose 183 

gels. 184 

 185 

Statistical analyses 186 

 187 

We used the software GENEPOP (Rousset, 2008) to calculate expected (He) and observed 188 

heterozygosities (Ho) as well as FIS for each population (defined as aphids from the same site 189 

and host plant) and to test for deviations from Hardy-Weinberg equilibrium. The software 190 

FSTAT v. 2.9.3.2 (Goudet, 2002) was used to calculate global and pairwise FST (Weir & 191 

Cockerham, 1984) and to test for deviations from linkage equilibrium. Aphids are 192 

parthenogenetic during the growth season, it is therefore possible to collect more than one 193 

individual of the same clone. Because this clonal amplification of genotypes would inevitably 194 

lead to deviations from equilibria (Sunnucks et al., 1997, Halkett et al., 2005), all of these 195 

calculations were performed with the data restricted to a single representative of each 196 

multilocus genotype (MLG) per population. We also calculated the standardized estimates of 197 

genetic differentiation G'ST (Hedrick, 2005) and Dest (Jost, 2008) using the diveRsity package 198 

(Keenan et al., 2013) for the statistical software R 3.0.2 (R Core Team, 2015).  199 

To quantify the relative importance of host plant and sampling site on genetic differentiation 200 

we used analysis of molecular variance (AMOVA) as implemented in ARLEQUIN v. 3.5 201 

(Excoffier & Lischer, 2010) as well as multiple matrix regression with randomization (MMRR) 202 

(Wang, 2013) implemented in the ecodist package (Goslee & Urban, 2007) in R 3.0.2 . The 203 

influence of geographic distance on genetic differentiation was further assessed by regressing 204 
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FST/(1 - FST) on log-transformed linear distance between sampling sites (separately for aphids 205 

from each host plant) and using Mantel tests to infer whether isolation-by-distance is significant 206 

(Rousset, 1997). Finally, we investigated population structure without prior knowledge of the 207 

genotypes’ site- and host-association with the Bayesian clustering algorithm of the software 208 

STRUCTURE v. 2.3.4 (Pritchard et al., 2000, Falush et al., 2003). Simulations were run with 209 

the admixture model and uninformative priors, and we varied the number of genetic clusters (K) 210 

from 1 to 17 (= number of sampling sites). We ran ten independent simulations for each K with 211 

300'000 iterations, of which the first 50'000 were discarded as burn-in, and we inferred the most 212 

probable number of genetic clusters from the log probability of the data following the method 213 

of Evanno et al. (2005) as implemented in the web application STRUCTURE HARVESTER 214 

(Earl & Vonholdt, 2012). 215 

Frequencies of infection with different bacterial endosymbionts were compared between 216 

samples from Cirsium and Chenopodium with a MANOVA on arcsin-square root transformed 217 

proportions of individuals infected with each symbiont per sample. We further used MMRR on 218 

a dissimilarity matrix consisting of pairwise Euclidian distances among these proportions to 219 

infer the relative influence of host plant and geographic distance on the endosymbiont 220 

composition. The small population sample from Cirsium of site Mendrisio had to be excluded 221 

from these analyses because only one DNA extraction yielded amplifiable endosymbiont DNA 222 

as indicated by a positive PCR result for the obligate endosymbiont B. aphidicola. For each 223 

facultative symbiont separately we also analyzed presence/absence at the individual level with a 224 

generalized linear model (GLM) with binomial errors in R, testing for the effects of host plant, 225 

site and their interaction. 226 

  227 
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Results 228 

 229 

Microsatellite variation 230 

 231 

The number of alleles observed per microsatellite locus ranged from 6 (AF-86) to 47 (AF-232 

beta), with a total of 184 alleles across all loci. The majority of MLGs, that is 627 in total, were 233 

represented by a single individual only. The other 45 MLGs were collected more than once. 234 

Most of these were collected either twice (33 MLGs) or three times (7 MLGs), but three MLGs 235 

were collected four times, one six times, and one ten times. Multiple copies of the same MLGs 236 

were observed most commonly in the three southernmost populations from France (18 of the 45 237 

multicopy genotypes, including the two most common ones), consistent with the frequent 238 

occurrence of parthenogenetic overwintering in populations from southern Europe, as reported 239 

earlier (Sandrock et al., 2011). When the data were reduced to a single representative of each 240 

MLG per population (i.e. aphids from the same site and host plant), tests for Hardy-Weinberg 241 

and linkage equilibria followed by sequential Bonferroni corrections revealed significant excess 242 

homozygosity in six populations (Table 1), and significant global linkage disequilibrium 243 

between 3 pairs of loci. However, a Bayesian clustering analysis later showed that the aphids 244 

comprised two distinct, host-associated gene pools, albeit with several obvious migrants 245 

collected from the 'wrong' plant (see below). When putative migrant genotypes were removed 246 

and tests carried out separately for aphids from Chenopodium and Cirsium, homozygote excess 247 

remained significant only for two populations (Table S2) and no significant linkage 248 

disequilibrium was observed in aphids from Chenopodium, although linkage disequilibrium 249 

became significant for five other pairs of loci in aphids from Cirsium. This suggests that 250 

deviations from linkage equilibrium are due to population substructure rather than physical 251 

linkage among loci (see below). Genetic diversity expressed as expected heterozygosity (He) 252 

was higher in samples collected from Cirsium than in samples collected from Chenopodium at 253 
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all but one of the 15 sites for which samples from both host plants could be obtained (Table 1). 254 

The exception was site Zurich (see below). The difference in He between aphids from Cirsium 255 

and aphids from Chenopodium was significant (paired t-test, t14 = 12.755, P < 0.001). 256 

 257 

Genetic differentiation 258 

 259 

In 14 out of the 15 collection sites where samples from both host plants could be obtained, 260 

there was strong and highly significant differentiation between aphids from Chenopodium and 261 

Cirsium, with FST-values ranging from 0.179 to 0.341 (Table 1). In one site (Zurich) the 262 

differentiation between aphids from Chenopodium and Cirsium was lower (FST = 0.068), but 263 

still statistically significant (P < 0.001). The results from the Bayesian clustering analysis 264 

showed that this strong differentiation was due to the presence of two distinct gene pools. The 265 

best-supported number of genetic clusters was K = 2 (Fig. S1), and each of these clusters was 266 

associated with one of the two host plants (Fig. 2). However, this analysis also identified 267 

several putative migrants, that is genotypes assigned to the cluster associated with the other host 268 

plant than the one they were collected from with a probability of > 0.9. Such migrants were 269 

particularly common among samples from Zurich, where 7 out of 10 genotypes collected from 270 

Chenopodium belonged to the cluster typical of Cirsium, which can explain why between-host 271 

differentiation was lowest and why the otherwise consistent difference in He was reversed at 272 

this site (see above). It was generally the case that putative migrants from Cirsium on 273 

Chenopodium (22 of 390 genotypes from Chenopodium) were more common than the reverse 274 

(3 of 285). This difference is statistically significant (Fisher's exact test, P = 0.002). In 275 

accordance with the host-associated genetic structure, AMOVA showed that host plant 276 

explained 23.1% of the variation in allele frequencies, while site nested within host only 277 

explained 3.5% (host plant: VC = 0.765, d.f. = , P < 0.001; site: VC = 0.115, d.f. = 30, P < 278 

0.001; within site: VC = 2.431, d.f. = 1318, P < 0.001). When the factors were nested in the 279 
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reverse order, host nested within site even explained 29.9% of the variation, while the variance 280 

component for site became negative (site: VC = -0.382, d.f. = 16, P = 1.000; host plant: VC = 281 

0.872, d.f. = 15, P < 0.001; within: VC = 2.431, d.f. = 1318, P < 0.001). In AMOVA, negative 282 

covariance estimates can occur when genes from different populations are more related to each 283 

other on average than genes from the same population, as can be the case here among 284 

individuals from the same host plant at different sites compared to individuals from the other 285 

host plant at the same site.  286 

The limited influence of geographic distance was also evident from the genetic 287 

differentiation among samples from the same host plants. For samples from Cirsium, the global 288 

FST-value was 0.024 (95% C.I. 0.015 – 0.042, P < 0.001) and isolation-by-distance (IBD) was 289 

not statistically significant (Fig. 3a). Genetic differentiation among samples from Chenopodium 290 

was somewhat stronger (FST = 0.061, C.I. 0.042 – 0.080, P < 0.001), and exhibited significant 291 

IBD (Fig. 3a). However, this difference may in part be due to the higher number of putative 292 

migrants from Cirsium on Chenopodium in some of the sites (Fig. 2). When all putative 293 

migrants were excluded, global geographic differentiation of samples from Chenopodium was 294 

indeed somewhat reduced (FST = 0.058, C.I. 0.036 – 0.080, P < 0.001), while that of samples 295 

from Cirsium was virtually unaffected (FST = 0.024, C.I. 0.015 – 0.042, P < 0.001). IBD, on the 296 

other hand, became even stronger in aphids from Chenopodium when migrants were excluded, 297 

but it remained non-significant in aphids from Cirsium (Fig. 3b). 298 

Matrix regression provided a similar picture in that coming from different hosts was a highly 299 

significant predictor of pairwise FST (β = 0.20015, P < 0.001), whereas geographic distance was 300 

only marginally significant (β = 0.00004, P = 0.040) and provided just a minimal improvement 301 

of the overall r2 compared to a model without geographic distance (r2 = 0.773 vs. r2 = 0.771). 302 

When all samples from Chenopodium and all samples from Cirsium were pooled (excluding 303 

putative migrants), between-host differentiation was highly significant for each microsatellite 304 

locus (all P < 0.001), but FST values varied substantially among loci (minimal FST = 0.080 305 
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[locus Af181], maximal FST = 0.646 [locus Af86], mean FST = 0.257). This was in part due to 306 

the known sensitivity of FST to the amount of genetic variation (Hedrick, 2005, Meirmans, 307 

2006), since there was a negative albeit non-significant correlation between the number of 308 

alleles at a locus and its between-host FST (r = -0.495, P = 0.212 ). This can be avoided by using 309 

alternative measures of genetic differentiation such as Hedrick's G'ST (Hedrick, 2005) or Jost's 310 

Dest (Jost, 2008). These measures behaved somewhat more consistently but still exhibited ample 311 

variation (Hedrick's G'ST: minimum = 0.247 [locus Af48], maximum = 0.954 [locus Af82], 312 

mean = 0.680; Jost's Dest: minimum = 0.215 [locus Af48], maximum = 0.943 [locus Af82], 313 

mean = 0.469), and they were also highly significant for each locus (all P < 0.001). 314 

 315 

Infection with bacterial endosymbionts 316 

 317 

Of the five bacterial endosymbionts we tested for, H. defensa was the most common on 318 

average, followed by R. insecticola, S. symbiotica and Rickettsia. We did not detect the X-type 319 

symbiont in any of the black bean aphids (Fig. 4). Frequencies of infection with these 320 

symbionts were unequal in black bean aphids from the two host plants. Taking sites as 321 

replicates and the proportion of individuals infected with each symbiont as responses, there was 322 

a significant difference between hosts (MANOVA of arcsin-square root transformed 323 

proportions: Wilk's λ = 0.210, F4, 26 = 24.438, P < 0.001), which was largely due to a 324 

significantly higher proportion of individuals infected with H. defensa in aphids from 325 

Chenopodium (F1, 29 = 56.817, P < 0.001)(Fig. 4). Multiple matrix regression indicated that 326 

coming from different hosts was associated strongly with dissimilarity (Euclidian distance) in 327 

symbiont composition (β = 0.21712, P < 0.001), more so than geographic distance, which was 328 

also significant (β = 0.00033, P < 0.014), but improved the overall r2 only weakly (r2 = 0.254 329 

vs. r2 = 0.216 for a host-only model). A weak effect of geographic distance does not rule out 330 

geographic variation in infection frequencies with different endosymbionts, it just suggests that 331 
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they show little spatial correlation. Indeed, when we analyzed aphids at the individual level for 332 

the presence of each symbiont separately, we found a significant difference between aphids 333 

from Chenopodium and Cirsium only for H. defensa and S. symbiotica, but variation among 334 

sites was significant for all endosymbionts (Table 2). For H. defensa, R. insecticola and S. 335 

symbiotica, the host plant × site interaction was significant as well (Table 2). 336 

 337 

Discussion 338 

 339 

Black bean aphids of the A. fabae complex have been split into multiple subspecies based on 340 

their ability to use particular secondary host plants, but to what extent these subspecies are 341 

genetically distinct has been unclear. Here we show that the two most abundant subspecies, A. f. 342 

fabae and A. f. cirsiiacanthoides, are clearly differentiated at nuclear microsatellite loci and that 343 

they also differ in the frequencies of infection with particular bacterial endosymbionts. It is 344 

important to note that we did not conduct a comprehensive survey of all facultative 345 

endosymbionts that may occur in black bean aphids. This would require more extensive 346 

molecular analyses (e.g. Russell et al., 2013). We did not test for the presence of Arsenophonus, 347 

for example, a bacterial endosymbiont recently found to occur commonly in species of the 348 

genus Aphis (Jousselin et al., 2013). At present it is not possible to tell if the different 349 

prevalences of H. defensa and S. symbiotica in the two subspecies simply reflect stochastic 350 

variation between reproductively isolated populations, or if they are adaptive. It would be 351 

possible, for example, that possessing H. defensa either improves aphid growth on 352 

Chenopodium or hampers growth on Cirsium, or – considering that H. defensa protects black 353 

bean aphids against parasitoids (Schmid et al., 2012) – that selection by parasitoids is stronger 354 

on Chenopodium. These are testable hypotheses worthy of further investigation. What we can 355 

exclude is that all black bean aphids mate and disperse randomly and are 'sorted' by selection on 356 

different secondary host plants every growth season anew (e.g. according to their 357 
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endosymbionts), because then we would not see this strong level of nuclear genetic 358 

differentiation. 359 

Interestingly, the geographic population structure also differed between the two subspecies 360 

of black bean aphids. Genetic differentiation was weaker overall in A. f. cirsiiacanthoides, and 361 

there was no significant isolation-by-distance at the geographic scale covered by our sampling 362 

(≤ 560 km as the crow flies), indicative of substantial gene flow over large distances. Somewhat 363 

stronger genetic differentiation with significant isolation-by-distance was observed in A. f. 364 

fabae, suggesting more restricted dispersal. Unequal population connectivity thus seems to be 365 

another attribute of the two subspecies' ecological distinctness. A higher migratory propensity 366 

of A. f. cirsiiacanthoides could also explain that putative migrants from Cirsium on 367 

Chenopodium were more numerous than the reverse, although we cannot exclude that 368 

ecological isolation is asymmetric as well, such that A. f. cirsiiacanthoides may find it easier to 369 

survive for some time on Cirsium than A. f. fabae on Chenopodium.  370 

Our study covered two of the black bean aphid subspecies that are defined ecologically by 371 

secondary host plant use. Their clear genetic differentiation suggests that the other subspecies 372 

would also exhibit some genetic differentiation, although this needs to be confirmed. The case 373 

of black bean aphids is thus similar to that of pea aphids and numerous other herbivorous 374 

insects in that ecological divergence resulting from adaptation to different host plants appears to 375 

promote genetic differentiation and reproductive isolation (Drès & Mallet, 2002). Remarkably, 376 

adaptation to specific secondary host plants trades off against the ability to use other secondary 377 

hosts (e.g. Müller, 1982, Mackenzie, 1996), while all subspecies remain able to feed and 378 

reproduce on the primary host, E. europaeus. The fact that subspecies remain distinct despite 379 

the continued opportunity to interbreed implies the existence of isolating mechanisms. Crossing 380 

experiments summarized by Müller (1982) have indeed shown reduced success of between-381 

subspecies crosses, although postzygotic reproductive isolation between A. f. fabae and A. f. 382 

cirsiiacanthoides was clearly not complete. Nevertheless, it may be sufficient to favour pre-383 
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zygotic reproductive isolation by reinforcement (Butlin, 1987). Prezygotic reproductive 384 

isolation by behavioural mechanisms is indeed seen between A. f. fabae and A. f. mordwilkoi in 385 

that males show a preference for volatile pheromones from females of their own subspecies and 386 

also transfer more sperm during within-subspecies copulations (Raymond et al., 2001). This 387 

comparison may not be fully representative, however, because A. f. mordwilkoi is the one 388 

subspecies frequently using a different primary host, namely V. opulus. Similar data on 389 

behavioural isolation between A. f. fabae and A. f. cirsiiacanthoides on E. europaeus would be 390 

highly desirable. 391 

It is also possible that temporal segregation mediated by migration timing could contribute to 392 

reproductive isolation. Such a phenomenon has been observed in the bird cherry-oat aphid 393 

(Rhopalosiphum padi), a host-alternating species comprising two genetically differentiated 394 

populations that differ in reproductive mode (sexual and facultative asexual; Delmotte et al., 395 

2002, Halkett et al., 2006). Because winged migrants of the sexual lineages return to the 396 

primary host bird cherry (Prunus padus) earlier than those of facultative asexuals, they show 397 

little temporal overlap at mating sites and thus remain genetically differentiated (Halkett et al., 398 

2006). The same mechanism could apply in black bean aphids if A. f. fabae and A. f. 399 

cirsiiacanthoides differed in the timing of autumn migration. This hypothesis would be testable 400 

by phenological observations combined with genotyping of migrants arriving on the primary 401 

host E. europaeus in autumn. 402 

There are alternative explanations to behavior-mediated reproductive isolation that could, at 403 

least theoretically, account for the strong nuclear genetic differentiation between secondary host 404 

plants. This pattern could also arise in a single polymorphic population with random dispersal 405 

followed by selective sorting at multiple nuclear loci that affect either secondary host choice or 406 

viability on the different secondary hosts. However, it seems highly unlikely that all of eight 407 

mutually unlinked microsatellite loci are so closely linked to nuclear loci under selection that 408 

without exception, they show strong and significant differentiation. Also, there was limited time 409 
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available for viability selection on secondary host plants to take effect, because we sampled 410 

during the first half of the growth season, i.e. relatively early after the migration from E. 411 

europaeus to either Chenopodium or Cirsium. The variation among microsatellite loci 412 

nevertheless indicated that some genomic regions contribute more to differentiation than others, 413 

but that is not unexpected (Jaquiery et al., 2012). 414 

To conclude, we show that two cryptic subspecies of the black bean aphid exploiting 415 

different secondary host plants exhibit unequal frequencies of infection with heritable bacterial 416 

endosymbionts and strong genetic differentiation indicative of reproductive isolation, just as in 417 

the different host races of the pea aphid (Peccoud et al., 2009, Ferrari et al., 2012). In contrast to 418 

the monoecious pea aphid, in which adaptive host choice entails assortative mating as well, 419 

reproductive isolation in the black bean aphid has evolved despite host-alternation and the use 420 

of a common primary host on which sexual reproduction takes place. The early crossing 421 

experiments used to define the host specialization of the black bean aphid's subspecies suggest 422 

that genetic effects like hybrid incompatibilities contribute to reproductive isolation today 423 

(Müller, 1982). However, this would not have been the case in the early stages of divergence, 424 

because the primary host is the ancestral host of these aphids (Moran, 1988, 1992). The 425 

secondary host-specialized populations thus seem to have evolved under continuous 426 

opportunity to interbreed on the primary host. It appears that specialization can proceed to the 427 

point that ecological selection such as reduced offspring fitness on either secondary host plant 428 

of differentially specialized parents starts promoting differentiation (Funk, 2010), and from that 429 

point onward there is the opportunity for reinforcement to strengthen divergence (Higgie et al., 430 

2000, Hoskin et al., 2005). It attests to the power of divergent natural selection resulting from 431 

adaptation to different hosts that such divergent populations evolve even when mating takes 432 

place in a common environment. 433 

  434 

17 
 



Acknowledgments 435 

 436 

We thank Alexandre Gouskov for help with field work and Julia Ferrari as well as Ryuchi 437 

Koga for providing DNA samples serving as positive controls in diagnostic PCRs. We also 438 

acknowledge Adrien Frantz and two anonymous reviewers for constructive comments on the 439 

manuscript. This study was supported by the Swiss National Science Foundation (SNSF 440 

Professorship nr. PP00P3_146341 and Sinergia grant nr. CRSII3_154396 to CV). 441 

 442 

References 443 

 444 

Blackman, R. L. & Eastop, V. F. 1994. Aphids on the world's trees: An identification and 445 

information guide. CAB International, Wallingford. 446 

Blackman, R. L. & Eastop, V. F. 2000. Aphids on the World's Crops: An Identification and 447 

Information Guide, 2nd ed. John Wiley and Sons, Chichester. 448 

Butlin, R. 1987. Speciation by reinforcement. Trends in Ecology & Evolution 2: 8-13. 449 

Chen, D. Q., Campbell, B. C. & Purcell, A. H. 1996. A new Rickettsia from a herbivorous 450 

insect, the pea aphid Acyrthosiphon pisum (Harris). Current Microbiology 33: 123-128. 451 

Coeur d'Acier, A., Sembene, M., Audiot, P. & Rasplus, J. Y. 2004. Polymorphic microsatellites 452 

loci in the black Aphid, Aphis fabae Scopoli, 1763 (Hemiptera, Aphididae). Molecular 453 

Ecology Notes 4: 306-308. 454 

Delmotte, F., Leterme, N., Gauthier, J. P., Rispe, C. & Simon, J. C. 2002. Genetic architecture 455 

of sexual and asexual populations of the aphid Rhopalosiphum padi based on allozyme and 456 

microsatellite markers. Molecular Ecology 11: 711-723. 457 

Drès, M. & Mallet, J. 2002. Host races in plant-feeding insects and their importance in 458 

sympatric speciation. Philosophical Transactions of the Royal Society B-Biological Sciences 459 

357: 471-492. 460 

18 
 



Earl, D. A. & Vonholdt, B. M. 2012. STRUCTURE HARVESTER: a website and program for 461 

visualizing STRUCTURE output and implementing the Evanno method. Conservation 462 

Genetics Resources 4: 359-361. 463 

Egan, S. P., Hood, G. R., Feder, J. L. & Ott, J. R. 2012. Divergent host-plant use promotes 464 

reproductive isolation among cynipid gall wasp populations. Biology Letters 8: 605-608. 465 

Evanno, G., Regnaut, S. & Goudet, J. 2005. Detecting the number of clusters of individuals 466 

using the software STRUCTURE: a simulation study. Molecular Ecology 14: 2611-2620. 467 

Excoffier, L. & Lischer, H. E. L. 2010. Arlequin suite ver 3.5: a new series of programs to 468 

perform population genetics analyses under Linux and Windows. Molecular Ecology 469 

Resources 10: 564-567. 470 

Falush, D., Stephens, M. & Pritchard, J. K. 2003. Inference of population structure using 471 

multilocus genotype data: Linked loci and correlated allele frequencies. Genetics 164: 1567-472 

1587. 473 

Farrell, B. D. 1998. "Inordinate fondness" explained: Why are there so many beetles? Science 474 

281: 555-559. 475 

Ferrari, J., Scarborough, C. L. & Godfray, H. C. J. 2007. Genetic variation in the effect of a 476 

facultative symbiont on host-plant use by pea aphids. Oecologia 153: 323-329. 477 

Ferrari, J., West, J. A., Via, S. & Godfray, H. C. J. 2012. Population genetic structure and 478 

secondary symbionts in host-associated populations of the pea aphid complex. Evolution 66: 479 

375-390. 480 

Fry, J. D. 1996. The evolution of host specialization: are trade-offs overrated? The American 481 

Naturalist 148: S84-S107. 482 

Fukatsu, T. & Nikoh, N. 1998. Two intracellular symbiotic bacteria from the mulberry psyllid 483 

Anomoneura mori (Insecta, Homoptera). Applied and Environmental Microbiology 64: 484 

3599-3606. 485 

Funk, D. J. 2010. Does strong selection promote host specialisation and ecological speciation in 486 

insect herbivores? Evidence from Neochlamisus leaf beetles. Ecological Entomology 35: 41-487 

53. 488 

19 
 



Futuyma, D. J. & Moreno, G. 1988. The evolution of ecological specialization. Annual Review 489 

of Ecology and Systematics 19: 207-233. 490 

Goslee, S. C. & Urban, D. L. 2007. The ecodist package for dissimilarity-based analysis of 491 

ecological data. Journal of Statistical Software 22: 1-19. 492 

Goudet, J. 2002. FSTAT 2.9.3.2, a program to estimate and test gene diversities and fixation 493 

indices. Available at: http://www2.unil.ch/popgen/softwares/fstat.htm (update from Goudet 494 

1995). 495 

Guay, J. F., Boudreault, S., Michaud, D. & Cloutier, C. 2009. Impact of environmental stress on 496 

aphid clonal resistance to parasitoids: Role of Hamiltonella defensa bacterial symbiosis in 497 

association with a new facultative symbiont of the pea aphid. Journal of Insect Physiology 498 

55: 919-926. 499 

Halkett, F., Kindlmann, P., Plantegenest, M., Sunnucks, P. & Simon, J. C. 2006. Temporal 500 

differentiation and spatial coexistence of sexual and facultative asexual lineages of an aphid 501 

species at mating sites. Journal of Evolutionary Biology 19: 809-815. 502 

Halkett, F., Simon, J. C. & Balloux, F. 2005. Tackling the population genetics of clonal and 503 

partially clonal organisms. Trends in Ecology & Evolution 20: 194-201. 504 

Hawthorne, D. J. & Via, S. 2001. Genetic linkage of ecological specialization and reproductive 505 

isolation in pea aphids. Nature 412: 904-907. 506 

Hedrick, P. W. 2005. A standardized genetic differentiation measure. Evolution 59: 1633-1638. 507 

Heie, O. E. 1986. The Aphidoidea (Hemiptera) of Fennoscandia and Denmark. III. Family 508 

Aphididae: subfamily Pterocommatinae & tribe Aphidini of subfamily Aphidinae. Fauna 509 

Entomologica Scandinavica 17: 314 pp. 510 

Henry, L. M., Maiden, M. C. J., Ferrari, J. & Godfray, H. C. J. 2015. Insect life history and the 511 

evolution of bacterial mutualism. Ecology Letters 18: 516-525. 512 

Henry, L. M., Peccoud, J., Simon, J.-C., Hadfield, J. D., Maiden, J. C. M., Ferrari, J. & 513 

Godfray, H. C. J. 2013. Horizontally transmitted symbionts and host colonization of 514 

ecological niches. Current Biology 23: 1713-1717. 515 

Higgie, M., Chenoweth, S. & Blows, M. W. 2000. Natural selection and the reinforcement of 516 

mate recognition. Science 290: 519-521. 517 

20 
 

http://www2.unil.ch/popgen/softwares/fstat.htm


Hoskin, C. J., Higgie, M., McDonald, K. R. & Moritz, C. 2005. Reinforcement drives rapid 518 

allopatric speciation. Nature 437: 1353-1356. 519 

Iglisch, I. 1968. Über die Entstehung der Rassen der 'Schwarzen Bohnenläuse' (Aphis fabae 520 

Scop. und verwandte Arten), über ihre phytopathologische Bedeutung und über die 521 

Aussichten für erfolgversprechende Bekämpfungsmassnahmen (Homoptera: Aphididiae). 522 

Mitteilungen aus der Biologischen Bundesanstalt für Land- und Forstwirtschaft Berlin-523 

Dahlem 131: 1-34. 524 

Jaenike, J. 1990. Host specialization in phytophagous insects. Annual Review of Ecology and 525 

Systematics 21: 243-273. 526 

Jaquiery, J., Stoeckel, S., Nouhaud, P., Mieuzet, L., Maheo, F., Legeai, F., Bernard, N., 527 

Bonvoisin, A., Vitalis, R. & Simon, J. C. 2012. Genome scans reveal candidate regions 528 

involved in the adaptation to host plant in the pea aphid complex. Molecular Ecology 21: 529 

5251-5264. 530 

Jörg, E. & Lampel, G. 1996. Enzyme electrophoretic studies on the Aphis fabae group 531 

(Hemiptera, Aphididae). Journal of Applied Entomology-Zeitschrift Fur Angewandte 532 

Entomologie 120: 7-18. 533 

Jost, L. 2008. GST and its relatives do not measure differentiation. Molecular Ecology 17: 4015-534 

4026. 535 

Jousselin, E., Coeur d'acier, A., Vanlerberghe-Masutti, F. & Duron, O. 2013. Evolution and 536 

diversity of Arsenophonus endosymbionts in aphids. Molecular Ecology 22: 260-270. 537 

Keenan, K., McGinnity, P., Cross, T. F., Crozier, W. W. & Prodohl, P. A. 2013. diveRsity: An 538 

R package for the estimation and exploration of population genetics parameters and their 539 

associated errors. Methods in Ecology and Evolution 4: 782-788. 540 

Lampel, G. & Meier, W. 2007. Aphidina 2. Fauna Helvetica 16. Centre suisse de cartographie 541 

de la faune (CSCF), Neuchâtel, Switzerland. 542 

Mackenzie, A. 1996. A trade-off for host plant utilization in the black bean aphid, Aphis fabae. 543 

Evolution 50: 155-162. 544 

Meirmans, P. G. 2006. Using the AMOVA framework to estimate a standardized genetic 545 

differentiation measure. Evolution 60: 2399-2402. 546 

21 
 



Mitter, C., Farrell, B. & Wiegmann, B. 1988. The phylogenetic study of adaptive zones - has 547 

phytophagy promoted insect diversification? American Naturalist 132: 107-128. 548 

Moran, N. A. 1988. The evolution of host-plant alternation in aphids - evidence for 549 

specialization as a dead end. American Naturalist 132: 681-706. 550 

Moran, N. A. 1992. The evolution of aphid life cycles. Annual Review of Entomology 37: 321-551 

348. 552 

Moran, N. A., Russell, J. A., Koga, R. & Fukatsu, T. 2005. Evolutionary relationships of three 553 

new species of Enterobacteriaceae living as symbionts of aphids and other insects. Applied 554 

and Environmental Microbiology 71: 3302-3310. 555 

Müller, F. P. 1982. Das Problem Aphis fabae. Zeitschrift für angewandte Entomologie 94: 432-556 

446. 557 

Nosil, P., Crespi, B. J. & Sandoval, C. P. 2002. Host-plant adaptation drives the parallel 558 

evolution of reproductive isolation. Nature 417: 440-443. 559 

Oliver, K. M., Degnan, P. H., Burke, G. R. & Moran, N. A. 2010. Facultative symbionts in 560 

aphids and the horizontal transfer of ecologically important traits. Annual Review of 561 

Entomology 55: 247-266. 562 

Peccoud, J., Bonhomme, J., Maheo, F., de la Huerta, M., Cosson, O. & Simon, J. C. 2014. 563 

Inheritance patterns of secondary symbionts during sexual reproduction of pea aphid 564 

biotypes. Insect Science 21: 291-300. 565 

Peccoud, J., Ollivier, A., Plantegenest, M. & Simon, J. C. 2009. A continuum of genetic 566 

divergence from sympatric host races to species in the pea aphid complex. Proceedings of 567 

the National Academy of Sciences of the United States of America 106: 7495-7500. 568 

Pritchard, J. K., Stephens, M. & Donnelly, P. 2000. Inference of population structure using 569 

multilocus genotype data. Genetics 155: 945-959. 570 

R Core Team (2015) R: A language and environment for statistical computing. R Foundation 571 

for Statistical Computing, Vienna, Austria. URL http://www.R-project.org. pp. 572 

Raymond, B., Searle, J. B. & Douglas, A. E. 2001. On the processes shaping reproductive 573 

isolation in aphids of the Aphis fabae (Scop.) complex (Aphididae : Homoptera). Biological 574 

Journal of the Linnean Society 74: 205-215. 575 

22 
 

http://www.r-project.org/


Rousset, F. 1997. Genetic differentiation and estimation of gene flow from F-statistics under 576 

isolation by distance. Genetics 145: 1219-1228. 577 

Rousset, F. 2008. GENEPOP ' 007: a complete re-implementation of the GENEPOP software 578 

for Windows and Linux. Molecular Ecology Resources 8: 103-106. 579 

Rundle, H. D. & Nosil, P. 2005. Ecological speciation. Ecology Letters 8: 336-352. 580 

Russell, J. A., Weldon, S., Smith, A. H., Kim, K. L., Hu, Y., Lukasik, P., Doll, S., 581 

Anastopoulos, I., Novin, M. & Oliver, K. M. 2013. Uncovering symbiont-driven genetic 582 

diversity across North American pea aphids. Molecular Ecology 22: 2045-2059. 583 

Sandrock, C., Razmjou, J. & Vorburger, C. 2011. Climate effects on life cycle variation and 584 

population genetic architecture of the black bean aphid, Aphis fabae. Molecular Ecology 20: 585 

4165-4181. 586 

Schmid, M., Sieber, R., Zimmermann, Y. S. & Vorburger, C. 2012. Development, specificity 587 

and sublethal effects of symbiont-conferred resistance to parasitoids in aphids. Functional 588 

Ecology 26: 207-215. 589 

Smith, A. H., Lukasik, P., O'Connor, M. P., Lee, A., Mayo, G., Drott, M. T., Doll, S., Tuttle, R., 590 

Disciullo, R. A., Messina, A., Oliver, K. M. & Russell, J. A. 2015. Patterns, causes and 591 

consequences of defensive microbiome dynamics across multiple scales. Molecular Ecology 592 

24: 1135-1149. 593 

Sunnucks, P., De Barro, P. J., Lushai, G., Maclean, N. & Hales, D. F. 1997. Genetic structure of 594 

an aphid studied using microsatellites: cyclic parthenogenesis, differentiated lineages and 595 

host specialization. Molecular Ecology 6: 1059-1073. 596 

Thieme, T. (1987) Members of the complex of Aphis fabae Scop. and their host plants. In: 597 

Population Structure, Genetics and Taxonomy of Aphids and Thysanoptera, (Holmann, J., 598 

Pelikan, J., Dixon, A. F. G. & Weisman, L., eds.). pp. SPB Academic Publishing, The 599 

Hague, The Netherlands. 600 

Thieme, T. & Dixon, A. F. G. 1996. Mate recognition in the Aphis fabae complex: Daily 601 

rhythm of release and specificity of sex pheromones. Entomologia Experimentalis Et 602 

Applicata 79: 85-89. 603 

23 
 



Tsuchida, T., Koga, R. & Fukatsu, T. 2004. Host plant specialization governed by facultative 604 

symbiont. Science 303: 1989-1989. 605 

Via, S. 1991a. The genetic structure of host plant adaptation in a spatial patchwork - 606 

demographic variability among reciprocally transplanted pea aphid clones. Evolution 45: 607 

827-852. 608 

Via, S. 1991b. Specialized host plant performance of pea aphid clones is not altered by 609 

experience. Ecology 72: 1420-1427. 610 

Via, S. 1999. Reproductive isolation between sympatric races of pea aphids. I. Gene flow 611 

restriction and habitat choice. Evolution 53: 1446-1457. 612 

Via, S. 2001. Sympatric speciation in animals: the ugly duckling grows up. Trends in Ecology 613 

& Evolution 16: 381-390. 614 

Via, S., Bouck, A. C. & Skillman, S. 2000. Reproductive isolation between divergent races of 615 

pea aphids on two hosts. II. Selection against migrants and hybrids in the parental 616 

environments. Evolution 54: 1626-1637. 617 

Wagner, S. M., Martinez, A. J., Ruan, Y. M., Kim, K. L., Lenhart, P. A., Dehnel, A. C., Oliver, 618 

K. M. & White, J. A. 2015. Facultative endosymbionts mediate dietary breadth in a 619 

polyphagous herbivore. Functional Ecology 29: 1402-1410. 620 

Wang, I. J. 2013. Examining the full effects of landscape heterogeneity on spatial genetic 621 

variation: A multiple matrix regression approach for quantifying geographic and ecological 622 

isolation. Evolution 67: 3403-3411. 623 

Weir, B. S. & Cockerham, C. C. 1984. Estimating F-statistics for the analysis of population 624 

structure. Evolution 38: 1358-1370. 625 

626 627 

Data deposited in Dryad: doi: WILL FOLLOW UPON ACCEPTANCE. 628 

 629 

24 
 



Table 1. Collection information of black bean aphid samples analyzed with population genetic 
diagnostics, including expected and observed heterozygosity (He, Ho), inbreeding coefficient 
(FIS) and between-host differentiation (FST) for sites with samples from both host plants. N = 
sample size with the number of different multilocus genotypes (MLGs) in brackets. Diagnostics 
were calculated with one representative of each MLG per population (see Methods). Numbers 
in brackets after site names refer to locations in Fig. 1. 
Site Coordinates Host plant N He Ho FIS Betw. host FST 

Aesch (2) 47°28′N  7°35′E Cirsium 15(11) 0.689 0.659 0.044 0.300* 

  Chenopodium 18(17) 0.546 0.552 -0.010  

Alpnach (7) 46°56′N  8°16′E Chenopodium 23(22) 0.650 0.568 0.126* - 

Chur (8) 46°51′N  9°32′E Cirsium 24(21) 0.680 0.657 0.034 0.315* 

  Chenopodium 28(28) 0.535 0.564 -0.055  

Geneva (11) 46°12′N  6°09′E Cirsium 21(21) 0.703 0.633 0.101* 0.252* 

  Chenopodium 30(30) 0.588 0.588 0.000  

Grosses Moos (6) 47°00′N  7°60′E Cirsium 22(20) 0.714 0.690 0.034 0.213* 

  Chenopodium 24(23) 0.638 0.623 0.024  

Langenthal (5) 47°13′N  7°47′E Cirsium 22(19) 0.761 0.710 0.068 0.179* 

  Chenopodium 21(20) 0.618 0.570 0.078  

Magadino (12) 46°09′N  8°51′E Chenopodium 21(21) 0.555 0.491 0.116* - 

Martigny (13) 46°60′N7°40′E Cirsium 28(28) 0.701 0.667 0.050 0.296* 

  Chenopodium 25(25) 0.514 0.515 -0.002  

Mendrisio (14) 45°52′N  8°59′E Cirsium 5(4) 0.695 0.552 0.207 0.341* 

  Chenopodium 26(26) 0.575 0.599 -0.042  

Montélimar (16) 44°33′N  4°45′E Cirsium 33(32) 0.666 0.628 0.057 0.210* 

  Chenopodium 24(23) 0.660 0.618 0.065  

Neunkirch (1) 47°41′N  8°29′E Cirsium 23(16) 0.720 0.677 0.060 0.268* 

  Chenopodium 32(31) 0.549 0.480 0.126  

Orbe (9) 46°43′N6°32′E Cirsium 20(18) 0.680 0.606 0.110* 0.299* 

  Chenopodium 29(29) 0.557 0.554 0.005  

Remoulins (17) 43°56′N  4°33′E Cirsium 20(13) 0.768 0.707 0.080 0.181* 

  Chenopodium 30(11) 0.563 0.671 -0.191  

Romans (15) 45°02′N  5°03′E Cirsium 21(20) 0.646 0.603 0.067 0.316* 

  Chenopodium 27(27) 0.562 0.551 0.018  

Sierre (10) 46°18′N7°32′E Cirsium 20(20) 0.687 0.609 0.113 0.321* 

  Chenopodium 27(26) 0.501 0.473 0.055  

St. Margrethen (3) 47°27′N  9°38′E Cirsium 25(20) 0.714 0.723 -0.011 0.263* 

  Chenopodium 25(21) 0.555 0.441 0.207*  

Zurich (4) 47°22′N  8°33′E Cirsium 23(22) 0.705 0.639 0.093 0.068* 

  Chenopodium 10(10) 0.806 0.557 0.309*  

*significantly > 0 after sequential Bonferroni correction  
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Table 2. Generalized linear model results of presence/absence data for four facultative bacterial 

endosymbionts detected by diagnostic PCR in black bean aphids. 

Endosymbiont Effects d.f. Deviance P 

Hamiltonella defensa Host plant 1 192.91 < 0.001 

 Site 16 127.48 < 0.001 

 Host plant × Site 13 22.67 0.046 

 Residual 667 534.51  

Regiella insecticola Host plant 1 0.32 0.572 

 Site 16 94.81 < 0.001 

 Host plant × Site 13 31.21 0.003 

 Residual 667 402.55  

Serratia symbiotica Host plant 1 7.542 0.006 

 Site 16 36.193 0.003 

 Host plant × Site 13 22.483 0.048 

 Residual 667 303.89  

Rickettsia Host plant 1 0.32 0.574 

 Site 16 79.63 < 0.001 

 Host plant × Site 13 8.97 0.776 

 Residual 667 126.65  
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Figure Legends 

 

Fig. 1. Map illustrating the location of the 17 sampling sites from which black bean aphids were 

collected for this study. Numbers correspond to the following sites in Table 1: 1 Neunkirch; 2 

Aesch; 3 St. Margrethen; 4 Zurich; 5 Langenthal; 6 Grosses Moos; 7 Alpnach; 8 Chur; 9 Orbe; 

10 Sierre; 11 Geneva; 12 Magadino; 13 Martigny; 14 Mendrisio; 15 Romans; 16 Montélimar; 

17 Remoulins. 

 

Fig. 2. Results from the Bayesian clustering analysis in STRUCTURE, using K = 2 clusters. 

Each genotype is represented by a vertical bar with colors representing the assignment 

probabilities to each of the two clusters. Genotypes are arranged by sampling site and host 

plant, showing that one cluster is associated with Cirsium and the other with Chenopodium. 

 

Fig. 3. Isolation-by-distance plots depicting the relationship between genetic differentiation 

(FST/[1–FST]) and geographic distance between pairs of sampling sites for black bean aphids 

collected from Chenopodium (open symbols) and Cirsium (gray symbols) with putative 

migrants either included (a) or excluded (b). Isolation-by-distance was significant for aphids 

from Chenopodium in both cases (migrants included: Mantel r = 0.477, 1-tailed P = 0.002; 

migrants excluded: r = 0.663, P < 0.001), as indicated by the continuous lines, but not for 

aphids from Cirsium (migrants included: r = 0.238, P = 0.080; migrants excluded: r = 0.222, P 

= 0.088). 

 

Fig. 4. Bar plot illustrating average infection frequencies (proportion infected) of black bean 

aphids collected from Cirsium or Chenopodium with five facultative bacterial endosymbionts. 
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Supplementary Online Material 

Table S1. Reverse labelled primers used in the PCR multiplex for symbiont detection. All reverse primers were combined with the same forward 
primer 16SA1 (5’→3’AGAGTTTGATCMTGGCTCAG; Fukatsu & Nikoh 1998). 
 
Symbiont species Reverse 

primer 
Dye Reverse primer sequence (5’→3’) Length (bp) Volume in µl  

per 10 µl reaction 
(primer conc. = 2 µM) 

Reference 

Buchnera aphidicola Buch16S1R ATTO565 CTTCTGCGGGTAACGTCACGAA 492 0.1 Tsuchida et al. (2002) 

Hamiltonella defensa TO419R FAM AAATGGTATTGGCATTTATCG 471 0.4 Ferrari et al. (2012) 

Rickettsia Rick16SR ATTO565 CATCCATCAGCGATAAATCTTTC 205 0.2 Fukatsu et al. (2001) 

Regiella insecticola U443R Yakima 
Yellow® 

GGTAACGTCAATCGATAAGCA 480 0.1 Ferrari et al. (2012) 

Serratia symbiotica R443R ATTO550 CTTCTGCGAGTAACGTCAATG 488 0.1 Ferrari et al. (2012) 

X-type X420R ATTO565 GCAACACTCTTTGCATTGCT 468 0.1 Ferrari et al. (2012) 
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Table S2. Genetic diversity estimates of black bean aphid samples after removal of clear 
migrants, i.e. individuals that the Bayesian clustering analysis with STRUCTURE assigned to 
the genetic cluster associated with the other host plant with >90% probability. 
 
Site Coordinates (WGS84) Host plant N He Ho FIS 

Aesch 47°28′N  7°35′E Cirsium 11 0.689 0.659 0.044 
  Chenopodium 17 0.546 0.552 -0.010 
Alpnach 46°56′N  8°16′E Chenopodium 19 0.578 0.546 0.055 
Chur 46°51′N  9°32′E Cirsium 21 0.680 0.657 0.034 
  Chenopodium 27 0.513 0.557 -0.086 
Geneva 46°12′N  6°09′E Cirsium 21 0.703 0.633 0.101 
  Chenopodium 30 0.588 0.588 0.000 
Grosses Moos 47°00′N  7°60′E Cirsium 20 0.714 0.690 0.034 
  Chenopodium 21 0.595 0.617 -0.037 
Langenthal 47°13′N  7°47′E Cirsium 19 0.761 0.710 0.068 
  Chenopodium 18 0.575 0.559 0.028 
Magadino 46°09′N  8°51′E Chenopodium 21 0.555 0.491 0.116* 
Martigny 46°60′N7°40′E Cirsium 27 0.686 0.664 0.033 
  Chenopodium 25 0.514 0.515 -0.002 
Mendrisio 45°52′N  8°59′E Cirsium 4 0.695 0.552 0.207 
  Chenopodium 26 0.575 0.599 -0.042 
Montélimar 44°33′N  4°45′E Cirsium 32 0.666 0.628 0.057 
  Chenopodium 19 0.585 0.612 -0.047 
Neunkirch 47°41′N  8°29′E Cirsium 16 0.720 0.677 0.060 
  Chenopodium 31 0.549 0.480 0.126 
Orbe 46°43′N6°32′E Cirsium 18 0.680 0.606 0.110* 
  Chenopodium 28 0.535 0.547 -0.022 
Remoulins 43°56′N  4°33′E Cirsium 11 0.750 0.706 0.059 
  Chenopodium 11 0.563 0.671 -0.191 
Romans 45°02′N  5°03′E Cirsium 20 0.646 0.603 0.067 
  Chenopodium 27 0.562 0.551 0.018 
Sierre 46°18′N7°32′E Cirsium 20 0.687 0.609 0.113 
  Chenopodium 26 0.501 0.473 0.055 
St. Margrethen 47°27′N  9°38′E Cirsium 20 0.714 0.723 -0.011 
  Chenopodium 19 0.491 0.421 0.143 
Zurich 47°22′N  8°33′E Cirsium 22 0.705 0.639 0.093 
  Chenopodium 3 0.458 0.542 -0.182 
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Fig S1. Excerpts of the output from STRUCTURE HARVESTER (Earl & Vonholdt, 2012) 
employing the method of Evanno et al. (2005) to show that K = 2 is the most probable number 
of genetic clusters in the microsatellite genotypes of black bean aphids analyzed in this study. 
 

  

K Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln''(K)| Delta K 
1 10 -19338.820000 0.168655 — — — 

2 10 -16335.600000 1.728198 3003.220000 2441.920000 1412.986636 

3 10 -15774.300000 110.510402 561.300000 286.300000 2.590706 

4 10 -15499.300000 2.035791 275.000000 153.970000 75.631541 

5 10 -15378.270000 12.293002 121.030000 37.870000 3.080615 

6 10 -15295.110000 22.762955 83.160000 43.630000 1.916711 

7 10 -15255.580000 56.099016 39.530000 40.920000 0.729425 

8 10 -15256.970000 94.784493 -1.390000 11.900000 0.125548 

9 10 -15270.260000 152.450540 -13.290000 388.340000 2.547318 

10 10 -15671.890000 341.350665 -401.630000 311.160000 0.911555 

11 10 -15762.360000 350.310555 -90.470000 234.320000 0.668892 

12 10 -16087.150000 492.995047 -324.790000 318.940000 0.646944 

13 10 -16093.000000 1236.486269 -5.850000 19.150000 0.015487 

14 10 -16079.700000 473.640614 13.300000 65.170000 0.137594 

15 10 -16131.570000 826.508789 -51.870000 149.240000 0.180567 

16 10 -16034.200000 479.732937 97.370000 442.100000 0.921554 

17 10 -16378.930000 622.783911 -344.730000 — — 
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