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Abstract

Aphids are a worldwide pest and an important model in ecology and evolution. Little is

known, however, about the genetic structure of their colonies at a microgeographic level.

For example, it remains largely unknown whether most species form monoclonal or

polyclonal colonies. Here, we present the first detailed study on levels of clonal mixing

in a nonsocial facultative ant mutualist, the black bean aphid Aphis fabae. In contrast to

the earlier suggestion that colonies of this species are generally monoclonal, we found

that across two subspecies of the black bean aphid, A. fabae cirsiiacanthoidis and

A. fabae fabae, 32% and 67% of the aphid colonies were in fact polyclonal, consisting of

a mix of up to four different clones, which resulted in an overall average relatedness

within colonies of 0.90 and 0.79 in the two subspecies. Data further show that the average

relatedness in A. f. cirsiiacanthoidis remained relatively constant throughout the season,

which means that clonal erosion due to clonal selection more or less balanced with the

influx of new clones from elsewhere. Nevertheless, relatedness tended to decrease over

the lifetime of a given colony, implying that clonal mixing primarily resulted from the

joining of pre-existing colonies as opposed to via simultaneous host colonisation by

several foundresses. Widespread clonal mixing is argued to affect the ecology and

evolution of the aphids in various important ways, for example with respect to the costs

and benefits of group living, the evolution of dispersal and the interaction with predators

as well as with the ant mutualists.
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Introduction

Aphids are considered to be one of the most devastat-

ing pests in both agriculture and horticulture (Minks &

Harrewijn 1987). In addition, their highly polyphagous

nature and probing feeding behaviour causes many to

be important vectors of plant viruses. Their cyclical par-

thenogenetic life cycle enables them to achieve a tre-

mendous growth rate and the numerous interactions

with other organisms make them an excellent model in

ecology and evolution. Population genetic studies, for

example, have been conducted on topics such as host

plant specialisation (Via 1991; Ferrari et al. 2008), sym-

patric speciation (Via 2009) and the advantage of sexual

reproduction (Guillemaud et al. 2003; Simon et al.
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2010), with the pea aphid being one of the key models

used in this area. Despite the multitude of population

genetic studies that have been conducted on aphids,

however, detailed studies on the genetic structure of

their colonies at a microgeographic level remain sparse.

As aphids reproduce asexually in spring and summer,

colonies have long been considered to consist of geneti-

cally identical individuals, i.e. of progeny derived from

a single foundress (Mackenzie 1996; Hodgson 2001; Wu

et al. 2010). Studies on the genetic structure of aphid

colonies, however, have revealed significant variation in

their composition. Some older allozyme and DNA fin-

gerprinting studies, for example, have inferred aphid

colonies to be monoclonal (in Aphis fabae, Mackenzie

1996), while others have shown varying levels of polycl-

onality (in Sitobion fragariae, Loxdale & Brookes 1990;

and Schizaphis graminum, Shufran et al. 1991; in Sitobion

avenae, De Barro et al. 1994; in Myzus persicae, Fenton
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et al. 1998). Nevertheless, these studies employed mark-

ers with low variability and were mostly based on

rather limited sample sizes, which probably resulted in

an underestimation of natural levels of clonal mixing. A

handful of more recent microsatellite studies have also

revealed contrasting patterns with respect to levels of

clonal mixing found in aphid populations. For example,

one study on the invasive Oleander aphid Aphis nerii

inferred colonies to be monoclonal and composed of

one of two ‘superclones’, which dominated that particu-

lar study population (Harrison & Mondor 2011). By

contrast, significant levels of clonal mixing were found

in studies on two obligately asexual Sitobion species

(Wilson et al. 1999), Pemphigus social gall aphids (Abbot

et al. 2001; Johnson et al. 2002; Abbot 2009) and two

autoecious species, which complete their entire life

cycle on the same host plant – the obligate ant mutual-

ist Tuberculatus quercicola (Yao & Akimoto 2009) and the

untended species Macrosiphonella tanacetaria (Massonnet

& Weisser 2004; Loxdale et al. 2011). Nevertheless, all

of these species have a rather peculiar lifestyle, being

either obligately asexual or completing most of their life

cycle in a closed environment. Hence, for most free-liv-

ing (nonautoecious and nonsocial, nongalling) aphid

species, the extent of clonal mixing in natural popula-

tions remains largely unknown. On an a priori basis,

one might expect colonies of such species to form

monoclonal colonies if alates were able to preferentially

colonise unoccupied host plants, whereas in situations

where all plants were occupied, or where several alates

would simultaneously colonise the same host plants,

significant levels of clonal mixing should be seen.

The limited information on the sociogenetic structure

of aphid colonies is surprising given that it is expected

to have very important consequences for their ecology

and evolution (Loxdale 2008). For example, dispersal in

aphids by either alates or apterous individuals has so

far been shown to be induced by a decrease in host

plant quality (Harrington & Taylor 1990; Hodgson 1991;

Howard & Dixon 1992), the presence of natural enemies

and the production of alarm pheromone (Dixon &

Agarwala 1999; Weisser et al. 1999; Sloggett & Weisser

2002; Kunert et al. 2005, 2007, 2008; Hatano et al. 2010)

or crowding effects (Lees 1966; Sutherland 1969; Dixon

1977; Harrison 1980; Mousseau & Dingle 1991; Moran

1992; Dixon 1998; Müller et al. 2001; for reviews see

Braendle et al. 2006; Kunert et al. 2007). Nevertheless,

inclusive fitness theory has shown that dispersal can

also to a large extent be driven by competition with rel-

atives (Hamilton & May 1977; Frank 1986; Taylor 1988;

Plantegenest & Kindlmann 1999; Ronce et al. 2000; Per-

rin & Goudet 2001). This implies that levels of clonal

mixing could have important consequences for the evo-
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lution of dispersal in aphids. For example, populations

with a lot of clonal mixing would be expected to have a

reduced or delayed dispersal relative to those where all

colonies are monoclonal (for two specific model that

demonstrate this for aphids see Ozaki 1995 and Plan-

tegenest & Kindlmann 1999). In addition, inclusive fit-

ness theory predicts that in multiclonal colonies, there

should be less selection on altruistic behaviour (Hamil-

ton 1964a,b, 1987) such as that which is seen in some

species that produce nonreproductive soldiers, such as

some gall aphids and some soldier-producing second-

ary-host aphid species (e.g. Pseudoregma) (Stern & Foster

1996; Pike & Foster 2008).

Despite the fact that the degree of clonal mixing

would be expected to have such important conse-

quences for the ecology and evolution of aphid popula-

tions, the genetic colony structure of free-living

nonautoecious aphid species has as yet not been tho-

roughly studied. Hence, the aim of this study was to

determine the genetic structure of colonies of two sub-

species of the black bean aphid, Aphis fabae cirsiiacan-

thoidis and A. fabae fabae, which are nonsocial, free-

living aphids that most commonly engage in a faculta-

tive mutualism with the black garden ant Lasius niger

(Stadler & Dixon 1998, 1999; Völkl et al. 1999; Offenberg

2001; Stadler et al. 2002; Woodring et al. 2004; Detrain

et al. 2010). We were interested in deciphering their co-

lony structure in the field, as this might have important

consequences for the evolution of optimal dispersal,

reproductive competition within the aphid colonies, as

well as for their interaction with ant mutualists. We also

tested whether the clonal diversity of the aphid colonies

increased with the colony lifespan, attributed to the

arrival of new winged individuals from elsewhere, or

with the progression of the season, because of the

greater scarcity of uncolonised host plants, which

would force winged aphids to join pre-existing colonies.
Materials and methods

Study species

Aphis fabae represents a complex of at least four subspe-

cies, which all reproduce sexually on the same primary

host plants, primarily Euonymus europaeus, but also, to a

lesser extent, Viburnum opulus and Philadelphus coronari-

us. The asexually reproducing summer generations,

however, are extremely polyphagous, although the

occurrence on particular host plant species can be used

to define subspecies (Stroyan 1984). For example, black

bean aphids occurring on the summer host plant Cir-

sium arvense are referred to as A. fabae cirsiiacanthoidis

and those occurring on Vicia faba as A. fabae fabae.
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Sampling

Aphis fabae cirsiiacanthoidis individuals were collected

from thistle (Cirsium arvense) on a study plot of 0.6 ha

in Kortrijk (Belgium). This study site is a natural area

owned by KU Leuven. It is only ploughed once a year,

and it is mainly surrounded by university buildings

with the exception of agricultural fields on one side.

Sampling was carried out between 12 May 2009 and 7

July 2009, which correspond to the first and last obser-

vations of this species in our study plot. We also col-

lected information on the presence or absence of ants

(only Lasius niger visited our aphid colonies) and natu-

ral enemies (ladybirds, syrphid larvae and parasitoid

wasps) when each colony was sampled. In our study

plot, Lasius niger was observed to tend A. fabae cirsiiac-

anthoidis only at the beginning of the sampling season,

and then rapidly moved over to tending Brachycaudus

sp., as was also observed in other studies (Fischer et al.

2001). From 31 plants, all the winged and unwinged

adults were sampled, which resulted in the collection of

a total of 432 individuals. In addition, seven randomly

selected plants were sampled repeatedly once a week

until any given colony disappeared. In this case, we col-

lected all the winged individuals that were present plus

4–9 randomly selected unwinged adults, resulting in

the sampling of a total of 190 individuals. All winged

individuals correspond to alate viviparae, which dis-

perse among secondary host plants. In addition, a fur-

ther nine colonies of A. fabae fabae (87 individuals) were

collected from Vicia faba plants grown in spring and

summer 2010 in private gardens in the surrounding of

Leuven (Belgium), and which were nearly all tended by

L. niger at the time they were sampled. All aphids were

stored in 100% ethanol at 4 �C until further analysis.
DNA extraction and genotyping

DNA was extracted using the Chelex method (Walsh

et al. 1991), in which each aphid was first snap frozen

in liquid nitrogen and ground up using a plastic pestle,

followed by a 15-min incubation at 95 �C in 200 lL of

10% Biorad Chelex� 100TM resin solution. Samples

were vortexed and centrifuged before use.

Polymerase chain reactions (PCR) amplifications were

performed in 10 lL of reaction mixture containing 1 lL

of crude DNA extract from a single individual, 1.5 mM

MgCl2 (MgCl2; Eurogentec), 0.5 lM of the forward and

reverse primers (Applied Biosystems and Eurogentec),

0.2 mM of each dNTP (dNTP Set; Fermentas), 0.6 units

of Silverstar Taq polymerase (Eurogentec) and 1· of

enzyme buffer supplied by the manufacturer.

All samples were genotyped at seven loci, AfF, Ago59,

Af82, Afl, AfBeta, Af134 and Af181 (Vanlerberghe-Mas-
utti et al. 1999; Coeur d’Acier et al. 2004; Gauffre &

D’Acier 2006). In one PCR, PCR A, we multiplexed loci

Af82, Afl, AfBeta, Af134, Af181, and in a second and

third PCR B and C, we amplified loci Ago59 and AfF,

respectively. All PCRs were performed following a

touch-down program, with an initial activation step of

3 min at 94 �C, followed by 19 cycles consisting of a

denaturation step of 30 s at 94 �C, annealing for 90 s at

60 �C (PCR A and C) or 57 �C (PCR B), decreasing

0.5 �C in each step, and a 60 s (PCR A and C) or 45 s

(PCR B) extension at 72 �C, nine cycles consisting of 30 s

at 94 �C, 30 s at 46 �C and 45 s at 72 �C, and a 10-min

extension step at 72 �C followed by a final extension for

30 min at 60 �C (PCR A and B) or 72 �C (PCR C).

After amplification, the PCR products of PCR A and

of PCRs B and C were mixed with formamide and

Genescan 500 LIZ size standard (Applied Biosystems),

denatured, and loaded in two separate runs onto an

ABI-3130 Avant capillary sequencer. Alleles were called

using the supplied Gene Mapper software (GeneMap-

per�; Applied Biosystems). Potential genotyping mis-

takes were identified using the program GenClone

(Arnaud-Haond & Belkhir 2007), and suspect samples

were regenotyped twice, after which the consensus

genotype was used for further analysis.
Analysis of levels of clonal mixing

Different clones were identified based on their multilo-

cus genotypes. The power to be able to discriminate

among different clones using the seven loci we used

was calculated as one minus the probability that differ-

ent clones would have identical multilocus genotypes

by chance, which is given as 1)P (1)He), where He is

the expected heterozygosity at the ith locus and the

product is taken over all loci. The observed clonal

diversity CDo, i.e. the effective number of clones pres-

ent on each plant, accounting for unequal representa-

tion, was calculated as the inverse of the Simpson index

(Lande 1996), i.e. as 1 ⁄
P

i pi
2 where pi is the relative fre-

quency of the ith clone’s multilocus genotype. In addi-

tion, when colonies could not be sampled completely,

we calculated the nonsampling-corrected clonal diver-

sity CDc, as ½n� 1�2=ð
P

i½pi�2ðnþ 1Þðn� 2Þ þ 3� nÞ,
where n is the number of aphids that were sampled

(Nielsen et al. 2003). Deviations of the clonal diversity

from Hardy–Weinberg (H–W) expectations were tested

for using a randomization test implemented in the soft-

ware Hwclon (De Meester & Vanoverbeke 1999). This

test calculates deviations of the observed clonal diver-

sity from the clonal diversity expected based on a large

number of permutations of the original sample. A new

sample of the same size and with the same number of

copies of each allele is then created after random distri-
� 2011 Blackwell Publishing Ltd
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bution of the alleles over the individuals at each locus

(De Meester & Vanoverbeke 1999).

SPAGeDI (Hardy & Vekemans 2002) was used to cal-

culate the genetic differentiation among samples based

on FST values (Weir & Cockerham 1984) and to test

whether the pairwise regression relatedness among the

aphids decreased with the distance among their colo-

nies. The latter was performed by regressing pairwise

regression relatedness on the linear distance for all pos-

sible pairs in the population. Standard errors on these

estimates were calculated by jackknifing over loci. In

addition, we calculated the average regression related-

ness r among aphids collected on the same plant using

Relatedness (Queller & Goodnight 1989), as well as pedi-

gree relatedness values rp, which were calculated as the

inverse of the observed or corrected clonal diversity for

plants that could or could not be sampled completely,

respectively. Regression relatedness is a statistical least-

square regression-based estimator of genetic relatedness

(Queller & Goodnight 1989), which in our case should

match pedigree relatedness provided that selection is

weak and that the different clones coexisting on the

sample plant would be unrelated to one another. In

some cases, the aphid colonies formed spatially segre-

gated groups on the different branches of a plant. In

these cases, we also calculated the regression related-

ness among the aphids present on a given part of the

plant and tested whether it was significantly higher

than that among the aphids present on the whole plant

using a Wilcoxon matched pairs test. For all A. fabae

cirsiiacanthoidis colonies that were sampled repeatedly

and which became polyclonal over time, we used a

mixed-model General Linear Model (GLM) to test

whether the colony regression relatedness was related

to seasonal progression or the time after the colony was

first sampled, with plant being coded as a random
Table 1 Per-locus summary statistics for Aphis fabae cirsiiacanthoidis a

in their entirety, indicating the number of adults genotyped (n), the n

mean allele size (MA), the variance of the allele size (VA) and the aver

Locus

A. fabae cirsiiacanthoidis

n A He MA VA FST

AfF 432 10 0.7916 127.0 49.0 0.627

Ago59 432 17 0.8751 173.8 126.5 0.517

Af82 432 14 0.8523 182.1 99.8 0.473

AfI 432 6 0.4350 234.3 84.7 0.497

AfBeta 432 22 0.9097 291.3 177.8 0.574

Af134 432 13 0.7986 294.8 128.2 0.718

Af181 432 13 0.8587 315.1 36.7 0.551

Average 13.57 0.7887 231.2 100.4 0.569

SE* 0.031

*Calculated by jackknifing over loci.
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blocking factor. In addition, for all our A. fabae cirsiiac-

anthoidis samples, we used GLMs to test whether the

average regression relatedness was linked with seasonal

progression, colony size and the presence or absence of

ants or natural enemies. All statistical tests were per-

formed using Statistica 9.1 (StatSoft, Inc.). Unless noted,

all reported tests are two-tailed, and permutation tests

were run 10 000 times.
Results

Levels of clonal mixing and genetic differentiation in
A. f. cirsiiacanthoidis and A. f. fabae

The number of alleles per locus at the seven loci used

ranged from 6 to 22 (avg. 13.57) and from 5 to 9 (avg.

8.14), and the expected heterozygosity correcting for

sample size (He) ranged from 0.43 to 0.91 (avg. 0.79)

and from 0.64 to 0.82 (avg. 0.75) in A. f. cirsiiacanthoidis

and A. f. fabae, respectively (Table 1). This resulted in

an extremely good power, of 99.9994% and 99.995% in

the two subspecies, to be able to discriminate among

any two different clones based on their multilocus

genotype. In addition, clones differed at an average

number of 5.4–6.4 and 6.4 loci in A. f. cirsiiacanthoidis

and A. f. fabae, respectively (Tables 2 and 3). Of the

A. f. cirsiiacanthoidis colonies which were sampled once,

ca. 32% (10 out of 31) were polyclonal, consisting of a

mix of two or three clones (Table 2, Fig. 1), resulting in

an overall harmonic average observed clonal diversity

per plant of 1.12 (±0.04 SE) and an arithmetic average

pedigree and regression relatedness among aphids

present on the same plant of rp = 0.92 ± 0.02 SE and

r = 0.89 ± 0.008 SE (Table 2). Similar results were

obtained for the A. f. cirsiiacanthoidis colonies, which

were sampled repeatedly, where initially 14% (1 out of
nd Aphis fabae fabae colonies that were collected and genotyped

umber of alleles per locus (A), expected heterozygosity (He), the

age FST values

A. fabae fabae

n A He MA VA FST

0 87 9 0.7745 121.1 56.1 0.4475

6 87 9 0.8221 174.6 82.5 0.6266

2 87 9 0.7624 194.7 404.6 0.5545

8 87 8 0.6944 236.3 33.7 0.5700

8 87 8 0.7763 285.7 65.0 0.3749

1 87 9 0.7892 299.6 224.1 0.6400

9 87 5 0.6409 313.3 29.7 0.3912

0 8.14 0.7514 232.19 127.96 0.5210

9 0.0417



Table 2 Data on the genetic structure of the Aphis fabae cirsiiacanthoidis colonies that were studied on plants which were sampled

once and collected and genotyped in their entirety, showing plant code, sampling date, the morphs that were present (unwinged, U,

or winged, W), whether the winged individuals were emigrants (E) or immigrants (I), the total number of adults genotyped (n), the

number of clones that were present (c), the average number of loci at which clones differed (L), observed clonal diversity (CDo, i.e.

the effective number of clones which were present, accounting for unequal representation) and mean pedigree relatedness rp (calcu-

lated as 1 ⁄ CDo) and regression relatedness r (Queller & Goodnight 1989) among the aphids on a given plant

Plants Date Morphs E I n c L CDo rp r (SE*)

AC1-12-06 12 ⁄ 06 U 14 1 1 1 1

AC1-19-05 19 ⁄ 05 U 5 2 1 1.47 0.68 0.97 (0.03)

AC1-27-05 27 ⁄ 05 U + W 14 1 1 1 1

U 7 1 1 1 1

W 7 7 1 1 1 1

AC1-03-06 03 ⁄ 06 U + W 14 1 1 1 1

U 7 1 1 1 1

W 7 7 1 1 1 1

AC1-13-05 13 ⁄ 05 U 3 1 1 1 1

AC2-17-06 17 ⁄ 06 U 3 1 1 1 1

AC2-27-05 27 ⁄ 05 U + W 34 2 5 1.06 0.94 0.97 (0.01)

U 31 2 5 1.07 0.94 0.97 (0.01)

W 3 1 1 1 1

AC2-03-06 03 ⁄ 06 U + W 22 2 7 2 0.5 0.54 (0.14)

U 19 2 7 1.95 0.51 0.56 (0.14)

W 3 1 1 1 1

AC2-13-05 13 ⁄ 05 U + W 8 2 7 1.28 0.78 0.72 (0.04)

U 7 1 1 1 1

W 1 1 1 1 1 1

AC2-19-05 19 ⁄ 05 U 8 1 1 1 1

AC2-12-06 12 ⁄ 06 U 19 1 1 1 1

AC3-27-05 27 ⁄ 05 U 6 1 1 1 1

AC3-03-06 03 ⁄ 06 U 6 1 1 1 1

AC3-12-06 12 ⁄ 06 U 11 3 6.7 (6–7) 1.46 0.69 0.64 (0.03)

BC1-12-06 12 ⁄ 06 U 9 2 1 1.53 0.65 0.38 (0.05)

BC1-17-06 17 ⁄ 06 U 6 1 1 1 1

BC1-03-06 03 ⁄ 06 U 20 1 1 1 1

BC1-13-05 13 ⁄ 05 U + W 13 2 6 1.17 0.86 0.86 (0.03)

U 11 1 1 1 1

W 1 1 2 2 6 2.00 0.50 -0.01 (0.14)

BC1-27-05 27 ⁄ 05 U + W 22 1 1 1 1

U 15 1 1 1 1

W 7 7 1 1 1 1

BC2-03-06 03 ⁄ 06 U 6 1 1 1 1

BC2-12-06 12 ⁄ 06 U + W 32 1 1 1 1

U 20 1 1 1 1

W 12 12 1 1 1 1

BC2-17-06 17 ⁄ 06 U 13 1 1 1 1

BC2-27-05 27 ⁄ 05 U 22 1 1 1 1

BC3-03-06 03 ⁄ 06 U + W 16 1 1 1 1

U 13 1 1 1 1

W 3 3 1 1 1 1

BC3-12-06 12 ⁄ 06 U + W 21 3 5 (1–7) 1.21 0.82 0.89 (0.01)

U 7 3 5 (1–7) 1.81 0.55 0.66 (0.07)

W 14 14 1 1 1 1

BC3-13-05 13 ⁄ 05 U + W 9 2 6 1.25 0.80 0.82 (0.07)

U 8 2 6 1.28 0.78 0.79 (0.08)

W 1 1 1 1 1 1

BC5-19-05 19 ⁄ 05 U 11 1 1 1 1

CC2-13-05 13 ⁄ 05 U 9 1 1 1 1
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Table 2 (Continued)

Plants Date Morphs E I n c L CDo rp r (SE*)

CC3-13-05 13 ⁄ 05 U + W 13 2 5 1.17 0.86 0.46 (0.07)

U 12 1 1 1 1

W 1 1 1 1 1 1

CC7-19-05 19 ⁄ 05 U 18 1 1 1 1

CC9-19-05 19 ⁄ 05 U + W 25 1 1 1 1

U 24 1 1 1 1

W 1 1 1 1 1 1

Average All 13.94† 1.39† 5.4 1.12‡ 0.92† 0.89†

SE All 1.44 0.11 0.04 0.02 0.008

Average U ⁄ W 0.90 ⁄ 0.96 0.89 ⁄ 0.96

SE U ⁄ W 0.05 ⁄ 0.04 0.008 ⁄ 0.006

*Calculated by jackknifing over loci.
†Arithmetic average.
‡Harmonic average.

Table 3 Data on the genetic structure of Aphis fabae fabae colonies collected from bean plants and genotyped in their entirety, show-

ing plant code, sampling date, the number of adults genotyped (n), the number of clones present (c), the average number of loci at

which clones differed (L), the observed clonal diversity (CDo, i.e. the effective number of clones which were present), the mean pedi-

gree relatedness rp (calculated as 1 ⁄ CDc) and regression relatedness r (Queller & Goodnight 1989) among the aphids on a given plant

at a particular point in time and whether or not the study colonies were tended by ants

Plants Date n c L CDo rp r (SE*) Ant tended

B1 15 ⁄ 07 10 2 6 1.21 0.82 0.91 (0.03) No

B2 28 ⁄ 06 18 1 1 1 1 Yes

B3 28 ⁄ 06 6 1 1 1 1 Yes

B4 28 ⁄ 06 7 2 7 1.32 0.76 0.74 (0.04) Yes

B5 28 ⁄ 06 5 2 6 1.47 0.68 0.63 (0.05) Yes

B6 28 ⁄ 06 4 2 7 2 0.50 0.33 (0.10) Yes

B7 28 ⁄ 06 3 1 1 1 1 Yes

B8 05 ⁄ 07 17 4 6.7 (5–7) 1.65 0.61 0.60 (0.03) Yes

B9 06 ⁄ 07 17 3 5.7 (5–7) 2.08 0.48 0.65 (0.05) Yes

Average 9.67† 2.00† 6.4 1.32‡ 0.73† 0.79†

SE 2.03 0.33 0.14 0.07 0.09

*Calculated by jackknifing over loci.
†Arithmetic average.
‡Harmonic average.
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7) were polyclonal, but a further three became poly-

clonal (57%) on subsequent samplings, and where a

mix of up to three clones co-occurred on the same

plants (Table 4, Fig. 2). The overall harmonic average

observed and corrected clonal diversity per plant were

1.18 (±0.09 SE) and 1.16 (±0.12 SE), and the arithmetic

average pedigree and regression relatedness were esti-

mated at rp = 0.86 ± 0.05 SE and r = 0.86 ± 0.008 SE

(Table 4). Of the A. f. fabae colonies collected from

V. faba, ca. 67% (6 out of 9) were polyclonal, consisting

of a mix of two to four clones (Table 3). The overall

harmonic average observed clonal diversity per plant

was 1.32 (±0.14 SE) and the arithmetic average pedigree
� 2011 Blackwell Publishing Ltd
and regression relatedness among aphids present on

the same plant were estimated at rp = 0.73 ± 0.07 SE

and r = 0.79 ± 0.09 SE (Table 3). Neither colony size,

the presence of ants or the presence of natural enemies

had a significant effect on relatedness in the A. f. cirsii-

acanthoidis colonies which were sampled once (colony

size: F1,29 = 0.56, P = 0.46; ants: F1,29 = 0.07, P = 0.13

and natural enemies: F1,29 = 0.03, P = 0.33, respectively)

or in the colonies which were sampled repeatedly over

time (colony size: F1,9 = 0.07, P = 0.93; natural enemies:

F1,9 = 2.06, P = 0.18). The average regression relatedness

was not significantly different between winged and un-

winged individuals in the A. f. cirsiiacanthoidis colonies
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that were sampled once (F1,1 = 0.0001, P = 0.99,

Table 2) or in those which were sampled repeatedly

over time (F1,1 = 0.09, P = 0.77, Table 4).

Overall, at the population level, there was very large

clonal diversity, with a total of 53 different multilocus

genotypes being sampled in A. f. cirsiiacanthoidis, of

which only two were recovered from more than one

plant (2) (Figs 1 and 2). In addition, the pairwise FST tests

for genetic differentiation confirm that for both A. f. cirsi-

iacanthoidis and A. f. fabae, there was significant genetic

differentiation among all plant pairs (P < 0.001). More-

over, all samples from the A. f. cirsiiacanthoidis colonies

sampled several times and 30 out of 31 samples and all

samples taken from the A. f. cirsiiacanthoidis and A. f.

fabae colonies sampled once showed significant devia-

tions of multilocus genotype frequencies from H–W

expectations, hence supporting the presence of a strong

population structure at the level of individual plants.
Spatial patterns of relatedness in A. f.
cirsiiacanthoidis

The mean regression relatedness calculated among A. f.

cirsiiacanthoidis aphids collected from different parts of
the same plant (mean = 0.95 ± 0.02 SE) was marginally

higher than that calculated among all aphids present on

the whole plant (mean = 0.88 ± 0.07 SE) (Wilcoxon

matched Pairs test, n = 3, one-tailed P = 0.05). This

shows that there was also a slight amount of genetic

differentiation among the aphids present on different

parts of the same plant, and that the aphids present on

a given branch of a plant were more related among

each other than with those present on the rest of the

plant. At a larger spatial scale, however, the SPAGeDI

analysis showed that pairwise relatedness (Queller &

Goodnight 1989) did not significantly increase with the

distance between the plants from which the aphids

were sampled, and this was true using either the data

from the plants which were sampled only once

(R2 = 0.004, y = )0.06 + 0.0003x, one-tailed P = 0.40;

n=432 individuals and 89 345 pairs) or those from the

plants which were sampled repeatedly (R2 = 0.111,

y = )0.41 + 0.002x, one-tailed P = 0.30, n = 190 individ-

uals and 13 762 pairs). Similar results were obtained

when considering only the unwinged individuals, using

either the data from the plants which were sampled

only once (R2 = 0.0006, y = )0.05 + 0.0001x, one-tailed

P = 0.80, n = 368 individuals and 64 839 pairs) or those
� 2011 Blackwell Publishing Ltd
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from the plants which were sampled repeatedly

(R2 = 0.14, y = )0.41 + 0.003x, one-tailed P = 0.24,

n = 139 individuals and 7475 pairs). The very low R2

values and regression slopes that were obtained in both

analyses suggest that there was little or no spatial trend

in relatedness across the field site, and no significant

isolation by distance.
Patterns of relatedness over time in A. f.
cirsiiacanthoidis

GLM analyses showed that there was no significant

effect of seasonal progression on the relatedness of

the A. f. cirsiiacanthoidis colonies sampled once

(F1,29 = 0.001, P = 0.99) or of those sampled repeatedly

over time (F1,1 = 1.53, P = 0.25). Nevertheless, a GLM

analysis on all colonies that were sampled repeatedly

over time and which were found to be polyclonal in at

least one of the samplings shows that there was a sig-

nificant decrease in relatedness, and an increase in the

level of clonal mixing, over the lifetime of a given col-

ony (F1,1 = 6.68; one-tailed P = 0.04). This implies that

clonal mixing primarily resulted from the joining of

pre-existing colonies as opposed to via simultaneous

host colonisation by several foundresses. Indeed, our

genotyping results revealed several instances of alate

immigrants joining pre-existing colonies. For example,

of the A. f. cirsiiacanthoidis colonies that were sampled

completely, the winged individuals in 53 out of 56 cases

were emigrants, having multilocus genotypes that were

identical to at least one of the unwinged individuals

found on the same plant, but in three cases, we inferred

them to immigrants (Table 2). Similarly, for the plants

which were sampled repeatedly over time, 49 of 52

winged individuals were emigrants and three were

probably immigrants, assuming that they did not share

a genotype with one of the resident aphids because of

some of the residents not having been sampled

(Table 4).
Discussion

Based on high-resolution microsatellite genotyping, our

results show that 32% and 67% of the colonies in A.

fabae cirsiiacanthoidis and A. fabae fabae were polyclonal,

consisting of a mix of two to four different clones. This

resulted in an average clonal diversity of ca. 1.12–1.16

and 1.32 and of an average relatedness of 0.86–0.89 and

0.79 in the two subspecies studied. The finding of sig-

nificant amounts of clonal mixing in A. fabae contrast

with allozyme data obtained by Mackenzie (1996), who

inferred 15 plants to each contain only a single clone of

A. f. fabae. Nevertheless, this result could have been

biased by the low resolution of the markers used, as
� 2011 Blackwell Publishing Ltd
well as by the small sample size of this particular study.

Overall, however, it is certainly the case that the levels

of clonal mixing that we found were lower than what

might be expected for a nonautoecious, nongalling spe-

cies, where there are few barriers to clonal mixing.

Indeed, the levels of clonal mixing, which we found,

were actually lower or comparable to those documented

for the social gall-forming aphids Pemphigus obesinymp-

hae and P. spirothecae, where all and ca. half of all galls

surveyed were polyclonal, and an average of 38% and

10% of the aphids of a given gall were found to be

unrelated intruders (Abbot et al. 2001; Johnson et al.

2002). This implies that a physical barrier such as a gall

may not necessarily be needed in aphids to maintain

high levels of relatedness. Given the importance of high

relatedness in selecting for altruism, this might explain

why there are also some cases known of nongalling

species that altruistically produce sterile soldiers, e.g. in

the bamboo aphid Pseudoregma bambucicola (Stern &

Foster 1996; Shibao 1998, 1999). In our case, the fact that

many colonies turned out to be monoclonal may be

explained by the fact that most colonies were initiated

by single foundress, and that the limited colony lifetime

of only a few weeks provided relatively limited oppor-

tunities for unrelated aphids to join colonies. This con-

trast with the situation in gall aphids, where colonies

are long-lived and drifting can occur over the whole

length of the season (Abbot et al. 2001; Johnson et al.

2002). Previously, tentative evidence for relatively low

levels of clonal mixing was also found in allozyme and

DNA fingerprinting studies of the grain aphid Sitobion

avenae (23.3–71.2% of the colonies were polyclonal, De

Barro et al. 1994) and the black-berry grain aphid Sitobi-

on fragariae (33% polyclonal, Loxdale & Brookes 1990)

and in microsatellites studies of the two obligately asex-

ual grass and cereal aphids, Sitobion miscanthi and S.

near fragariae (Wilson et al. 1999) and the two auto-

ecious aphids, the depranosiphid aphid Tuberculatus

quercicola (Yao & Akimoto 2009) and the tansy aphid

Macrosiphonella tanacetaria (Massonnet & Weisser 2004;

Loxdale et al. 2011). In fact, the only free-living aphid

species for which very high levels of clonal mixing have

been suggested is the greenbug Schizaphis graminum,

where the sampling of large colonies (>1000 individu-

als) from a single leaf resulted in more than 80% of the

population genetic diversity being recovered (Shufran

et al. 1991). It is thought that in this species such high

levels of mixing were caused by the close proximity of

the cereal host plants in an agricultural field, as this

might have helped apterous morphs to easily move

among plants or be dislodged by wind or rain (Shufran

et al. 1991). In our study, no such evidence for exten-

sive mixing at small spatial scales was found, given that

(i) the influx of new clones mainly came from outside



Table 4 Data on the genetic structure of the Aphis fabae cirsiiacanthoidis colonies that were studied on plants which were sampled

repeatedly over time, showing plant code, sampling date, the morphs that were sampled (unwinged, U, or winged, W), whether the

winged individuals were emigrants (E) or possible immigrants (I), the total number of adults genotyped (n), the number of clones

that were present (c), the average number of loci at which clones differed (L), observed clonal diversity (CDo), corrected clonal diver-

sity (CDc, i.e. clonal diversity corrected for nonsampling, Nielsen et al. 2003) and mean pedigree relatedness rp (calculated as 1 ⁄ CDc)

and regression relatedness r (Queller & Goodnight 1989) among the aphids on a given plant at a particular point in time

Plants Date Morph E I n c L CDo CDc rp r (SE*)

CA2 27 ⁄ 05 U 4 1 1 1 1 1

3 ⁄ 06 U 6 1 1 1 1 1

CA3 12 ⁄ 06 U 7 2 7 1.96 2.19 0.46 0.33 (0.07)

17 ⁄ 06 U + W 6 2 7 1.8 2.19 0.50 0.36 (0.07)

U 4 2 7 2.00 2.25 0.44 0.23 (0.08)

W 2 2 1 1 1 1 1 1

CA5 17 ⁄ 06 U + W 17 1 1 1 1 1

U 7 1 1 1 1 1

W 10 10 1 1 1 1 1

24 ⁄ 06 U + W 18 2 7 1.38 1.41 0.70 0.68 (0.06)

U 8 1 1 1 1 1

W 2 3 10 2 7 1.72 1.84 0.54 0.50 (0.08)

CB1 3 ⁄ 06 U 5 1 1 1 1 1

12 ⁄ 06 U 7 1 1 1 1 1

17 ⁄ 06 U 7 1 1 1 1 1

24 ⁄ 06 U + W 8 1 1 1 1 1

U 6 1 1 1 1 1

W 2 2 1 1 1 1 1

CB2 3 ⁄ 06 U 3 1 1 1 1 1

12 ⁄ 06 U 7 3 5 (1–7) 1.81 1.99 0.50 0.54 (0.05)

CB4 17 ⁄ 06 U 16 1 1 1 1 1

24 ⁄ 06 U + W 36 1 1 1 1 1

U 26 1 1 1 1 1

W 10 10 1 1 1 1 1

01 ⁄ 07 U + W 25 1 1 1 1 1

U 13 1 1 1 1 1

W 12 12 1 1 1 1 1

CB5 17 ⁄ 06 U + W 12 1 1 1 1 1

U 6 1 1 1 1 1

W 6 6 1 1 1 1 1

24 ⁄ 06 U 6 2 6 2 2.27 0.44 0.48 (0.16)

Average All 11.18† 1.53† 6.4 1.18‡ 1.16‡ 0.86† 0.86†

SE All 2.13 0.17 0.09 0.12 0.05 0.008

Average U ⁄ W 0.90 ⁄ 0.92 0.87 ⁄ 0.88

SE U ⁄ W 0.09 ⁄ 0.07 0.02 ⁄ 0.02

*Calculated by jackknifing over loci.
†Arithmetic average.
‡Harmonic average.
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our study plot, as only two of 53 clones could be recov-

ered from multiple host plants, (ii) there was partial

genetic differentiation among aphids collected from dif-

ferent parts of the same plant, and that (iii) relatedness

values were not correlated with distance, implying that

colonies from neighbouring plants were not more genet-

ically related than those from plants growing further

apart and that winged or apterous morphs therefore

did not seem to have a preference to colonise nearby

plants at the spatial scale we looked at.
Although overall we found clonal diversity in A. fa-

bae colonies to be relatively low, large variation could

be observed in the per colony estimates (Tables 2–4).

What factors could explain this variation? First, our

results show that the degree of clonal mixing was not

related to colony size, the presence or absence of preda-

tors and whether colonies were ant tended or not.

Interestingly, however, we found that in A. f. cirsiiacan-

thoidis, clonal diversity increased over the lifetime of a

given colony (Fig. 2). This implies that clonal mixing
� 2011 Blackwell Publishing Ltd
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primarily resulted from the joining of pre-existing colo-

nies as opposed to via simultaneous host colonisation

by several foundresses, similar to the situation in Mac-

rosiphoniella tanacetaria, where winged morphs were also

found to primarily immigrate into already existing colo-

nies (Loxdale et al. 2011). Nevertheless, the average clo-

nal diversity on a given plant was not correlated with

seasonal progression. This went counter to our hypothe-

sis that clonal diversity should increase with the pro-

gression of the season owing to the greater scarcity of

uncolonised host plants towards the end of the season,

which would force winged aphids to join pre-existing

colonies. Nevertheless, these results could be explained

if the influx of new clones in colonies across the season

balanced with the disappearance, because of migration

or mortality, of clones which were previously present.

In fact, a study on the obligate ant mutualist T. quercico-

la even documented a decrease in clonal diversity

throughout the season (Yao & Akimoto 2009; Yao 2010),

which was shown to be attributed to a combination of

clonal erosion and the inhibition of the migration of

alates by the ants, which in this species probably pro-

vides a selective advantage in the protection against

predators (Yao 2010). Similarly, Loxdale et al. (2011)
� 2011 Blackwell Publishing Ltd
found that in M. tanacetaria, the per colony clonal diver-

sity decreased as the season progressed. This was prob-

ably caused by clonal selection, combined with the fact

that this species uses a single host to complete its whole

life cycle. The latter situation is different from that in

A. fabae, where a large number of secondary hosts are

colonised during the season and clones migrate over

much larger spatial scales. In addition, A. fabae is only

a facultative mutualist and can thrive without ants,

implying that the selective advantage of obtaining pro-

tection against predators would be of lesser importance

than for T. quercicola.

One important question that arises from our study is

which factors favour aphids to engage in clonal mixing

as opposed to forming pure single-clone colonies. This

is particularly pressing given that intuitively, mixing

with another clone would only be expected to increase

competition for resources. The simplest explanation for

why clonal mixing could be favoured is that joining

another clone is beneficial when the cost of growing in

a mixed colony would be lower than the cost of search-

ing for a new ‘empty’ plant to colonise (Dixon 1998).

Nevertheless, this explanation is not supported by our

data given that clonal mixing already occurred very
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early on in the season, when many vacant plants were

still available, and that the degree of clonal mixing did

not increase as the season progressed. An alternative

explanation could be that some Allee effect is at play,

which results in joining another colony to be directly

beneficial (Allee 1931; Courchamp & Macdonald 2001;

Angulo et al. 2007; Berec et al. 2007; Vercken et al.

2011). For example, it could be that by mixing, the

aphids would be able to more easily build up a large

colony, which would more likely be tended by ants

(Stadler et al. 2003), that they could obtain benefits via

a predator dilution effect (Turchin & Kareiva 1989; Kra-

use & Ruxton 2002), that they could use the presence of

other aphids as cues to find the best feeding sites or

seek out plants with little aphid resistance and poor

chemical defences (Fletcher 2006), or that they could

affect plant metabolism in a way that would result in

enhanced food availability and higher aphid growth

rates when they occurred in small groups (Way &

Banks 1967; Dixon & Wratten 1971; Qureshi & Michaud

2005; Michaud et al. 2006). A. fabae is known to select

host plants at a distance based on visual (David & Har-

die 1988) and olfactory cues (Nottingham et al. 1991;

Pickett et al. 1992; Powell & Hardie 2001; Webster et al.

2008), as well as gustatory cues after the aphids have

landed on a given plant (Powell et al. 1999). In addi-

tion, it is likely that A. fabae also uses information about

the presence of conspecifics in selecting a suitable host

plant, given that at least various other bug species, such

as Lygus hesperus and L. rugulipennis, have been shown

to detect suitable host plant colonised by rare pioneers,

as well as avoid host plants which have already been

heavily exploited by others (Blackmer et al. 2004; Frati

et al. 2008). Because aphids are known to be able to

assess the local neighbourhood, for example in the con-

text of the emission of alarm pheromones (Verheggen

et al. 2009), it is likely that they too have the capacity to

infer whether a given plant is already occupied or not.

A deliberate choice to mix with other clones to obtain

direct benefits was supported by the fact that some of

the alates joined existing colonies, even when many

unoccupied plants were available in the local neigh-

bourhood. A third hypothesis is that some clones would

benefit from mixing with clones that are better at

attracting mutualistic ants or at detecting predators.

This hypothesis also obtained some support by the fact

that we recently found that ca. half of all A. f. fabae

clones do not invest in producing the ant attractant

sugar melezitose (A. Vantaux, W. Van den Ende, J.

Billen, T. Wenseleers, unpublished results), and that

mixing with high-melezitose secreting clones would be

expected to be a profitable way for low-melezitose

secreting clones to benefit from ant attendance without

having to invest in the cost of producing the com-
pound. Future experiments, however, would be

required to determine in more detail which of these dif-

ferent hypotheses best explain the occurrence of clonal

mixing in A. fabae.

Overall, the important result of our study is that it

shows that the genetic structure of natural aphid colo-

nies does not always correspond to the typical pattern

of monoclonality, that is so often assumed in the liter-

ature (Mackenzie 1996; Hodgson 2001; Wu et al. 2010).

This is significant, given that clonal mixing is expected

to have important consequences for aphid ecology and

evolution, for example with respect to the evolution of

dispersal and the timing of the production of alates

(Hamilton & May 1977; Perrin & Goudet 2001), the

costs and benefits of group living (Krause & Ruxton

2002), competition over reproduction or over the

degree of investment in costly traits required to main-

tain the ant–aphid mutualism (Stadler & Dixon 2005).

In the future, more detailed experiments aimed at

measuring the fitness costs and benefits of clonal mix-

ing as well as the effect of clonal mixing on their

mutualistic interaction with ants would be of great

interest.
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