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Abstract

Clonal organisms with occasional sex are important for our general understanding of the

costs and benefits that maintain sexual reproduction. Cyclically parthenogenetic aphids

are highly variable in their frequency of sexual reproduction. However, studies have

mostly focused on free-living aphids above ground, whereas dispersal constraints and

dependence on ant-tending may differentially affect the costs and benefits of sex in

subterranean aphids. Here, we studied reproductive mode and dispersal in a community

of root aphids that are obligately associated with the ant Lasius flavus. We assessed the

genetic population structure of four species (Geoica utricularia, Tetraneura ulmi, Forda
marginata and Forda formicaria) in a Dutch population and found that all species

reproduce predominantly if not exclusively asexually, so that populations consist of

multiple clonal lineages. We show that population viscosity is high and winged aphids

rare, consistent with infrequent horizontal transmission between ant host colonies. The

absence of the primary host shrub (Pistacia) may explain the absence of sex in three of the

studied species, but elm trees (Ulmus) that are primary hosts of the fourth species (T. ulmi)
occurred within a few km of the study population. We discuss the extent to which obligate

ant-tending and absence of primary hosts may have affected selection for permanent

parthenogenesis, and we highlight the need for further study of these aphids in Southern

Europe where primary hosts may occur close to L. flavus populations, so that all four root

aphid species would have realistic opportunities for completing their sexual life cycle.
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Introduction

Asexual reproduction can allow rapid population

growth and therefore enable quick colonization of new

habitats. Nevertheless, exclusive asexual reproduction is

generally considered an evolutionary ‘dead end’

because prolonged lack of recombination will lead to

accumulation of deleterious mutations and slower

evolvability in response to parasites and environmental

change, ultimately driving asexual species to extinction.

Occasional sex in an otherwise asexual species, how-

ever, can allow for sufficient recombination to outweigh
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these costs, without compromising the benefits of asex-

ual reproduction (a.o. Green & Noakes 1995; reviewed

in d’Souza & Michiels 2010). Studying species with such

mixed reproductive modes can thus enhance our under-

standing of the evolution and maintenance of sex, one

of the major current topics in evolutionary biology.

Aphids are particularly informative in this context,

because they are often cyclical parthenogens with a

(holocyclic) reproductive cycle consisting of a sequence

of asexual generations followed by a single sexual

generation (Simon et al. 2002). However, some aphids

have lost the sexual generation and reproduce exclu-

sively asexually (anholocyclic). These variable reproduc-

tive modes, both between species and between

populations of the same species, make aphids excellent
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model systems for studying the selective forces that

affect cyclical parthenogenesis (Simon et al. 1996, 1999;

Delmotte et al. 2002; Gilabert et al. 2009; Kanbe &

Akimoto 2009; Vantaux et al. 2011).

Aphids are also well known for their mutualistic rela-

tionships with ants (Way 1963; Stadler & Dixon 2008),

which can have profound effects on dispersal and repro-

duction, and thus on the population structure of mutual-

istic partners (Herre et al. 1999; Leigh 2010). However,

most of the previous aphid studies have focused on non-

myrmecophiles in above-ground populations, whereas

subterranean and obligately ant-associated aphids have

been neglected (but see Yao & Akimoto 2009; Yao 2010).

Here, we focus on four sympatric species of root aphids

(Geoica utricularia, Tetraneura ulmi, Forda marginata, Forda

formicaria) that are known to be obligately associated with

ants (Heie 1980; Seifert 2007).

The specific objectives of our study were as follows:

(i) to infer the extent of population viscosity of multiple

root aphid species across a field transect spanning 7 km

(Fig. 1), (ii) to determine the dominant mode of repro-

duction in these aphids and (iii) to estimate the poten-

tial for horizontal dispersal via winged forms.
Materials and methods

Root aphid natural history

Aphids have two alternative and partly overlapping

reproductive cycles: (i) Holocyclic reproduction where

aphids are propagated asexually during most of the
The Netherlands

Fig. 1 Sampling site of root aphids associated with Lasius flavus mo

(the Netherlands), where ant mounds were sampled in groups of five

courtesy of D. Visser).
year, but have a single sexual generation in a distinct

season often just before overwintering. This form of

cyclic asexuality can involve obligate dispersal to a pri-

mary host plant, on which mating occurs, and the

recurrent colonization of a secondary host plant for

asexual reproduction during the rest of the year (Heie

1980; Simon et al. 2002). (ii) Anholocyclic reproduction

where aphids are propagated by obligate parthenogene-

sis. These aphids often live on a secondary host plant

year-round, because the primary host of their close sex-

ual relative is no longer used. Closely related aphid

species may have very different reproductive cycles

(reviewed in Simon et al. 2002), and even populations

of the same species have been found to differ in their

mode of reproduction (Heie 1980; Simon et al. 1996;

Delmotte et al. 2002; Gilabert et al. 2009; Kanbe &

Akimoto 2009).

The sparse available literature suggests that all four

focal aphid species of this study (G. utricularia, T. ulmi,

F. marginata and F. formicaria) have been observed to

live anholocyclically on the roots of secondary host

grasses (Festuca rubra, Agrostis spp. and Elytrigia mariti-

ma) inside ant mounds (Muir 1959; Pontin 1978; Heie

1980; Godske 1991, 1992). The Forda species and

G. utricularia appear to be anholocyclic in Northern and

Central Europe (including our study site on the Dutch

island of Schiermonnikoog), but holocyclic in Southern

Europe, where their primary host Pistacia spp. (Anacar-

diaceae) occurs (Heie 1980; Blackman & Eastop 1994).

In contrast to the other three species, T. ulmi has been

observed to be holocyclic at several sites in Northwestern
1 km

Five sampled ant mounds

Schiermonnikoog

unds. Aphids were collected on the island of Schiermonnikoog

along a 7 km transect across the salt marsh of the island (maps

� 2012 Blackwell Publishing Ltd
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Europe and Scandinavia (Heie 1980). This species was

therefore expected to be holocyclic in our sampling

area, with an obligate annual host shift to elm trees

(Ulmus spp.; Ulmaceae) as primary host for sexual

reproduction in autumn (Heie 1980; Paul 1977). How-

ever, Pontin (1978), Godske (1991) and Blackman & Ea-

stop (1994) suggested that T. ulmi can also abandon its

sexual phase and occur anholocyclically on grass roots

in Northwestern Europe. Alate (winged) individuals

have been described for all four species in at least some

populations (Heie 1980). These could be indicators of

either sexual reproduction and host shift not having

been lost completely, or asexually produced dispersers,

although the existence of the latter remains uncon-

firmed in Pemphigidae (Moran 1992). We therefore

started this study with the hypothesis that there might

be intra- and interspecific variation in reproductive

mode and life cycle among the root aphids in our focal

Dutch population.

All four aphid species are found in soil nests of the

ant Lasius flavus. These nests contain specifically con-

structed aphid chambers, where the ants actively pro-

tect their livestock from parasites and predators (Pontin

1959, 1978), and where they both tend and eat them

(Pontin 1958, 1961, 1978; Appendix S1, Supporting

information). All four root aphid species appear to be

obligate myrmecophiles, having lost predator defense

mechanisms common in other aphids (Way 1963; Heie

1980; Hölldobler & Wilson 1990), that is, all have poorly

developed cornicles (organs for protective wax produc-

tion) and lack saltatorial legs to jump or actively drop

from branches in response to threats (Way 1963; Heie
(a) (b)

Fig. 2 Typical habitus and minimum spanning MLG trees for the th

females of Geoica utricularia (a), Tetraneura ulmi (b) and Forda marginat

honeydew, are highlighted (ventral view in a and b, dorsal view in

genotype (MLG) trees were constructed based on shared allele dist

comparison, to give the number of unshared alleles. Every circle rep

Table 2, with colours representing multilocus lineages (MLLs). Conn

dots represent potential unsampled haplotypes that differ from nei

formicaria (Ff-MLGs, all belonging to one MLL given in red) and F. m
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1980; Paul 1977). Most importantly, they all have a set

of long anal hairs that can hold droplets of honeydew,

a ‘trophobiotic organ’ that is only found in myrmecoph-

ilous aphids (Way 1963; Paul 1977; Heie 1980; Hölldo-

bler & Wilson 1990) (Fig. 2). Apart from these distinct

traits that reveal obligate dependence on ant care, some

of these aphids are also dependent on the ants for sur-

vival during overwintering (Way 1963; Heie 1980).

However, the sparse literature suggests that there may

be considerable variation in this overwintering adapta-

tion, as some aphids are known to have maintained ho-

locyclic sexual reproduction (see above) and would

therefore have to leave the ant nests during autumn,

whereas others are facultatively or obligately anholocy-

clic (Pontin 1978; Heie 1980; Godske 1991). How ant col-

onies acquire their mutualistic aphids remains poorly

understood, as virgin queens have not been observed to

vector aphids during colony founding (A.B.F. Ivens,

personal observation). Most likely, ant mounds that

have recently gone extinct are recolonized by founding

queens or neighbouring smaller colonies so that local

aphid lineages may acquire new ‘owners’ (Ivens et al.

2012). In addition, aphids may disperse independently

by wind, walking or floating on tidal water (Foster

1978; Foster & Treherne 1978).
Sampling

All aphid samples were collected in July 2008 from

L. flavus ant mounds on the island of Schiermonnikoog,

the Netherlands (53�28¢N, 6�09¢E). Sampling followed a

7 km transect across the salt marsh of the island
(c)

ree root aphid genera. Drawings represent apterous viviparous

a (c). Adaptations to mymecophily, elongated anal hairs to hold

c). All drawings are reproduced from Heie (1980). Multilocus

ance (DAS), multiplied by the number of alleles available for

resents a single MLG and names correspond to those used in

ected MLGs differ from each other by a single allele and black

ghbours by a single allele. The Forda tree includes both Forda

arginata MLGs.
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(Fig. 1), with the westernmost kilometer of the transect

located on grazed pasture and the remainder on

un-grazed salt marsh. The transect was subdivided into

eight locations with 1 km intervals. Nest mound density

was high throughout the transect (c. 600–3500 mounds

per ha). At each location, soil samples of five ant

mounds of similar size (Ø c. 80 cm) were taken and

hand-sorted for the occurrence of wingless and winged

(alate) root aphids. The precise location of each ant nest

was recorded with a GPS device (eTrexVista�, Garmin,

0.5–5 m precision). A subsample of all collected aphids

was used for species identification using a protocol for

microscopic preparation modified after Heie (1980). Ref-

erence specimens are located at the University of Gron-

ingen (access available upon request).

We chose to use small soil cores so that sampling

was non-destructive, and we could resample mounds in

later years. This sampling scheme was nonetheless suf-

ficient to obtain at least one aphid belonging to each of

the focal species from 30 of the 40 mounds, and only

one of the 40 mounds yielded no aphids at all in any of

our soil core samples. All mounds were confirmed to

be inhabited by L. flavus, with c. 60% of the 21 soil

cores taken per mound containing ants.
Molecular analysis

DNA was extracted from entire aphids using 200 lL

20%-Chelex� 100 resin (Fluka) (Walsh et al. 1991). We

used polymorphic microsatellite markers to genotype

specimens of Forda spp. (loci Fm1, Fm3, Fm4, Fm6,

Gu6, Gu11, Gu13), G. utricularia (loci Gu2, Gu3, Gu5,

Gu6, Gu8, Gu9, Gu11, Gu13) and T. ulmi (loci Tu1,

Tu2, Tu3, Tu4, Tu10, Tu11). Marker-specific details and

amplification protocols are given in Ivens et al. (2011).

If a marker failed to amplify in an individual, the

amplification process was repeated at least twice. PCR-

products were analysed on an ABI-PRISM 3130XL

(Applied Biosystems) sequencer and chromatograms

were analysed in Genemapper (Applied Biosystems).
Data analysis

After omitting 30 samples in which more than half of

the markers repeatedly failed to amplify, the total num-

ber of individuals included in the data sets was 469:

201 for G. utricularia, 92 for T. ulmi, 158 for F. margin-

ata and 18 for F. formicaria.

MLGsim2.0 (http://www.rug.nl/fmns-research/

theobio/downloads ), an updated version of MLGsim

(Stenberg et al. 2003), was used to group individuals

into diploid multilocus genotypes (MLGs), that is,

unique combinations of alleles across all tested

marker loci. Where missing data occurred (190 of the
469 individuals had some missing genetic marker

data—on average 13% of the alleles was missing), indi-

viduals were joined into the MLG of which the genotype

for the remaining successfully scored loci was identical.

In the two cases where an individual matched two differ-

ent but very similar MLGs at all successfully amplified

loci, it was grouped with the more common MLG of the

two. For our further analyses, gaps in an individual’s

MLG were filled in with the alleles of the MLG to which

the individual had been assigned. While this increased

sample size for our analyses, it also implied that we may

have slightly underestimated overall genetic variability.

Multilocus genotypes were either represented by sev-

eral to many individuals (recurrent MLGs) or (rarely) as

a single individual in our samples (single MLGs). Asex-

ual reproduction will thus affect population genetic

analyses through overrepresentation of clonally pro-

duced individuals (Sunnucks et al. 1997). To take any

possible effects of pseudoreplication into account, all

analyses were performed both on the full data set,

including all individuals (ramet data; i.e., all individuals

belonging to a single MLG), and on a subset of the data

consisting of only one individual per MLG (genet data)

(sensu Harper 1977). The two analyses yielded compara-

ble qualitative conclusions.
Estimates of genetic variability

Asexual reproduction tends to decrease segregation of

alleles within loci and recombination between loci. Over

time, this leads to observed heterozygosities (HO) differ-

ing from those expected under sexual outbreeding (HE),

and to deviations from Hardy–Weinberg equilibrium

(HWE). Specifically, asexual reproduction can lead to

heterozygote excess [i.e. a negative fixation index FIS

(Weir & Cockerham 1984; Stoeckel et al. 2006; Balloux

et al. 2003)] through mutation accumulation in clonal

lineages, also known as the ‘Meselson effect’ in ancient

asexual lineages (Birky 1996; Welch & Meselson 2000;

Halkett et al. 2005). Nevertheless, mechanisms such as

mitotic recombination or occasional sex can also lead to

heterozygote deficiency in clones, particularly when

asexual lineages are not very old and stochastic effects

determine whether clones happen to be homozygous or

heterozygous at neutral markers (Birky 1996). Finally,

the lack of recombination under asexual reproduction

should lead to significant linkage disequilibrium (LD).

GENEPOP 4.0 (Rousset 2008) was used to estimate HO, HE,

FIS, LD, and deviations from HWE, assuming a panmic-

tic population with random mating.

As a measure for genetic diversity, we used the G ⁄ N
ratio Pd, where N is the sample size for a given aphid

species and G is the number of distinct MLGs in a focal

population (Ellstrand & Roose 1987; Dorken & Eckert
� 2012 Blackwell Publishing Ltd
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2001; Arnaud-Haond et al. 2007). We also estimated Psex

values for every observed MLG, with Psex being defined

as the probability of obtaining at least as many as the

observed number of individuals belonging to a given

MLG under the null hypothesis of sexual reproduction

and population-wide random mating (Tibayrenc et al.

1990; Parks & Werth 1993; Young et al. 2002; reviewed

in Arnaud-Haond et al. 2007). The calculation of Psex

takes into account the observed frequencies of the

alleles constituting the given MLG. A MLG with a low

Psex value therefore indicates that the multiple individu-

als observed for that MLG probably originated from

clonal reproduction rather than sexual reproduction.

Although Psex calculation was initially developed to

confirm strict asexuality, it can also be applied to cycli-

cal parthenogens. This is because Psex estimations are

done for each unique MLG separately and as this is

based on population-wide allele frequencies, any pres-

ent genetic variation naturally enters the analysis,

regardless its origin. Using MLGsim 2.0, we estimated

Psex values and derived P values for these values using

Monte Carlo resampling simulations of our study popu-

lation under HWE with 1000 iterations.
Genetic distance

We calculated genetic distances between MLGs using

the shared allele distance DAS (Jin & Chakraborty 1993)

in POPULATIONS 1.2.30 (Olivier Langella 1999). Pairs of

MLGs with relatively small genetic distances might

belong to one multilocus lineage (MLL) (Arnaud-Haond

et al. 2007), that is, a grouping of MLGs that go back to

the same sexual reproduction event and whose genetic

differences are because of later mutations, asexual

recombination or, possibly, scoring errors. We consid-

ered two MLGs as being part of the same MLL when

they only differed by one or two alleles over all mark-

ers combined. The frequency distribution of the genetic

distances between our samples was bimodal, with

genetic distances of one or two alleles constituting the

first peak of this overall frequency distribution, so that

we felt confident that this distinction captured reality

rather well. We also used a more formal approach of

assessing MLL ⁄ MLG distinctions, based on the fre-

quency distribution of genetic distances, following

Arnaud-Haond et al. (2007). This method was designed

for MLL assignments based on at least ten times more

MLGs than observed in this study, but the results were

very similar to those obtained by our original approach,

leading to identical overall conclusions. After multiply-

ing by the number of alleles that were compared for

distance to transform proportional distances into abso-

lute allele differences, the distance matrix was used to

visualize the relationships between MLGs using mini-
� 2012 Blackwell Publishing Ltd
mum spanning MLG trees constructed in HapStar v 0.6

(Teacher & Griffiths 2011). The distance matrix was also

used to construct neighbour Joining (NJ) trees (Appen-

dix S1, Supporting information).
Spatial autocorrelation analyses

To assess whether genetically similar individuals

tended to occur geographically close to each other, we

estimated spatial autocorrelations in all four aphid spe-

cies. Spatial autocorrelation analysis tests whether the

matrix of pairwise genetic distances significantly corre-

lates with the matrix of pairwise geographic distances

between individuals (Euclidian distance based on GPS-

coordinates). We used a Mantel test of matrix corre-

spondence with 104 permutations to test for significant

correlation between the matrices (Smouse et al. 1986).

The occurrence of spatial autocorrelation can be

graphically illustrated using correlograms, in which the

estimated matrix correlation coefficient r is plotted

against geographical distance, subdivided in classes. We

used seven classes (0–1, 1–2, 2–3, 3–4, 4–5, 5–6 and

7–8 km), representing the distances between the eight

sampled locations along the transect. Following Smouse

& Peakall (1999) and Peakall et al. (2003), the estimated

r value was plotted in a spatial correlogram with error

bars representing the 95% CIs for r determined by boot-

strapping with 104 replicates. The estimated r values

were plotted alongside the 95% CIs of the r values that

were expected under the null hypothesis of a random

distribution of individuals over locations (104 permuta-

tions). When an estimated r was larger than 0 and its

95% CI bars fell outside the 95% CIs generated by the

null hypothesis, genetic and geographical distance were

inferred to be positively correlated, with the first x-axis

intercept representing the distance over which signifi-

cant spatial structure occurred (Smouse & Peakall 1999;

Peakall et al. 2003). All spatial autocorrelation analyses

were performed in GENALEX 6.2 (Peakall & Smouse 2006),

and correlograms were drawn using R 2.12.0 and the

xyplot() function in the lattice package (Sarkar 2008).
Results

Aphid genetic variability and reproduction

All four root aphid species showed significant devia-

tions from HWE both at the ramet and the genet-level

(Table 1). Most of the significant differences from HWE

were caused by heterozygote deficiency, but some loci

showed heterozygote excess and thus negative FIS val-

ues (Table 1). In G. utricularia, significant ramet-level LD

(P < 0.05) was present in all 28 pairs of loci, and at the

genet-level in 17 of the 28 pairs. In T. ulmi, ramet-level



Table 1 Population genetic statistics for the four species of root aphids

Locus Na

Ramet-level Genet-level

N HE HO FIS

HWE

P value N HE HO FIS

HWE

P value

Geoica utricularia

Gu2 5 201 0.58 0.31 0.465 <0.001 9 0.63 0.22 0.680 0.001

Gu3 7 201 0.69 1.00 )0.457 <0.001 9 0.79 1.00 )0.210 0.096

Gu5 6 201 0.57 0.14 0.746 <0.001 9 0.77 0.33 0.607 0.000

Gu6 8 201 0.59 0.29 0.513 <0.001 9 0.82 0.33 0.631 <0.001

Gu8 4 201 0.55 0.06 0.892 <0.001 9 0.72 0.22 0.719 <0.001

Gu9 8 201 0.78 0.84 )0.068 <0.001 9 0.66 0.33 0.539 0.001

Gu11 6 201 0.73 0.70 0.043 <0.001 9 0.81 0.56 0.365 <0.001

Gu13 8 201 0.78 0.90 )0.155 <0.001 9 0.81 0.67 0.238 0.002

Population* 6.5 201 0.66 0.53 0.196 9 0.75 0.46 0.439

Tetraneura ulmi

Tu1 2 92 0.141 0.000 1.000 <0.001 6 0.444 0.000 )0.053 0.031

Tu2 2 92 0.141 0.000 1.000 <0.001 6 0.444 0.000 0.118 0.031

Tu3 5 92 0.702 0.924 )0.312 <0.001 6 0.764 0.667 0.200 0.184

Tu4 5 92 0.621 0.902 )0.449 <0.001 6 0.750 0.667 0.216 0.001

Tu10 3 92 0.281 0.326 )0.153 0.445 6 0.292 0.333 1.000 1.000

Tu11 4 92 0.384 0.402 )0.043 0.001 6 0.514 0.500 1.000 0.532

Population* 3.5 92 0.378 0.426 )0.120 6 0.535 0.361 0.404

Forda marginata

Fm1 9 155 0.45 0.25 0.442 <0.001 16 0.79 0.56 0.320 <0.001

Fm3 6 158 0.46 0.22 0.538 <0.001 18 0.79 0.50 0.388 <0.001

Fm4 6 158 0.43 0.15 0.665 <0.001 18 0.70 0.28 0.622 <0.001

Fm6 4 158 0.69 0.94 )0.353 <0.001 18 0.73 0.78 )0.030 <0.001

Gu6 5 158 0.68 0.71 )0.041 <0.001 18 0.58 0.28 0.543 <0.001

Gu11 6 158 0.46 0.21 0.548 <0.001 18 0.79 0.44 0.460 <0.001

Gu13 4 155 0.40 0.00 1.000 <0.001 16 0.58 0.00 1.000 <0.001

Population* 5.7 157 0.51 0.35 0.311 17 0.71 0.41 0.447

Forda formicaria

Fm3† 1 18 0.00 0.00 – 6 0.00 0.00 –

Fm4 3 18 0.50 0.78 )0.551 0.024 6 0.54 0.83 )0.471 0.638

Fm6 2 18 0.50 1.00 )1.000 <0.001 6 0.50 1.00 )1.000 0.090

Gu6† 1 18 0.00 0.00 – 6 0.00 0.00 –

Gu11 3 18 0.44 0.28 0.393 0.072 6 0.57 0.33 0.487 0.226

Gu13† 1 18 0.00 0.00 – 6 0.00 0.00 –

Population* 1.8 18 0.24 0.34 )0.409 6 0.27 0.36 )0.262

HWE, Hardy–Weinberg equilibrium

Data are given both for the ramet (including all samples) and the genet-level (excluding replicates of the same MLG), and for each

tested locus and the population as a whole. N is the number of genotyped aphids, Na the number of observed alleles, HE and HO are

expected (under Hardy–Weinberg assumptions) and observed heterozygosities, and FIS is the fixation index. Significant P values for

deviations from HWE (at the 0.2% level after Bonferroni correction) are given in bold (see Materials and methods).

*Cumulative population-level tests of deviations from HWE would have been significant in all cases with the possible exception of

the F. formicaria genets, but have not been performed because significant linkage disequilibrium implies that locus-specific

probabilities cannot be considered as independent.
†Loci that are monomorphic in F. formicaria and polymorphic in F. marginata. The alleles observed for Fm3 and Gu6 were diagnostic

for F. formicaria.
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LD was detected in 11 pairs with only four loci-pairs

showing no LD, whereas no significant LD was found at

the genet-level. F. marginata showed ramet-level LD in all

23 pairs of loci and genet-level LD in 16 of the 23 pairs

(Table S1, Supporting information). In F. formicaria,

only one pair of loci could be tested because of low sam-

ple sizes, showing no LD at either the ramet- or the
genet-level. Combined with the consistent deviations

from HWE, this predominance of LD is a strong

indication for asexuality being the dominant mode of

reproduction in three of the four species: G. utricularia,

T. ulmi and F. marginata. Despite the low sample

size, we infer that this is also likely to be the case for

F. formicaria, because the biology of the two sibling spe-
� 2012 Blackwell Publishing Ltd



Table 2 Continued

MLG n Psex

Fm-MLL3a 5 0.000***

Fm-MLL3b 7 0.000***

Fm-MLL3c 3 0.000***

Fm-MLL3d 1 –

Fm-MLL4 2 0.000***

Fm-MLL5a 7 0.000***

Fm-MLL5b 1 –

Fm-MLL6a 1 –

Fm-MLL6b 2 0.000***

N 158

G 18

Pd 0.114

Forda formicaria

Ff-MLL1a 1 –

Ff-MLL1b 4 0.072

Ff-MLL1c 6 0.009*

Ff-MLL1d 4 0.061

Ff-MLL1e 1 –
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cies F. marginata and F. formicaria appears to be very

similar (Heie 1980) and the observed allelic distribution

over clonal lineages was similar as well.

In total, we found nine MLGs among the 201 geno-

typed G. utricularia individuals. Three of these were

unique ‘single’ MLGs, which could all be unambiguously

grouped into MLLs with one of the six MLGs occurring

in multiple copies (Table 2, Figs 2a and S1a, Supporting

information). All MLGs with multiple samples had Psex

values significantly below expectation for random mat-

ing (Table 2). Genetic diversity Pd for this species was

0.044, with some MLGs being vastly overrepresented

among the samples (Table 2). For example, the predom-

inant G. utricularia MLG was found 120 times, that is, in

60% of the samples (Table 2). Also these patterns indi-

cate predominant clonal reproduction, and thus that this

population of G. utricularia is anholocyclic. T. ulmi

showed a similar pattern, with four MLLs consisting of

six MLGs in total, all of which occurred more than once
Table 2 Multilocus genotypes (MLG) of the four root aphid

species

MLG n Psex

Geoica utricularia

Gu-MLL1 17 0.000***

Gu-MLL2a 1 –

Gu-MLL2b 2 0.000***

Gu-MLL3a 1 –

Gu-MLL3b 11 0.000***

Gu-MLL4 46 0.000***

Gu-MLL5 2 0.000***

Gu-MLL6a 1 –

Gu-MLL6b 120 0.000***

N 201

G 9

Pd 0.044

Tetraneura ulmi

Tu-MLL1a 48 0.000***

Tu-MLL1b 7 0.000***

Tu-MLL2a 3 0.000***

Tu-MLL2b 4 0.000***

Tu-MLL3 24 0.000***

Tu-MLL4 6 0.000***

N 92

G 6

Pd 0.065

Forda marginata

Fm-MLL1a 1 –

Fm-MLL1b 1 –

Fm-MLL1c 1 –

Fm-MLL1d 2 0.009

Fm-MLL1e 108 0.000***

Fm-MLL1f 1 –

Fm-MLL2a 4 0.000***

Fm-MLL2b 5 0.000***

Fm-MLL2c 6 0.000***

Ff-MLL1f 2 0.037

N 18

G 6

Pd 0.333

Name (clone acronym) and sample size (n) for each MLG; Psex,

the probability that the MLG occurred at least n times under

the assumption of random mating is given for each recurrent

MLG. All significant Psex values remained significant after

Bonferroni correction with the exception of Forda formicaria

MLL1c. Total sample size (N), total number of MLGs (G) and

genetic diversity Pd (G ⁄ N) are given for each species. Clone

acronyms of MLGs consist of the species name abbreviation

(Gu, Tu, Fm, Ff), the MLL-number (1–6) and a letter (a–f) that

is unique for the MLG within its MLL.

***P value of Psex < 0.001.

**P value of Psex < 0.01.

*P value of Psex < 0.05.

� 2012 Blackwell Publishing Ltd
(Table 2, Figs 2b and S1b, Supporting information). The

Psex estimates for T. ulmi were also significantly reduced

when tested against HWE expectation. In this species,

the predominant MLG accounted for 52% of the sam-

ples and overall genetic diversity Pd was 0.065 (Table 2),

indicating that T. ulmi is also anholocyclic and clonally

propagated in the sampled population.

The same conclusion could be drawn for the two

Forda species. F. marginata samples were more diverse

than those of G. utricularia and T. ulmi, with a total of

18 MLGs, seven of which were encountered only once.

All of these single MLGs and five of the recurrent MLGs

could be combined with other MLGs into six MLLs

(Table 2, Figs 2c and S1c, Supporting information). All

but one of the Psex values were significantly reduced,

with the predominant clone accounting for 68% of the

samples, and Pd being 0.114 (Table 2). Among the
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F. formicaria samples, we found six MLGs, all belonging

to a single MLL. In this species, Psex values were also

generally low, although mostly not significant, which

appears to be due to low sample size. Most MLGs in

this species were also recurrent, with 33% of the indi-

viduals belonging to the predominant clone, and Pd

being 0.333 (Table 2). Interestingly, the F. formicaria

MLGs formed a single clade within the F. marginata

tree, confirming the close relationship between the two

species and suggesting that further work is needed to

unambiguously establish species identities in this group

(Figs 2c and S1c, Supporting information).
Aphid dispersal

Figure 3 shows the relative frequencies of all detected

MLGs and MLLs over the 7 km transect for G. utricu-

laria, F. marginata and T. ulmi. Although all species had

at least one MLG that was relatively abundant and dis-

tributed over more than two locations on the island

(except for F. marginata), most MLGs only occurred at

one or two sampled locations. Furthermore, the MLGs

belonging to the same MLL tended to occur in a clus-

tered manner (Fig. 3), suggesting that dispersal levels

are generally low. The Mantel test showed a significant

correlation between genetic and geographic distances in

G. utricularia and F. marginata (Fig. 4a,c). The correlo-

grams were consistent with the outcome of the Mantel

test, with significantly positive coefficients only being

found for short (<3 km) distances in G. utricularia

and F. marginata, with 95% confidence bars well

above expectation based on a random distribution of

genotypes over the island (Fig. 4). No significant auto-

correlation was found in the populations of the other
(a) (b)

Fig. 3 Spatial distribution of cumulative frequencies of multilocus

utricularia (a), Tetraneura ulmi (b) and Forda marginata (c). Hatching pa

represent the MLLs and correspond to the colours used in Fig. 2. n

(location 1–8, with adjacent sample sites being 1 km apart—see Fig. 1
species, T. ulmi. The low sample size for F. formicaria

(n = 18) did not allow for conclusive estimation of dis-

persal in this species. For completeness, the results of

this analysis are given in the Appendix S1 (Supporting

information) (Figs S2 and S3, Supporting information).

We found alate aphids for all species except F. formi-

caria, but numbers were always very small (five for

G. utricularia, one for T. ulmi, and four for F. marginata

out of a total of 505 aphids sampled in our entire

study). Four of these alates were genotyped, which

showed that three of them belonged to the same MLG

as the other aphids sampled from the same ant nest,

whereas the fourth alate had a different genotype (but

one known from another colony nearby). On the basics

of the observed alate frequencies, we estimated that

these alate phenotypes had upper 95% CLs of 6% at

most in the three species for which we had sample sizes

to arrive at reasonable estimates (Table 3).
Discussion

Our population genetic estimates showed a strong sig-

nature of clonal reproduction for all four root aphid

species. We therefore infer that G. utricularia, T. ulmi,

F. marginata and F. formicaria have predominantly if

not exclusively asexual reproduction in the sampled

Schiermonnikoog population, which largely confirms

earlier findings and records (Muir 1959; Pontin 1978;

Heie 1980; Godske 1991; Blackman & Eastop 1994).

A single clone accounted for the majority of individuals

in all species. In G. utricularia and F. marginata, genetic

differentiation and geographical distance correlated

significantly, further corroborating that the clonal aphid

populations are viscous.
(c)

lineages (MLLs) and multilocus genotypes (MLGs) for Geoica

tterns within each column represent the MLGs, whereas colours

is the sample size per aphid species for each transect location

).

� 2012 Blackwell Publishing Ltd



(a) (b) (c)

Fig. 4 Spatial autocorrelation patterns for Geoica utricularia (a), Tetraneura ulmi (b) and Forda marginata (c). Plots show genetic correla-

tion coefficients r (solid line), their 95% confidence bars as determined by bootstrapping, and the 95% confidence intervals around

zero as expected from random distributions of genotypes (dashed lines), plotted across the seven distance classes (1–7 km). Results

for the Mantel tests for each correlation are provided in each panel.

Table 3 Percentages of alates for the four root aphid species

Species n

Observed

alates (%)

Confidence

intervals (%)

Geoica utricularia 225 2.2 0.6–4.8

Tetraneura ulmi 93 1.1 0.0–5.7

Forda marginata 169 2.4 0.5–5.4

Forda formicaria 18 0.00 0.0–15.1

Total number of collected aphids (n), the percentage of alates

and the 95% confidence intervals around them (Rohlf & Sokal

1981).
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The reproductive modes of ant-tended root aphids

Anholocyclic reproduction and overwintering as asexual

females (instead of sexually produced eggs) in ant nests

in Northwest Europe has previously been inferred for

G. utricularia and both Forda species (Muir 1959; Pontin

1978; Heie 1980; Godske 1991; Blackman & Eastop 1994),

and our molecular data confirm this. However, finding

the same extent of asexual reproduction in T. ulmi was

interesting, as this result matched observations by Muir

(1959), Pontin (1978) and Godske (1991), but contrasted

with Heie’s (1980) statement that T. ulmi reproduces

sexually on elm trees in NW-Europe. Moderately mature

(c. 30 years old) elm trees do occur in the single village

on the island of Schiermonnikoog, but leaf-galls of

T. ulmi were not found (A.B.F. Ivens & M. Schrama,

unpublished data). The recurrence of identical T. ulmi

clones in the same nest-mounds over consecutive years

(Ivens et al. 2012) further corroborates that T. ulmi does

not reproduce sexually on the island at any appreciable

frequency. Until the 1980s there were much older elm

trees in the village, which died from Dutch elm disease.
� 2012 Blackwell Publishing Ltd
These might have provided better opportunities for sex-

ual reproduction in T. ulmi.

It is important to note that currently available statisti-

cal tests for inferring modes of reproduction from mi-

crosatellite data are designed to test the null hypothesis

of 100% sexual reproduction and random mating, so

that rejecting this null hypothesis does not imply that

sexual reproduction is completely absent. Low frequen-

cies of sex (<5%) could also account for the high vari-

ance in FIS values in combination with the strong LD

that we found in most of the loci-pairs (De Meeus &

Balloux 2004). Statistically, we cannot rule out, there-

fore, that a small proportion of reproduction, particu-

larly in T. ulmi, was in fact sexual (Balloux et al. 2003;

A.B.F. Ivens, J.J. Boomsma, F.J. Weissing and I. Pen, in

preparation), consistent with the primary host plant for

this species being available and spatial autocorrelation

being low, in contrast to G. utricularia and F. marginata

where the host shrub for sexual reproduction is lacking

(Heie 1980; Blackman & Eastop 1994) and autocorrela-

tion patterns are distinct (Fig. 4a, c).
Population viscosity and dispersal

The aphid populations under study were viscous with

low frequencies of alates and significant autocorrelation

in two species, G. utricularia and F. marginata. These

autocorrelations were 10-fold stronger that the largely

non-significant, previously observed autocorrelations in

two species of holocyclic aphids (Abbot & Chhatre

2007; Michel et al. 2009). Despite this strong spatial

structuring, some clonal lineages had managed to

spread along the studied transect (Fig. 3), most likely

by wind-dispersal of winged individuals (alates). As
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our genetic data indicate that there is negligible recruit-

ment from sexual reproduction on Schiermonnikoog,

this must imply that the few alates that we genotyped

were either sexual migrants destined to fail (i.e. to never

result in spring offspring recolonizing ant mounds) or

unusual asexual dispersers headed for other ant mounds

rather than for primary host trees. Both scenarios would

be consistent with the alate MLGs being identical with

those of wingless aphids in the same or a neighbouring

mound, so that our data do not allow us to discriminate

between these possibilities.

Morphological analysis of the embryos borne by the

alates could have allowed us to resolve whether alates

were sexual or not, because embryos of sexuparae are

arostrate, whereas embryos of asexual dispersers are ros-

trate (Blackman & Eastop 1994). Unfortunately, by the

time we realized this, we had used the alates for DNA

extraction and microscopic preparation. However, the

timing of their appearance (mid-summer) suggests that

we were dealing with unusual asexual dispersers, as sex-

upara are expected to occur only towards the autumn

(Heie 1980). Moreover, as the primary host of three spe-

cies (the Mediterranean shrub Pistacia) has not occurred

even close to the Island of Schiermonnikoog since the

last glaciation, it seems hard to imagine how the island

could have ever been colonized if alates of these species

could only migrate to and from Pistacia shrubs.

What we can infer is that clonal aphid gene flow

between ant mounds would indeed be very low if dis-

persal remains restricted to wingless aphids walking on

the soil surface (even when helped somewhat by wind),

which has been observed for both Forda and Tetraneura

(Muir 1959) or passive floating during tidal inundations,

which has been observed for the salt marsh root aphid

Pemphigus trehernei, a non-ant-attended relative of Forda

and Geoica (Foster 1978; Foster & Treherne 1978). Pem-

phigus trehernei also reproduces predominantly clonally

and produces alates at very low frequencies (Foster

1975), but nevertheless colonizes new host plants very

effectively (Foster & Treherne 1978). Although dispersal

by tidal floating is poorly understood, it is conceivable

that the aphid symbionts of L. flavus employ the same

mechanism during occasional summer inundations, to

colonize existing ant mounds where they might then

establish a new MLG that can be vertically propagated

after adoption by the ants (Ivens et al. 2012).
Why aphids may lose sex altogether and does
ant-tending matter?

Although it has long been known that aphids either have

holocyclic (with sex) or anholocyclic (completely parthe-

nogenetic) life cycles, we lack an overall understanding

of the selection forces that make aphids lose sex and
whether such development is always irreversible. This is

because populations of only a few species have been

studied in sufficient genetic detail and few of these stud-

ies have targeted metapopulations consisting of holocy-

clic and anholocyclic patches. Polymorphisms of this

kind are known to occur (Simon et al. 2002) and genetic

studies of such populations would thus be highly infor-

mative. The strong LD, significant deviations from HWE

and the observed heterozygote excess match the genetic

population structures of other anholocyclic aphids

(Simon et al. 1996, 1999; Delmotte et al. 2002; Gilabert

et al. 2009; Kanbe & Akimoto 2009). However, all of

these studies concern free-living aphids, while an associ-

ation with ants is likely to affect the genetic population

structure as well. Yao (2010) for example showed that FIS

values for ant-tended Tuberculatus aphids were higher

than those for unattended aphids. However, Vantaux

et al. (2011) did not find any effect of ant attendance on

the genetic population structure of facultatively ant-

tended aphids above ground. The root aphids studied

here may have such metapopulations consisting of sex-

ual and asexual patches in Southern Europe, but their

genetic analysis would only reveal whether close prox-

imity of primary host plants increases the frequency of

sex, and not whether ant-tending matters, because there

are no free-living underground populations of these

aphids (see Fig. 2 for illustrations of their adaptations to

myrmecophily).

Living in obligate mutualistic symbiosis has been

argued to promote the irreversible loss of sexual repro-

duction when the symbiotic environment becomes

highly predictable and uniform (Law & Lewis 1983;

Wulff 1985). Although originally developed for endos-

ymbionts, this hypothesis might also apply to ecto-

symbionts such as the aphids of our present study,

because they are surrounded by a highly protective host

colony (i.e. they are endosymbionts at the colony-level).

The ants thus provide a protective underground envi-

ronment in which potentially (i) sexually produced

frost-resistant eggs are no longer necessary and (ii)

well-known sex-inducing environmental cues such as

lower temperature and shorter daylight are less likely

to be effective as cues (Rispe et al. 1998; reviewed in

Moran 1992; Hales et al. 1997; Simon et al. 2002). In

addition, ants actively keep aphid densities low by cull-

ing (Ivens et al. 2012), decreasing the potential for

crowding, a factor also known to induce dispersal and

sexual reproduction in aphids (reviewed in Hales et al.

1997). Dispersal constraints due to lack of primary host

plants nearby and year-round underground nursing

may thus have tipped the balance towards permanent

parthenogenesis, relative to aphids that are facultatively

ant-tended on food plants above ground where holocy-

clic life cycles are more often maintained. We would
� 2012 Blackwell Publishing Ltd
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thus be surprised if underground ant-tending would

ever be compatible with substantial aphid sexuality,

even when primary host plants grow nearby. This logic

seems to match the sparsely available comparative data

as many above-ground aphids such as Aphis fabae com-

bine a holocyclic life cycle with facultative ant-associa-

tion (Heie 1986), whereas some other obligately ant-

tended aphids and coccids have become anholocyclic

and even use the dispersing virgin queens of the host

ants for transmission (Hölldobler & Wilson 1990).

It is interesting to note that some studies have found

that ‘host-ant management’ can delay aphid dispersal

and reduce alate production (Way 1963; Kindlmann

et al. 2007; Oliver et al. 2007; Yao 2010; Tegelaar et al.

2011). In addition to the culling mentioned earlier,

underlying mechanisms for such practices as described

for Lasius ants vary from inhibition through semiochem-

icals that slow aphids down (Oliver et al. 2007) to ants

actively cutting the wings of their ‘dairy farm’ dispersal

morphs (Way 1963; Hölldobler & Wilson 1990). We note,

however, that our study population does not allow a

convincing test of the possible role of ‘ant management’

in the restriction of root aphid sex, because the primary

host plant was absent for three species and quite possi-

bly unsuitable for the fourth species. Such a study

would be possible in the southern European range of

Pistacia, at sites where these bushes and mature elm

trees co-occur with L. flavus and their root aphids. The

microsatellite markers developed for the present study

would provide efficient tools to address these questions.
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