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In North America, the pea aphid Acyrthosiphon pisum encompasses ecologically and genetically distinct
host races that offer an ideal biological system for studies on sympatric speciation. In addition to its
obligate symbiont Buchnera, pea aphids harbour several facultative and phylogenetically distant symbionts.
We explored the relationships between host races of A. pisum and their symbiotic microbiota to gain
insights into the historical process of ecological specialization and symbiotic acquisition in this aphid. We
used allozyme and microsatellite markers to analyse the extent of genetic differentiation between popu-
lations of A. pisum on pea, alfalfa and clover in France. In parallel, we examined: (i) the distribution of
four facultative symbionts; and (ii) the genetic variation in the Buchnera genome across host-associated
populations of A. pisum. Our study clearly demonstrates that populations of A. pisum on pea, clover and
alfalfa in France are genetically divergent, which indicates that they constitute distinct host races. We also
found a very strong association between host races of A. pisum and their symbiotic microbiota. We stress
the need for phylogeographic studies to shed light on the process of host-race formation and acquisition
of facultative symbionts in A. pisum. We also question the effects of these symbionts on aphid host fitness,

including their role in adaptation to a host plant.

Keywords: Acyrthosiphon pisum; host races; ecological specialization; symbiotic bacteria; Buchnera;

microsatellites

1. INTRODUCTION

Although controversial for a long time, the idea that natu-
ral selection can lead to divergence and speciation of sym-
patric populations has received increasing support during
the last decade from both theoretical and empirical studies
(Via 2001). Among the biological models in which sym-
patric speciation can be tested are phytophagous insects.
Most insect herbivores are relatively host specific, feeding
on only one or a few genera or on a single plant family.
This intimacy in insect—plant relationships is a key factor
that may promote ecological specialization after host shift
in the absence of geographical isolation. For example, the
apple maggot, Rhagoletis pomonella, is a well-documented
model for sympatric speciation in progress (Filchak ez al.
2000). Host races, feeding on either haw or apple, have
been identified and are thought to represent incipient
species, in partial reproductive isolation owing to host-
associated differentiation (Feder er al. 1994). An
important element that makes the apple maggot a good
candidate for studies of sympatric speciation is the avail-
ability of historical records that testify to the formation of
the apple race from locally existing haw populations (Bush
1969). Another case study for sympatric speciation is the
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pea aphid, Acyrthosiphon pisum, in which two host races,
which feed primarily on alfalfa and red clover, are highly
genetically specialized and substantially reproductively
isolated in North America (Via 1999). The extensive work
of Via ez al. has allowed the identification of the main eco-
logical and genetic factors that have facilitated divergence
and the evolution of reproductive isolation in sympatry
(Via 1991; Caillaud & Via 2000; Via er al 2000).
Recently, the genetic architecture that underlies speciali-
zation and reproductive isolation has been explored
through quantitative genetics and quantitative trait loci
mapping. This work has shown that these two biological
traits are associated through pleiotropy or physical linkage,
which creates the potential for rapid speciation, even in
the presence of gene flow (Hawthorne & Via 2001). As
stressed by Via (2001), an important step in a comprehen-
sive analysis of sympatric divergence in pea aphids is to
gather ‘historical and phylogenetic data that might reveal
whether the initial divergence between populations on the
two hosts was sympatric or allopatric’. Pea aphids were
introduced to North America from Europe, ca. 125 years
ago (Thomas 1878). There is, however, no clear evidence
as to whether host specialization preceded or followed
introduction into North America. In addition, the extent
of genetic differentiation between host populations of the
pea aphid is not clear because it was assessed with markers
differing in their levels of sensitivity. It varies from no
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mitochondrial divergence between host races in North
America (Barrette ez al. 1994; Boulding 1998) or in the
UK (Birkle & Douglas 1999) to highly allozymically dif-
ferentiated host populations at the local level (Via 1999).

We analysed the level of genetic differentiation between
populations of A. pisum on alfalfa and red clover from the
native range of this species (e.g. France). To check
whether the taxonomic distinction of individuals of
A. pisum feeding on pea as a separate subspecies (i.e.
A. pisum destructor) is relevant (Hille Ris Lambers 1973),
pea aphids sampled from this crop were also included in
this study. Genetic divergence was assessed primarily with
allozymes, but also with microsatellites on a restricted
sample, the latter class of markers being considered as one
of the most powerful tools for population-genetics studies
(Jarne & Lagoda 1996). To investigate further the genetic
relationships between host-associated populations of the
pea aphid, we also examined their genetic divergence at
the symbiont level. First, genetic differentiation of Buch-
nera, the primary endosymbiont of aphids, was assessed
between host races through a single strand conformation
polymorphism (SSCP) analysis of a few symbiotic genes.
Second, the distribution of secondary or facultative sym-
bionts of A. pisum was studied according to host-associa-
ted populations. To date, five facultative symbionts that
are vertically transmitted have been reported for A. pisum
(reviewed in Tsuchida er al. 2002). Here, four out of the
five symbionts were searched for in pea aphids using a
PCR detection technique: PASS (pea aphid secondary
symbiont; Chen & Purcell 1997) or R-type (Sandstrom ez
al. 2001); PAUS (pea aphid U-type symbiont; Sandstrom
et al. 2001; Tsuchida er al. 2002) and PABS (pea aphid
Bemisia-type symbiont) or T-type (Sandstréom ez al. 2001;
Darby er al. 2001), which are members of the y-Proteobac-
teria, and PAR (pea aphid Rickettsia; Chen er al. 1996), a
Rickertsia member of the a-Proreobacteria.

2. MATERIAL AND METHODS

(a) Aphid collections

In 1997, individuals of 4. pisum were collected by sweep net-
ting plants in single adjacent alfalfa (Medicago sativum), pea
(Pisum sativum) and red clover (Trifolium pratense) fields (less
than 1000 m apart) in April-June in central western France
(Poitou). In 1998, pea aphids were again collected in alfalfa, pea
and clover fields but from multiple sites in two different regions
(Poitou and Languedoc in southern France) in May-June. No
clover field was found close to alfalfa fields in Languedoc (table
1). At the time of collection (end of spring), all A. pisum sampled
were parthenogenetic females and only wingless adults were kept
for subsequent analyses.

(b) Allozyme analysis

Allozyme analysis was carried out on single individuals and
performed on cellulose-acetate gels using standard methods
(Hebert & Beaton 1989). Each aphid was assayed for variation
in four enzymes: Sdh (sorbitol dehydrogenase), Idh (isocitrate
dehydrogenase), Pep-LGG (tripeptidase Leu-Gly-Gly) and
Pep-GL (dipeptidase Gly—Leu). These enzymes were chosen for
analysis because they were found to be reliably resolved and
polymorphic in previous allozyme surveys in French A. pisum
(Bournoville ez al. 2000). Since A. pisum exhibits pink and green
forms, the colour type of each individual was noted prior to
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electrophoresis. We analysed 21 populations, encompassing
more than 1000 individuals (table 1).

(¢) Microsatellite analysis

DNA was extracted from single individuals using the salting-
out method (Sunnucks ez al. 1996). Microsatellite variation was
assessed at seven loci only for pea aphids collected in 1997. The
loci Sm10, Sm11, S17b, S23 and S30 were isolated from Sizo-
bion miscanthi (Sunnucks et al. 1996, 1997; Simon ez al. 1999;
Wilson ez al. 1999; A. C. Wilson, N. Prunier-Leterme, B. Mas-
sonnet, J.-C. Simon and P. Sunnucks, unpublished data). Sa5L
was cloned from S. avenae (Haack er al. 2000; A. C. Wilson, N.
Prunier-Leterme, B. Massonnet, J.-C. Simon and P. Sunnucks,
unpublished data) while R5.10 was isolated from Rhopalosiphum
padi (Simon et al. 2001). Microsatellite loci were amplified in a
final volume of 15 ul using 3 pmol of each primer, 50 uM of
each deoxynucleotide triphosphate (ANTP), 1.5 ul of 10x Mg**
free reaction buffer (500 mM of KCI, 100 mM of Tris—HCI pH
9.0 and 1.0% Triton X-100), 2 mM of MgCl,, 0.5 U of Tagq
DNA polymerase (Promega) and 1 ul of DNA (5 ng). PCRs
were performed on a Hybaid thermocycler with the following
programme: one denaturation step at 94 °C for 2 min, followed
by 35 cycles of a denaturation step at 94 °C for 20s, 20s at
a locus-specific annealing temperature (usually 56 °C) and an
elongation step at 72 °C for 20 s, then a final cycle at 72 °C for
2 min. Amplification products were resolved on a 6% polyacryl-
amide—urea electrophoresis gel and visualized after silver nitrate
staining as described by Budowle ez al. (1991). Allele sizes were
assigned using the sequence of the pGEM®-3Zf(+) vector
(Promega).

(d) Detection of facultative symbionts

Detection of the four facultative symbionts (PASS, PAR,
PAUS and PABS) was based solely on a PCR assay with specific
nucleotide primers to amplify their 16S rDNA. Specific primer
pairs are given in Tsuchida ez al. (2002). Facultative symbionts
were amplified separately and the amplification was repeated
twice for each sample. Amplifications were performed in a final
volume of 25 pl using 4 pmol of each primer, 50 UM of each
dNTP, 1.5ul of 10x Mg** free reaction buffer (500 mM of
KCl, 100 mM of Tris—=HCI pH 9.0 and 1.0% Triton X-100),
2.5 mM of MgCl,, 0.5 U of Tag DNA polymerase (Promega)
and 1 pl of aphid genomic DNA (5 ng). PCRs were performed
on a Hybaid thermocycler with the following programme: one
denaturation step at 95 °C for 5 min, followed by 35 cycles of
a denaturation step at 94 °C for 1 min, 1 min at 53 °C and an
elongation step at 72 °C for 2 min, then a final cycle at 72 °C
for 10 min. Amplification products were resolved in 1.5% aga-
rose gels in 0.5x TBE buffer pH 8.0 (89 mM of Tris, 89 mM
of boric acid, 2 mM of ethylene diamine tetraacetic acid
(EDTA) pH 8.0) at 100 V, and visualized under ultraviolet light
after staining with ethidium bromide.

(e) Molecular analysis of Buchnera diversity

Molecular
A. pisum on pea, clover and alfalfa was assessed by SSCP
(Sunnucks ez al. 2000) analysis of three segments of the Buch-
nera genome. Partial amplification of the genes (i) aroQ—PheA,
(ii)) GroEL and (iii) ffh—rpsP including the intergenic region
(Shigenobu et al. 2000) was achieved in 15 different pea aphid
genotypes (distinguished after microsatellite analysis) of each
host population using the following primers: PheAd4F (5'-
ATCCCTCARCCNTTYCARC-3") and PHEAD-4R (5'-

diversity among primary endosymbionts of
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Table 1. Sampling design and sample sizes in host populations of Acyrthosiphon pisum used for genetic characterization and assess-

ment of the prevalence of facultative symbionts.
(n, number of populations or individuals tested.)

facultative

year crop region population allozymes microsatellites symbionts
1997 alfalfa Poitou A1C97 52 16 16
alfalfa Poitou A2C97 46 14 14
pea Poitou P1C97 104 30 30
clover Poitou C1C97 95 30 30
1998 alfalfa Poitou A1C98 52 — 30
alfalfa Poitou A2C98 46 — 25
alfalfa Poitou A3C98 46 — —
alfalfa Poitou A4C98 36 — —
alfalfa Poitou A5C98 48 — —
alfalfa Languedoc A1S98 52 — 27
alfalfa Languedoc A2S98 53 — —
pea Poitou P1C98 53 — 27
pea Poitou P2C98 26 — 29
pea Poitou P3C98 38 — —
pea Poitou P4C98 43 — —
pea Poitou P5C98 35 — —
pea Languedoc P1S98 18 — 40
pea Languedoc P2S98 24 — —
pea Languedoc P3S98 42 — —
clover Poitou C1C98 68 — 32
clover Poitou C2C98 51 — 35
overall (n) — — 21 1028 90 335

TWTTTTCWSWWGGATARCANCC-3") amplified a 510 base
pair (bp) segment of the gene aroQ-PheA, GroELR2 (5'-
CTGCACCYACTTTRAKWACYGC-3") and GroELF2 (5'-
ATGTTRCAAGATATTTCWATTYTWAC-3") amplified 795 bp
of the GroEL gene and ffh-Ap-F1 (5'-CGTTACATTACAG
GAAAACC-3’) and RpS16-Ap-GSP1 (5'-CCAGCTTTATAA
AATGGACG-3") amplified 730 bp of the ffz and rpsP genes.
PCR reactions were prepared as for facultative symbionts and
subjected to the following cycling conditions: one denaturation
step at 94 °C for 2 min, followed by 35 cycles of a denaturation
step at 94 °C for 10 s, 30 s at a locus-specific annealing tempera-
ture (45 °C for aroQ-PheA, 55 °C for GroEL and ffh—rpsP) and
an elongation step at 72 °C for 45 s, then a final cycle at 72 °C
for 2 min. PCR products were run using a manual sequencing
instrument on a non-denaturing polyacrylamide gel: 10% acryl-
amide (40 : 2 acrylamide : bis-acrylamide) and 0.5x TBE with-
out glycerol. Gel mix (60 ml) was set with 250 pl of ammonium
persulphate and 50 pl of tetramethylethylediamine. The gel was
run in 0.5% TBE buffer in a cold room (4 °C) at 20 W overnight
and silver stained as for microsatellite analysis.

(f) Analysis of genetic data

Two kinds of genetic data were analysed: allozyme and
microsatellite data. Because of their great sensitivity, microsatel-
lites allow the detection of clonal copies in parthenogenetic
organisms, whereas allozymes usually do not (e.g. Delmotte er
al. 2002). Thus, since clonal ‘amplification’ of genotypes could
affect data interpretation, analyses were carried out on all indi-
viduals for the allozyme dataset and on one copy per genotype
for the microsatellite dataset (see Sunnucks ez al. 1997 for more
details). 3.3 (http://’www.univ-montp2.fr/~genetix/
genetix/genetix.html) was used to calculate allelic frequencies,
the mean number of alleles per locus, unbiased estimates of gene

GENETIX V.

diversity and the expected heterozygosity under Hardy—
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Weinberg assumptions (Nei 1978). Genetic differentiation
between pairs of subpopulations was analysed using exact tests
provided by Generor v. 3.1 (Raymond & Rousset 1995). F-stat-
istic values (Weir & Cockerham 1984) were estimated and tested
for significance with the FstaT program (Goudet 1995).
Cavalli-Sforza & Edwards (1967) chord distance was calcu-
lated for the allozyme data of A. pisum on alfalfa, clover and pea,
while the allele shared distance or D,g (Chakraborty & Jin 1993)
was computed for the microsatellite data of individual genotypes
found on the three host plants. Pairwise genetic distance matr-
ices were then subjected to cluster analysis using either neigh-
bour-joining (NJ]) or unweighted pair group method with
arithmetic mean (UPGMA) algorithms. Bootstrap values were
computed by resampling loci and are given as percentages over
1000 replications. Calculation of the genetic distances and tree
reconstruction were carried out using PoruraTions v. 1.2
(http://www.pge.cnrs-gif.fr/bioinfo/populations).

3. RESULTS

(a) Genetic differentiation revealed by allozymes
Populations of A. pisum showed low allozyme diversity
with an average of 2.8 alleles per locus and a mean
observed heterozygosity of 0.377 over all loci. There were
48 four-locus genotypes among the 1028 individuals
examined for allozyme variation. Adding colour variation
led to the characterization of a further 18 genotypes. Col-
our differences were found between host populations with
almost no pink individuals in pea fields (table 2). Pea
aphids from pea, clover and alfalfa fields also exhibited
striking gene-frequency differences (table 2). Populations
on clover showed near-fixation at the Idk locus and a pri-
vate allele at the Pep-GL locus. Similarly, populations on
pea showed near-fixation at the loci Pep-LGG and
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Table 2. Colour distribution and allozyme variation between populations of Acyrthosiphon pisum in alfalfa, pea and clover fields.
(H,pss observed heterozygosity; H..,, expected heterozygosity; s.e., standard error. Pairwise Fsr values of each host-population
comparison are indicated on the bottom row (A-P, alfalfa—pea; P—C, pea—clover; C-A, clover—alfalfa).)

population
alfalfa (n =431) pea (n=383) clover (n=214)
colour
green 0.789 0.995 0.658
pink 0.211 0.005 0.342
locus/allele
Idh Al 0.000 0.000 0.003
A2 0.875 0.699 0.997
A3 0.125 0.301 0.000
Sdh Al 0.976 0.669 0.983
A2 0.025 0.331 0.017
Pep-LGG Al 0.580 0.062 0.416
A2 0.419 0.931 0.585
A3 0.000 0.007 0.000
Pep-GL Al 0.000 0.000 0.306
A2 0.221 0.076 0.112
A3 0.779 0.924 0.582
H, (s.e.) 0.354 (0.325) 0.359 (0.308) 0.419 (0.460)
H,, (s.e) 0.275 (0.187) 0.283 (0.172) 0.270 (0.290)

within-host population Fgr 0.071

pairwise Fgr values

Fer (A-P) =0.270

0.005 0.054

Fer (P-C) = 0.272 Fgr (C-A) =0.098

Pep-GL. All except one test of pairwise single-locus genic
differentiation between host populations were significant
(p < 0.05). Only alfalfa and clover populations at locus
Sdh were not significantly different (p=0.649). Single-
locus Fgr values were significant for all loci (p < 0.001),
and the multilocus Fgr estimate was also highly significant
(Fsr=0.199, p < 0.001), indicating profound genetic dif-
ferentiation between host populations. In all cases, genetic
differentiation within host populations (Fgr values for
populations of the same host) was much lower than gen-
etic differentiation between host populations (table 2).
The UPGMA clustering analysis on the chord distances
of Cavalli-Sforza & Edwards (1967) revealed two major
groups: the first corresponding to all populations found
on pea and the second comprising the rest of the samples.
However, an additional subdivision between clover and
alfalfa populations was supported by a high bootstrap
value (93%), indicating that these two host populations
are also genetically differentiated from each other (figure

1).

(b) Genetic differentiation revealed by
microsatellites

Microsatellites exhibited a higher allelic diversity than
allozymes, with an average of 6.4 alleles per locus. The
mean observed heterozygosity ranged from 0.238 to 0.738
per locus and averaged 0.593 over all loci. Thus, hetero-
zygosity at microsatellite loci was 65% higher than at allo-
zyme loci. There were 50 seven-locus genotypes among
the 90 individuals of A. pisum examined for microsatellite
variation (18 on alfalfa, 15 on pea and 17 on clover), indi-
cating that several individuals shared the same genotype,
i.e. were clonal copies. Genotypes in several copies were
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never found on two different host plants but were frequent
within host populations.

As in allozymes, allelic-frequency distributions at
microsatellite loci showed strong differences between host
populations (table 3). Each of the three host populations
possessed five private alleles out of a total of 45. In the
alfalfa population, the frequency of one such private allele
(830'%°) reached more than 55%. Similarly, one private
allele (S23!2°) of the pea population was present at a fre-
quency of 25%. This strong genetic differentiation
between host populations was confirmed by highly signifi-
cant single-locus Fgr values (ranging from 0.070 for Sm11
to 0.499 for Sml10) and multilocus Fgr estimate
(Fst=0.231, p < 0.001). An NJ tree using D,g distances
between individuals (genotypes) placed all but one (AS8)
of the sampled genotypes from the same host in the same
group, reinforcing the idea of restricted gene flow between
the three host populations (figure 2).

The genetic relatedness between host populations of
A. pisum assessed with microsatellites is consistent with
that revealed by allozymes, and both types of data suggest
that: (i) pea lineages are monophyletic; (i) clover lineages
are monophyletic; while (iii) alfalfa lineages appear to be
paraphyletic (figures 1 and 2).

(¢) Prevalence of facultative symbionts across
populations of A. pisum

Most pea aphids (86%) harboured facultative symbionts
but the prevalences of the various symbiotic types were
very different between host populations (figure 3). In
1997, all pea genotypes of A. pisum harboured PASS,
while only 7% and 3% of aphids, respectively, on alfalfa
and clover were infected with this bacterium (figure 3a).
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Figure 1. Unrooted UPGMA tree based on the chord distance of Cavalli-Sforza & Edwards (1967) calculated with four
allozyme loci for populations of Acyrthosiphon pisum collected on pea, clover and alfalfa in 1997 and 1998 in two regions of
France. The numbers at the nodes are bootstrap values given as percentages. Each population is coded by its plant source (A,
alfalfa; C, clover; P, pea), field number, geographical origin (C, central western France; S, southern France) and year of

collection (97, 1997; 98, 1998).

In addition, pea genotypes were infected with PAR at a
rate of 30% and none of them harboured PABS or PAUS.
By contrast, 70% of alfalfa genotypes were infected with
PABS, while 71% of clover genotypes were infected with
PAUS. This pattern of a predominance of PASS and PAR
in pea genotypes, PABS in alfalfa genotypes and PAUS in
clover genotypes was confirmed in 1998 for the two
regions (Poitou and Languedoc). An average of 90% of
pea genotypes were infected with PASS and 37% with
PAR (figure 3b), with no significant differences between
regions. By contrast, only 8% and 10% of alfalfa geno-
types harboured PASS and PAR, respectively, and none
of the clover aphids was infected with either bacterium
(figure 3b6). PABS was found only in alfalfa genotypes, and
PAUS was the only facultative symbiont of clover geno-
types.

Co-infected aphids represented 17.2% of the sample.
PASS + PAR infection was the most common (54% of
co-infected aphids) and exclusive to pea genotypes.
PABS + PAUS (25%), PAR+ PABS (9%) and
PASS + PABS (6%) infections were restricted to alfalfa
genotypes, and PASS + PAUS (6%) infection was restric-
ted to clover genotypes. Aphids with more than two types
of facultative symbiont were not found.

(d) SSCP analysis of Buchnera genome

SSCP analysis did not detect any variation between
amplified portions of the genes aroQ-PheA and GroEL of
Buchnera harboured by the various host populations of
A. pisum (data not shown). By contrast, all clover geno-
types of A. pisum examined with SSCP showed a clearly
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distinguishable conformation pattern of the ffA-rpsP genes
of their associated Buchnera, probably caused by a deletion
in the intergenic region (figure 4). Pea and alfalfa geno-
types of A. pisum were not discriminated by SCCP of their
Buchnera genes.

4. DISCUSSION

(a) Genetic differentiation between host-associated
populations of the pea aphid

The genetic data presented here and the biological data
on performances and feeding behaviour presented in a
parallel study (Bournoville ez al. 2003) together demon-
strate that French populations of A. pisum consist of gen-
etically divergent host-associated races. As Via (1999)
found for pea aphids on clover and alfalfa in North Amer-
ica, our results indicate that genetic differentiation
between sympatric races of pea aphids on pea, alfalfa and
clover is greater than between subpopulations in geo-
graphically distant fields of the same crop. The present
study suggests that host specialization in pea aphids may
have preceded their introduction into North America.
Alternatively, it may be that only one host-adapted race
was introduced into North America, where the diversifi-
cation between alfalfa and clover races took place second-
arily. A comparison of the genetic relatednesses between
and within host races of A. pisum in France and North
America is needed to test whether host specialization
evolved once or many times.

Although our genetic data also confirm earlier biological
observations of host-associated populations of A. pisum on
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Table 3. Allele frequencies and mean observed (H,s) and expected (H,,,) heterozygosities at seven microsatellite loci in popu-
lations of Acyrthosiphon pisum on alfalfa, pea and clover (one-copy-per-genotype dataset).

(Microsatellite alleles are given as numbers of base pairs; s.e. standard error. Pairwise Fgr values of each host-population compari-
son are indicated on the bottom row (A-P, alfalfa—pea; P—C, pea—clover; C-A, clover—alfalfa).)

population
locus alfalfa (n=18) pea (n=15) clover (n=17)
S30
159 0.079 0.125 0.526
161 0.237 0.125 0.211
163 0.000 0.125 0.000
165 0.000 0.000 0.026
167 0.000 0.594 0.026
169 0.553 0.000 0.000
171 0.132 0.031 0.132
182 0.000 0.000 0.026
187 0.000 0.000 0.053
Sm10
151 0.526 0.000 0.806
153 0.368 1.000 0.194
156 0.079 0.000 0.000
189 0.026 0.000 0.000
S23
125 0.000 0.063 0.000
129 0.000 0.250 0.000
131 0.526 0.031 0.762
134 0.316 0.063 0.071
136 0.053 0.406 0.048
138 0.000 0.125 0.024
140 0.105 0.000 0.095
142 0.000 0.063 0.000
R5.10
238 0.028 0.219 0.184
254 0.028 0.000 0.158
263 0.083 0.000 0.053
268 0.528 0.000 0.395
270 0.139 0.031 0.211
273 0.194 0.750 0.000
S5.L
203 0.579 0.688 0.333
204 0.105 0.063 0.024
205 0.316 0.219 0.310
207 0.000 0.031 0.333
S17b
213 0.342 0.167 0.476
215 0.158 0.567 0.024
218 0.500 0.233 0.500
219 0.000 0.033 0.000
Smll
137 0.000 0.233 0.175
139 0.111 0.300 0.000
141 0.000 0.000 0.025
144 0.222 0.367 0.450
146 0.083 0.000 0.050
150 0.083 0.100 0.175
152 0.222 0.000 0.075
176 0.000 0.000 0.050
197 0.194 0.000 0.000
199 0.083 0.000 0.000
H,, (s.e.) 0.718 (0.119) 0.857 (0.330) 0.614 (0.187)
H,, (s.e.) 0.636 (0.090) 0.502 (0.250) 0.577 (0.160)
pairwise Fgr values Fyr (A-P) =0.244 Fyr (P-C)=0.326 Fgr (C-A)=0.104
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Figure 2. Unrooted NJ tree based on allele shared distance (D,s) calculated with seven microsatellite loci for multilocus
genotypes of Acyrthosiphon pisum collected on pea, clover and alfalfa in 1997. Genotypes are designated with a letter
corresponding to their host-plant source (A, alfalfa; C, clover; P, pea). Genotype A8 (highlighted on the tree), which was
collected on alfalfa but clusters into the clover group, presumably corresponds to a migrant that just landed on a bad host (see

§4).

several herbaceous Fabaceae in Europe (Miiller 1980),
they do not give conclusive support to the taxonomic dis-
tinction of pea aphids on pea as A. p. destructor (Hille Ris
Lambers 1973). The extent of gene flow (as measured by
Fgr) between pea aphids on pea and those on clover and
alfalfa is more than twice as great as that between pea
aphids on clover and alfalfa (tables 2 and 3). However, it
appears from the SSCP analysis of the primary endosym-
biont that pea aphids on pea and alfalfa have closer Buch-
nera genomes than those on clover. Whatever their species
status, these divergent host-associated races represent
three distinct ‘genotypic clusters’ (Mallet 1995), which are
close to the species boundary (Via 1999).

While aphids in general do not exhibit much allozyme
polymorphism, the variation present may still indicate sig-
nificant differences in host utilization (Hales ez al. 1997).
Earlier allozyme studies on pea aphids failed to detect sub-
stantial between-population variation (Simon ez al. 1982;
Dalmasso & Bournoville 1983). However, broader screen-
ings of enzymatic systems and the use of sensitive allozyme
techniques have revealed several polymorphic loci in
A. pisum (Via 1999; Bournoville ez al. 2000). Combining
the results of Via (1999) with the present results revealed
alleles specific to host-associated populations, which can
be used for race diagnosis (e.g. the slow Pep-GL allele,
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which is restricted to clover genotypes in both North
American and French populations). Microsatellites are
even more powerful diagnostic tools as they correctly
assigned most individual genotypes to their host race
(figure 2). Only genotype A8 was wrongly assigned; it
could be the offspring of a migrant that recently landed
on its bad host, so the effect of selection has not had time
to be completed. Alternatively, A8 could be a generalized
genotype able to feed on both clover and alfalfa. Although
laboratory F, hybrids between clover and alfalfa races have
a lower average fitness than their specialized parents, there
is still significant genetic variation in fitness traits among
those hybrids for a generalized pea aphid to evolve (Via ez
al. 2000). However, the first explanation is preferred
because (i) aphid sampling was done quite early in the
cropping season and (ii) generalized genotypes of the pea
aphid have not yet been detected in the field.
Interestingly, the extent of genetic differentiation
between clover and alfalfa races in North America
(Fst=0.212; Via 1999) is very similar to that found in
France between the three races for both allozyme
(Fst=0.199) and microsatellite (Fgr=0.231) markers
(present study). This level of genetic divergence, which
falls within the range of values usually measured for geo-
graphical or chromosomal races, still offers the possibility
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Figure 3. Prevalences of four facultative symbionts of
Acyrthosiphon pisum in populations sampled in pea, clover
and alfalfa fields in (a) 1997 and (b) 1998 in two regions of
France. Black bars, PASS; dark-grey bars, PAR; open bars,
PABS; light-grey bars, PAUS.
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Figure 4. Molecular variation between the Buchnera genomes
of host-associated populations of Acyrthosiphon pisum (SSCP
variation at the ffhA-rpsP genes).

for gene exchange (Via 1999). By contrast, it is intriguing
that, despite highly significant genetic differences in allo-
zyme and microsatellite markers, previous mitochondrial
DNA surveys failed to detect any variation associated with
host adaptation in either North American (Barrette et al.
1994; Boulding 1998) or British (Birkle & Douglas 1999)
populations of A. pisum. This may indicate that divergence
between host races is too recent for the detection of a
phylogenetic signal on the mitochondrial genome.
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(b) Diversity and distribution of symbionts across
host races of the pea aphid

The main results of our analysis of the microbial com-
munity residing in French A. pisum are threefold: (i)
besides the primary endosymbiont, Buchnera, most indi-
vidual aphids are infected with one or two facultative sym-
bionts; (ii) there is a very strong association between host
races of A. pisum and their facultative symbionts; and (iii)
the Buchnera genome may differ between host-associated
populations. In summary, this survey of symbiotic diver-
sity in A. pisum further confirms the high genetic diver-
gence between clover, alfalfa and pea races revealed by
nuclear markers.

French populations of pea aphids are characterized by
a great diversity in their facultative symbionts. The four
main facultative symbionts of A. pisum have been detected
in our survey, all at high rates. Only a small fraction of
individuals (14%) had Buchnera only. This fraction of
aphids could harbour other symbionts, such as Spiro-
plasma, which infected a small percentage of Japanese
A. pisum (Fukatsu et al. 2001; Tsuchida ez al. 2002), or
other bacteria that have not yet been described. Alterna-
tively, facultative symbionts could have been lost from
these aphids under certain environmental conditions or
after failure of vertical transmission (Darby ez al. 2001;
Tsuchida et al. 2002). Variation between clones of
A. pisum in their facultative-symbionts repertoire has
already been reported for PASS, PAR and PAUS in North
America (Chen et al. 1996; Chen & Purcell 1997; Sand-
strom ez al. 2001), for PABS in the UK (Darby ez al. 2001,
2003) and for PASS, PAR, PAUS and Spiroplasma in
Japan (T'suchida ez al. 2002). None of these previous stud-
ies made a clear link between host-associated populations
of pea aphids and the distribution of their facultative sym-
bionts, possibly because in most cases it was not explicitly
searched for.

Double-infected individual aphids represented a sub-
stantial fraction (17.2%) of French populations of
A. pisum. Previous studies found much lower co-infection
rates, for example 0.5% in Japanese pea aphids (Tsuchida
et al. 2002). It was suggested that this rarity of multiple-
symbiont infections resulted from conflicts for resources
and space in the same host (Sandstrém et al. 2001). This
seems not to be the case for French populations of pea
aphids, in which at least some combinations of facultative
symbionts are relatively common (e.g. PASS-PAR infec-
tion, which is found in 54% of co-infected pea aphids).
These differences in double-infection rates between
French and Japanese populations of A. pisum might be
explained by environmental or historical factors. For
example, it could be that extreme temperatures, which are
more frequent in Japan than in France, may affect the
stability of symbiont infection. Alternatively, a higher rate
of multiple-symbiont infections may suggest a longer his-
tory of symbiont—pea aphid interactions and the potential
for numerous cases of horizontal transfer.

The strong association between symbionts and races of
A. pisum reported here raises several questions regarding
(i) its origin(s) and maintenance; and (ii) its consequences
for host fitness. It has been previously shown from mol-
ecular phylogenetic analyses that facultative symbionts of
pea aphids had independent origins (Chen er al. 1996;
Chen & Purcell 1997; Fukatsu ez al. 2001; Sandstrom ez
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al. 2001). Thus, two scenarios can be proposed to explain
the specific symbiotic composition of pea aphid races.
First, it could be that different facultative symbionts
infected some lineages of A. pisum before ecological spe-
cialization and genetic differentiation of the host races.
Subsequently, these symbionts could have played a part
in plant adaptation. However, this scenario contradicts
recent findings that the genetic architecture of pea aphids
per se determines plant specialization, with no evidence for
the involvement of maternal factors, including obligate
and facultative symbionts (Caillaud & Via 2000; Haw-
thorne & Via 2001). The second, more probable, scenario
postulates that facultative-symbiont infections occurred
after ecological specialization in A. pisum, their current
distribution reflecting the neutral genetic divergence
between host-associated populations. Acquisitions of fac-
ultative symbionts might have occurred independently in
the distinct host races through either aborted parasitoid
attacks or the oral route (Darby er al. 2001; Sandstréom etz
al. 2001). For example, the host specialization found in a
wasp parasitoid that parasitizes the pea aphid (Henter
1995) might have been responsible for the pattern of
association of symbionts with host races. By contrast, it is
plausible that facultative symbionts were acquired through
ingestion from plant surfaces or from the interior of plants,
which would readily explain the specific symbiotic
microbiota of A. pisum races. Whatever their origin, the
relationships between host races and their facultative sym-
bionts are not strict, which suggests some lability in sym-
biotic interactions or, more probably, occasional
horizontal-transmission events. The latter may be possible
either through exchange between host races that are still
genetically connected or through the parasitic or oral
routes mentioned above.

While it is now well established that Buchnera, the obli-
gate symbiont of aphids, supplies its host with essential
amino acids that are absent from the insect diet (Baumann
et al. 1995; Douglas 1998; Shigenobu er al. 2000), the
effects of facultative symbionts on host fitness are still
poorly understood. PASS can have both positive and
negative effects depending on pea aphid genotype and
temperature (Chen ez al. 2000), while PAR and PABS
seem to confer resistance to parasitic wasps (Oliver ez al.
2003). Thus, we expect that infections with these bacteria
will have consequences for the physiology and ecology of
their aphid hosts (Sandstrom er al. 2001; Oliver et al.
2003). It is possible that adaptive variation even exists
between the Buchnera genomes of pea aphids and could
facilitate host utilization. For example, clones of the pea
aphid can differ in their copy number of rpEG genes
located on a plasmid that overproduces tryptophan
(Baumann er al. 1995). Whether this copy number is
related to host races requires further investigation.

In conclusion, our study clearly demonstrates that
French A. pisum on pea, clover and alfalfa are highly gen-
etically divergent and that each race possesses a specific
composition of facultative symbionts. Whether this associ-
ation between host races of 4. pisum and their symbionts is
universal remains to be explored through phylogeographic
studies, in particular in North America where alfalfa and
clover races coexist. This would help us to understand the
origin, and the routes and age of acquisition of facultative
symbionts of pea aphids. In addition, a very important
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task would be to elucidate the effect of facultative sym-
bionts on their aphid hosts, including their role in host
adaptation. Finally, the bacterial community residing in
pea aphids shows a high level of complexity, which
requires a thorough investigation of symbiotic interactions
and their dynamics.
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