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Abstract

Aphids comprise 4,400 species that live in close interactions with their host-plants, the parasitoid
wasps and fungi they encounter, as well as several bacteria including Buchnera aphidicola, an
obligatory, nutrient-providing symbiont. Aphids also interact with a cohort of facultative secondary
symbionts that strongly interfere with their major life history traits such as host-plant specialization,
heat tolerance and resistance to natural enemies. Here, we present some evolutionary and
ecologically-relevant aspects of these interactions, focusing on aphid defenses to parasitism, and
considering aphids either as "extended organisms" comprising aphid and symbionts' genomes, or as
"single-genome" organisms whose immune components are still poorly known. We highlight the
complexity of predicting evolution of aphid immune resistance in the field, due to variable selection
pressures, short-term costs, and cross-talk between symbionts. Finally, we present perspectives to
strongly improve our understanding of the "aphid-symbiont-bacteriophage" meta-organism defenses
and to elucidate the interactions between immunity, pathogenicity and symbiosis.
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Introduction

All organisms have to maintain homeostasis The complex pathways of innate immunity have
and ensure growth and reproduction in changing been at least partly deciphered in model species,
abiotic and biotic environments. There is no doubt allowing comparative analyses to be performed. Of
that one of the most challenging environmental course, as immunity is a major fithess-related trait,
condition is the presence of a large diversity of interest is also given to variation of some immune
pathogens and parasites, and that the main host components in relation with biological
defense relies on the immune system. Furthermore, characteristics such as the developmental stage,
the existence of a continuum from pathogenic to the morph, the sex, or the occurrence of a previous
beneficial microorganisms is now largely admitted immune challenge, as well as with physical
and current research focuses on the immune environmental characteristics, such as the
system as a main factor in the establishment and temperature. Evolutionary important features as the
maintenance of mutualist/symbiotic interactions existence of trade-offs between constitutive or
(Slack et al., 2009; Login et al., 2011). Investigation induced immunity and, for instance, survival or
of the complex interactions between immunity, reproduction, are also considered, and the evolution
pathogenicity and symbiosis mostly relies on insect of the level of specificity of the immune response is
models that are numerous and diversified. Indeed, it largely discussed (Sadd and Schmidt-Hempel,
is roughly estimated that more than 70 % of species 2009; Schulenburg et al., 2009). However, data on
host one or more bacterial symbionts (Hurst and all these aspects are scarce in Homopteran insects
Darby, 2009). and notably in one of the most representative

groups, the aphids.
Aphids are remarkable organisms at the
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conditions. Their impressive ability to proliferate
thus largely relies on clonal multiplication while the
resulting lack of genetic diversity is mainly
compensated by a high phenotypic plasticity.
Dissemination and colonization of new host plants is
ensured by the production of winged individuals
when resources become scarce (Le Ralec et al.,
2010).

Secondly, the biology of aphids is characterized
by multiple inter-specific interactions. They are sap-
feeding insects that establish a durable interaction
with their host plant, managing to avoid or control
the plant defenses, and manipulating the plant
physiology to ensure the compatibility of the
interaction (Giordanengo et al., 2010). Adaptation to
the restricted phloem sieve diet is ensured by an
obligate (primary) symbiosis with the bacteria
Buchnera aphidicola which is essential in providing
the missing nutrients (amino acids) (Brinza et al.,
2009). Aphids can also carry secondary, facultative
symbionts that are not required for survival but can
be mutualistic in affecting positively various life
history traits such as suitability to the plant host,
heat tolerance, or protection against natural
enemies (Montlor et al., 2002; Oliver et al., 2010).
Finally, like all living organisms, aphids are attacked
by natural enemies such as pathogenic fungi and
parasitoid wasps.

The immunity of aphids is of particularly interest
as it likely affects the network of inter-specific
interactions, therefore playing a central role in their
ecology and evolution (Fig. 1). Understanding the
functioning and evolutionary ecology of aphid
immune defenses is therefore of central importance
for future development of control strategies involving
pathogenic agents or targeting the aphid-symbionts
equilibrium. However, data in this area remain
scarce. Here, we present a brief overview of our
current knowledge, mainly focusing on the pea
aphid A. pisum whose genome has been
sequenced, and which represents a good example
of aphids' functioning as a meta-organism. We then
discuss the evolutionary and ecologically-relevant
traits of aphid biology that should be explored in the
next future in relation to immune findings.

The aphid complex biology

Aphid diversity and plasticity

Aphids belong to the Aphidoidea and the
Phylloxeroidea super families of Hemiptera and they
comprises about 4,400 species (Blackman and
Eastop, 1994). Among these, about 250 species are
agricultural pests, mainly because they vehicle and
transmit plant viruses. Most aphid species are found
in temperate regions but some have adapted to
tropical environments (Dixon et al., 1986) or even
extreme climates such as sub-Antarctic (Hullé et al.,
2003), resulting in a world-wide distribution. Aphids
can feed on virtually all plant families, the majority of
species being specialized to a single host plant,
while some have a broad host-plant range (Pecoud
et al., 2010). Aphid speciation and diversification is
thought to be widely driven by their specific
adaptation to host plants (Pecoud et al., 2010).

Aphid life cycles involve a succession of sexual
and asexual morphs. In the simplest cycles, such as
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that of the pea aphid Acyrthosiphon pisum, a single
sexual generation occurring in autumn alternates
with several parthenogenetic generations where
each female produces hundreds of viviparous
offspring (Helle, 1987). Changes in sexual fate and
reproductive mode are condition-dependent and
they illustrate the aphid extraordinary developmental
plasticity in response to environmental cues.
Altogether, whether variability of a given trait of
aphids results from an existing genetic diversity
among clones, as evidenced for their adaptation to
the host plant, or from high phenotypic plasticity, is
sometimes difficult to establish.

Aphid multiple inter-specific interactions

One of the major characteristics of nearly all
aphids is their adaptation to plant feeding through
association with the obligatory nutrient-providing
bacterial symbiont Buchnera aphidicola. This Gram-
negative proteobacterium has co-evolved with
aphids for 160-280 millions years (Moran and
Baumann, 1994; Wilson et al., 2010). Bacteria are
located only in specialized cells, the bacteriocytes,
and they are transmitted vertically to the embryos.
Buchnera has a dramatically reduced genome
(<1Mb), typical of well-integrated obligatory
intracellular endosymbionts, where genetic and
metabolic redundancy has been minimized (Gil et
al., 2002; Toft and Andersson, 2010). It has been
estimated that nearly 10 % of the coding capacity is
devoted to biosynthesis of 10 essential amino acids
that are lacking in the aphid phloem sap diet (Wilson
et al., 2010). While metabolic interactions between
aphids and Buchnera have been extensively studied
(Hansen and Moran, 2011), the role of the aphid
immune system in the establishment and
maintenance of this mutualistic interaction remains
to be examined.

Aphids are attacked by various enemies,
notably parasitoid wasps. Primary parasitoids of
aphids belong to two specialized taxa, the sub-
family Aphidiinae (Hymenoptera: Braconidae) and
the genus Aphelinus (Hymenoptera: Aphelinidae).
Female wasps lay eggs in different developmental
stages of aphids, from larvae to adults. By the time
the parasitoid larvae is fully developed, the aphid
dies and its cuticle hardens to form a so-called
"mummy" from which an adult wasp will emerge (Le
Ralec et al.,, 2010). Aphids are also infected by
various fungi, which generally induce death within a
few days (Butt et al., 1990). Differences in aphid
susceptibility/resistance to parasitoids or pathogens
have been reported in the field (Henter and Via,
1995) but the underlying mechanisms are still
largely unknown.

Finally, aphids also interact with bacterial
secondary endosymbionts (Oliver et al., 2010). They
are facultative and found free in the hemolymph as
well as within various cell types including
bacteriocytes (Oliver et al., 2010). Interestingly,
secondary symbionts can impact important fithess-
related traits, further complicating the evolutionary
ecology of aphids. For instance, Serratia symbiotica
has a beneficial effect on A. pisum reproduction and
viability under heat stress (Montllor et al., 2002),
thus providing a functional explanation to the
previous observations that its frequency reached 80
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Fig. 1 Aphid’'s immunity is likely involved in interactions with the host plant, the primary and secondary symbionts,

as well as the pathogens or parasitoids.

% in hot places (Oliver et al.,, 2010). Another
reported symbiont effect is the change in aphid
color. A recent study indeed evidenced that the
presence of Rickettsiella induces a body color
change from red to green (Tsuchida et al., 2010).
Such a modification is likely to affect prey-predator-
parasite interactions since ladybird beetles
preferentially consume red aphids while parasitoids
are more attracted by green ones. Finally, a largely
affected fithess-related trait is adaptation to the host
plant. In particular, results from several independent
studies revealed a complex association between
infection by Regiella insecticola, the aphid
genotype, and the host plant use (Ferrari et al.,
2007). Host-plant specialization of aphids can also
be directly affected, as infection by R. insecticola
would improve aphids' fithess specifically on clover
(Tsuchida et al., 2004).

Most fitness-related traits and interactions of
aphids with other species can therefore be diversely
affected by the presence of symbionts, whether
alone or in combination (Oliver et al., 2006).

Symbiont transmission

In contrast to B. aphidicola, secondary
symbionts are generally transmitted vertically.
However, occasional horizontal transmission has
been reported. For instance, one secondary
symbiont was shown to be possibly transmitted
through artificial diet, and its presence was reported
in aphid honeydew as well as siphuncular fluid
samples (Darby and Douglas, 2003). The lateral
transfer of symbionts may not only generate
exchanges between otherwise independent clonal
lines but also allow a much quicker spread of
symbionts among populations. Most interestingly,
symbiont transmission was also reported to differ
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between the parthenogenetic and sexual
reproduction stages. First, the maternal transfer of
symbionts appeared to be far more imperfect during
sexual reproduction than during parthenogenesis,
which might be a source of uninfected aphids
(Moran and Dunbar, 2006). Besides, paternal
transfer of symbionts could lead either to infection of
previously non-infected aphids, to double infections,
or to replacement of the maternal symbiont (Moran
and Dunbar, 2006). The occurrence of paternal
transfer of symbionts likely impacts their population
dynamics, notably because of the possible
establishment  of double infections. New
combinations of symbionts might indeed confer new
characteristics to the host, as well as generate
synergistic or antagonistic interactions. In addition,
recombination events and phage gene exchanges
might occur, representing a source for rapid
evolutionary changes.

The evolutionary ecology of aphids immune
interactions

One major difficulty in understanding how
ecological factors, either biotic or abiotic, shape the
evolution of the immune system is probably that this
guestion - that defines ecological immunology
(Schulenburg, 2009) - is at the interface between
different scientific areas. As secondary symbionts
are main components of the biotic environment of
aphids and strongly influence their resistance to
pathogens, the study of aphid defenses belongs
naturally to ecological immunity. The use of
classical tools to estimate overall defenses (survival
to pathogens, encapsulation ability, hemocyte
numbers, phagocytic activity, phenol oxidase
activity, antimicrobial activity, quantitative PCR on



immune-relevant genes, etc.) under various biotic
and abiotic conditions is thus a major approach to
explain and predict the complex interactions
between symbiosis and immunity in the aphid
model.

An important feature at this time is also the
definition of the "organism" to be considered. Aphids
can indeed be perceived either as species whose
immune phenotype is mainly determined by their
own genome, or as "extended organisms"1 (in the
sense of Dawkins' extended phenotype) or meta-
organisms, whose defenses may result from the
intricate effect of different genomes, including that of
symbionts.

Aphids as "extended organisms"

Though the aphid meta-organism was reported
to interact with host-plants, parasitoids and
pathogenic fungi, studies have mainly focused on
the "resistance to parasitoids" phenotype, and more
specifically on the resistance associated with
secondary symbionts.

Clonal resistance to braconid parasitoids has
been described in populations of A. pisum
(Hufbauer and Via, 1999; Ferrari et al., 2001),
Myzus persicae (von Burg et al., 2008) and Aphis
fabae (Vorburger et al., 2009), although it is quite
rare. In a resistant aphid, failure of the parasitoid
can occur either at an early stage when the egg fails
to develop or at the larval stage (Li et al., 2002), and
it is the "larval stage" resistance that is largely
influenced by secondary symbionts. In order to
understand how symbionts increase aphids'
resistance, several studies have experimentally
manipulated the symbiotic associations, either by
suppressing symbionts using antibiotics treatment,
or by introducing a new symbiont thanks to micro-
injection. For instance, Aphidius ervi parasitism
success on A. pisum was shown to be reduced by
42 % and 23 % in aphid lines harboring H. defensa
and S. symbiotica respectively (Oliver et al., 2003).
When aphids were experimentally super-infected
with both symbionts, the reduction in parasitism
success reached 60 %, a benefit that correlated with
a marked decrease in fecundity (Oliver et al., 2006).
H. defensa was also reported to provide resistance
to A. ervi against Aphidius eadyi (Ferrari et al.,
2004; Oliver et al., 2009), and more recently to
Aphis fabae against Lysiphlebus fabarum
(Vorburger et al., 2009).

It is noteworthy that different strains of H.
defensa confer various levels of protection against
A. ervi (Oliver et al., 2005). Strikingly, however, a
toxin-encoding bacteriophage, APSE (A. pisum
secondary endosymbiont), was demonstrated to be
required, and likely responsible, for the protective
phenotype (Oliver et al., 2009). More recently, an
independent study evidenced that A. pisum clones
infected with both H. defensa and the newly
discovered symbiont PAXS displayed a high
resistance to A. ervi (Guay et al., 2009). Another
symbiont, Regiella insecticola, was previously
known to confer resistance to a fungal pathogen

(Scarborough et al.,, 2005) but not to parasitoids.
However, unlike other strains of this bacterium, a
specific isolate from Myzus persicae provides a
protection against the wasp Aphidius colemani
(Vorburger et al., 2010).

Altogether, these data suggests that the ability
to protect the host against natural enemies may
evolve readily in different endosymbiotic bacteria,
maybe in relation with occurrence of genetic
exchanges and gene transfer among symbionts or
phages in double-infected hosts (see above). To
date, the only described mechanism explaining the
symbiont-associated protection is a direct effect,
involving the use of bacteriophage' toxins. However,
bacterial toxins might be used as well, since most
symbionts, including Hamiltonella have retained
virulence-associated genes in their genomes
(Degnan et al., 2009). Alternatively, symbionts may
act indirectly, through an existing host system, and,
for instance, positively affect the host immunity.

The evolution of symbiont-associated
resistance in populations depends on the selection
pressures induced by parasitism rates, on the costs
associated with the presence of a given symbiont
and of the cross-talk between the symbiotic
companions in case of multi-infection (Oliver et al.,
2006). Interestingly, the symbiont-associated cost
may itself vary. Most facultative symbionts have
detrimental effects on their host fithess under sex-
inducing conditions (Simon et al., 2011), and the
estimated cost on Aphis fabae longevity associated
with Hamiltonella depends on genotypexgenotype
interactions between the host and the symbiont
(Vorburger and Gouskov, 2011). The selective
advantage provided by symbionts can also vary. For
instance, the resistance  associated  with
Hamiltonella's bacteriophage evolves quickly due to
repeated losses of the phage under laboratory
conditions, probably because of an imperfect
vertical transmission (Oliver et al, 2009).
Resistance to A. ervi in the presence of H. defensa
can also change from complete protection to high
susceptibility depending on the temperature
(Bensadia et al., 2006). Finally, parasitoids exposed
to H. defensa-harboring resistant clones rapidly gain
virulence over time (Dion et al.,, 2011), so that
resistance is overcome, but they also experience a
reduction in fitness.

The case of Hamiltonella well illustrates the
prediction that symbiont-associated resistance may
be less stable than genetic resistance (Hurst and
Darby, 2009). Indeed, the rate of vertical
transmission is not always 100 %, so that bacteria
can be lost, and the presence of symbionts is
possibly costly, at least energetically. The complex
pattern of selective advantages and disadvantages
may then explain the large fluctuations of
Hamiltonella frequency and aphid resistance to
parasitoids reported in the field. Also, it may
facilitate the acquisition/evolution of new resistance-
associated secondary symbionts (maybe explaining
the observed resistance conferred by PAXS in
association with Hamiltonella, Guay et al., 2009).

! The term "extended-species” we initially choose do not strictly apply to the aphid model since the host and the symbionts,
including Buchnera, are considered as different taxonomic units. However, we have clear examples from the long-term evolution
that an intricate symbiosis can ultimately lead to the formation of a unique taxonomic entity.
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Aphids as a "single genome" species

Vorburger et al. (2008) has suggested that
aphid parasitoids may be confronted with two lines
of defense: the "innate defences” and the “acquired
defences” provided by secondary endosymbionts,
which likely differ in their effectiveness and
specificity. Significant clonal variation in resistance
was indeed observed in several studies, which
suggest the existence of an aphid innate resistance.
For example, susceptibility of the pea aphid to A.
ervi was shown to vary among clones of a single
population (Henter and Via, 1995). Although
occurrence of such a "genetic" variation suggested
a potential for resistance to evolve in response to
selection, the average resistance remained
unchanged between aphids from this population
collected early or late in the summer and exposed
meanwhile to a high parasitism rate (Henter and
Via, 1995). The authors hypothesized that the lack
of response to selection was due to trade-offs
between resistance and other fitness-related traits.
Significant clonal variation and co-variation in
resistance of A. pisum to two parasitoid wasps and
to a pathogenic fungi was also reported, without
evidence of a trade-off between resistance and
fecundity (Ferrari et al., 2001). On the contrary,
Myzus persicae effectiveness to survive A. colemani
attacks was correlated with a loss of fecundity in
individuals surviving the attack (Vorburger et al.,
2008). In other words, clones that were more
resistant to the parasitoid experienced a higher loss
in fecundity when attacked. Such a trade-off may
impair selection for resistance in natural populations
and participate to the maintenance of genetic
variation for resistance (Vorburger et al., 2008).
Finally, recent work from Dion et al. (2011) also
demonstrated a large clonal variation in resistance
to A. ervi in the absence of secondary symbionts.

Importantly, caution must be taken in
concluding on the genetic basis of a variation in
resistance since the absence of secondary
symbionts has not always been assessed or
accurately demonstrated. When tested, the
presence of symbionts was assessed through PCR
analysis based on known sequences, while novel
aphid secondary symbionts are regularly described
(Guay et al., 2009; Tsushida et al., 2010).

Although these studies nevertheless highlight
natural variation in aphid ability to fight pathogens,
the mechanisms underlying this variation are totally
unknown and the involvement of the immune
system has not been investigated. Understanding
resistance to parasitoids in aphids and their
evolution thus requires a thorough study of aphids’
own immune defences, as well as of the parasitoid
strategies selected to avoid or circumvent all aphid
defense categories.

The aphid immune system: what do we know?
Intriguingly, neither the physiology nor the
molecular biology of the immune defenses of aphids
have ever attracted attention. Possible reasons for
that are the small size of most aphid species. Also,
insect immunity was primary studied on Diptera and
Lepidoptera that are submitted to frequent bacterial
challenges, while aphids belong to the Homoptera
and were mainly described as interacting with
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parasitoid wasps. Ecological immunologists often
estimate the immune response level by counting the
number of immune cells, and measuring the phenol
oxidase (PO) activity. However, there are very few
available descriptions of immune cells in aphids, the
most detailed being by far the one of Boiteau and
Perron (1976), which described six hemocyte

categories in Macrosiphon euphorbiae:
prohemocytes, oenocytoids, plasmatocytes,
granulocytes, spherulocytes and wax cells.

Surprisingly, the first data on A. pisum (Laughton et
al., 2011), reported only three morphologically
distinct types of hemocytes: prohemocytes,
granulocytes that may phagocyte bacteria, and
oenocytoids. More accurate, thorough analyses,
including ultra-structural description of the cells, and
description of their adhesion profiles, are strongly
needed to perform functional analyses. Comparison
of aphid hemocyte numbers from different morphs
and under different environmental conditions
nevertheless remains a complicated task, due to the
low cell number and the quantity of debris and
symbionts in the hemolymph. Regarding the
phenoloxidase pathway, detailed annotation work of
A. pisum genome suggests that it exists in the pea
aphid (Gerardo et al., 2010), and a constitutive
phenoloxidase activity can be measured (M Poirié,
personal data). Whether or not it differs between
morphs and can be activated by a pathogen
challenge remains to be established.

The question of the immune molecular
processes underlying the biotic interactions of
aphids is then far from being elucidated. Most
information comes from the recent sequencing of
the first aphid genome (A. pisum) by the
International Aphid Genomics Consortium (IAGC)
(IAGC, 2010) that has raised novel evolutionarily-
and functionally-relevant questions. For instance, a
total of approximately 34,000 genes were predicted,
which is nearly twice as described for other insect
sequenced genomes belonging to Diptera,
Coleoptera and Hymenoptera (IAGC, 2010; Tagu et
al., 2010). This is at least partly explained by the
existence of many gene duplications (Tagu et al.,
2010).

In a first search for immune-related genes in A.
pisum genome, Gerardo and collaborators (2010)
identified key elements of the Toll and Janus
kinase/signal transducer (JAK/STAT) pathways, as
well as corresponding recognition and effector
genes. Surprisingly, however, the immune
deficiency (IMD) signaling pathway was apparently
non functional, with some of the genes missing, and
no peptidoglycan recognition proteins (PGRPS)
were found. In addition, well-conserved
antimicrobial peptides such as defensins and
cecropins could not be predicted (Gerardo et al.,
2010). Experimental analyses were designed to
characterize immune response through the isolation
of RNA transcripts from immune-challenged pea
aphids but they uncovered few immune-related
products. These data and the low expression levels
of some characterized aphid immune genes
suggested a low overall antibacterial immune
response (Altincicek, 2008; Gerardo, 2010) in
agreement with aphid susceptibility to experimental
bacterial infection (Grenier, 2006; Altincicek, 2011).
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2), and possibly the presence of phages in secondary symbionts (level 3). The parasitoid effect should be tested
in combination with all these levels and the temperature effect will likely have to be considered as well. Note that
secondary symbionts may belong to different species or may represent different strains of a given species,

therefore complexifying the approach.

Different evolutionary hypotheses have been

proposed to explain this surprising result. For
instance, aphid increased investment in
reproduction following infection, or symbiont-

mediated host protection might "compensate" for
the "deficient" immunity. This latter hypothesis
implies of course that symbionts do not act indirectly
through manipulation of host immunity. Also, the
reduced antibacterial defense was suggested to be
an adaptation for the symbiosis with the bacterium
Buchnera aphidicola, that is known to elicit an
immune response in Drosophila S2 cells (Douglas
et al.,, 2011). This selection to "accommodate" the
bacterial partner could have also ended in a
reduced antibacterial defense specific to the
bacteriome as reported in a weewil species
(Anselme et al., 2008) given that Buchnera cells are
rarely encountered outside the bacteriome.

A main concern in answering the question of a
“deficient” or a “different” immune system in aphids
is the lack of information both on genes potentially
involved in the anti-parasitoid response, and on
occurrence of resistance to bacterial pathogens.
Besides, it is possible that a substantial part of the
aphid immune genes escaped annotation due either
to assembly problems or to biases, since gene
prediction and identification strictly rely on
similarities with genes previously described in other
models. The "deficient immunity" hypothesis thus
remains first to be tested accurately, taking into
account other elements of the immune response
such as the signaling pathways involved in cellular
responses (including MAPK pathways), the
receptors involved in phagocytosis ability, or the
reactive oxygen species-mediated defenses.

Future directions

Aphid’s life history traits, including immune
performances, must be viewed as extended

252

phenotypes (Dawkins, 1989) resulting not only from
the expression of the aphid genome itself, but also
from the expression of genes from their bacterial
symbionts and eventually from the bacterial phages.
In many insects, including Drosophila, bacterial
symbionts can indeed positively or negatively
impact host defenses against pathogens and even
participate in the formation of the immune system
(Xie et al, 2010; Weiss et al., 2011).
Characterization of immune traits thus have to be
performed in aphids naturally or artificially deprived
of secondary symbionts. This will allow subsequent
comparison of different genetic backgrounds and
different morphs, under different conditions (Fig. 2).
In a second step, it will be possible to compare
immune components between genetically identical
lines without secondary symbionts or with a single
secondary symbiont, or different strains of this
symbiont, with or without associated phages (Fig.
2). This will provide essential information on how the
aphid immune system and the symbionts interfere
with each other, depending of the symbiont strain or
species. Strikingly, understanding the immune
ecology of aphids as meta-organisms will also
require addressing the important question of the
multiple-infections and of the impact of abiotic
conditions.

In the field, future studies aimed at
characterizing immune processes or at examining
an immune-related trait, such as the ability to fight
infection by a particular pathogen or parasitoid,
should be carefully designed to control or
characterize the extended genotype (Fig. 2). The
diagnostic of the presence of microorganisms by
observatory methods (such as microscopy, immune-
labeling or PCR) is restricted to the known symbiont
species. However, the rapid progression of genome-
sequencing methods and facilities should allow
characterization of the metagenome of aphid clones
in a close future, opening the way to comparative



genomics of clones presenting different immune-
related traits (i.e., resistance/susceptibility to a
pathogen).

Applied to human gut, microbial metagenomics
recently revealed more than 1,000 prevalent
bacterial species in a single cohort of 124
individuals, each individual hosting at least 160 of
such species (Qin et al., 2010), whether commensal
or potentially pathogenic. This commensal
microbiota is now known to shape the host immune
system. Aphids host a comparatively much smaller
number of bacteria but they have highly intricate
relationships with most of them, then appearing as
good models for deciphering the interactions
between immunity, pathogenicity, and symbiosis.
They are also important models to address the
central question of how to use our increasing
knowledge on the symbiont-mediated modification
of essential life-history traits for improving human
and plant health.
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