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Abstract

Many insects engage in symbiotic associations with diverse assemblages of bacterial symbionts that can deeply
impact on their ecology and evolution. The intraspecific variation of symbionts remains poorly assessed while
phenotypic effects and transmission behaviors, which are key processes for the persistence and evolution of symbi-
oses, may differ widely depending on the symbiont strains. Serratia symbiotica is one of the most frequent symbiont
species in aphids and a valuable model to assess this intraspecific variation since it includes both facultative and
obligate symbiotic strains. Despite evidence that some facultative S. symbiotica strains exhibit a free-living capacity,
the presence of these strains in wild aphid populations, as well as in insects with which they maintain regular
contact, has never been demonstrated. Here, we examined the prevalence, diversity, and tissue tropism of
S. symbiotica in wild aphids and associated ants. We found a high occurrence of S. symbiotica infection in ant
populations, especially when having tended infected aphid colonies. We also found that the S. symbiotica diversity
includes strains found located within the gut of aphids and ants. In the latter, this tissue tropism was found restricted
to the proventriculus. Altogether, these findings highlight the extraordinary diversity and versatility of an insect
symbiont and suggest the existence of novel routes for symbiont acquisition in insects.
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Introduction

Animals exhibit diverse relationships with different types of
symbiotic bacteria [1]. Facultative symbionts are common in
insects and can greatly influence their ecology and evolution
[2, 3]. In contrast to the obligate symbionts that are essential
for successful host growth and reproduction, facultative bac-
terial partners only deliver fitness benefits in the context of
specific ecological conditions [2]. While the evolutionary im-
portance of facultative symbionts in insect populations is now
well established, the significance of their intraspecific varia-
tion on their associated phenotypes and their transmission
behaviors remains fairly unexplored.

Among insects, aphids (Hemiptera: Aphididae) serve as ex-
cellent models for elucidating the functional importance of sym-
biotic interactions as they engage in a particularly wide range of
mutualistic symbioses with bacteria [2]. Aside from their obligate
nutritional symbiont Buchnera aphidicola, these sap-feeding in-
sects may harbor a wide range of facultative symbionts that are
maternally transmitted and usually occur in a fraction of the
individuals within a population [2, 4, 5]. In contrast to
Buchnera, which is hosted in specialized host cells called
bacteriocytes, these facultative partners have a more flexible tis-
sue tropism because they can inhabit different types of tissues,
including bacteriocytes, sheath cells, and hemolymph [2].
Facultative symbionts can typically undergo occasional intraspe-
cific and interspecific horizontal transfers that may lead to novel
associations and, subsequently, to the acquisition of ecologically
important traits by the newly infected insects [6-9].

Although the phenotypic effects of several symbiont spe-
cies residing in aphids have already been depicted in many
studies [2, 3, 10—12], these are most often limited to a small
number of insect species and rarely consider the diversity of
strains contained in the same species of symbiont. However,
intraspecific variation in facultative symbionts should reflect
the variety of phenotypic effects and associated costs as has
been demonstrated in the case of protective symbionts [13,
14]. Another remarkable example is the case of the bacterial
symbiont species Wolbachia pipientis whose associated phe-
notypes are strain-specific: while certain strains have mutual-
istic effects, others display deleterious effects for their host
[15—-17]. Strain variation may also affect tissue tropism phe-
notypes and transmission patterns and behaviors, which are
crucial for the fixation, persistence, and evolution of the sym-
biosis in insect populations [18-20]. Compared to the obligate
symbionts engaged in a long co-evolutionary history with
their host, facultative symbionts are involved in more recent
symbiotic associations and exhibit a more variable degree of
dependence with their host. These features likely influence the
rate of their horizontal transfers and, consequently, their abil-
ity to engage in new symbiotic associations with novel hosts
[21]. Assessing the intraspecific variation of these facultative
partners is therefore essential to refine our understanding of
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the origin of mutualism and to better appreciate how these
microorganisms spread within insect populations.

Serratia symbiotica is one of the most frequent facultative
symbionts found in aphids [2, 22] and a valuable candidate for
assessing the significance of intraspecific variation in symbionts
as it displays contrasting biological features in term of lifestyle,
genome reduction, cell shape, and tissue tropism. On the one
hand, S. symbiotica includes strains with highly reduced ge-
nomes which are associated with a nutritional co-obligate role
and which have been described in a limited number of aphid
species of the subfamily Lachninae [23-25]. On the other hand,
S. symbiotica includes strains of a facultative nature whose pro-
tective effects against environmental heat stress and parasitoids
were mainly studied in the pea aphid Acyrthosiphon pisum under
laboratory conditions [26-28]. In addition, facultative strains
with a free-living capacity under anaerobic conditions, whose
associated biological effects are unknown, were isolated on rich
medium [29-31]. This lack of a total interdependence with re-
spect to their host as well as the genomic features of the cultivated
strain CWBI-2.3" suggest that these so-called free-living
S. symbiotica are involved in a nascent stage of symbiosis [29,
32, 33]. The extent of these free-living strains in wild insect
populations as well as their tissue tropism has never been ad-
dressed, while they may represent remarkable candidates to as-
sess the evolutionary scenarios for the acquisition of bacteria and
the origins of bacterial mutualism.

The aim of the present work was to highlight the presence
of S. symbiotica strains with a potential free-living capacity in
wild aphid populations. The lack of complete interdependence
with respect to their host makes certain S. symbiotica strains
more likely to pass from one host to another to initiate the
establishment of new symbiotic associations. Through a field
study, we sought to determine the prevalence, diversity, and
tissue tropism of S. symbiotica in natural populations of
aphids as well as in tending ants. Using diagnostic PCR, fluo-
rescence in situ hybridization, and phylogenetic approaches in
a complementary way, we revealed that the S. symbiotica di-
versity includes strains residing within the aphid gut. This is
the first time that such tissue tropism has been observed for
S. symbiotica in wild aphids. Our study also demonstrated that
S. symbiotica occurs in tending ants where it was found locat-
ed within the proventriculus. The discovery of gut-associated
S. symbiotica suggests novel routes for symbiont acquisition
and highlights new questions regarding the evolution of bac-
terial mutualism in insects.

Materials and Methods
Insect Sample Collection and Identification

Specimens representing 26 aphid species were examined
(Table S1, Supporting information). Particular attention was
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given to populations of Aphis and Periphyllus genera for two
reasons. First, it is assumed that S. symbiotica is highly prev-
alent in these two genera [34]. Then, S. symbiotica strains
successfully isolated and cultivated in our laboratory were
initially isolated from several Aphis species [30, 31]. Field
specimens were sampled between July and September 2015
on various host plants at several locations in Belgium. When
tending ants were observed within aphid colonies, individuals
were systematically collected. A total of 90 aphid colonies
plus 30 pools of associated tending ants were examined.
Samples dedicated to genetic analyses were preserved in
90% ethanol at 4 °C until use, while samples devoted to the
microscopic observations were stored in acetone at ambient
temperature.

Insect DNA was extracted using the DNeasy Blood &
Tissue Kit (QIAGEN) following the instructions of the man-
ufacturer. Each DNA extraction was performed on a pool of
two to six individuals (two to three individuals in the case of
ants) from the same colony rather than a single individual to
reduce the risk of missing infection when S. symbiotica is
present. For insect species identification, the primers LepF
and LepR were used to amplify the target 658-bp fragment
of cytochrome ¢ oxidase subunit I (COI) gene [35, 36].
Primers are listed in Table S2 (Supporting information). The
PCR assays were performed in a final volume of 15 pl, con-
taining 1 pl of genomic DNA, 0.5 uM of each primer, 200 pM
dNTPs, 1x buffer, and 0.625 unit of Tag DNA polymerase
(Roche). The thermocycling profile consisted of 94 °C for
1 min; 6 cycles of 94 °C for 1 min, 45 °C for 1 min and
30 s, and 72 °C for 1 min and 15 s; followed by 36 cycles of
94 °C for 1 min, 51 °C for 1 min and 30 s, and 72 °C for 1 min
and 15 s; with a final 5 min extension period of 72 °C.
Amplicons were purified before sequencing (Macrogen Inc.,
Amsterdam). Insects were then identified into species by com-
paring resulting COI sequence data to GenBank nucleotide
database using BLAST.

Diagnostic Screening for S. symbiotica

All samples were screened for the presence of S. symbiotica
by amplifying a partial region of the 16S rRNA gene using the
specific primers 16SA1 and PASScmp [37]. Primers are listed
in Table S2 (Supporting information). The PCR assays were
performed as previously described [38]. DNA from an infect-
ed line of the pea aphid Acyrthosiphon pisum was used as
positive control (Tucson aphid clones provided by the
Nancy Moran Lab [27]). The amplicons were then purified
and sequenced in both directions (Macrogen Inc.,
Amsterdam). The resulting sequences were compared to se-
quences on GenBank using BLAST. All the sequences were
deposited in GenBank (Table S3, Supporting information).
To better target subsequent microscopic observations on
S. symbiotica strains that potentially display a free-living

capacity, pairs of primers were designed to target the
protein-coding genes fIgA, proA, and hisA (Table S2,
Supporting information). These genes are present in the ge-
nome of the free-living strain S. symbiotica CWBI-2.3" but
are absent from the other sequenced S. symbiotica genomes
[23,25, 39, 40]. The specificity of these primers was validated
using DNAs from two other isolated free-living S. symbiotica
strains as positive controls (24.1 and Apa8-Al strains) and
DNAs from S. symbiotica strain Tucson and S. marcescens
strain Db11 as negative controls.

The PCR assays were performed under the following con-
ditions: initial denaturation at 95 °C for 5 min; 35 cycles of
denaturation (95 °C, 30 s), annealing (57 °C, 1 min and 30 s),
extension (72 °C, 1 min and 30 s); and a final extension at
72 °C for 7 min. The amplicons were purified and then se-
quenced (Macrogen Inc., Amsterdam).

To determine differences in frequency of infections by
S. symbiotica in tending ants depending on the infectious sta-
tus of the aphid colonies, we used a generalized linear model
(GLM), with a Binomial error structure and a logit-link func-
tion. Analyses were conducted using a software R v. 3.3.1.
[41].

Phylogenetic Analyses

Strain diversity in S. symbiotica was characterized by sequencing
four household genes: accD, gyrB, murE, and recJ (listed in
Table S2, Supporting information) [42-44]. DNA samples that
were found positive for S. symbiotica were subjected to PCR
amplification under the following conditions: initial denaturation
at 94 °C for 5 min; 35 cycles of denaturation (94 °C for 30 s),
annealing (60-64 °C, depending on primers, cf. Table S2
[Supporting information], 30 s), extension (72 °C, 1 min); and
a final extension at 72 °C for 5 min. The amplicons were purified
and then sequenced in both directions (Macrogen Inc.,
Amsterdam). Forward and reverse sequences were assembled
and edited using Geneious® v.9.1.5 [45].

Phylogenetic relationships were evaluated for
29 S. symbiotica strains obtained in this work, from three
S. symbiotica strains that were isolated in our laboratory
(CWBI-2.3T, 24.1, and Apa8 Al strains) (see Table S3,
Supporting information, for voucher information and
GenBank accession numbers), and from sequences available
in GenBank for the five S. symbiotica strains whose genomes
have been sequenced [23, 25, 29, 39, 40] (Table S3,
Supporting information). S. proteamaculans 568 was used
as outgroup. SeaView v4.6.1 was used to align sequences,
and all ambiguously aligned regions identified by Gblocks
[46] were eliminated, as were regions of incomplete data at
the 3" and 5’ ends of the targeted regions. Substitution models
implementing different rates for transitions were selected for
each partition according to the BIC criterion as implemented
by jModeltest2 [47]. These models were first implemented in
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homogeneous Bayesian analyses for each region individually
to assess the congruence of the phylogenetic signal.
Incongruence was operationally defined as the presence of
incompatible bipartitions found in branches supported with
posterior probabilities >95% from separate analyses of two
data sets. Following the threshold of 95%, which ensures that
strongly conflicting signals between partitions are eliminated,
no supported conflict among the partitions was identified. All
partitions were therefore combined to run the final heteroge-
neous Bayesian analysis of the concatenated dataset. The ac-
cession URL of the TreeBase project with alignments and
phylogenetic trees is indicated in the section on data
accessibility.

Four Markov chain Monte Carlo (MCMC) simulations
were run independently for 10,000,000 generations with
MrBayes. Trees and model parameters were sampled every
10,000 generations. Convergence of the MCMCs was estimat-
ed in three ways. First, the standard deviation of split frequen-
cies was < 0.01 after 10,000,000 generations. Second, visual
inspection of the plot of the log-likelihood score at each sam-
pling point suggested that the four chains reached stationarity.
Third, the posterior probability plots of all splits for paired
MCMC runs showed high correlation, which diagnoses con-
vergence among the four chains [48]. The 100 trees of the
burn-in for each run were excluded from the tree set, and the
remaining trees from each run were combined to form the full
sample of trees assumed to be representative of the posterior
probability distribution.

Localization of S. symbiotica

To determine the tissue tropism of S. symbiotica in samples of
interest, whole-mount fluorescent in situ hybridization (FISH)
was performed as previously described [38, 49]. The follow-
ing probes labeled with the fluorescent dye cyanine were used
for in situ hybridization: Cy5-ApisP2a (5'-Cy5-CCTCTTTT
GGGTAGATCC-3") targeting 16S rRNA of B. aphidicola and
Cy3-PASSisR (5'-Cy3-CCCGACTTTATCGCTGGC-3")
targeting 16S rRNA of S. symbiotica. Host insect tissues were
stained with SYTOX Green. Stained samples were whole
mounted and viewed under a Zeiss LSM 710 confocal micro-
scope. Negative controls consisted of uninfected aphids and
no-probe staining. Positive controls consisted of artificially
and naturally infected aphids.

Data Availability DNA sequences: GenBank accessions
MF185189-MF185200, MF375536-MF375631, and
MF959552-MF959597. Phylogenetic data, including align-
ments: TreeBase accession URL http://purl.org/phylo/
treebase/phylows/study/TB2:S216177x-access-code=
2aea2c9256296cccad34311fb859f339& format=html. The
datasets supporting this article have been uploaded as part of
the electronic supplementary material.
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Results
Distribution of S. symbiotica Infection

The presence of S. symbiotica was assayed in aphid colo-
nies from 26 species (Table S1, Supporting Information). Of
the 90 colonies examined, 16S rRNA PCR assays indicated
the presence of S. symbiotica in 38 colonies belonging to
10 species (34.4%): A. fabae, A. grossulariae, A. pomi,
A. frangulae, Chaitophorus populialbae, Drepanosiphum
platanoides, Macrosiphoniella absinthii, Uroleucon sonchi,
Periphyllus lyropictus, and P. acericola (Table S1,
Supporting information). Thirty-seven percent (13/35) of
the colonies of the genus Aphis were found infected, with
a prevalence of 30% (7/23) in A. fabae, the most represent-
ed Aphis species in our sampling. The prevalence of
S. symbiotica was remarkably high in the genus
Periphyllus since almost all the colonies were found infect-
ed (P. acericola: 17/20; P. yropictus: 2/2).

S. symbiotica was also found in the pools of tending ants with
a prevalence of up to 28% (8/29). The symbiont was found in
Lasius niger (7/26), the ant species that was usually found in the
aphid colonies, and in Myrmica scabrinodis (1/1). The preva-
lence of S. symbiotica reached 60% (6/10) in ants sampled within
aphid colonies that were found positive for the symbiont. We
asked whether the presence of S. symbiotica in tending ants
was correlated with the infection status of the aphid colonies that
were visited. We found that the prevalence of S. symbiotica in
ants was significantly higher when collected in infected aphid
colonies (N=30; df=1; X2 =2414; p=0,016) (Fig. 1).

1
]

0.8
e

0.6
b

0.4
I

0.2
1

:
|

Uninfected aphids

Mean proportion of ants harboring S. symbiotica

0

Infected aphids

Fig. 1 Prevalence of S. symbiotica in ants differs depending on the
infection status of the aphid colonies. Columns represent the mean
proportion of ants infected with S. symbiotica according to uninfected
aphid colonies or infected aphid colonies. Error bars depict the standard
error. Asterisks show significant differences between the groups (GLM
(binomial) (N=30; df=1; X2 =2414; p=0,016))
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Diversity of S. symbiotica Infection

Bacterial sequences from the accD, gyrB, murE, and rec
genes were taken from the 38 colonies that were positive for
infection by S. symbiotica, as well as from infected ants. In 29
colonies, the sequences were easily readable without messy
peaks, indicating that coinfection of different S. symbiotica
strains in any of these colonies is unlikely. Colonies displaying
polymorphic sequences, or from which only one easily read-
able sequence was obtained, were discarded from the phylo-
genetic analysis (Table S1, Supporting information).

The phylogeny of the strains of S. symbiotica is strongly
structured by the taxonomic identity of their host (Fig. 2). Our
phylogenetic analyses established the existence of five distinct
clades. S. symbiotica strains found in A. pisum (subfamily
Aphidinae) and C. tujafilina (subfamily Lachninae) and whose
genomes have been sequenced [39, 40] formed the clade A (but
with no support) [39, 40]. Co-obligate S. symbiotica strains from
C. cedri and T. salignus (subfamily Lachninae) that exhibit a
long-term co-evolutionary history with their host formed the
clade B (posterior probability of 1.00). Strains found in
P lyropictus (subfamily Chaitophorinae) formed the clade C
(posterior probability of 1.00). S. symbiotica strains from
A. fabae, A. pomi, and M. absinthii (subfamily Aphidinae) for
which the genes flgA, proA, and hisA were amplified formed a
monophyletic clade (Clade D, posterior probability of 0.98) with

strains exhibiting a free-living capacity in laboratory conditions
(strains CWBI-2.3T, 24.1, and Apa8 Al). Clade E was composed
of S. symbiotica strains found in P. acericola (subfamily
Chaitophorinae), U. sonchi (subfamily Pterocommatinae), and
D. platanoides (subfamily Drepanosiphinae) (posterior probabil-
ity of 1.00). The strains found in the aphid species A. fabae
(subfamily Aphidinae) and C. populialbae (subfamily
Chaitophorinae), as well as in ants (L. niger) formed a
paraphyletic grade with clade E (posterior probability of 0.99).

Tissue Tropism of S. symbiotica

Several strains of S. symbiotica have previously been isolated
during the characterization of the microbiota of several labo-
ratory and wild aphids collected in Belgium [30, 31]. Strains
24.1 and CWBI-2.3" were initially isolated from A. fabae
specimens and strain Apa8-Al from Aphis passeriniana.
Nevertheless, although it was assumed that the strain CWBI-
2.3" was initially isolated from bacteriocytes and sheath cells
[30], the tissue tropism of these strains that are able to live
independently of a host has never been clearly investigated.
Returning to the field, we revealed the existence of a distinct
clade (clade D in our study) that pools together the three pre-
viously isolated free-living S. symbiotica strains with several
strains identified in this survey. All the strains pooled in this
clade were systematically found positive for the primers
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distribution of threes from — 1.0 B  Tuberolachnus salignus (STs Pazieg)
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M > B 1.0 B Periphyllus lyropictus (FR18)
murkE, and recJ sequences in 0.98 Acyrthosiphon pisum (Ap Tucson) I Clade A
S. symbiotica. The number below p—— Cinara tujafilina (Ctvle) - -
the branches represents their 0.89 ! p— Macrosiphoniella absinthii (FR65) \
posterior probabilities. The names 1 e /phis fabae (Af 24.1) 1
given for each terminal node 0.50 1§0.98 remmm— Aphis passeriniana (Apa -A1) Clade D |
— - . s Aphis fabae (FR28)
reflect the taxonomic identity of 1 0 9_7 e APhis pomi (FR35) |
the host from which the ] _: Aphis fabae (CWBI-2.3T) |
S. symbiotica strain was 098 [ — — — — — T fphisfabie(veo) __ _ _ _"_ _ _ /
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.o . . ——— L35iUS Niger
S. symbiotica strains found in the us e i
. . 0.70 Chaitophorus populialbae (FR48)
context of this study together with 0.99 —: Lasius niger (FR75)
Stram.s Prewously }splated anfl Periphyllus acericola (VP18)
exhibiting a free-living capacity 1.0 b Periphyllus acericola (VP21)
in laboratory conditions is pmmm— Periphyllus acericola (VP20)
highlighted by red dashed lines jm Periphyllus acericola (VP23)
(00101” ﬁgure online) 1.0 pmm  Periphyllus acericola (VP24)
: mmmn  Periphyllus acericola (VP25)
jmmm— Periphyllus acericola (VP26) Clade E
pmmm  periphyllus acericola (VP27)
mmm— Periphyllus acericola (VP28)
Periphyllus acericola (VP29)
1.0 pmmm Periphyllusacericola (VP30)
b Periphyllusacericola (VP31)
mmn  Periphyllus acericola (VP32)
pm— Periphyllus acericola (VP33)
mm  Periphyllus acericola (VP34)
mmmm Periphyllus acericola (VP39)
pmmm Drepanosiphum platanoides (VP40)
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targeting the genes fIgA, proA, and hisA (Table S1, Supporting
information). Whole-mount FISH was therefore used to spe-
cifically examine the tissue tropism of these strains in wild
aphids that were collected here. Our observations revealed
the existence of S. symbiotica strains residing in the digestive
tract of aphids (Fig. 3).

These gut-associated S. symbiotica were found either ag-
gregated in the midgut (Fig. 3a—d) or into the whole gut (Fig.
3e). Specimens of wild aphids of all ages have been sampled,
and the degree of infection should vary with stage of devel-
opment. Although we did not determine the stage of aphid
development prior microscopic observations, the shape of
their bacteriome made some estimates possible. In young
aphids, the bacteriome forms a bilobed structure as illustrated
by aphids of Fig. 3a—d, while in adults, it breaks apart for
forming groups of bacteriocytes disseminated throughout the
abdomen as illustrated by aphids of Fig. 3e [50, 51]. Our
observations suggest that the infection begins somewhere in

Anterior

Posterior Posterior

40 pum wpm

Anterior

the midgut in young aphids before spreading to the entire
digestive tract during host development.

S. symbiotica was detected in about one-third of the
sampled ants. We therefore also examined the tissue tropism
of the symbiont in these insects. Our micrographic evidence
clearly indicates that S. symbiotica was found in the diges-
tive tract of ants, a location restricted to the proventriculus
(Fig. 4). In ants, this portion of the digestive tract connects
the crop with the midgut and is divided into four distinctive
parts: the calyx that is connected to the crop, the occlusory
tract, the bulb that is made of circular muscles, and the
cylinder that is connected with the midgut [52]. Our FISH
images clearly suggest that the tissue tropism of
S. symbiotica is restricted inside the bulb cavity, a structure
that has a regulatory role in the flow of food that passes
through the digestive tract, and which acts as a filter for
blocking the entry of microorganisms and large particles
into the midgut [53].

Anterior

Posterior

20pm
Anterior

head

Posterior

100 pm 200pm

Posterior

Fig. 3 Whole-mount FISH of S. symbiotica (clade D associates) in
naturally infected A. fabae (ventral views). Red Cy3 signals are
S. symbiotica, green Cy5 signals are B. aphidicola, and blue SYTOX
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Green signals are aphid tissues. a—d S. symbiotica found residing at the
level of the midgut of young aphids. e S. symbiotica found residing in the
whole tortuous digestive tract of an adult (color figure online)
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Fig. 4 Whole-mount FISH of

S. symbiotica in ants (L. niger)
(lateral view). Red Cy3 signals
are S. symbiotica, and blue
SYTOX Green signals are ant
tissues. S. symbiotica is located
within the bulb of the
proventriculus. mg midgut, pv
proventriculus, cr crop, ca calyx,
b bulb, ot occlusory tract. The
cylinder connecting the
proventriculus to the midgut is
poorly visible on our micrographs
(color figure online)

Discussion

Here, we examined the presence of these strains within wild
aphid populations and associated ants using a step-by-step inte-
grated approach. Our results revealed the existence of
S. symbiotica strains that reside naturally within the digestive
tract of insects. To our knowledge, this is the first time that that
such a tissue tropism is reported for S. symbiotica in wild aphids
and ants. Regarding aphids, all previous studies reported a more
intracellular tissue tropism for S. symbiotica as it has been found
residing within bacteriocytes, sheath cells, and hemolymph
[54-56]. We did not find S. symbiotica in other tissues such as
hemolymph or bacteriocytes. But since our FISH approach was
applied on whole aphid individuals, we cannot absolutely assert
that they are completely absent from these tissues. The presence
of gut-associated S. symbiotica strains in aphids and ants suggests
that the intraspecific variety of this symbiont is wider than pre-
viously defined and addresses major issues regarding the trans-
mission behaviors and the phenotypes associated with these
S. symbiotica strains. First, this extracellular tissue location raises
the question of their mobility within insect populations and their
ability to initiate new symbiotic relationships. The discovery of

gut-associated S. symbiotica also raises the question of the bio-
logical significance of such strains in insect hosts.

A bacterial tissue tropism at the gut level is not necessarily
associated with a free-living capacity; dependent-culture ap-
proaches are definitively required to confirm such biological
feature. S. symbiotica strains found positive for flgA, proA,
and hisA genes and colonizing the aphids gut were found to
be grouped in a common phylogenetic clade together with
previously isolated S. symbiotica strains. Therefore, it is likely
that cultivable S. symbiotica strains, including the strain
CWBI-2.3" whose genome has been sequenced, are originally
extracellular strains isolated from the aphid digestive tract.
This extracellular localization raises the question of the ability
of these S. symbiotica strains to establish novel and persistent
relationships with insects [1]. The genome size of strain
CWBI-2.3" is more than five times larger than the genome
of the co-obligate strain associated with Tuberolachnus
salignus (subfamily Lachninae) [29, 33] and exhibits a large
range of colonization factors [32]. While the symbiotic status
of this free-living strain remains unclear, its genomic features
as well as its ability to rapidly infect the aphid gut in laboratory
conditions suggest that it is involved in a nascent stage of
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symbiosis [29, 32, 33, 38]. In addition, the discovery of gut-
associated strains supports the hypothesis that mutualistic
S. symbiotica strains have evolved from free-living precursors
with the oral opening as a preferred route of entry [18, 21].
Aphid honeydew is a sugar-rich sticky liquid suitable for
microorganism growth [57, 58]. The gut location of certain
S. symbiotica strains makes them more likely to infect the
honeydew that can mediate of intra- and interspecific horizon-
tal transfers of symbionts [59, 60]. To test this hypothesis, the
presence of S. symbiotica in wild insect populations was
assessed in the context of myrmecophilous relationships.
Indeed, honeydew excreted by aphids can be collected as food
by various species of ants. In return, ants provide protection
against predators and parasites [61, 62]. Almost no studies
have examined the presence of aphid symbionts in the context
of myrmecophily, whereas ant tending is observed in two
thirds of aphid species present in Europe [63]. Here, we dem-
onstrated that S. symbiotica infections occur not only in aphids
but also in ants with about one third of our samples being
infected, and an increasing probability of finding infected ants
when tending aphid colonies harboring S. symbiotica. In these
insects, S. symbiotica exhibited a localization that was found
restricted inside the bulb cavity of the proventriculus.
Unfortunately, we failed to consistently obtain sequences of
sufficient quality from the S. symbiotica strains detected in
ants to enrich our phylogenetic analysis. The sequences ob-
tained from these insects were most of the time hardly read-
able or missing, and we were not able to establish an identity
match between S. symbiotica strains found in ants and strains
found in the tended aphid colonies. In addition, the few strains
of S. symbiotica associated with ants that could be integrated
into the phylogenetic analysis did not occur in the same clades
as the extracellular strains of aphids. These results do not
establish the existence of direct horizontal transfers between
aphids and ants. It is likely that a same individual ant tends
different aphid colonies and feeds on other food sources dur-
ing foraging [64], with the possibility to pick up different
S. symbiotica strains coming from environmental sources. In
addition, by acting as a pump regulating the flow of food
through the digestive tract, the proventriculus plays an impor-
tant role in the trophallaxis behavior consisting of the transfer
of food among members of the colony through mouth-to-
mouth or anus-to-mouth [52, 65]. So, even if a correlation
between the presence of S. symbiotica in ants and the infection
status of the tended aphid colonies was established, ants may
possibly harbor a mixture of strains coming from various
sources, which may explain the difficulty, we had to obtain
readable sequences for S. symbiotica in these insects. Previous
studies have detected the presence of S. symbiotica in the gut
of two ant species: Formica cinerea [66] and Camponotus
Japonicus Mayr [67, 68]. Taken together, these observations
support the hypothesis that S. symbiotica is present in ants that
are insects known to maintain mutualistic relationships with a
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wide variety of gut-associated bacteria [69—71]. Whether
S. symbiotica is a well-established symbiont or a passing com-
mensal resident in these insects remains to be elucidated.
Since the gut lining of these insects is shed during the final
larval molt, it is likely that these gut-associated S. symbiotica
are regularly reacquired, not strictly maintained and suscepti-
ble to move through various routes [70]. Further studies are
needed to determine the extent to which S. symbiotica persists
in the tissues of ants and to establish the biological signifi-
cance of its presence in these insects.

The existence of gut-associated S. symbiotica further raises
the question of their biological significance. There is a series
of evidence that S. symbiotica can be associated with a nutri-
tional function. In Lachninae aphids, it has been clearly
established that co-obligate strains of S. symbiotica play a
key nutritional role by providing the host with amino acids
and vitamins [23, 25, 40]. In the pea aphid A. pisum, it has
been demonstrated that an intracellular S. symbiotica strain of
a facultative nature can compensate for loss of obligate nutri-
tional symbiont B. aphidicola [72]. A recent large-scale study
revealed that S. symbiotica is found more frequently in spe-
cialist aphids compared with polyphagous species, suggesting
that the symbiont could affect aphid plant use and display a
nutritional role [34]. This hypothesis is supported by the pres-
ence of S. symbiotica forming a specific clade in almost all our
investigated Periphyllus colonies. For their part, Henry et al.,
2015 [34] found an occurrence of 79% in P. testudinaceus
populations collected on Acer pseudoplatanus. S. symbiotica
also exhibits a high prevalence in populations of the specialist
aphid Sipha maydis [73]. The nutritive role of S. symbiotica
has mainly been assessed from a genomic point of view on a
few strains harbored by specialist aphids of the Lachninae
subfamily. It is expected that a nutritive role associated with
S. symbiotica takes place in other specialist aphid species
where the symbiont occurs in almost 100% of the individuals.
The nutritional role of S. symbiotica has mostly been assessed
in the context of co-obligate mutualism. The findings of gut-
associated strains bring a fresh perspective regarding the po-
tential nutritional role of S. symbiotica since in insects, gut
symbionts are often pointed as important contributors to food
digestion, vitamins production, and toxin neutralization [69,
74]. In herbivorous insect species, gut bacteria can facilitate
herbivory by enabling the digestion of plant polymers, by
neutralizing plant toxins and by provisioning of essential nu-
trients, such as amino acids or vitamins, which have unbal-
anced profiles in plant tissues [75]. In comparison to the more
drastically reduced S. symbiotica sequenced genomes, the ge-
nome of the free-living strain S. symbiotica CWBI-2.3" dis-
plays intact pathways for the synthesis of most essential amino
acids and vitamins [56], which could benefit the aphid in case
of nutritional stress. Further experiments are required to clar-
ify the putative nutritional role of extracellular as well as in-
tracellular S. symbiotica strains. In addition to these nutritional
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aspects, other putative beneficial effects associated with these
gut-associated S. symbiotica cannot be excluded, such as pro-
tection against parasite invasion [69, 76—78], or the release of
kairomones that can mediate intra- and interspecific commu-
nication in insects by attracting natural enemies or enhancing
mutualistic interactions with other insects [57, 58, 69].

Conclusion

Assessing the intraspecific variability of symbiotic bacteria is
crucial to finely assess their associated effects and their trans-
mission behaviors. Facultative symbionts harbored by aphids
have always been referred as intracellular endosymbionts
since they have been mostly described as bacterial partners
living within host cells such as bacteriocytes and sheath cells
(and to some extent in the hemolymph). This intracellular
tropism is generally perceived as the sign of an intimate and
stabilized relationship in which the symbiont follows a linear
evolutionary trajectory parallel to that of the host. Co-obligate
S. symbiotica strains testify to such an evolutionary scenario.
By establishing the existence of gut-associated S. symbiotica
strains in insects, we show a completely different face of a
symbiont species. These labile S. symbiotica strains are ex-
pected to exhibit a broader range of metabolic abilities com-
pared to intracellular relatives, as well as a genome with con-
tinuous rearrangements due to an ongoing uptake and loss of
genes and the integrations of mobile genetic elements.
Extracellular S. symbiotica strains could represent a reservoir
for a rapid acquisition of new beneficial traits by the host,
selected according to the selection pressures of the moment.
Where do these strains come from? Are they mutualistic bac-
teria or commensals in transit? Are they initially present in the
soil and capable of transiting through plants? Are they evolv-
ing into an intracellular lifestyle with an ability to replace other
symbionts? Field and laboratory studies should puzzle out
answers to these questions to refine our perception of the
evolution of bacterial mutualism.
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