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1. Background

1.1 Evolutionary origins of intracellular symbionts in arthropods

1.1.1 Symbiosis as an evolutionary innovation

Symbiotic lifestyle is an important source of evolutionary innovations which gave rise
for example to the origin of eukaryotic cell. In a human body, bacterial cells outhumber the host
cells and taken together would make an organ larger than a liver [1, 2]. Therefore, it is no
surprise that the most species-rich group on Earth, arthropods, has evolved numerous symbiotic
associations with not only bacteria, but also fungi and various unicellular eukaryotes, and the
symbiotic habit assisted this group in its extreme diversification.

The core of this MSc. thesis is a published study [3] on the richest source of insect
bacterial symbionts, gammaproteobacterial family Enterobacteriaceae. In this introduction, |
provide a broader context to the published results, focusing mainly on the evolution and origins
of intracellular symbiosis between bacteria and arthropods and trying to highlight neglected or
uncertain parts of its research. It will deal with the following questions of the evolutionary
history of intracellular symbioses. How frequently have intracellular symbioses originated
among different groups of bacteria and arthropods? Are some taxonomical or ecological groups
predisposed to form intracellular symbiotic associations? How common is transition between
pathogenic and symbiotic lifestyle or vice versa? Which changes affect symbiotic associations
and how common are losses, replacements or complementations of established symbionts. How
intracellular lifestyle adjusts genomes, transcriptomes or proteomes of both symbiotic partners?

Are symbionts with extremely reduced genomes bacteria, organelles or something in between?

1.1.2 Multiplication of languages: obligate vs. facultative symbionts

Symbiotic bacteria of arthropods are usually assigned to two main ecological categories
called primary/obligate (P) and secondary/facultative (S) symbionts. P-symbionts are obligate
mutualists inherited maternally by vertical transmission. They are harbored in specialized cells
called bacteriocytes that can form an organ called bacteriome (older terms: mycetocytes,
mycetome) and provide their hosts with compounds unavailable from their unbalanced diet or
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recycle waste products. Typical hosts of P-symbionts are thus phloem/xylem sap sucking or
blood-sucking arthropods. Inevitable consequences of this relationship are that P-symbionts co-
speciate with their hosts for millions of years and are highly adapted to the intracellular
environment, so that they cannot survive outside their host and the host cannot survive or
reproduce without them [4-9].

In comparison to P-symbionts, S-symbionts is a heterogeneous assemblage of
arthropods-associated bacteria including facultative commensals, facultative mutualists and
sometimes even bacteria with negative effects on its host, such as reproductive manipulators.
Traits typical for these bacteria are that they are not necessary for the host survival [10] and that
they are usually present in nonspecialized cells and tissues both intracellularly and
extracellularly. Unlike P-symbionts, their characteristics allow them to be also horizontally
transferred among different arthropod groups [11-17]. Although some S-symbionts are
cultivable in axenic culture [18-23], there is currently no study that would confirm that S-
symbionts have life phase outside of arthropod hosts, but several possible arthropod-to-
arthropod transmission hypotheses have been suggested. These hypotheses include e.g. sexual
transmission, transmission through parasites or parasitoids, co-feeding on an identical
plant/host, feces contamination and hemolymph sucking during phoresis (e.g. chewing lice or
mites). Mutualistic phenotype of S-symbionts is commonly involved in protection against
parasitoids, pathogens, RNA viruses, heat stress or provision of compounds not available from
the P-symbiont [17, 24-32].

Unfortunately, research communities working on eukaryotic organelles and arthropod
symbioses do not share reviews, conferences or terminology, which sometimes leads to
misunderstandings mostly due to different usage of terms primary and secondary symbiosis. To
avoid these misunderstandings, | will hereafter either substituted these terms by more general
terms obligate and facultative or use well-recognized abbreviated form as P/S-symbionts.

According to the current rules of bacterial nomenclature, description of a new species
requires an in vitro culture [33, 34] to accept the species as valid. Since most of insect symbionts
are uncultivable, they are commonly named under provisional Candidatus status. Considering
that complete genomes (as much richer source of information about organism' biology than
cultivation can ever provide) are available for many of these bacteria, and to simplify the text, |

intentionally omit the Candidatus status in the following text.



1.1.3 Co-symbioses, transitions, losses and replacements

Because of low effect of immunity in symbiotic tissue, facultative bacteria are
commonly found within bacteriocytes of obligate symbionts, within sheath cells close to them or
within so-called secondary bacteriocytes. Therefore, if a loss or degradation of an essential
metabolic pathway from the obligate symbiont occurs, these facultative symbionts can
complement the pathway, provide intermediate products or even cooperate with the obligate
symbiont in a step-by-step interdependent biosynthetic patchwork [35, 36]. This cooperation can
eventually lead to a situation when the originally facultative bacterium losses genes needed for
facultative lifestyle, becomes dependent on the host and either completely replaces the original
obligate symbiont or turns into an obligate co-symbiont.

Based on modeling of genome size decrease in the course of evolution, the obligate
symbiont of tsetse flies, Wigglesworthia glossinidia, was suggested to have evolved from such a
facultative bacterium [37], possibly through symbiotic replacement. Complete replacement of
the obligate symbiont in aphids, Buchnera aphidicola, was proved experimentally by facultative
Serratia bacteria [38] and obligate co-symbiosis of exactly the same partners was recently
confirmed in Cinara cedri aphid [35, 39]. Other well-known complete replacements are known
from weevils, where ancient Nardonella sp. symbiont was replaced by a Sodalis lineage in
grain-feeding Sitophilus lineage [40, 41] or from mealybugs where ancient Tremblaya linege
was replaced by Bacteroidetes bacteria in Rhizoecini and Cryptococcus/Rastrococcus lineages
[42]. Similar scenario can involve one or more replacements applied on several other cases of
ancient obligate co-symbioses such as those in Auchenorrhyncha [43-49] or mealybugs [15, 42],
although it is mostly unknown what the original phenotypes of additional symbiotic partners

Were.

1.1.4 Arthropods as hosts for intracellular symbionts

Bacterial symbionts have colonized various niches within arthropod hosts and symbiotic
organs originated convergently multiple times in various arthropod groups [4, 5, 47, 50]. Three
typical localizations of symbiotic organs can be distinguished: 1, bacteriocytes or bacteriome(s)
localized freely in haemocoel (e.g. in sap-sucking insects); 2, a specialized segment of gut (Fig.

1A, B), gut caeca and capsules or malphigic tubules (e.g. in some blood-sucking insects, true
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bugs, beetles); 3, bacteriocytes or bacteriome(s) in fat body (e.g. in cockroaches and ants). In

most cases, symbiotic tissue is surrounded by rich tracheal system to transport gases from and to

this metabolically highly active tissue (Fig. 1B).

Figure 1. Dissected gut (A) of blood-sucking fly Melophagus ovinus (Diptera: Hippoboscidae)
showing midgut section (bacteriome) with enlarged cells (bacteriocytes) harboring obligate
symbiotic bacteria (B).

Not only localization within the host body, but also localization within the host cells is
remarkably variable. Bacteria can be localized freely within the cell cytoplasm or surrounded by
host-derived symbiosomal membrane. Several symbiotic bacteria were shown to share single
host cell [51] and there is even a case of intrabacterial symbionts localized within another
intracellular bacterium [52]. Moreover, symbiotic bacteria can also be localized within various
cell structures and organelles such as nucleus [53], mitochondrion [54], Golgi apparatus and
endoplasmic reticulum [55, 56].

Maternal transmission of obligate symbionts to offspring is certainly one of the least
known phases in development of symbiotic bacteria in arthropods. Three different general routes
of transmission are recognized [4]. The first is based on external smearing of eggs with
symbionts and ingestion of symbionts during hatching of larvae. This mode of transmission is
typical for beetles and some true bugs. The second and the most common route of transmission
is transfer of bacteriocytes or bacteria (or active migration of bacteria) to the ovary and

incorporation into the oocytes. The last route of transmission is present in viviparous
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Hippoboscoidea (tsetse flies, louse flies and bat flies), which exploits for the symbiont transfer
milk glands nourishing the evolving larva (Fig 2A, B, C). In case of active migration, bacteria

can use flagellum [57], but mode of transfer for bacteria without a flagellum (such as Riesia

pediculicola in lice) remains a mystery.

Figure 2. Transmission electron micrographs of Melophagus ovinus bacteriocytes from the
bacteriome showing typical spherical shape of P-symbiont cells (A). Milk gland section
showing vertical transmission of obligate symbiotic bacteria Arsenophonus melophagi through
milk glands (B) and detail of transffered bacteria within milk gland secretions (C).



1.1.5 Phylogenetic overview of intracellular symbionts in arthropods

Intracellular insect symbionts are without question polyphyletic and originated many
times from various free-living bacterial ancestors [7-9]. However, one phylogenetically
interesting pattern observed within arthropod-bacterial symbiosis (Table 1) is that the currently
known diversity of bacterial symbionts is scattered within only a few bacterial lineages and tend
to form assemblages. This pattern may be due to several reasons. The two most important
methodological reasons are bias in description of new lineages and phvlogenetic artifacts.
Biological explanations include horizontal transfer of a few established facultative symbionts
across phylogenetically independent hosts (e.g. Arsenophonus and Sodalis clades), and
functional and ecological background of a few bacterial lineages that makes them suitable to
become intracellular symbionts. Traits of free-living bacteria helpful in symbiosis establishment
are for example cell invasion apparatus (secretion systems) or pre-symbiotic intimate
association with the host species (e.g. gut bacteria or pathogenic bacteria).

In this chapter, diversity of bacterial lineages which have evolved symbiotic associations
with arthropods is overviewed. The term symbiotic association is used in its broad sense,
including a broad spectrum of forms ranging from facultative commensals to obligate
mutualists. Clades of typical reproductive manipulators are included either because they contain
lineages confirmed to be mutualistic (e.g. Wolbachia) or because of their supposedly close

relationship to obligate symbionts (e.g. Flavobacterium).



Table 1. Obligate symbiotic associations in insects. Symbiotic lineages are members of
Enterobacteriales (y-proteobacteria) if not stated otherwise.

Insect group Diet Symbiotic lineages
Blattaria Cockroaches omnivores, | Blattabacterium cuenoti (Bacteroidetes)
( + Mastotermes darwiniensis wood
termite)
Psocoptera Book lice various Rickettsia spp. (a-proteobacteria)
Thysanoptera Thrips plant Stammerula tephritidis — bacteria are localized extracellularly, but
material externally to the peritrophic membrane in midgut.
Phthiraptera Anoplura blood Riesia (Arsenophonus) pediculicola (only in Pediculidae)
(sucking lice) Legionella sp. (y-proteobacteria: Legionellales; only in Polyplax
spp.)
several unnamed Enterobacterial lineages (in Haematopinus,
Solenopotes, Linognathus, Pedicinus spp.)
Rhynchophthirina blood unnamed Enterobacteriales bacterium
(=Haematomyzus spp.)
Ischnocera feather, Sodalis sp. (in Columbicola spp.)
(chewing lice) skin
Amblycera debris, bacteria - no molecular data
(chewing lice) skin, blood
Hemiptera: Coccoidea plant sap Tremblaya princeps (B-proteobacteria) + co-symbiont (Moranella
Sternorrhyncha (scale insects) endobia or other Enterobacteriaceae) in Pseudococcidae:
Pseudococcinae
Tremblaya phenacola (B-proteobacteria) in Pseudococcidae:
Phenacoccinae
Uzinura diaspidicola (Bacteroidetes) in Diaspididae
Brownia rhizoecola (Bacteroidetes) in Pseudococcidae: Rhizoecini
unnamed Bacteroidetes in Rastrococcus/Cryptococcus lineage
unnamed Bacteroidetes in Monobhlebidae (Icerya spp. + Drosicha
spp.)
unnamed Enterobacteriales in Drosicha spp.
unnamed Enterobacteriales in Puto spp.
Fungi
Aphidoidea Buchnera aphidicola
(aphids) Buchnera aphidicola + Serratia symbiotica
Pyrenomycetes fungi
Psylloidea Carsonella ruddii (y-proteobacteria: Oceanospirillales)
(psyllids) Carsonella ruddii + Gammproteobacterial co-symbionts?
Aleyrodoidea Portiera aleyrodidarum (y-proteobacteria: Oceanospirillales)
(whiteflies) Portiera aleyrodidarum + Gammaproteobacterial co-symbionts?
Hemiptera: Triatomidae blood Arsenophonus triatominarum ?
Heteroptera (Triatomid bugs)
Cimicidae Wolbachia sp. (a-proteobacteria)
(Cimicids)
Lygaeoidea seeds Rohrkolberia cinguli
(Seed bugs) Kleidoceria schneideri
*Pentatomoidea Schneideria nysicola
symbionts are Pentatomoidea: Pentatomidae plant sap several unnamed Gammaproteobacterial lineages
extracellular, but (stink bugs)
obligate and Pentatomoidea: Rosenkranzia clausaccus
vertically Acanthosomatidae
transferreq, (shield bugs)
therefore included.  "pentatomoidea: Plataspidae Ishikawaella capsulata
(plataspid bugs)
Pentatomoidea: Parastrachidae Benitsuchiphilus tojoi
Pentatomoidea: Scutelleridae Unnamed Gammaproteobacteria + Sodalis sp.
(jewel bugs)
Hemiptera : Cicadoidea plant sap Sulcia muelleri (Bacteroidetes) + Hodgkinia cicadicola (o-
Auchenorrhyncha | (Cicadas) proteobacteria)
Cercopoidea Sulcia muelleri (Bacteroidetes) + Zinderia insecticola (-
(spittlebugs) proteobacteria)
Membracoidea: Cicadellidae Sulcia muelleri (Bacteroidetes) + Baumannia cicadellinicola
(leafhoppers)
Fulgoroidea Sulcia muelleri (Bacteroidetes) + Vidania fulgoroideae (o-
(planthoppers) proteobacteria) + Purcelliella pentastirinorum

Sulcia muelleri (Bacteroidetes) + Purcelliella pentastirinorum




Pyrenomycetes fungi
Membracidae bacteria - no molecular data
(treehoppers) Sulcia muelleri (Bacteroidetes) + ?
Hymenoptera Camponotini omnivores | Blochmannia spp.
(carpenter ants)
Formicinae Sodalis related bacterium? (in Plagiolepis spp.)
unnamed Gammaproteobacterial lineage in some Formica species
Pseudomyrmecinae Bartonella (a-proteobacteria) related bacterium? (in Tetraponeura
spp.)
Coleoptera Throscidae plant unnamed Bacteroidetes + Sodalis related bacterium
material,
wood
Nosodendridae tree sap bacteria - no molecular data
Bostrychidae wood bacteria - no molecular data
Lyctidae variable bacteria - no molecular data
Anobiidae fungi - no molecular data
Cerambycidae Ascomycetes fungi
Sodalis sp. (only in Tetropium castaneum)
Chrysomelidae plant bacteria in Cassida and Bromius spp. —no molecular data
material monophyletic symbiotic lineage in Donaciinae (one subclade was
named Macropleicola spp.)
Silvanidae: Oryzaephilus spp. stored bacteria - no molecular data
only products
Curculionidae plant Nardonella sp.
material, Sodalis sp.
grains Curculioniphilus buchneri
unnamed gammaproteobacterial lineage
Diptera: Glossinidae blood Wigglesworthia glossinidia
Hippoboscoidea (tsetse flies) Wigglesworthia glossinidia + Sodalis glossinidius
Hippoboscidae Arsenophonus sp.
(louse flies Arsenophonus sp. + Sodalis sp.
Nycteribiidae + Streblidae Aschnera (Arsenophonus) chinzeii
(bat flies)
Diptera: Dasyhelea sp. tree sap bacteria - no molecular data
Ceratopogonidae

Alphaproteobacteria

Wolbachia (Rickettsiales)

The most species-rich hotspot of intracellular bacteria is the genus of reproductive
manipulators, Wolbachia, with its high prevalence in arthropods (estimated to be over 66% in
insects) and nematodes [58]. Many arthropod species can, moreover, harbor multiple infections;
up to 5 different Wolbachia strains have been reported in a single host [59]. In at least three
cases, Wolbachia evolved into an obligatory associate, namely in bedbugs, parasitic wasps [60-
62] and filarial nematode lineage [63], supporting the hypothesis of transmission from parasitic
or facultative to obligate symbiotic lifestyle [64, 65].

However, no reliable phylogeny of Wolbachia clade is currently available [66], obligate
relationship with its host is rarely tested, and new lineages are only assigned to the
phylogenetically related supergroups. It is therefore still uncertain how many origins of obligate

Wolbachia exist, what is its “free-living” ancestor, and whether the huge Wolbachia cluster is
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monophyletic or not. Many of currently known Wolbachia species can theoretically be involved
in facultative mutualism, e.g. inducing resistance to RNA-viruses as described in Drosophila
[24]. Such a transition from parasitic to mutualistic effect of Wolbachia was in natural

populations of Drosophila simulans shown to take only 20 years [67].

Rickettsia+Midichloria+Rickettsia-like (Rickettsiales)

Within Rickettsiales, there are two more symbiotic lineages with insects and acari. The
first is genus Rickettsia, known as a facultative bacterium or reproductive manipulator of
various insects and mites [68, 69]. One Rickettsia lineage described from whiteflies is very
likely an obligatory co-symbiont contributing to the provision of essential nutrients to the host
[51, 70]. Moreover, there are numerous lineages with unknown effect, some of them likely
nonpathogenic. The last symbiotic lineage of Rickettsia is known from different,
phylogenetically distant hosts, booklice (Psocoptera). This lineage is characterized by peculiar
intranuclear localization and is essential for the host [53].

A bacterium closely related to Rickettsia, which is very common in natural populations
of various ticks and is localized within mitochondria, was described as Midichloria
mitochondrii. Its function is currently unknown, although the genome data and its 100%
prevalence in Ixodes ricinus females suggest that it might supply B-vitamins, cofactors or heme
during starvation of its hosts [71]. This theory would explain Midichloria losses occurring in
tick laboratory colonies with high frequency of blood-meals and correlates with the fact that
ticks cannot produce harem [54, 71-74]. In addition to Midichloria, some species of ticks harbor
Rickettsia with unknown effect on their vertebrate or tick host and uncertain phylogenetic
position in respect to Midichloria [75]. This makes it currently impossible to determine how

many independent symbiotic lineages have arisen within the ticks.

Lariskella arthropodarum (Rickettsiales)
Recently, facultative alphaproteobacterial associates from stinkbugs, ticks and fleas were
included into a novel lineage Lariskella arthropodarum [76]. However, much more Rickettsiales

species are needed in future to assess putative monophyly of this questionable lineage.

Bartonella+Bartonella-like (Rhizobiales)

Several studies have reported presence of bacteria closely related to the genus Bartonella
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from different ant species [77, 78]. Genomes of these bacteria were also sequenced as a
contamination in ant genome projects (L. Guy personal communication). However, more
detailed studies are needed to determine if these bacteria are symbiotic or not.

Sheep infecting bacterium Bartonella melophagi was previously suggested to be in
symbiosis with its vector Melophagus ovinus because of its 100% prevalence in both adults and
larvae [79]. Nevertheless, microscopical and genomic analyses (Husnik et al., unpublished
results) suggest that these bacteria are located extracellularly along the microvilli of the midgut
section containing the bacteriome. The high prevalence of this bacterium is probably caused by
exploitation of the milk glands for vertical transfer. Genomic data did not reveal any strong
evidence for obligate mutualism or cooperation with obligate Arsenophonus and facultative
Sodalis symbionts, but complementary provision of B-vitamins cannot be excluded because the

genome retains several pathways for B-vitamins biosynthesis (unpublished results).

Hodgkinia (Rhizobiales)

A co-symbiont of Sulcia muelleri in xylem-feeding cicadas, Hodgkinia cicadicola, is a
bacterium with one of the most extremely reduced genomes (144 kb), but with an unprecedented
genome GC content of 58.4% and alternative (UGA=stop) genetic code [44, 80]. Since
mutations are universally biased toward AT in bacteria [81, 82], random genetic drift should lead
towards the higher AT content as exemplified by genomes of most of insect endosymbionts [39,
45, 83]. The unusually high GC content of Hodgkinia (62.5 % at third positions of fourfold
degenerate codons) is thus very likely driven by selection [84]. This calls into question genetic
theories and models that assume that selection is less effective in populations of very small size
(such as the populations of insect symbionts affected every generation by a strong bottleneck).

Betaproteobacteria

Tremblaya (Burkholderiales)

Interestingly, the smallest bacterial genome sequenced to date (139 kb) has been
determined for a symbiont in Pseudococcidae mealybugs, Tremblaya princeps, which has also
unusually high genome GC content of 58.8%. This Betaproteobacterium hosts inside its cells
symbiotic Gammaproteobacteria, Moranella endobia, with a genome almost four times larger

(538 kb) and both symbionts provide in concert its host with essential amino acids [15, 36, 85-
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87]. Phylogenetic data on basal mealybug lineage Phenacoccinae confirmed morphological
observations [47] that this lineage harbors Tremblaya (Tremblaya phenacola) without its
intrabacterial symbionts and that this ancestral state was complemented in Pseudococcidae by
intrabacterial Gammaproteobacteria and replaced by Bacteroidetes in Rhizoecini and

Cryptococcus/Rastrococcus lineages [42].

Zinderia (Burkholderiales: Oxalobacteraceae)

The lowest GC content (13.5 %) yet observed within any cellular genome is that of a co-
symbiont in spittlebugs - Zinderia insecticola [45]. This striking AT bias had profound effects on
its proteome in which 36.1 % of amino acids are either isoleucine or lysine. Moreover, one
change from universal code has occurred and Zinderia uses alternative genetic code in which

UGA codes for tryptophan instead of stop identically as in Hodgkinia.

Vidania fulgoroideae (Burkholderiales: ?)

A probable co-symbiont of Sulcia and Purcelliella in Cixiidae planthoppers was found to
cluster with bacteria associated with ticks and close to Zinderia [48]. Two possible scenarios
can explain this topology. First, Vidania and Zinderia are members of one ancient lineage
infecting Auchenorrhyncha, which was repeatedly lost or originated from closely related free-
living Betaproteobacterium. Second, presented topology is artifactual because of similarly low

GC content in both Zinderia and Vidania.

Gammaproteobacteria

Most of gammaproteobacterial symbionts originated within Enterobacteriaceae, but at least

three symbiotic lineages are known to originate outside of this group.

Rickettsiella (Legionellales: Coxiellaceae)

Bacteria of the genus Rickettsiella were recently relocated from Alphaproteobacteria to
Gammaproteobacteria, close to Coxiella and Legionella [88, 89]. These pathogenic bacteria and
facultative symbionts are known from numerous arthropod groups including crustaceans,
crickets, cockroaches, flies, beetles, spiders, mites and aphids, where they were shown to

modify the aphid color and thus change its susceptibility to predators and parasites [90].
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Clustering of Rickettsiella with Coxiella-like symbionts and Diplorickettsia massiliensis from

ticks [91] implies that these bacteria might be members of a single clade.

Legionella (Legionellales: Legionellaceae)

Bacteriocyte-associated Legionella spp. were sequenced from two lice species (Polyplax
serrata and Polyplax spinulosa) and appear to be obligate based on its location in host and
vertical transmission [92, 93].

Carsonella+Portiera (Oceanospirillales?)

Although obligate symbionts of psyllids (Carsonella ruddii) and whiteflies (Portiera
aleyrodidarum) were inferred to be related to Pseudomonas clade [94, 95], there is currently no
reliable (non 16S rDNA) multi-locus phylogeny confirming such relationships or confirming
that these symbionts are sister species. Unfortunately, Portiera genome is not yet available and
availability of the 160 kb genome of Carsonella ruddii did not change this situation [83]. This
species with its extreme AT bias (16.6% GC) and rapid evolutionary rate is usually excluded
from phylogenetic analyses and if included, it is either attracted to AT-rich species within
Enterobacteriales [96] or must be constrained to Oceanospirillales [7]. Strikingly, no realistic
evolutionary model has ever been used to figure out its topology, although exclusion of AT-rich
species has also suggested its placement within Oceanospirillales [96].

Enterobacteriales

Since the attached study [3] is devoted to detail genome-based phylogeny of
Enterobacteriales, only the lineages for which complete genome is not available will be briefly
discussed here. For most of these lineages, phylogenetic position is highly unstable and cannot
be evaluated in respect to free-living enterobacteria. (The following bacteria are included and
more thoroughly discussed in the attached phylogenetic study: Arsenophonus (incl. Riesia,
Phlomobacter and Aschnera), Baumannia, Blochmannia, Buchnera, Ishikawaella, Sodalis,
Serratia, Hamiltonella, Regiella and Wigglesworthia).

Recently, several intracellular enterobacterial lineages symbiotic in Lygaeoidea seed
bugs (Kleidoceria schneideri, Rohrkolberia cinguli, Schneideria nysicola) and extracellular

symbiotic lineages in Pentatomoidea bugs (Benitsuchiphilus tojoi, Rosenkranzia clausaccus)
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have been reported [50, 97-102]. Although all these lineages are convincingly obligate
mutualists, their phylogenetic position was almost exclusively based on 16S rRNA gene and is
thus highly uncertain. Genome data are needed to distinguish how many times intracellular
symbiosis originated within plant-feeding Heteroptera and if some lineages originated from gut
associated symbionts.

Three distinct lineages of obligate symbionts are currently known from beetles:
Curculioniphilus buchneri in Curculio weevils [103], Nardonella sp. in Dryopthoridae weevils
[40, 41, 104, 105] and an unnamed monophyletic lineage in Donaciinae reed beetles
(Chrysomelidae), subclade of which was named Macropleicola [106, 107].

Several endosymbiotic lineages of lice originated within Enterobacteriales, namely
Puchtella pedicinophila from Pedicinus lice [108] and unnamed lineages from Haematomyzus,
Haematopinus, Solenopotes and Linognathus genera [92].

A co-symbiont of Cixiidae planthoppers, typically for Auchenorrhyncha housed in
separate bacteriomes from Sulcia muelleri, was named Purcelliella pentastirinorum [49].

In addition to the symbiotic lineages mentioned above, unnamed enterobacterial lineages

with unknown function were sequences from whiteflies, psyllids or scale insects [14-16, 42].

Bacteroidetes

Several lineages of insects harbor symbionts which originated within Bacteroidetes.
Relationship among these lineages is uncertain and it is not known if this group is monophyletic

or not.

Cardinium hertigii (Bacteroidales)

Bacteria responsible for sex manipulation in arthropods are not only members of the
Wolbachia clade, but several other lineages such as Cardinium hertigii has also evolved
molecular mechanisms causing cytoplasmic incompatibility, parthenogenesis, feminization or
male killing [109-111]. Although no obligate mutualists have been reported from this genus, its
widespread prevalence in arthropods makes it tempting to speculate that some obligate

mutualists will be found in future similarly to Wolbachia.
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Flavobacterium (Flavobacteriales)

Phylogenetic position of an unnamed Flavobacterium causing male-killing in two lady
bugs [112, 113] suggests that this bacterium is closely related to the putative Bacteroidetes clade
of obligate mutualists containing Sulcia, Blattabacterium, Brownia, Uzinura and several other
symbiotic lineages. On the other hand, support for this huge symbiotic clade is either weak or
there are no free-living taxa used in phylogenetic datasets excluding any discussion about
independent origins [42].

Uzinura (Flavobacteriales?)

Armored scale insects (Coccoidea: Diaspididae) have established an evolutionary stable
symbiotic relationship with obligate symbiont Uzinura diaspidicola, undergoing at least 60
million years of strict coevolution [114, 115]. Random distribution in fat bodies might suggest
that this symbiont shares some homologous traits with Blattabacterium (e.g. uric acid

recycling).

Brownia (Flavobacteriales?)

Two lineages of mealybugs were found to replace their original obligate symbiont
Tremblaya phenacola with Bacteroidetes bacteria. These replacements (in Rhizoecini and
Rastrococcus/Cryptococcus clades) are thought to originate from two different bacterial

lineages, the Rhizoecini-infecting lineage was named Brownia rhizoecola [42].

Blattabacterium (Flavobacteriales)

Four genome analyses of Blattabacterium cuenoti, fat bodies associated symbionts of
cockroaches and basal Mastotermes darwiniensis termite, have confirmed its role in recycling
nitrogen from urea or ammonia into glutamate [116-119]. In addition, loss of several pathways
in wood-diet shifted lineages of Mastotermes darwiniensis and Cryptocercus punctulatus
suggests that products of these pathways might be complemented by hindgut microbiota.

Sulcia (Flavobacteriales)
One of the most ancient (at least 260 million years old) and stable symbiotic relationship
in arthropods is between Sulcia muelleri and Auchenorrhyncha group [120]. This symbiotic

lineage forms dual or tripartite co-symbioses with other bacteria depending on host group (Table
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1) and provides the hosts with essential amino acids [43-46, 48, 49, 121, 122]. It is interesting to
note that Sulcia was named to honor Karel Sulc, a Moravian scientist who as one of the first

authors (in 1909) recognized the bacteriome as an organ harboring microorganism [47, 120].

Tenericutes: Mollicutes

Spiroplasma (Entomoplasmatales: Spiroplasmataceae)

Numerous cases of Spiroplasma bacteria have been reported from arthropods mainly
because of its male-killing effect [123], but several mutualistic lineages providing protection

against parasitic nematodes, parasitoid wasps and cold were also described [124-126].

Chlamydiae

Fritschea (Chlamydiales: Simkaniaceae)

Two bacteriocyte-associated members of Chlamydiae closely related to Simkania
negevensis were identified from phloem sap sucking insects: Fritschea bemisiae from a whitefly
Bemisia tabaci and Fritschea eriococci from a scale insect Eriococcus spurius [127, 128]. No

biological data for these species are available.

1.2 Evolutionary implications of the intracellular lifestyle

Because of uncultivable nature of the obligate symbionts, evolutionary implications of
their intracellular lifestyle are mainly inferred from in silico analyses of genome sequence. It is
important to mention that this approach leads to a certain level of uncertainty because of lack of
the knowledge on the host genome and functional data from transcriptomes or proteomes,
currently available only for the model species Buchnera aphidicola [129-131]. Although gene
annotations in symbiotic genomes are generally of very high quality with only a few
hypothetical genes of unknown function, assessment of pseudogenes is an extremely difficult
step and commonly leads to misannotation of genes which produce a functional protein as

pseudogenes or vice versa.

1.2.1 Endosymbiotic horizontal gene transfer (EGT)

It is generally assumed that evolutionary transmission from a symbiont to an organelle is
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accompanied by transfers of the symbiont genes to the host chromosome and consequent
targeting of proteins into the organelle. This hypothesis was corroborated by numerous studies
concerning unicellular eukaryotes [132] and became one of definitions of organelles. However,
in the case of arthropod symbionts, the transfer of functional genes was not validated by the two
sequenced insect genomes with obligate bacteria: Pediculus humanus [133] and Acyrthosiphon
pisum [131]. In the human lice genome, there were no sequences of bacterial origin found, but
the exact methodological procedure was not described, which is unusual and calls for reanalysis.
In the pea aphid genome, rigorous analyses revealed 12 genes of bacterial origin [131, 134,
135]. Out of these 12 genes, two pseudogenes (dnak and atpH) appear to be transferred from
Buchnera and the rest was transferred from Rickettsiales, probably Wolbachia (three LD-
carboxypeptidases-one pseudogenized, five rare lipoprotein As, N-acetylmuramoyl-L-alanine
amidase and 1,4-beta-N-acetylmuramidase).

The only available sequencing evidence for a functional gene transfer is from filarial
nematodes [136] which are universally associated with an ancient obligate Wolbachia providing
them with riboflavin and heme. In a few filarial lineages, this cooperation was found to be lost
and the sequencing data of these species clearly suggest that parts of the original Wolbachia
genome were transferred to the host chromosomes.

Remarkably, most cases of symbiont-to-arthropod gene transfers are known to originate
from reproductive manipulators of the genus Wolbachia (Alphaproteobacteria: Rickettsiales).
Wolbachia are commonly present at high density in germ cells and are transferred mostly
through the egg cytoplasm, which provides opportunity for gene transfers to the host genome.
Transfers of whole Wolbachia chromosomes or single genes are known to occur in two beetle
species [137-139], several Drosophila species [140], mosquitos [141, 142] and parasitoid

Nasonia wasps [143].

1.2.2 Genome streamlining

Numerous complete genomes of bacterial symbionts now available (Table 2) allowed for
generalizing the changes accompanying the shift towards intracellular obligate symbiosis. The
most striking is the genome reduction reaching from about 0.8 Mb to the most extremely
reduced genomes smaller than 200 Kb. All bacterial features nonessential in the host cell

environment are discarded; lipopolysaccharide and peptidoglycan biosynthetic pathways are

16



eroded in a way that some symbionts (mostly those residing within host symbiosomal
membrane) retain only a fragile cell envelope. Rod cell shape genes are also lost and cell shape
is usually spherical (Fig 2A), elongated tubular (up to 200 um) or forms irregular blobs [7].

In some lineages, the genome reduction inevitably leads also to loss of many essential
pathways that provide nucleotides, ATP, amino acids, B-vitamins and cofactors. All these
compounds must then be supplemented by the host.

DNA repair and recombination genes are depleted in symbiont genomes, which together
with small population size and severe bottlenecks increase mutational bias. Therefore,
deleterious and slightly deleterious mutations accumulate; proteins of symbiotic bacteria have
lower thermal stability and must be buffered by heat shock proteins [144]. Constitutive
overexpression of heat shock proteins (GroL, GroS, DnaJ, DnakK, and GrpE) in the absence of
stress is thus one of features typical for all bacterial symbionts with reduced genomes.

As mentioned above, bacteria have universal AT mutational bias [81, 82]. In symbiont
populations with rapid evolution and strong effect of random genetic drift, genomes become AT
rich (e.g. 13.5 % GC in Zinderia), presumably due to Muller’s ratchet and absence of a repairing
mechanism [145-147]. Nevertheless, the two most reduced genomes, Tremblaya (139 kb) and
Hodgkinia (144 kb) have both high GC content (>58 %) implying that selection may play a role
even in populations of insect symbionts with tiny effective population sizes [84, 148].
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Table 2. Taxonomic designation, genome size and GC content of genome sequences of
symbiotic bacteria of arthropods. If more than one strain has been sequenced from the same host
(Buchnera strains from Acyrthosiphon pisum and Tremblaya strains from Planococcus citri),
only the first published is presented here. Only complete genomes are included from the genus
Wolbachia because of high number of its draft sequencing projects.

Bacterial group | Symbiotic bacterium Taxonomy Genome size GC content Reference
(source hosts in brackets)
0- Hodgkinia cicadicola str. Ds Rhizobiales: ? 143,795 bp 58.4 % [44]
proteobacteria | (Diceroprocta semicincta)
Midichloria mitochondrii Rickettsiales 1,183,732 bp 36.6 % [71]
(Ixodes ricinus)
Wolbachia pipientis str. wMel Rickettsiales: 1,267,782 bp 35.2% [149]
(Drosophila melanogaster) Anaplasmataceae
Wolbachia pipientis str. wPip Rickettsiales: 1,482,455 bp 34.2% [150]
(Culex quinquefasciatus) Anaplasmataceae
Wolbachia pipientis str. wRi Rickettsiales: 1,445,873 bp 352 % [151]
(Drosophila simulans) Anaplasmataceae
Tremblaya princeps str. TPPCIT Burkholderiales: 138,927 bp 58.8 % [36, 87]
(Planococcus citri) Burkholderiaceae?
Zinderia insecticola str. Ca Burkholderiales: 208,564 bp 13.5% [45]
(Clastoptera arizonana) Oxalobacteraceae?
y-proteobacteria | Arsenophonus nasoniae Enterobacteriales ~3.3 Mbp (draft) 377 % [152, 153]

(Nasonia vitripennis) ~100 Kbp plasmid(s)

~200 Kbp phage(s)
Baumannia cicadellinicola Enterobacteriales 686,192 bp 33.2% [121]
(Homalodisca coagulata)
Blochmannia floridanus Enterobacteriales 705,557 bp 2714 % [154]
(Camponotus floridanus)
Blochmannia pennsylvanicus Enterobacteriales 791,654 bp 29.6 % [155]
(Camponotus pennsylvanicus)
Blochmannia vafer Enterobacteriales 722,593 bp 275 % [156]
(Camponotus vafer)
Buchnera aphidicola str. APS Enterobacteriales 640,681 bp 26.2 % [157]
(Acyrthosiphon pisum) + 7,786 plasmid pLeu

+ 7258 plasmid pTrp
Buchnera aphidicola str. Ak Enterobacteriales 641,794 bp 257 % [158]
(Acyrthosiphon kondoi) + 7,784 plasmid pLeu

+ 3,645 plasmid pTrp
Buchnera aphidicola str. Bp Enterobacteriales 615,980 bp 253 % [159]
(Baizongia pistaciae) plasmid not determined
Buchnera aphidicola str. Cc Enterobacteriales 416,380 bp 20.1% [39]
(Cinara cedri) + 6,054 plasmid pLeu
Buchnera aphidicola str. Ct Enterobacteriales 444,925 bp 23.0% [160]
(Cinara tujafilina) + 8,069 bp plasmid

pLeu/Trp
Buchnera aphidicola str. Sg Enterobacteriales 641,454 bp 26.3 % [161]
(Schizaphis graminum) + 7,967 plasmid pLeu

+ 3580 plasmid pTrp
Buchnera aphidicola str. Ua Enterobacteriales 615,380 bp 241% [158]
(Uroleucon ambrosiae) + 7,689 plasmid pLeu

+ 4,884 plasmid pTrp
Carsonella ruddii Oceanospirillales ? 159,662 bp 16.5% [83]
(Pachypsylla venusta)
Hamiltonella defensa str. 5AT Enterobacteriales 2,110,331 bp (draft) 40.1% [162]
(Acyrthosiphon pisum) + 59,032 plasmid
Moranella endobia str. MEPC Enterobacteriales 538,294 bp 435 % [36]
(Planococcus citri)
Regiella insecticola str. LSR1 Enterobacteriales 2,067,400 bp (draft) 425 % [163]
(Acyrthosiphon pisum)
Regiella insecticola str. R5.15 Enterobacteriales 2,013,072 bp (draft) 42.6% [164]
(Myzus persicae)
Riesia pediculicola Enterobacteriales 574,526 bp 28.5% [133]

(Pediculus humanus humanus)

+ 7,628 bp plasmid
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Serratia symbiotica str. APS Enterobacteriales 2,789,218 bp (draft) 52.0 % [165]
(Acyrthosiphon pisum)
Serratia symbiotica str. Cc Enterobacteriales 1,762.765 bp 29.2% [35]
(Cinara cedri)
Sodalis glossinidius str. Gm Enterobacteriales 4,171,146 bp 54.7 % [166]
(Glossina morsitans) + 83,306 bp plasmid 1

+ 27,240 bp plasmid 2

+ 10,810 bp plasmid 3
Wigglesworthia glossinidia str. Gb | Enterobacteriales 697,724 bp 225% [167]
(Glossina brevipalpis) + 5,200 bp plasmid
Wigglesworthia glossinidia str. Gm | Enterobacteriales 719,535 bp 25.2% [57]
(Glossina morsitans) + 5,198 bp plasmid
Sulcia muelleri str. Ca Flavobacteriales 276,511 bp 211 % [45]
(Clastoptera arizonana)
Sulcia muelleri str. Ds Flavobacteriales 276,984 bp 22.6% [44]
(Diceroprocta semicincta)
Sulcia muelleri str. Dm Flavobacteriales 243,933 bp 225% [122]
(Draeculacephala minerva)
Sulcia muelleri str. Hc Flavobacteriales 245,530 bp 224 % [43, 121]
(Homalodisca coagulata)
Blattabacterium cuenoti str. Bg Flavobacteriales 636,850 bp 282 % [116]
(Blattella germanica) + 4,085 bp plasmid
Blattabacterium cuenoti str. Cp Flavobacteriales 605,745 bp 23.8% [118]
(Cryptocercus punctulatus) + 3,816 bp plasmid
Blattabacterium cuenoti str. Md Flavobacteriales 587,248 bp 27.5% [119]
(Mastotermes darwiniensis) + 3,088 bp plasmid
Blattabacterium cuenoti str. Pa Flavobacteriales 636,994 271 % [117]
(Periplaneta americana) + 3,448 bp plasmid

1.2.3 Genetic information processing

Apart from the genes related to the provision of nutrients to the host and heat shock
proteins, another category of genes is relatively highly retained. It is the category of genetic
information processing, which is one of the reasons why the symbionts with reduced genomes
are still considered bacteria rather than organelles. Tremblaya princeps will not be included and
discussed here because of its composite structure with Moranella endobia.

The most gene variable genetic process in symbiont genomes is replication with rich set
of genes in the genomes larger than 500 kb, but only the 5'-to-3" DNA polymerase subunit
(DNA pol. III a-subunit; dnaE), and its associated 3'-to-5’ proofreading exonuclease subunit
(DNA pol. TII e-subunit; dnaQ) retained in the most reduced symbiont genomes. For
transcription, all symbiont genomes contain three core subunits of RNA polymerase (rpoABC)
along with its sigma factor (rpoD). The substantial part of genome is usually devoted to
essential ribosomal RNAs and rRNA modification (rlu genes) and transfer RNAs and tRNA
modification (mnmAEG). For translation, core structure of both ribosomal subunits is
consistently retained along with translation initiation factors (infABC), elongation factors (fusA,
tsf), protein release factors (prfAB), ribosome recycling factor (frr) and peptide deformylase
(def). Aminoacyl-tRNA synthetases may not be retained for all tRNAs, but at least eight of them
are always retained [7].
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1.2.4 Host-symbiont cooperation

The most insightful transcriptomic study on host role in arthropod-symbiosis [129]
untangled the intimate symbiotic interface in the pea aphid-Buchnera system and confirmed the
previously suggested host-symbiont cooperation in the production of essential amino acids [168]
and incorporation of ammonium nitrogen into glutamate (GOGAT cycle). Results of this study
were further corroborated by proteomic approach; no evidence for the selective transfer of
proteins among the symbiotic partners was detected [130], although previously proposed to be
undertaken by flagellar bodies [169]. Nevertheless, no transcriptomic study has so far been
published for a symbiotic system with several bacteria or from a blood-sucking host.

A study on response of aphid transcriptome on infection of secondary symbionts (Serratia
symbiotica) revealed only a few differentially expressed genes, so the metabolic impact of
facultative symbiont is predicted to be the result of the symbiont itself [170].

Host dependence on the long-lasting symbiosis between Buchnera and aphids and the
intimacy of the association is exemplified by losses of several essential pathways such as the
urea cycle and arginine biosynthesis or purine salvage pathway [171-173].

Hos-symbiont cooperation is exceptionally dependent on well working transport of
compounds to and from the bacteriocytes and to and from the symbiont cells. Transporters were
so far studied only for the aphid-Buchnera model system and two published papers conclude
that symbiotic bacteria retain only a few general transporters, some of which very likely lost its
substrate specificity [174] and that the host transporters involved in amino acid transport were
extensively duplicated and specialized for bacteriocyte transfer [175].

Probably as a result of long-term association with bacteria, aphids, as the main model for the
insect symbiosis studies, have low number of antimicrobial immunity genes [131]. For this
reason, control and maintenance of vertically transmitted obligate symbionts is mainly studied
in weevils of the genus Sitophilus and their recently acquired obligate Sodalis symbionts [176,
177]. This symbiotic system is in early phase of symbiont domestication and antimicrobial
peptides were shown to keep symbionts under control and if these genes were silenced by RNA

interference, symbionts were escaping from bacteriocytes and spreading into host tissues [178].

20



1.3 Conclusion and future prospects

The presented overview arises several general evolutionary questions concerning

arthropods-bacteria symbiosis. In the attached study, focused on phylogenetic relationships

within Enterobacteriaceae, | tried to use the most advanced phylogenetic methods to analyze

phylogeny, and address various evolutionary issues within Enterobacteriaceae. Below, | briefly

cover additional questions and likely answers emerging from the current knowledge. Finally, |

summarize the topics to be addressed in a complex manner using yet additional molecular data.

1)

How frequently have intracellular symbioses originated among different groups of
bacteria and arthropods?
Answer: There are at least twenty independent origins within bacteria and numerous

lineages with uncertain position.

2) Are some taxonomical or ecological groups predisposed to form intracellular symbiotic

3)

associations?

Answer: Yes, very likely. Mainly those commonly associated with arthropods (e.g. gut
bacteria, animal and plant pathogens).

How common is transition between pathogenic and symbiotic lifestyle or vice versa?

Answer: Sometimes happens, e.g. in Wolbachia and Arsenophonus lineages.

4) Which changes affect symbiotic associations and how common are losses, replacements

5)

or complementations of established symbionts.

Answer: All these changes affect symbiotic associations and are very common.

How intracellular lifestyle adjusts genomes, transcriptomes or proteomes of both
symbiotic partners?

Answer: Mainly genome reduction in bacteria; gene loss, expansion and specialization

followed by intimate cooperation in arthropods.

6) Are symbionts with extremely reduced genomes bacteria, organelles or something in

between?
Answer: Weird bacteria with exception of Tremblaya princeps, which is a composite

organism with Moranella endobia.
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Future phylogenetic goals

1)

2)

3)

4)

5)

Are obligate symbionts within the Bacteroidetes (Blattabacterium, Brownia, Sulcia and
Uzinura) monophyletic or not, what are their closest free-living ancestors and what is

their relation to reproductive manipulators within this group?

Is the suggested position of Hodgkinia within the Rhizobiales correct and how many

times has obligate symbiosis originated within the Rickettsiales?

What are the closest free-living betaproteobacterial ancestors of Tremblaya and
Zinderia? Is Zinderia and Vidania an identical lineage of an ancient co-symbiont of

Sulcia within Auchenorrhyncha?

How did the symbionts replacements in Auchenorrhyncha, weevils and scale insects take
place?

Is Carsonella a sister species to Portiera, did they originate within Oceanospirillales,

and what are their free-living relatives?

6) Will future genome projects and additional phylogenomic analyses expand number of

independent origins of endosymbiosis within the Enterobacteriales?

7) Will future analyses and additional free-living lineages break the pattern of species rich

symbiotic clades within Gammaproteobacteria and Bacteroidetes?
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Abstract

Background: The bacterial family Enterobacteriaceae gave rise to a variety of symbiotic forms, from the loosely
associated commensals, often designated as secondary (S) symbionts, to obligate mutualists, called primary (P)
symbionts. Determination of the evolutionary processes behind this phenomenon has long been hampered by the
unreliability of phylogenetic reconstructions within this group of bacteria. The main reasons have been the
absence of sufficient data, the highly derived nature of the symbiont genomes and lack of appropriate
phylogenetic methods. Due to the extremely aberrant nature of their DNA, the symbiotic lineages within
Enterobacteriaceae form long branches and tend to cluster as a monophyletic group. This state of phylogenetic
uncertainty is now improving with an increasing number of complete bacterial genomes and development of new
methods. In this study, we address the monophyly versus polyphyly of enterobacterial symbionts by exploring a
multigene matrix within a complex phylogenetic framework.

Results: We assembled the richest taxon sampling of Enterobacteriaceae to date (50 taxa, 69 orthologous genes
with no missing data) and analyzed both nucleic and amino acid data sets using several probabilistic methods. We
particularly focused on the long-branch attraction-reducing methods, such as a nucleotide and amino acid data
recoding and exclusion (including our new approach and slow-fast analysis), taxa exclusion and usage of complex
evolutionary models, such as nonhomogeneous model and models accounting for site-specific features of protein
evolution (CAT and CAT+GTR). Our data strongly suggest independent origins of four symbiotic clusters; the first is
formed by Hamiltonella and Regiella (S-symbionts) placed as a sister clade to Yersinia, the second comprises
Arsenophonus and Riesia (S- and P-symbionts) as a sister clade to Proteus, the third Sodalis, Baumannia, Blochmannia
and Wigglesworthia (S- and P-symbionts) as a sister or paraphyletic clade to the Pectobacterium and Dickeya clade
and, finally, Buchnera species and Ishikawaella (P-symbionts) clustering with the Erwinia and Pantoea clade.

Conclusions: The results of this study confirm the efficiency of several artifact-reducing methods and strongly
point towards the polyphyly of P-symbionts within Enterobacteriaceae. Interestingly, the model species of
symbiotic bacteria research, Buchnera and Wigglesworthia, originated from closely related, but different, ancestors.
The possible origins of intracellular symbiotic bacteria from gut-associated or pathogenic bacteria are suggested, as
well as the role of facultative secondary symbionts as a source of bacteria that can gradually become obligate
maternally transferred symbionts.
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Background

One of the most fundamental evolutionary questions
concerning insect-bacteria symbiosis is the origin and
phylogenetic relationships of various symbiotic lineages.
This knowledge is necessary for understanding the
dynamics and mechanisms of symbiosis establishment
and maintenance within the host. For instance, close
relationships between symbionts and pathogenic bacteria
suggests a transition from pathogenicity to symbiosis;
polyphyly of the symbionts within a single host group is
evidence of their multiple independent origins and close
relationships among symbionts of different biology indi-
cate high ecological flexibility within a given symbiotic
group [1-6]. These implications are particularly impor-
tant within Enterobacteriaceae, the group containing a
broad spectrum of symbiotic lineages and forms
described from various groups of insects. Their biology
varies from loosely associated facultative symbionts
(often called Secondary (S) symbionts) to obligatory
mutualists of a highly derived nature, called Primary (P)
symbionts [7-9]. However, the concept of the P- and S-
symbionts and the associated terminology are a major
oversimplification and they become inadequate for the
description of the ever increasing complexity of the
symbiotic system within Enterobacteriaceae. This com-
plexity is manifested by such phenomena as the pre-
sence of multiple symbionts in a single host [10],
occurrence of intermediate symbiotic forms and the
replacement of symbionts within a host [11-14] or close
phylogenetic relationships between typical S- and P-
symbionts revealing their high ecological versatility [15].
A good example of such a complex system is provided
by the occurrence of multiple obligate symbionts within
Auchenorrhyncha [10], universally harboring Sulcia
muelleri (Bacteroidetes) [16] with either Hodgkinia cica-
dicola (a-Proteobacteria) in cicadas, Zinderia insecticola
(B-Proteobacteria) in spittlebugs or Baumannia cicadel-
linicola (y-Proteobacteria) in sharpshooters. All of these
latter symbionts are obligate and have been cospeciating
with their hosts for millions of years [17-21]. A close
phylogenetic relationship between typical S- and P-sym-
bionts has been so far demonstrated in two well defined
and often studied groups, the enterobacterial genera
Arsenophonus and Sodalis [5,22,23]. The general cap-
ability of S-symbionts to supplement the metabolic
functions of P-symbionts or even replace them was
demonstrated experimentally by replacement of Buch-
nera with Serratia in aphids [24].

It is obvious that all these fascinating processes can
only be studied on a reliable phylogenetic background
[9,25-28]. Unfortunately, under current conditions, the
phylogeny within Enterobacteriaceae and the placement
of various symbiotic lineages are very unstable.

Page 2 of 17

Particularly, the P-symbionts present an extremely diffi-
cult challenge to phylogenetic computation due to their
strongly modified genomes [9]. There are several root
problems that are responsible for this dissatisfactory
state. Traditionally, 16S rDNA was frequently used as
an exclusive molecular marker for the description of a
new symbiont. Many lineages are thus represented only
by this gene, which has been shown within Enterobac-
teriaceae to be inadequate for inferring a reliable phylo-
geny [29]. In addition, it is notoriously known that the
phylogenetic information of symbiotic bacteria is often
seriously distorted due to the conditions associated with
the symbiotic lifestyle. The effect of strong bottlenecks
accompanied by reduced purifying selection and the
overall degeneration of symbiotic genomes have been
thoroughly discussed in many studies [30-33]. As a
result of these degenerative processes, symbiotic lineages
may experience parallel changes of their DNAs and
these convergences produce the main source of phyloge-
netic artifacts. Among the most important features are
biased nucleotide composition favoring adenine-thymine
bases and rapid sequence evolution. While the composi-
tional bias leads to the introduction of homoplasies at
both nucleotide and amino acid levels, the accelerated
evolution is a well known source of the long-branch
attraction phenomenon [34,35]. Due to these circum-
stances, symbionts almost always appear as long
branches in phylogenetic trees and tend to cluster
together [36].

Various methodological approaches have been tested
to overcome these difficulties (Additional file 1). They
are based mainly on the concatenation of a large num-
ber of genes through the whole genome [37-39], the
supertree and the consensus approach [37], exclusion of
amino acids (FYMINK: phenylalanine, tyrosine, methio-
nine, isoleucine, asparagine and lysine) most affected by
nucleotide bias [37], modifications of sequence evolution
models [11,12,36,40] and use of the genome structure as
a source of phylogenetic data [41]. Phylogenomic studies
based on large concatenated sets frequently imply
monophyly of the typical P-symbionts (Additional file
1). However, due to the limited number of available
genomes, these studies are usually based on inadequate
taxon sampling. For example, secondary symbionts and
plant pathogens that were shown to break the P-sym-
biont monophyly in the analysis using a nonhomoge-
neous model [40] could not be included into these
phylogenomic studies. It is important to note that P-
symbionts are probably only distantly related to the
Escherichia/Salmonella/Yersinia clade. Therefore, the
monophyly of P-symbionts derived from such a phyloge-
nomic dataset is logically inevitable, but does not carry
any evolutionary information.
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The non-monophyletic nature of P-symbionts has
been recently suggested in several studies. Perhaps the
most inspiring is a study based on a nonhomogeneous
model that separates P-symbionts into two independent
lineages [40]. As an alternative, a paraphyletic arrange-
ment of these symbionts in respect to several free-living
taxa has been revealed from gene-order analysis based
on break-point and inversion distances [41]. Most
recently, Williams et al. [42] performed a ‘telescoping’
multiprotein phylogenomic analysis of 104 y-Proteobac-
terial genomes. The phylogeny of Enterobacteriaceae
endosymbionts was difficult to resolve, although it
appeared that there were independent origins of at least
the Sodalis and Buchnera lineages.

Thus, there is now a spectrum of hypotheses on the
phylogeny of insect symbionts, ranging from complete
polyphyly with multiple independent origins to complete
monophyly with one common origin. In this study, we
take advantage of current progress in computational
methods to investigate phylogenetic relationships among
the symbiotic lineages. One of the promising recent
methodological advances is the introduction of a site-het-
erogeneous non-parametric mixture CAT model that
allows for site-specific features of protein evolution [43].
This model was shown to solve the long-branch attrac-
tion (LBA) artifacts and outperform the previous models
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[44-47]. Similarly, the slow-fast method based on removal
of the fastest evolving sites was shown to reduce phyloge-
netic artifacts [48-54], as well as purine/pyrimidine (RY)
data recoding [55-58] or amino acid data recoding
[59,60]. We used these methods as the core of a complex
approach and tried to investigate series of methods, mod-
els and parameters to detect common trends in changes
of the topologies. To do this, we applied two parallel
approaches, one based on the application of recently
developed algorithms and the other on the removal or
recoding of the positions most affected by rapid sequence
evolution and/or compositional (AT) bias. In addition,
we paid particular attention to the sampling and used as
much of a complete set of both symbiotic and free-living
lineages as possible. This approach is particularly impor-
tant to avoid interpretation uncertainties due to the
absence of phylogenetically important lineages.

Results

The complete methodological design of this study and
the resulting topologies are depicted in Figure 1. All
matrices, alignments and phylogenetic trees are available
in the TreeBASE database http://purl.org/phylo/tree-
base/phylows/study/TB2:5S11451, as supplementary
material, or on the webpage http://users.prf.jcu.cz/
husnif00.

AT/GC (MP/9-11)
DNA

matrix

2-3 origins
BI, ML (1+2)
Arsenophonus nasoniae
P-symbionts+Regiella
+Hamiltonella
Sodalis glossinidius

3 origins

Arsenophonus nasoniae

Sodalis
+P-symbionts

ML Regiella+Hamiltonella
Sodalis glossinidius

P-symbionts+Arsenophonus

+Regiella+Hamiltonella

amino-acid

AT/GC (Bl/4-11; ML/3-11; MP/3-8)
ML (RY 1+2+3, RY 1+2)

4 origins

AT/GC (BI/0-3; ML/0-2; MP/0-2)
nhPhyML (1+2+3, 1+2)

4 origins

Arsenophonus+Riesia

Sodalis+Wigglesworthia
+Blochmannia+Baumannia

Arsenophonus nasoniae
Sodalis
+P-symbionts

P-symbiont(s)
Regiella+Hamiltonella

Buchnera+Ishil
Regiella+Hamiltonella

matrix

BIl, ML, SF (ML, SF0-Arsenophonus+Riesia)
55 genes - Bl (CAT+GTR)

14 genes - Bl (CAT+GTR)
Dayhoff4 - Bl (CAT+GTR)

Dayhoff6 - Bl (CAT/CAT+GTR)
Dayhoff4/HP - Bl (CAT)

Figure 1 Study design. General design of the study summarizing all analyses and results. Individual topologies show the gradient of acquired
results; method names are written above and below the arrows. Notice an increasing number of independent origins of symbionts and
decreasing number of phylogenetic artifacts along the continuum towards the ‘derived’ methods. 1+2: third codon positions excluded; AT/GC(BI/
4-11): AT/GC datasets 4-11 analyzed by BI; Bl: Bayesian inference; Dayhoff6/Dayhoff4/HP: amino acid recoded matrices; ML: maximum likelihood;
nhPhyML: ML under nonhomogeneous model; MP: maximum parsimony; RY: purine/pyrimidine recoded matrix; SF: slow-fasted datasets.
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Standard maximum likelihood and Bayesian inference
The single gene maximum likelihood (ML) analyses of
both nucleic and amino acid data provided an array of
mutually exclusive topologies. The majority consensus
based on amino acid data (Additional file 2a) groups
almost all symbionts into polytomy with only two pairs
of sister symbiotic species being resolved (Buchnera and
Blochmannia). Phylogenetic trees inferred by ML and
Bayesian inference (BI) from the nucleic acid concate-
nated data using the General Time Reversible model
with an estimated proportion of invariable sites (I) and
heterogeneity of evolutionary rates modeled by the four
substitution rate categories of the gamma (I') distribu-
tion with the gamma shape parameter (alpha) estimated
from the data (GTR+I+I") were apparently affected by
phylogenetic artifacts, as demonstrated by placement of
Riesia and Wigglesworthia within the Buchnera cluster
with high posterior probabilities in the BI tree (Figure 2)
and the attraction of two outgroup species (Haemophi-
lus and Pasteurella) in the ML tree with high bootstrap
support (Additional file 2b). Similar topologies were also
retrieved from the amino acid concatenate by ML and
BI using the LG+I+I', WAG+I+I" and GTR+I+I" models
(Figure 3). Nevertheless, in contrast to the nucleotide-
derived results, the monophyly of the Buchnera clade
was not disrupted and Hamiltonella and Regiella were
unambiguously separated from the other symbionts and
clustered with Yersinia.

PhyloBayes, non-homogenous PhyML and modified
matrices

The phylogenetic trees acquired under the CAT+GTR
PhyloBayes model from 14 and 55 concatenated genes
(Figure 4 and Additional file 2p) split symbiotic bacteria
into four and three independent lineages, respectively.
First, Arsenophonus nasoniae is a sister species to Pro-
teus mirabilis; second, Hamiltonella and Regiella form a
sister clade to Yersinia pestis; third, the Sodalis, Bau-
mannia, Blochmannia, Wigglesworthia, Riesia and Buch-
nera clade form a sister clade to Dickeyal
Pectobacterium. The position of Ishikawaella differs
between the two datasets. In the 14-gene dataset, Ishika-
waella forms a sister clade to Pantoea (Figure 4) and in
the 55-gene dataset, it is attracted to the P-symbiont
cluster (Additional file 2p).

A topology with four independent symbiotic clades
resulted from the trees derived from dayhoff6 and dayh-
off4 recoded amino acid data sets analyzed by CAT and
CAT+GTR models (Figure 5, Additional file 2r, q) and
partially with the hp (hydrophobic-polar) recoded data-
set (Additional file 2¢) - which was on the other hand
affected by the substantial loss of phylogenetic informa-
tion. The first clade is Buchnera+Ishikawaella as a sister
clade to the Erwinia/Pantoea clade, the second clade is
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Riesia+Arsenophonus as a sister clade to Proteus, the
third clade is Hamiltonella+Regiella as a sister clade to
Yersinia, and the last clade is composed of Sodalis, Bau-
mannia, Blochmannia and Wigglesworthia.

The analyses testing each symbiont independently,
using a CAT+GTR model on the dayhoff6 recoded
datasets, resulted in topologies supporting multiple ori-
gins of endosymbiosis (Additional file 2s). Arsenopho-
nus clusters with Proteus; Hamiltonella clusters with
Yersinia; Regiella clusters with Yersinia; and Sodalis,
Blochmannia, Baumannia, Riesia and Wigglesworthia
grouped into polytomy with the basal enterobacterial
clades. Most importantly, the Buchnera clade clusters
as a sister clade to the Erwinia clade and Ishikawaella
is placed in polytomy with the Pantoea and Erwinia
clade.

The non-homogenous (nh) PhyML nucleotide analyses
with two different starting trees resulted in two different
topologies (Figure 6 and Additional file 2d, e, f). When
compared by the approximately unbiased (AU) test, the
topology with four independent origins of symbiotic
bacteria prevailed (P = 1) over the topology with mono-
phyly of P-symbionts, which therefore corresponds to a
local minimum due to a tree search failure (complete
matrix: P = 2 x 10%; matrix without the third positions:
P =9 x 10°%). The only incongruence in topologies
based on the complete matrix (Additional file 2d) and
the matrix without the third positions (Figure 6) was the
placement of the Sodalis+ Baumannia+Blochmannia
+Wigglesworthia clade as a sister clade to the Edward-
siella or Dickeya/Pectobacterium clades.

Matrices obtained by removing positions according to
the AT/GC contents produced trees covering the whole
continuum illustrated in Figure 1. The most severe
restrictions, that is, removal of all positions that contain
both AT and GC categories or relaxing for up to three
taxa (see BI trees in Additional file 2g, h, i, j), yielded
topologies compatible with the results of the CAT
model applied on the recoded amino acid data and of
the nhPhyML analysis. Further relaxing the restriction
rule led to a variety of trees along the Figure 1 conti-
nuum, with a less clear relation between the used para-
meter and the resulting topology (Additional file 3).

Compared to the ML analysis of all nucleotide posi-
tions, the analysis of first plus second positions reduced
the obvious artifact of outgroup attraction (Additional
file 2k). Nevertheless, it also sorted symbionts according
to their branch length. Analysis of the RY recoded
nucleotide matrix produced a tree compatible with the
results of the CAT+GTR model (Additional file 21).
Analysis of the RY recoded nucleotide matrix without
the third positions resulted in a topology with a Sodalis
+Baumannia+Blochmannia cluster (as a sister to the
Pectobacterium/Dickeya clade) separated from the rest
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Xenorhabdus nematophila 47.24
Photorhabdus asymbiotica 46.14
Photorhabdus luminescens 46.50

Yersinia pestis 49.31

Regiella insecticola 43.37

Hamiltonella defensa 41.43

Baumannia cicadellinicola 34.05
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- Riesia pediculicola 30.72
* Wigglesworthia glossinidia 25.58

Figure 2 MrBayes phylogram - 69 genes, nucleotide matrix. Phylogenetic tree inferred from the concatenated nucleotide matrix using Bl
under the GTR+I+I" model. Asterisks designate nodes with posterior probabilities equal to 1.0, values next to species names represent GC
content calculated from the 69-gene dataset, genomic GC content can be found in Additional file 4. Bl: Bayesian inference.

of the P-symbionts, which clustered with the Erwinia/
Pantoea clade (Additional file 2m). Slow-fast analyses
with gradual reduction of saturated positions did not
produce the polyphyly of P-symbionts (Additional file 3;
only the first five trees presented, subsequent trees are

identical to the fifth tree). However, this analysis shows
an increasing effect of LBA artifacts associated with the
increasing number of remaining saturated positions,
especially Riesia attraction and swapping of symbiotic
branches according to their length.
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Figure 3 MrBayes phylogram - 69 genes, amino acid matrix. Phylogram inferred from the concatenated amino acid matrix using Bl under
the WAG+I+T" model. Values at nodes represent posterior probabilities (WAG+I+I" model, GTR++T" protein model) and bootstrap supports from
ML analysis (LG+I+T" model). Asterisks designate nodes with posterior probabilities or bootstrap supports equal to 1.0, dashes designate values

lower than 0.5 or 50, values next to species names represent GC content calculated from the 69-gene dataset, genomic GC content can be
found in Additional file 4. BI: Bayesian inference. ML: maximum likelihood.
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found in Additional file 4.

Buchnera aphidicola str. Cc 23.38
~ Buchnera aphidicola str. Bp 28.78
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*Klebsiella pneumoniae 55.80

Figure 4 PhyloBayes phylogram - 14 genes, amino acid matrix. Phylogram derived from concatenation of 14 genes (Acef, ArgS, AspS, EngA,
GidA, GlyS, InfB, PheT, Pgi, Pnp, RpoB, RpoC, TrmE and YidC) using PhyloBayes under the CAT+GTR model. Asterisks designate nodes with posterior
probabilities equal to 1.0, values next to species names represent GC content calculated from the 69-gene dataset, genomic GC content can be
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Figure 5 PhyloBayes cladogram - 69 genes, Dayhoff6 amino acid recoded matrix. Cladogram inferred from amino acid matrix recoded
with Dayhoffé scheme using PhyloBayes with the CAT and CAT+GTR model. Because of the length of symbiotic branches, phylogram is
presented only as a preview (original phylogram can be found in Additional trees on our website). Values at nodes represent posterior
probabilities from CAT and CAT+GTR analyses, respectively (asterisks designate nodes with posterior probabilities equal to 1.0). Values next to
species names represent GC content calculated from the 69-gene dataset, genomic GC content can be found in Additional file 4.
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Figure 6 nhPhyML phylogram - 69 genes, nucleotide matrix, third positions excluded. Phylogram inferred from the concatenated
nucleotide matrix without third codon positions using the nonhomogeneous model of evolution as implemented in nhPhyML. Values at nodes
and branches represent GC content.
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Discussion
Performance of the methods: convergence towards non-
monophyly
The results obtained in this study strongly indicate that
the frequently retrieved monophyly of P-symbionts is an
artifact caused by their highly modified genomes. None
of the most widely used methods, that is, ML and BI
with different models used on nucleic (GTR+I+I") and
amino acid (GTR/LG/WAG+I+I') data, were capable of
resolving deep phylogenetic relationships and correct
placement of the symbiotic taxa. This conclusion is evi-
denced by obvious artifacts, such as the inclusion of Rie-
sia into the P-symbiotic lineage or the even more
conspicuous distorted placing of Wigglesworthia within
the Buchnera cluster. The arrangement of such trees
suggests that these methods sort the symbionts accord-
ing to their branch lengths and/or AT contents and
attach the whole symbiotic cluster to the longest branch
available. While the difficulty with placement of the
most aberrant taxa, such as Riesia, Wigglesworthia and
Buchnera (Cinara cedri) was also observed when using
the mixture model accounting for site specific character-
istics of protein evolution (Figure 4; Additional files 2p
and 5), these artifacts disappeared after amino acid data
recoding followed by CAT and CAT+GTR model analy-
sis and the application of a nonhomogeneous model.
Additional support for the non-monophyly view stems
from the second, parallel approach based on the
restricted matrices. While our newly developed method
shares the basic principles with the slow-fast and recod-
ing methods, such as the removal of the positions that
are likely to distort the phylogenetic relationships due to
their aberrant evolution, it differs in the criteria of their
removal and thus produces different input data. It is
therefore significant that this method led independently
to the same picture, the non-monophyly of the P-sym-
bionts with clustering identical to the above analyses:
Ishikawaella+Buchnera and Sodalis+Baumannia+Bloch-
mannia+Wigglesworthia. The removal of the heterope-
cillous sites was recently shown to have similar
effectiveness as our new method [61], which further
supports the results. Moreover, this topology was
obtained even under the maximum parsimony (MP) cri-
terion (Additional file 3), which is known to be extre-
mely sensitive to LBA [34]. On the other hand, although
slow-fast analysis is generally considered a powerful tool
for resolving relationships among taxa with different
rates of evolution, we show in our data that the mere
exclusion of the fast evolving sites is not sufficient when
using empirical models and should be followed by analy-
sis using some of the complex models, such as the
CAT-like models. In addition, since this method usually
requires an a priori definition of monophyletic groups,
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it should be used and interpreted with caution. Similar
to the slow-fast method, RY recoding and exclusion of
third codon positions were not sufficient for resolving
deep symbiont phylogeny. However, all these methods
can remove at least some of the artifacts and provide
insight for further analyses.

Summarizing the topologies obtained in this study
(Figure 1), a convergence can be detected towards a par-
ticular non-monophyletic arrangement of P-symbionts,
as revealed under the most ‘derived’ methods. This
result strongly supports the view of multiple origins of
insect endosymbionts, as first revealed by the nonhomo-
geneous model of sequence evolution [40], and is par-
tially congruent with the analyses of gene order [41] and
phylogenomics of Gammaproteobacteria [42]. It is also
important to note that, apart from multiple symbiont
clustering, the arrangement of the non-symbiotic taxa
corresponds to most of the phylogenomic analyses using
EscherichialSalmonella/Yersinia taxon sampling [37-39].

Biological significance of P-symbionts non-monophyly
Considering that most of the ‘artifact-resistant’ analyses
point towards the non-monophyly of enterobacterial P-
symbionts, the questions of how many symbiotic
lineages are represented by the known symbiotic diver-
sity and what are their closest free-living relatives now
becomes of particular importance. It is not clear
whether the split of the original P-symbiotic cluster into
two lineages is definite or these two groups will be
further divided after yet more sensitive methods and
more complete data are available. At the moment there
are still several clusters composed exclusively of derived
symbiotic forms. In principle, three different processes
may be responsible for the occurrence of such clusters:
first, horizontal transmission of established symbiotic
forms among host species; second, inadequate sampling
with missing free-living relatives; or third, phylogenetic
artifacts. All of these factors are likely to play a role in
the current topological patterns. Being the main issues
of this study, the role of methodological artifacts has
been discussed above. Horizontal transmission, as the
basis of non-artificial symbiotic clusters, is likely to take
part at least in some cases. Perhaps the most convincing
example is the Wolbachia cluster [62]: while within
Enterobacteriaceae it may apply to Arsenophonus, Soda-
lis and possibly some other S-symbionts.

Recognition of the third cause, the incomplete sam-
pling, and identification of the closest free-living rela-
tives, now becomes a crucial step in future research. It
is often assumed that symbionts originate from bacteria
common to the environment typical for a given insect
group. For example, cicadas spend most of their life
cycle underground and feed primarily on plant roots.
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Consequently, their a-Proteobacterial symbiont Hodgki-
nia cicadicola originated within Rhizobiales [19]. A
similar ecological background can be noticed in yet dif-
ferent hosts, the ixodid and argasid ticks. Several reports
have shown that some of the tick-transmitted pathogens
are related to their symbiotic fauna [63-65]. Many of the
insect taxa associated with symbiotic Enterobacteriaceae
are phytophagous, and plant pathogens thus fit well into
this hypothesis as hypothetical ancestors of various
insect symbionts lineages. The presence of a type III
secretion system, which is used in pathogenic bacteria
for host cell invasion, in secondary symbionts [66-69]
and its remnant in the primary symbiont of Sitophilus
spp. weevils [70] could further support the theory of
pathogenic ancestors of insect symbionts. It can only be
speculated that these bacteria first became S-symbiont
type and were horizontally transferred to various other
insect species. Within some of the infected species,
facultative symbionts eventually became obligatory pri-
mary symbionts. An identical situation can be observed
in symbiotic clades with numerous species, such as Wol-
bachia [71,72], Sodalis [23,73,74] or Arsenophonus [5].

In our study, we gave particular attention to the sam-
pling of free-living Enterobacteriaceae to provide as
complete a background for the symbiotic lineages as
possible under the current state of knowledge (that is,
the availability of the genomic data). The most consis-
tent picture derived from the presented analyses places
the four main symbiotic clusters into the following posi-
tions. First, for the Buchnera cluster, its previously sug-
gested relationship to Erwinia was confirmed. Erwinia,
as a genus of mostly plant pathogenic bacteria, has been
previously suggested to represent an ancestral organism,
which upon ingestion by aphids at least 180 million
years ago [75] turned into an intracellular symbiotic
bacterium [76]. However, it is not known whether it was
primarily pathogenic to aphids, similar to Erwinia aphi-
dicola [77], or a gut associated symbiotic bacterium as
in pentatomid stinkbugs [78], thrips [79,80] or Tephriti-
dae flies [81-83]. Ishikawaella capsulata, an extracellular
gut symbiont of plataspid stinkbugs [84], was the only
symbiotic bacterium that clustered in our ‘derived’ ana-
lyses with the Buchnera clade. However, several single-
gene studies indicate that this group contains some
additional symbiotic lineages for which sequenced gen-
ome data is not currently available. These are, in parti-
cular, the extracellular symbionts of acanthosomatid
stinkbugs [85], parastrachid stinkbugs [86], scutellerid
stinkbugs [87,88] and some of the symbionts in pentato-
mid stinkbugs [78].

The second clade, represented in our analysis by Soda-
lis+ Baumannia+Blochmannia+Wigglesworthia, is likely
to encompass many other P- and S-symbionts [89-92].
The possible single origin of these symbionts has to be
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further tested, however the interspersion of both forms,
together with basal position of Sodalis, seem to support
a transition from a secondary to primary symbiotic life-
style [15]. In our analysis, the whole clade was placed
between pathogenic bacteria of plants and animals, the
Edwardsiella and Pectobacterium/Dickeya clades, or as a
sister to the latter group. Recently, another symbiotic
bacterium (called BEV, Euscelidius variegatus host) was
shown to be a sister species to Pectobacterium [93].

Two additional independent origins of insect sym-
bionts are represented by the Arsenophonus/Riesia clade
and Hamiltonella+Regiella. Both of these clades clus-
tered in our analyses in the positions indicated by pre-
vious studies, that is, as related to Proteus and Yersinia,
respectively [5,67,93-97].

While the position of individual symbiotic lineages is
remarkably consistent across our ‘artifact-resistant’ ana-
lyses and are well compatible with some of the previous
studies, the topology can only provide a rough picture
of the relationships within Enterobacteriaceae. To get a
more precise and phylogenetically meaningful back-
ground for an evolutionary interpretation, the sample of
free-living bacteria as a possible source of symbiotic
lineages has to be much improved. An illuminating
example is provided by the bacterium Biostraticola tofi,
described from water biofilms. When analyzed using
16S rDNA, this bacterium seemed to be closely related
to Sodalis [98]. Its position as a sister group to the
Sodalis/ Baumannia/Blochmannia/ Wigglesworthia clade
was also retrieved in our single-gene analysis (groEL,
data not shown). If confirmed by more precise multi-
gene approach, Biostraticola would represent the closest
bacterium to the large symbiotic cluster.

Conclusions

The topologies obtained by several independent
approaches strongly support the non-monophyletic view
of enterobacterial P-symbionts. Particularly, they show
that at least three independent origins led to highly spe-
cialized symbiotic forms, the first giving rise to Sodalis,
Baumannia, Blochmannia and Wigglesworthia (S- and
P-symbionts), the second to Buchnera and Ishikawella
and the last to Riesia and Arsenophonus (S- and P-sym-
bionts). This separation of symbiotic clusters poses an
interesting question as to whether the presented dis-
bandment of the P-symbiotic cluster is definite or if it
will continue after yet more complete data are available
and more realistic evolutionary models [99-101] are
applied. One obvious drawback of the current state is
that many additional symbiotic lineages already known
within Enterobacteriaceae cannot be at the moment
included into serious phylogenetic analyses due to the
lack of sufficient molecular data and will have to be
revisited once complete genomic data are available.
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These bacteria include symbionts of mealybugs [89,102],
psyllids [90,103], lice [2,91], weevils [11,12,92], reed bee-
tles [104,105], true bugs [78,84-88,106,107] and sym-
bionts of leeches [108,109]. Similarly, the importance of
free-living bacteria and variety of S-symbionts as possi-
ble ancestors of P-symbionts should not be underesti-
mated when assembling datasets for phylogenetic
analyses. The shift from polymerase chain reaction-
based gene-centered sequencing towards high-through-
put next-generation sequencing may soon provide suffi-
cient data for more complete analyses of the
Enterobacteriaceae phylogeny.

Methods

Matrices and multiple sequence alignments

The genes used in this study were extracted from 50
complete genome sequences of y-Proteobacteria avail-
able in GenBank (Additional file 4), including 14 endo-
symbiotic Enterobacteriaceae. We did not include
Carsonella ruddii [110] since this psyllid symbiotic bac-
terium does not appear to be a member of the Entero-
bacteriaceae clade [90,111] and is only attracted there
by the AT rich taxa. After removal of the AT rich
lineages from the analysis, Carsonella ruddii clusters
with the genus Pseudomonas [42]. Also, we did not
include Serratia symbiotica [95] because its genome
only became available after completion of our datasets.
However, the phylogenetic position of this symbiotic
bacterium within Serratia genus is robust and was con-
firmed in several studies [6,14,112].

To minimize the introduction of a false phylogenetic
signal, we compared the genomes of all symbiotic bac-
teria and selected only single-copy genes present in all
of the included symbiotic and free-living taxa. Such
strict gene exclusion was also necessary regarding the
usage of computationally demanding methods; it was
one of our goals to produce a taxonomically representa-
tive data set of efficient size with no missing data. Alto-
gether, 69 orthologous genes, mostly involved in
translation, ribosomal structure and biogenesis (Addi-
tional file 4) were selected according to the Clusters of
Orthologous Groups of proteins (COGs) [113,114]. Sin-
gle-gene nucleotide data sets were downloaded via their
COG numbers from a freely available database
(MicrobesOnline [115]).

All protein coding sequences were translated into
amino acids in SeaView version 4 [116], aligned by the
MAFFT version 6 L-INS-i algorithm [117] and toggled
back to the nucleotide sequences. Ambiguously aligned
positions (codons) were excluded by Gblocks v0.91b
[118,119] with the following parameters: minimum
number of sequences for a conserved position: 26; mini-
mum number of sequences for a flanking position: 43;
maximum number of contiguous nonconserved
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positions: 8; minimum length of a block: 10; allowed
gap positions: with half. The resulting trimmed align-
ments were checked and manually corrected in BioEdit
v7.0.5 [120]. Alignments were concatenated in SeaView.
The 69 gene concatenate resulted in an alignment of 63,
462 nucleic acid positions with 42, 481 parsimony-infor-
mative and 48, 527 variable sites and 21, 154 amino acid
positions with 12, 735 parsimony-informative and 15,
986 variable sites.

Phylogenetic analyses

We used two different approaches to deal with the dis-
tortions caused by the highly modified nature of sym-
biotic genomes, which are the main source of the
phylogenetic artifacts in phylogenetic analyses.

First, we applied complex models of molecular evolu-
tion. Using PhyloBayes 3.2f [121], we applied non-para-
metric site heterogeneous CAT and CAT+GTR models
[43]. For all PhyloBayes analyses, we ran two chains
with an automatic stopping option set to end the chain
when all discrepancies were lower than 0.3 and all effec-
tive sizes were larger than 100. Under the CAT and
CAT+GTR models, the four independent PhyloBayes
runs were stuck in a local maximum (maxdiff = 1) even
after 25, 000 and 10, 000 cycles, respectively, and we
were not able to reach Markov Chain Monte Carlo
(MCMC) convergence. Therefore, we present these trees
only as supplementary material (although they mostly
point toward multiple origins of symbiosis; Additional
file 5) and we ran the CAT+GTR analyses with the
reduced dataset based on 14 genes with the number of
parsimony-informative amino acid positions higher than
300 (AceE, ArgS, AspS, EngA, GidA, GlyS, InfB, PheT,
Pgi, Pnp, RpoB, RpoC, TrmE and YidC). To check for
compatibility of these arbitrary selected 14 genes with
the rest of the data, we also analyzed, in a separate ana-
lysis, the remaining 55-gene dataset under the CAT
+GTR model. Using nhPhyML [122], we applied a non-
homogeneous nonstationary model of sequence evolu-
tion [123,124], which can deal with artifacts caused by
compositional heterogeneity [40,125,126]. We used two
different starting trees (Additional file 2n) and ran the
analyses with and without the third codon positions.
The resulting trees were evaluated by an AU test in
CONSEL [127].

The second approach relies on the selective restriction
of the data matrix. We used four previously established
methods of data weighting and/or exclusion (see Back-
ground): RY data recoding, amino acid data recoding,
exclusion of third codon positions and slow-fast analysis,
and developed one additional method: since transition
from G/C to A/T at many positions is a common
homoplasy of symbiotic genomes, we removed from the
matrix all positions containing both the G/C and A/T
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states. All substitutions considered in the subsequent
analyses thus included exclusively transversions within
the A/T or G/C categories. To analyze an effect of this
restriction on the reduction of the data, we prepared 11
matrices with a partially relaxed rule (removing all posi-
tions with AT+GC, allowing for one taxon exception,
two taxa exception, and so on, up until a 10 taxa excep-
tion). Since this method has never been tested, we ana-
lyzed the restricted matrices by the BI, ML (parameters
as for standard analyses) and MP using PAUP* 4.0b10
with the tree bisection and reconnection algorithm
[128]. Four other types of data weighting and/or exclu-
sion were used to increase the phylogenetic signal to
noise ratio and determine the robustness of our results.
First, the third codon positions were removed in Sea-
View. Second, RY recoding was performed on all and
first plus second positions. Third, saturated positions
were excluded from the concatenated data sets by Slow-
Faster [129]. To assign substitutional rates to individual
positions, unambiguously monophyletic groups were
chosen on a polytomic tree (Additional file 20), posi-
tions with the highest rates were gradually excluded and
21 restricted matrices were produced. These weighted
data sets were analyzed by ML. Fourth, amino acid data
recoding was performed in PhyloBayes with hp (A, C, F,
G, LLMV,W)DEHLKN,PQRST,Y), dayh-
offd (A, G, P, S, T) (D, E, N, Q) (H, K, R) (F, Y, W, L, L,
M, V) (C = ?) and dayhoff6 (A, G, P, S, T) (D, E, N, Q)
(H, K, R) (F, Y, W) (I, L, M, V) (C) recoding schemes.
In addition, we have prepared 10 dayhoff6 recoded
matrices to test individual symbiotic lineages without
the presence of other symbionts. Amino acid recoded
matrices were analyzed using the CAT and CAT+GTR
models, which are more immune to phylogenetic arti-
facts than one-matrix models.

To allow for comparison of the results with previously
published studies, as well as to separate the effect of
newly used models and methods from changes due to
the extended sampling, we also used standard proce-
dures of phylogenetic inference, ML and BI. The follow-
ing programs, algorithms and parameters were used in
the ML and BI analyses. ML was applied to single-gene
and concatenated alignments of both nucleotides and
amino acids using PhyML v3.0 [130] with the subtree
pruning and regrafting tree search algorithm. BI was
performed in MrBayes 3.1.2 [131] with one to five mil-
lion generations and tree sampling every 100 genera-
tions. Exploration of MCMC convergence and burn-in
determination was performed in AWTY and Tracer v1.5
[132,133]. Evolutionary substitution models for proteins
were selected by ProtTest 2.4 [134] and for DNA by
jModelTest 0.1.1 [135] according to the Akaike Informa-
tion Criterion. For DNA sequences, the GTR+I+I" model
was used [136-138]. Transition and transversion models
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[139] were used with I+I" under ML for the first two
AT/GC datasets. LG+I+I" [140], WAG+I+I" [141] and
GTR+I+I" models were used for amino acid data. A
cross-validation method implemented in PhyloBayes
[121,142] was used to estimate the fit of CAT-like mod-
els. For both datasets, the 14 selected genes as well as
the complete 69 genes set, the cross-validation was per-
formed according to the PhyloBayes manual in 10 repli-
cates each with 1, 100 cycles. The CAT-Poisson model
had significantly better fit to the data than the GTR
model (Al 157.37 + 56.9379 for the 14-gene matrix and
Al 39239 + 1963.5 for the 69-gene matrix); of the CAT-
like models, the CAT+GTR model was found to be sig-
nificantly better than the CAT-Poisson model (Al
536.71 + 32.8341 for the 14-gene matrix and A/ 1633.4
+ 123.482 for the 69-gene matrix) in all 10 replicates.

Additional material

Additional file 1: Summary of 20 studies on symbionts phylogeny.
Additional file 2: Additional phylogenetic trees.

Additional file 3: All phylogenetic trees derived from AT-GC and SF
datasets. A rar file of all phylogenetic trees obtained under BIl, ML and
MP from 11 AT/GC datasets, and under ML from five slow-fasted
datasets. Trees are in phylip and nexus formats and can be viewed, for
example, in TreeView http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
or Mesquite http://mesquiteproject.org/mesquite/mesquite.html.

Additional file 4: List of the taxa and orthologous genes used in
the study.

Additional file 5: Additional phylogenetic trees inferred from CAT
and CAT+GTR unconverged chains.
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