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1. Introduction
1.1 Intracellular symbionts of insects

Insect symbionts are an astonishingly diverse group of bacteria, both phylogenetically
and ecologically. They affect host ecology and evolution, influencing reproductive systems, defense
mechanisms and nutrition. Some of the symbiotic bacterial lineages display a surprising flexibility;
for example the genera Arsenophonus, Sodalis or Wolbachia can give rise to several different
symbiotic lifestyles . In many lineages, their effect on the host, however, remains unknown (Moran et
al., 2008; Wernegreen, 2002).

Until the boom of molecular methods in the last decade of the 20" century, the research
of symbiotic bacteria was based mainly on morphology, histology and metabolic functions (Buchner,
1965). Evolutionary history was almost neglected. During this period, two main ecological categories
were defined — primary (P) and secondary (S) symbionts. In spite of the fact that there is no firm

boundary between P and S-symbionts, these terms are constantly used to simplify the whole concept.
1.1.1  Primary vs. secondary symbionts

P-symbionts (also called obligate) are intracellular bacteria inherited maternally by vertical
transmission and cospeciating with their host. They are harbored directly in cytoplasm of the host cells
called bacteriocytes that can form a special organ — bacteriom (mycetocytes, mycetom — older terms)
(Baumann, 2005; Douglas, 1989). They provide their host with compounds missing in nutritionally-
poor diet or metabolize waste products (Moran et al., 2003; Sabree et al., 2009). As a consequence
of this relationship, they are required for the survival of their hosts. Extreme importance for the host
fitness was shown e.g. in the louse Pediculus humanus by the removal of the bacteriom (Aschner,
1932, 1934; Baudisch, 1958), by antibiotic treatment (Hill et al., 1973; Pell and Southern, 1976;
Schlein, 1977; Southwood et al., 1975), or by the attack of lysosyme and specific antibodies in tsetse
flies (Nogge, 1978).

In comparison to P-symbionts, S-symbionts (also called facultative symbionts or guest
microorganisms) is ecologically much more heterogeneous group of bacteria (Haynes et al., 2003;
Moran et al., 2005a; Sandstrom et al., 2001; Tsuchida et al., 2006; Tsuchida et al., 2002).
They are not necessary for the host reproduction (Douglas et al., 2006) and can invade various cell
types and tissues, including haemolymph (Fukatsu et al., 2000). In contrast to P-symbionts, they are
often horizontally transferred to other species (Russell et al., 2003; Sandstrom et al., 2001; Thao et al.,
2000; Thao et al., 2002). They can contribute to host resistance to parasitoids (Hansen et al., 2007;
Oliver et al., 2008; Oliver et al., 2005, 2006; Oliver et al., 2003), increase tolerance to heat stress



(Chen et al., 2000; Montllor et al., 2002; Russell and Moran, 2006), protect against pathogenic fungi
(Scarborough et al., 2005), and influence host-plant specialization (Tsuchida et al., 2004). Some
symbionts/parasites, such as Wolbachia, Cardinium, Spiroplasma and Arsenophonus, are known
to manipulate reproductive systems of the host (Duron et al., 2008).

Only one percent of the known bacteria can be cultivated in laboratory conditions (Rappe and
Giovannoni, 2003). All attempts to cultivate P-symbionts have so far been unsuccessful.
Some of the S-symbionts can be maintained in insect cell lines (Arsenophonus triatominarum,
Hamiltonella defensa, Regiella insecticola, Wolbachia pipientis) and only two species (Arsenophonus
arthropodicus and Sodalis glossinidius) can grow in axenic culture (Pontes and Dale, 2006).
Since, according to the current rules of bacterial nomenclature, description of a new genus/species
requires in vitro culture (Murray and Schleifer, 1994), many of the insect symbionts have been named
under provisional Candidatus status. To simplify the text, | have omited using this status hereafter;

formal names can be found in the references.
1.1.2  Co-symbiosis, transitions, losses and replacements

Good example of the vague distinction between P and S symbionts is provided by occurance
of multiple symbiotic bacteria within a single host. Complex symbioses involving multiple bacteria
are quite common and their number increases with improved accuracy of the used methods (Haynes et
al.,, 2003). Several bacterial lineages comprising both, primary and secondary symbionts

(Arsenophonus, Sodalis) imply transitions between facultative and obligate symbiotic lifestyles.

Paul Baumann suggested term coprimary symbiont(s) for the occurrence of more than one
(primary) obligate symbiont within a single host. This situation is well illustrated by the symbionts
of Auchenorrhyncha (Takiya et al., 2006). Ancestor of the whole group was infected by the ancestor
of the symbiont Sulcia muelleri (Bacteroidetes) more than 260 million years ago (Moran et al., 2005b).
In addition, sharpshooters harbor Baumannia cicadellinicola (y-Proteobacteria) and cicadas harbor
Hodgkinia cicadicola (o-Proteobacteria). Both of these latter symbionts are obligate and cospeciating
with their hosts for millions years. Despite being phylogenetically distant, they have converged
to similar gene content that allows them to supplement Sulcia metabolically and to provide their host
with the compounds it needs for survival (McCutcheon et al., 2009a; McCutcheon and Moran, 2007;
Wau et al., 2006).

Because of their ecological/physiological flexibility, S-symbionts are able to supplement
metabolic functions of P-symbionts or even replace them in some cases. Such situation was proved
experimentally by replacement of Buchnera with Serratia in aphids (Koga et al., 2003). Extremely
small genome (see Table 2) and the loss of metabolic functions of Buchnera from Cinara cedri aphid

(Perez-Brocal et al., 2006) implies that Buchnera is already being complemented by Serratia



symbiotica and might be eventually replaced even in natural populations (Lamelas et al., 2008).
Another example of replacement is occurrence of primary Sodalis sp. within weevils of the genus
Sitophilus. In this case, Sodalis has replaced Nardonella symbiont found in other members
of the family Dryopthoridae (Conord et al., 2008; Lefevre et al., 2004). Secondary Sodalis symbionts
that could be source of such replacement were recently found in Curculio weevils (Toju et al., 2009).

Remarkable situation of co-symbiosis is reported also from whitefly Bemisia tabaci (Gottlieb
et al., 2008), where S-symbionts are localized inside bacteriocytes together with P-symbiont (Portiera
aleyrodidarum). Five different symbionts have been identified within this system (Arsenophonus,
Cardinium, Hamiltonella, Rickettsia, Wolbachia) in various combinations (but maximally two
S-symbionts) depending on the Bemisia biotype. This finding can indicate influence of symbiotic
composition on origin of new species and potential competition between lineages with similar
phenotype (e.g. Hamiltonella and Arsenophonus were never found in the same individual).
The possibility of horizontal transfer of genes inside this intracellular ecosystem should also be
addressed.

1.2 Diversity and distribution

Two “phylogenetic hotspots” of the insect intracellular symbionts origin are generally
recognized, Proteobacteria and Bacteroidetes. Symbiotic lineages originated several times
independently within these phyla and there is no doubt about their polyphyly on broader phylogenetic
level (Moran et al., 2008). It is uncertain which, if any, features predispose members of these bacterial
phyla for the intracellular symbiotic lifestyle. In addition to these hotspots, one symbiotic lineage
(Spiroplasma) originated within Mollicutes (Gasparich, 2002) and one lineage (Fritschea)
within Chlamydiae (Everett et al., 2005; Thao et al., 2003).

1.2.1 Bacteroidetes

Mutualistic Bacteroidetes symbionts can be found in cockroaches and Mastotermes termites —
Blattabacterium (Bandi et al., 1995); armored scale insects — Uzinura diaspidicola (Gruwell et al.,
2007); cicadas, leafhoppers, treehoppers, planthoppers and spittlebugs — Sulcia muelleri (Moran et al.,
2005b). Genus Cardinium contains reproductive manipulators invading various arthropods (Zchori-

Fein and Perlman, 2004). Male killing in ladybugs is caused by Flavobacterium (Hurst et al., 1999).

1.2.2 Proteobacteria

Proteobacteria are Gram-negative bacteria comprising the largest and phenotypically the most
diverse group among prokaryotes. According to molecular data, they are divided into six subgroups
named by the Greek letters alpha through zeta (Gupta, 2000). Insect symbionts originated within alpha

(), beta (B), and gamma (y) subdivisions.



The most common bacterium found in arthropods and even in nematods is a-proteobacterial
genus Wolbachia. Other known a-proteobacterial symbionts are of the genus Rickettsia found either
as primary intranuclear symbiont of booklice (Perotti et al., 2006) or as secondary symbionts
of various insects (Sakurai et al., 2005). Hodgkinia cicadicola found in cicadas has currently
the smallest known genome among insect symbionts (144 kb), but with unusually high 58.4%
guanine-cytosine (GC) content (McCutcheon et al., 2009a, b).

Betaproteobacteria are represented by Tremblaya princeps - primary symbiont of mealybugs
with also atypically high (57.1%) GC content (Baumann et al., 2002). Inside this symbiont, another
y-proteobacterial symbiont occurs. It is the only known bacterial example of extraordinary intracellular
symbiosis inside intracellular symbiont (von Dohlen et al., 2001).

Gammaproteobacteria gave rise to numerous lineages of insect symbionts (Table 1)
of which almost all originated within Enterobacteriaceae (see chapter 1.5). The first known exception
is the P-symbiont of the louse genus Polyplax that originated within Legionella clade (Hypsa and
Krizek, 2007). P-symbionts of psyllids (Carsonella rudii) and whiteflies (Portiera aleyrodidarum)
appear to be related to Zymobacter palmae (Spaulding and von Dohlen, 1998; Thao and Baumann,
2004b), a bacterium isolated from palm sap clustering with Pseudomonas. This position of Carsonella
was also observed in phylogenomic analysis of Gammaproteobacteria (Williams et al., 2010)
after the removal of AT rich taxa.



Table 1. The diversity of symbiotic Gammaproteobacteria in insects. Unnamed taxa are listed

at the bottom of the table. S-symbionts of various psyllids and mealybugs are not included.

Symbiotic lineage Hosts Phenotype
Arsenophonus spp. various insects, ticks, spiders, plants various
(Incl. Riesia spp. and Phlomobacter spp.)

Baumannia cicadellinicola sharpshooters co-primary
Blochmannia spp. carpenter ants primary
Buchnera aphidicola aphids primary
Carsonella ruddii psyllids primary
Curculioniphilus buchneri Curculio weevils primary
Hamiltonella defensa aphids, whiteflies, psyllids secondary
(Consessoris aphidicola, T - type, PABS)

Macropleicola spp. Macroplea reed beetles primary
Nardonella spp. weevils primary
Portiera aleyrodidarum whiteflies primary
Puchtella pedicinophila Pedicinus lice primary
Regiella insecticola aphids secondary
(Adiaceo aphidicola, U - type, PAUS)

Serratia symbiotica aphids secondary,
(R - type, PASS) coprimary
Sodalis spp. various insects secondary,
(Incl. SOPE, SZPE) primary
Stammerula tephritidis tephritid flies primary
Wigglesworthia glossinidia tsetse flies primary
Endosymbiont of Cicadella Cicadella viridis leafhopper unknown
Endosymbiont of Cimex bedbugs secondary
Endosymbiont of Donaciinae Donaciinae reed beetles (incl. Macroplea) primary
Endosymbionts of Formica fusca | Formica fusca ant primary
Endosymbiont of Haematomyzus | Haematomyzus lice primary
Endosymbiont of Haematopinus | Haematopinus lice primary
Endosymbiont of Polyplax Polyplax lice primary
Endosymbiont of Pseudolynchia | Pseudolynchia canariensis pigeon louse fly unknown
Endosymbiont of Solenopotes Solenopotes lice primary

Endosymbiont of Euscelidius

Euscelidius variegatus leafhopper

parasite




Table 2. Chromosome size and GC content of completely sequenced symbiotic Gammaproteobacteria
of insects. If more than one strain has been sequenced from the same host (Buchnera strains
from Acyrthosiphon pisum), only the first published is presented here.

Symbionts and hosts (in brackets) | GC content | Chromosome size | Reference
Arsenophonus nasoniae 37.7 % c. 3.3 Mbp (Darby et al, 2010;
(Nasonia vitripennis) (draft sequence) Wilkes et al., 2010)
Baumannia cicadellinicola 33.2% 686,192 bp (Wu et al., 2006)
(Homalodisca coagulata)

Blochmannia pensylvanicus 29.6 % 791,654 bp (Degnan et al., 2005)
(Camponotus pensylvanicus)

Blochmannia floridanus 27.4 % 705,557 bp (Gil et al., 2003)
(Camponotus floridanus)

Buchnera aphidicola str. APS 26.2 % 640,681 bp (Shigenobu et al., 2000)
(Acyrthosiphon pisum)

Buchnera aphidicola str. Bp 25.3% 615,980 bp (van Ham et al., 2003)
(Baizongia pistaciae)

Buchnera aphidicola str. Cc 20 % 416,380 bp (Perez-Brocal et al., 2006)
(Cinara cedri)

Buchnera aphidicola str. Sg 26.3 % 616,380 bp (Tamas et al., 2002)
(Schizaphis graminum)

Carsonella ruddii 16.5 % 159,662 bp (Nakabachi et al., 2006)
(Pachypsylla venusta)

Hamiltonella defensa str. 5AT 40.1 % 2,110,331 bp (Degnan et al., 2009b)
(Acyrthosiphon pisum)

Regiella insecticola str. LSR1 42.4 % 2,035,106 bp (Degnan et al., 2009a)
(Acyrthosiphon pisum) (slightly larger)

Riesia pediculicola unpublished | 574,390 bp unpublished

Sodalis glossinidius 54.7 % 4,171,146 bp (Toh et al., 2006)
(Glossina morsitans)

Wigglesworthia glossinidia 22 % 697,724 bp (Akman et al., 2002)

(Glossina brevipalpis)




1.3 Phylogenetics
1.3.1 Evolutionary forces shaping symbiotic genomes

Molecular evolution of DNA sequences is strongly dependent on population genetics formed
by selection, mutation, random genetic drift and gene flow. For symbiotic bacteria, as well as for other
host-restricted vertically transferred bacteria, extremely small effective population size (Ne)
accompanied by strong bottlenecks at the stage of inoculation of new hosts and reduced purifying
selection result in elevated effect of genetic drift (Mira and Moran, 2002; Wernegreen and Moran,
1999). Accordingly, rate of fixation of mildly deleterious and deleterious mutations is increased
(Lambert and Moran, 1998); unessential genes become inactive pseudogenes and are subsequently
lost. Mutation rate is consequently further raised by the loss of DNA repair and recombination genes
(Dale et al., 2003). These mutations also cause low thermal stability of proteins, which have
to be buffered by elevated expression of heat shock proteins (Fares et al., 2002). Irreversibility of these
processes is caused by Muller’s ratchet (Moran, 1996) working within small populations
with effectively no recombination. The ratchet-like one-way degradation can be only slightly slowed
down by selection (Allen et al., 2009).

1.3.2 Long-branch attraction (LBA)

As described above, phylogenetically independent (and some related) bacterial lineages have
experienced parallel changes during their associations and these convergences between unrelated
lineages produce the main source of artifacts introduced into phylogenetic analyses. The most
important (for phylogenetic analyses) shared features are extremely small genomes with biased
nucleotide composition favoring adenine-thymine bases (see Table 2) and rapid sequence evolution
resulting in accelerated rates of amino acid substitutions. The logical consequence of these traits is that

primary symbionts essentially always appear as long branches in phylogenetic trees.

Long-branch attraction (LBA) is a situation in which taxa with rapid evolution rates are
inferred as related due to their convergent changes (Bergsten, 2005). Since the number of different
states of each character in the sequence is finite and considerably low (4 for nucleotides, 20 for amino
acids) and mutations are not entirely random (because of physical and chemical constraints of coding
substances), occurrence of the same independently acquired character is quite common (Felsenstein,
2003).

LBA affects all phylogenetic methods. Maximum Parsimony (MP) is the most frequently
influenced (Aguinaldo et al., 1997; Anderson and Swofford, 2004; Kennedy et al., 1999) as it
interprets homoplasy as a synapomorphy, but Maximum likelihood (ML) and Bayesian inference (BI)

with various models used (from JC69 to GTR+I+T") are also not completely immune (Schwarz et al.,



2004). There have been a lot of methods suggested and used to deal with LBA artifacts. The necessary
procedure for any phylogenetic analysis is usage of various methods (MP, ML, and BI)
and configuration. Especially, rate heterogeneity modeled by gamma distribution in ML has been
proven to reduce LBA (Nikaido et al., 2003; Sullivan and Swofford, 1997). For distance methods,
paralinear or log-determinant (LogDet) distances (Lake, 1994; Lockhart et al., 1994) were designed
to eliminate the effect of nucleotide composition bias and even of amino acid bias (Thollesson, 2004).
Standard phylogenetic methods assume homogeneity of nucleotide/amino acid composition
and substitution rates among taxa. In real data, e.g. in phylogenomic study of y-Proteobacteria, 73%
of used taxa violate this assumption (Williams et al., 2010). Galtier and Gouy distance (1995) was
designed to deal with heterogeneous base composition and this approach was quickly modified
and introduced into the ML field as a nonhomogeneous model of DNA sequence evolution (Galtier
and Gouy, 1998). Study by Herbeck et al. (2005) used this model and showed polyphyly of P-
symbionts on 16S rRNA and GroEL genes.

Long-branch taxa exclusion and multiple analyses with only one of these taxa included are
also powerful tool (Williams et al., 2010), as well as adding more taxa to break the long branches
(Hendy and Penny, 1989). Characters can be weighted according to their evolutionary rate or even
excluded as third positions in codons (Sullivan and Swofford, 1997) or AT biased amino acids
(FYMINK) (Comas et al., 2007a). Transitions/transversions can be also weighted in MP approach
(Reyes et al., 1999). Slow-fast analysis (Bapteste et al., 2008; Brinkmann and Philippe, 1999; Kostka
et al., 2008) is very strong method for inferring deeper phylogeny affected by LBA. This method
omits in several steps the fastest evolving positions and thus increases phylogenetic information/noise
ratio. Similar approach is based on removing saturated amino acid positions by program called
ASaturA (Van de Peer et al., 2002). Adding and combining more data of various kinds and analyzing

with several outgroups (Xiang et al., 2002) also helps to overcome LBA artifacts.
1.3.3 Horizontal (lateral) gene transfer (HGT)

Horizontal gene transfer (HGT) is one of the most serious problems in phylogenetic analyses,
especially in bacteria, in which gene flow is maintained by conjugation, plasmids, bacteriophages
and even by incorporating genes from other dead organisms (Pennisi, 2004). Many studies have
estimated the frequency of HGT (Cortez et al., 2009; Dagan and Martin, 2007; Ge et al., 2005; Lerat et
al., 2003; Susko et al., 2006): while under the current state of knowledge it is difficult to draw any
clear conclusion, HGT seems to be extensive among free living Enterobacteriaceae (ancestors

of symbiotic bacteria).

For symbiotic bacteria, the proportion of horizontally transferred genes is still unclear,
but higher numbers of horizontally transferred genes are found in dynamic genomes of S-symbionts

than in the genomes of P-symbionts (Degnan et al., 2009a; Degnan et al., 2009b; Toh et al., 2006;



Wilkes et al., 2010). If the theory that some P-symbionts originated from S-symbionts (Wernegreen et
al., 2009) is correct, horizontally transferred genes in P-symbionts are now either lost or strongly
overwritten by rapid mutational rate. Moreover, detection of HGT will be complicated if these genes
are transferred from another Enterobacteriaceae species such as Photorhabus, Salmonella or Yersinia

as is quite usual in the above mentioned examples.

Horizontal transfer of symbiont genes to the host chromosomes is difficult to identify (Nikoh
and Nakabachi, 2009). However, completely sequenced genomes of insects provide opportunity
to find these genes as was shown in study of Nikoh et al. (2010) on only 12 bacterial genes transferred
to its aphid host. These genes were transferred from Buchnera and unidentified o-Proteobacteria
and deny hypothesis that the genes missing in the reduced Buchnera genome were transferred
to the host nuclear chromosome.

1.3.4 Ribosomal genes

Until recently, small subunit ribosomal RNA (SSU rRNA) had been the most frequently used
gene for inferring organismal phylogeny. Several properties make it a good phylogenetic marker,
such as a universal presence, evolutionary conservation and rare horizontal transfer (Jain et al., 1999;
Woese, 1987). However, it has some significant disadvantages in respect to bacterial phylogeny,
e.g. low number of informative sites causing different topologies when the evolutionary model
or method is changed (Comas et al., 2007a; Herbeck et al., 2005), occurrence of several copies
of ribosomal operon in the genome, problematic alignment and even rare horizontal transfer (Ueda et
al., 1999; Yap et al., 1999).

In Proteobacterial phylogeny, information provided by 16S rRNA gene is incapable
of resolving deeper phylogenetic relationships (Williams et al., 2010; Williams et al., 2007), so that it
is currently used as a first-choice tool to characterize undescribed taxa (Kolsch et al., 2009; Toju et al.,
2009) or in combination with 23S rRNA gene (Downie and Gullan, 2005; Gruwell et al., 2007; Thao

and Baumann, 2004a, b; Thao et al., 2002) or with protein coding genes in multi gene analyses.
1.3.5 Protein coding genes

Enterobacteriaceae, as a group containing many medically important species, is extensively
studied bacterial family. Phylogenetic information obtained from SSU rRNA gene is insufficient for
genus-level phylogenetic analyses (Naum et al., 2008) and new genes (mostly housekeeping) are thus
tested and used for inferring Enterobacteriaceae phylogeny: gapDH (Brown et al., 2000), gyrB
(Dauga, 2002), gapA, groEL, gyrA, ompA, and pg (Wertz et al., 2003), tuf and atpD (Paradis et al.,
2005), dnaJ (Pham et al., 2007), non coding oriC (Roggenkamp, 2007), gyrB, rpoB, atpD and infB
(Brady et al., 2008), gapA, phoP, mdh and recA (McQuiston et al., 2008), recN, rpoA and thdF
(Kuhnert et al., 2009).



For insect symbiotic bacteria phylogeny, various protein coding genes have been used
as an alternative and complementing (to ribosomal genes) source of information: atpAGD and rpoBC
(Thao et al., 2001), atpD and aroQ/pheA (Moya et al., 2002), groEL, gidA, and rpsB (Degnan et al.,
2004), gyrB and recA (Moran et al., 2005a), fusA (Fukatsu et al., 2007), groEL, ftsA, secA, gapA,
nagB, rpIB (Sorfova et al., 2008). Multi-gene approach allows increasing information (Wertz et al.,
2003), but also leads to possible problems with horizontal transfer (McQuiston et al., 2008), missing
genes (Mignard and Flandrois, 2008) or paralogous genes (Horiike et al., 2009).

1.4 Phylogenomics

With an increasing number of completely sequenced genomes, phylogenomic approach
(Delsuc et al., 2005) has allowed to infer species trees not affected by the most frequent problems
associated with single gene phylogenies. For dynamic bacterial genomes with common horizontal
gene transfer, possibility to work with all the present genes is appreciated. It has been proved that
not all y-proteobacterial core genes have a similar phylogenetic signal and that they rarely favor
a single tree (Susko et al., 2006).

1.41 Genome structure data

The sequencing of complete genomes of many bacterial species provided source
of phylogenetic information coded in genome structure. There are various types of these idiosyncratic
markers (Hypsa and Novakova, 2008), but the most often used marker in bacterial phylogeny
is arrangement of the genes within the genome. Gene order may be affected by inversions and
translocations, gene removals and insertions, by xenologous genes or by partial duplications
of a genome (Belda et al., 2005)

In symbiotic bacteria, gene order was originally used during pregenomics era on dnaA region
by Hassan et al. (1996) to confirm phylogenetic position of Buchnera within Enterobacteriaceae.
In the published gene order studies, symbiotic bacteria were either not included at all (Comas et al.,
2006), or only Buchnera was present in the dataset (Korbel et al., 2002). The only study dealing
specifically with P-symbionts (Belda et al., 2005) included Buchnera (APS, Sg, Bp), Blochmannia
floridanus and Wigglesworthia. Inferred phylogenetic tree presents Buchnera in paraphyly
with respect to  Wigglesworthia and places Blochmannia as a closer relative
to Escherichia/Shigella/Salmonella (ESS) clade than Yersinia pestis. These methods are not biased
by GC content, but may be strongly affected by the number of shared orthologous genes, for example

Wigglesworthia shares only 69% of its coding sequences with Buchnera (Akman et al., 2002).
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1.4.2 Genome sequence data

Although amino acid sequences are not free from the base composition artifacts (Foster and
Hickey, 1999; Singer and Hickey, 2000), they are much more frequently used for phylogenomic
studies than nucleotide data. It should be noted that symbiotic bacteria phylogeny inferred from amino
acid information may be strongly influenced by other artifacts, particularly by amino acid composition
convergences between unrelated symbiotic bacteria within hosts feeding on similar diet (Lopez-
Sanchez et al., 2009).

There are two ways of dealing with multiple gene alignments. First, alignments can
be concatenated into a supermatrix and analyzed together to increase phylogenetic signal. Second,
all single-gene alignments can be analyzed independently and the acquired topologies are then
integrated into a single consensus tree. If the initial dataset does not include the same taxa in all
the gene trees, supertree can be constructed on the basis of overlapping topologies (Daubin et al.,
2002).

Monophyly/polyphyly of Wigglesworthia - Buchnera clade is the most widely and exhaustively
discussed question in symbiotic bacteria research. Phylogenomic studies frequently imply monophyly
of P-symbionts (Canback et al., 2004; Ciccarelli et al., 2006; Comas et al., 2007a, b; Gao et al., 2009;
Lerat et al., 2003; Wu and Eisen, 2008), but it should be taken into account that they are usually based
on largely incomplete taxon sampling. Secondary symbionts and plant pathogens that break the
P-symbionts monophyly in the analysis using honhomogeneous model (Herbeck et al., 2005) cannot
be included because their genomes have not yet been available. Nevertheless, the most rigorous
analysis by Comas et al. (2007a) compared supermatrix, supertree and consensus approaches and
demonstrated monophyly of P-symbionts (Buchnera/Blochmannia/Wigglesworthia). It should be
mentioned that monophyly of these taxa does not necessarily mean unique origin from free-living
bacterium, but rather origin of P-symbionts within closely related enterobacterial lineages (Hypsa and
Novakova, 2008).

Recently, Williams et al. (2010) performed a “telescoping” multi-protein phylogenomic analysis
of 104 y-Proteobacterial genomes. Phylogeny of Enterobacteriaceae has been difficult to resolve. LBA
was dealt with removing the AT rich genomes and performing separate analyses with only one
P-symbiont retained. Photorhabdus was identified as disruptor of the root and Sodalis was identified
as attractor of P-symbionts (Baumannia, Blochmannia and Wigglesworthia). The P-symbionts
sensitive to the presence of Sodalis were therefore excluded and the final Enterobacteriaceae tree is
presented with Buchnera as root and Sodalis within free-living bacteria (in paraphyly
with Pectobacterium). This study shows that appropriate taxon sampling is essential for reconstructing
phylogeny of Enterobacteriaceae; taxa that were scarcely used before (Pectobacterium, Photorhabdus,

Serratia, and Sodalis) help to resolve deeper phylogeny, but also introduce new questions.
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1.5 Enterobacteriaceae

Enterobacteriaceae comprises species that have been studied extensively for decades
and became model for research of intracellular symbiosis (Buchnera, Blochmannia, Wiglesworthia),
species that have been broadly studied only for last few years (e.g. Baumannia, Hamiltonella,
Reggiella) and lot of almost neglected symbiotic lineages (secondary symbionts of mealybugs
and psyllids or primary symbionts of lice). Currently, it is well established that insect symbionts
originated many times independently within Enterobacteriaceae: Serratia symbiotica originated within
Serratia genus (maybe more than once, see Burke et al., 2009), Stammerula tephritidis originated
within Erwinia  genus  (Mazzon et al, 2008), Arsenophonus clade originated
within Photorhabdus/Proteus clade (Gherna et al., 1991), Hamiltonella and Regiella are sister species
probably clustering with Yersinia (Degnan et al., 2009b). It is no surprise that symbiotic species
with well established phylogenetic position are usually S-symbionts, for P-symbionts affected
by genome degeneration, phylogenetic studies are often incongruent.

Enterobacteriaceae do not contain only intracellular, but also much less studied extracellular
symbionts. The only extracellular enterobacterial symbionts formally described are the gut symbionts
of plataspid stinkbugs (Ishikawaella capsulata; Hosokawa et al., 2006) and acanthosomatid stinkbugs
(Rosenkranzia clausaccus) (Kikuchi et al., 2009). Their phylogenetic position close to Buchnera clade
can imply potential origin of intracellular symbionts from gut symbionts, and their genetic traits (high
AT content, small genomes, accelerated molecular evolution) demonstrate that the intracellular habitat
is not responsible for these characteristics. Candidate mechanism is attenuated purifying selection

caused by small effective population size and strong bottleneck effect (Kikuchi, 2009).

This thesis is focused on phylogeny of insect symbionts within Enterobacteriaceae. Due to the
problems discussed above, a reliable phylogeny of these highly modified organisms can only be
obtained by phylogenomic or at least multi-gene approach. However, while the genome sequencing
evolves rapidly, it is impossible to sequence genomes of all symbiotic bacteria for a complex
phylogenomic analyses. Paradoxically, the problem is not caused by inefficiency of sequencing
methods but by the difficulties with cultivation/separation of the symbionts. Multi-gene phylogenetic
approach is thus a trade-off to be used until the sequencing of insects together with their symbionts
becomes more frequent. The main purpose of this study is to extend the multi-gene dataset
of Enterobacteriaceae with additional insect symbionts with two main goals: to investigate behaviour
of the P-symbiont topologies under these new conditions and to explore phylogenetic position
of the newly sequenced lineages. This approach is based on the conviction that more extensive
sampling could help to resolve the widely discussed question of the monophyly/polyphyly

of Buchnera/lshikawaella + Baumannia/Blochmannia/Wigglesworthia clade.
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As the additional lineages of the P-symbionts, | chose symbiotic bacteria from four lice
species. Generally, the lice symbionts are undoubtedly polyphyletic with at least four known
independent origins: Pediculus lice acquired Riesia clustering within Arsenophonus clade (Allen et al.,
2007), Columbicola columbae lice acquired Sodalis sp. symbiont (Fukatsu et al., 2007) and Polyplax
lice harbor Legionella sp. (Hypsa and Krizek, 2007). Genera Haematomyzus, Haematopinus,
Solenopotes and Pedicinus harbor symbionts clustering within Blochmannia/Wigglesworthia clade
(Fukatsu et al., 2009; Hypsa and Krizek, 2007) and have been selected in this work for the dataset
extension and multi-locus phylogenetic analysis.

2. Aims

» To identify genes that will be used for multi-locus phylogenetic analyses of symbiotic bacteria
within Enterobacteriaceae.

» To design primers and optimize PCR conditions.

» To sequence identified genes from primary symbionts of louse (genera Haematopinus
and Haematomyzus) and all the other available symbionts clustering with enteric bacteria.

» To screen for new unidentified primary symbionts and to distinguish multiple symbionts
occurrence in mixed bacterial DNA by using TGGE method.

» To analyze the phylogeny of enterobacteria with particular focus on primary symbionts
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3. Materials and methods
3.1 Samples and DNA extraction

The insect species used for DNA extraction were obtained from various sources:
Haematopinus suis and H. eurysternus (laboratory collection), Trachys minuta, Polydrusus formosus,
Rhampus pubicarius (collected by M. Volf), Haematomyzus elephantis (collected by the author
at the Prague ZOO), Planococcus citri (collected by the author in Ceské Budg&jovice). The insect
samples with their taxonomy are summarized in Table 3. Insects were homogenized in liquid nitrogen
using pestle and the total genomic DNA was isolated by DNEasy Tissue Kit (QIAGEN) according
to manufactures’ instructions. Previously isolated DNA of Solenopotes capillatus (Hypsa and Krizek,
2007) was acquired from laboratory sources.

Table 3. List of insect samples with their taxonomy.

Species Taxonomy (Order: Suborder: Family)
Haematomyzus elephantis | Pthiraptera: Rhynchopthirina: Haematomyzidae
Haematopinus eurysternus | Pthiraptera: Anoplura: Haematopinidae
Haematopinus suis Pthiraptera: Anoplura: Haematopinidae
Polydrusus formosus Coleoptera: Polyphaga: Curculionidae
Planococcus citri Hemiptera: Sternorrhyncha: Pseudococcidae
Rhampus pulicarius Coleoptera: Polyphaga: Curculionidae
Solenopotes capillatus Pthiraptera: Anoplura: Linognathidae

Trachys minuta Coleoptera: Polyphaga: Buprestidae

3.2 Polymerase chain reaction (PCR)

Degenerated primers were designed manually in BioEdit program (Hall, 1999) on the basis
of Enterobacteriaceae dataset, checked for occurrence of hairpins and dimers in OligoAnalyzer 3.1

(http://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/) and in silico PCR amplification

(http://insilico.ehu.es/PCR/) was carried out against available symbionts. Primers for 16S rRNA gene

with different specifity were adopted from previous publications (see Table 4 for all used primers).

Despite of using different sets of primers and cycling conditions, reaction mixtures were
always based on the same composition. The mixture contained 19 ul of ddH;, 2.5 ul of 10X High
Fidelity PCR Buffer supplemented with 15mM MgCIl, (Fermentas), 0.5 pl of 10mM dNTP mix
(Invitrogen), 0.5 ul of each primer (25 pmol), 0.25 pul of High Fidelity PCR enzyme mix (Fermentas)
and 1.75 pl of total genomic DNA. Annealing temperatures of newly designed primers were

determined by gradient PCR (temperature range 40 — 55 °C). Amplification was carried out using
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thermocycler Xp (Bioer). Program consisted of 2 minutes of initial denaturation (94 °C) followed
by 30 cycles of denaturation (50 sec, 94 °C), primers annealing (50 sec, temperature determined
by gradient) and extension (72 °C, 1 min/1 kb of product); 10 minutes of final extension (72 °C)
terminated the program.

Fifty microliters of PCR samples for TGGE (see 3.2.2) were prepared using forward primer
F968 with GC clamp and reverse primer R1060 (Table 4), these primers are designed to amplify
hypervariable region V6-V8 of 16S rRNA gene. Samples were concentrated by heated vacuum
centrifugation (Jouan RC 1009, 37 °C, 1 hour).

Table 4. List of primers used for polymerase chain reactions displayed with their sequences, E.coli

(NC_010473) ortologous genes positions, lengths of amplified products and references to original

publications.

Designation (E. coli position) | Sequence (5°-3") Product Reference

16S forward (45-61) GCTTAACACATGCAAG 16S rDNA | (O'Neill et al.,

16S reverse (1242-1227) CCATTGTAGCACGTG T c. 1180 bp | 1992)

F40 forward (40-57) GCGGCAAGCCTAACACAT 16S rDNA | (Hypsa and

R1060 reverse (1060-1085) CTTAACCCAACATTTCTCAAC | c.1045bp | Krizek, 2007)
ACGAG

F968 forward (968-985) CGCCCGGGGCGCGCCCCGGG | 16SrDNA | (Nubel et al,

(GC clamp in italics) CGGGGCGGGGGCACGGGGGG | c. 449 bp 1996)
AACGCGAAGAACCTTAC

R1401 reverse (1401-1417) CGGTGTGTACAAGACCC

GroEL forward (7-26) GCTAAAGAIGTIAARTTYGG GroEL this study

GroEL reverse (1630 -1650) TTACATCATICCICCCATICC 1643 bp

LepA forward (247 — 266) GAYTTYTCATAYGAAGTWTC | LepA this study

LepA reverse (1654 — 1673) ACRTCNCCRCCRTARCAYTT 1427 bp

AceE forward (564-584) GCAATTTCCIACIGTWTCWAT | AceE this study

AceE reverse (2473-2495) CGACCAAAICCITCIGTICCIAA | 1932 bp

3.2.1 Agarose gel electrophoresis

Agarose gel electrophoresis was used to separate fragments acquired by PCR and to confirm
the presence of insert in isolated plasmids digested by EcoRI. PCR samples (25 pl) were mixed with
5 ul of loading dye (see Appendix 1); plasmid samples (10 ul) were mixed with 2 ul of loading dye.
Mixed samples were loaded on 0.75-1.5 % agarose gel. DNA Ladder (GeneRuler™ 1kb, Fermentas)
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was used to determine the size of DNA fragments. Gels were examined under UV transillluminator
TI3 (Biometra). PCR products were excised and isolated from agarose by PureLink™ Quick Gel

Extraction Kit (Invitrogen) according to manufacturer instructions.
3.2.2 Temperature gradient gel electrophoresis (TGGE)

Conventional nucleic acid electrophoresis separates molecules according to their size;
temperature gradient electrophoresis adds new parameter for separation, namely the melting behavior
of a molecule. The melting behavior is determined by primary sequence and secondary/tertiary
structure of the molecule, thus DNA fragments of identical size but different sequence can be
separated. During the electrophoresis, samples migrate along a temperature gradient. At a certain
temperature, DNA fragments (AT richer) start to melt and their migration is slowed down compared to
GC richer fragments. GC rich forward primer is used to clamp partial single strands of DNA and avoid
complete denaturation. Currently, this method is used especially for detection of mutations (Balogh et
al., 2004; Ke et al., 1993) and diversity analysis of complex samples (Beier et al., 2008; Brummer et
al., 2003; Wei et al., 2007).

Glass sandwich with hydrophilic TGGE MAXI Polybond film (Biometra) for parallel gels was
assembled according to TGGE MAXI System Manual. Gel solution was prepared for 50 ml according
to Appendix 2. Solution was stirred at 50 °C to completely dissolve urea and cooled down to room
temperature. Polymerization was initiated with 80 pl of 10% APS (ammonium persulfate) and 110 pl
of TEMED (tetramethylethylendiamine) and gel solution was then poured into the glass sandwich. Gel
was polymerized for approximately 3 hours at room temperature. TGGE MAXI System (Biometra)
electrophoresis unit was prepared — buffer tanks were filled with 500 ml of running buffer (1x TAE),
buffer wicks were soaked, 1.5 ml of thermal solution (0.1% Triton, Sigma) was applied
on the thermoblock, gel was placed on the thermoblock, applicator strip was applied, gel was covered
with TGGE MAXI cover film (Biometra) and pre-soaked buffer wicks were attached on top
and bottom of the gel. Five microliters of each previously prepared sample (see PCR) were mixed
with 5 ul of loading buffer (see Appendix 1) and loaded. Gel cover plate was attached, safety lid was
closed and electrophoretic run was started. TGGE was set to 35-55 °C temperature gradient, 100 V, 18
hours. Gel was stained with ethidium bromide solution (0.5 pg/ml ethidium bromide in 1 X TAE)
for 1 hour and analyzed under UV transilluminator TI3 (Biometra). Separated fragments were
extracted from the gel using scalpel, incubated in 20 pl of ddH,O overnight at 37 °C and used for PCR

re-amplification with forward primer F968 without GC clamp and reverse primer R1401 (Table 4).
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3.3 Cloning and sequencing

PCR products were cloned into pPGEM®-T Easy vector (Promega). Ligation mixture was
mixed as follows: 0.5 ul vector, 2.5 ul 2x rapid ligation buffer (Promega), 1.5 ul PCR product, 0.5 ul
T4 ligase (Promega). Ligation mixture was incubated for 12 hours in 4 °C or 2 hours in 25 °C.
Chemically competent cells Escherichia coli DH5a (25 pl) were thawed on ice; ligation reaction was
added and mixture was incubated for 30 minutes on ice. Transformation was done by heat shock
(42 °C) in Digital Dry Bath (Labnet) for 50 seconds. Cells were cooled on ice for 2 minutes, then
125 ul of tempered (37 °C) SOC medium was added and bacteria were cultivated 1.5 hour in shaker
incubator (37 °C, 210 RPM). Transformed cells were spread on preheated 1% agar plates
with ampicilin (see Appendix 3) coated with 40 ul of X-gal (40 mg/ml) (5-bromo—4—chloro—3-
inodyl-beta—D—galactosidase, Serva) and 4 ul of IPTG (isopropyl thiogalactoside, Fermentas). Petri
dishes were incubated at 37 °C overnight. Blue-white screening detection method was used for
selection of successful ligations in vector. The basic principle of this method is that the vector encodes
the a-subunit of Lac Z protein; PCR product is inserted into the multiple cloning site (MCS)
within this protein and makes it nonfunctional. Lac Z protein forms -galactosidase - enzyme which
hydrolyzes X-gal and causes characteristic bright blue color of the colonies. Blue colonies thus do not
possess vector containing insert. White colonies were inoculated into tubes with LB medium (5 ml)
and ampicilin (100 mg/l). Tubes were incubated in a shaker for 12 hours (37 °C, 210 RPM). Plasmids
were isolated by QIAprep®Spin Miniprep Kit (QIAGEN). Presence of insert was confirmed
by plasmid hydrolysis using restriction endonuclease. One microliter of 10X REact® 3 buffer
(Invitrogen), 0.3 ul of EcoRI (Invitrogen), 2 ul of isolated plasmid and 6.7 ul of ddH,O were mixed
and incubated for 1.5 hour (37 °C). After restriction digest, samples were loaded on 1% agarose gel
(see electrophoresis) where length of particular inserts was confirmed. DNA Sanger sequencing was
carried out on ABI Automatic Sequencer 3730XL by Macrogen Inc. (Geumchun-gu-Seoul, Korea)

using universal SP6 and T7 primers and designed inner primers (for sequences see Appendix 4).

3.4 Sequence identification and assembly

Quality of the raw sequences was checked in Sequence Scanner 1.0 (Aplied Biosystems).
Vector contamination identified by vecscreen (BLAST, NCBI) was removed in EditSeq (DNASTAR).
SeqgMan (DNASTAR) was used for contig assembly. Forward and reverse primers were removed
from the sequences in BioEdit (Hall, 1999) to prevent introduction of an artificial signal

in phylogenetic analyses. Reading frame was confirmed by ORF Finder

(http://www.ncbi.nlm.nih.gov/projects/gorf) and GC content of sequences was determined in BioEdit
(Hall, 1999). Initial sequence identification was performed by NCBI BlastSearch

(http://www.ncbi.nlm.nih.gov/Blast.cgi) using either nucleotide or protein query.
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3.5 Matrices and multiple alignments

Housekeeping genes were chosen as a source of phylogenetic information. Rules for selection
were as follows: one copy of the gene in genomes of Enterobacteriaceae, universal presence in both
free-living and symbiotic bacteria, known function assuring correct annotation, unpublished/unknown

horizontal transfer. Gene for translation elongation factor (EF-Tu) was available in GenBank

(http://www.ncbi.nlm.nih.gov/) from previous study (Hypsa and Krizek, 2007). This gene has usually
two copies in enterobacterial species, but these copies are coelvolving via gene conversion
and clustering together in phylogenetic trees. Nevertheless, the phylogeny based on EF-Tu was
computed with both paralogs present inthe dataset and the copy with shorter branch was chosen
for further analyses. Yersinia species are known to possess very divergent copies of this gene (Isabel et
al., 2008). | excluded this taxon because of different phylogenetic positions of paralogs were observed

also in my analyses.

All matrices of protein-coding sequences were based on Enterobacteriaceae taxa
with available genomes in GenBank (see Appendix 5). One dataset (GroEL max) was complemented
with sequences of symbionts available only for this gene. For 16S rRNA gene phylogeny, extensive
taxon sampling was done on the basis of published studies. Heuristic Blast search is incapable to find
all related sequences, which can be shown e.g. on total omission of symbiotic enterobacteria of leeches
in all phylogenetic analyses of symbionts, although they cluster within P-symbionts (Kikuchi and
Fukatsu, 2002; Perkins et al., 2005). A ML guide tree (GTR+I+ I') using Phyml v3.0 (Guindon and

Gascuel, 2003) was used to filter only symbionts that cluster within Sodalis/P-symbionts clade.

The reduced 16S rDNA datatset was aligned in the Mafft program based on iterative
refinement (Katoh et al, 2009; Katoh et al, 2002) (http://align.omr.kyushu-

u.ac.jp/mafft/online/server/index.html), using the E-INS-i strategy with default parameters. Poorly

aligned positions were eliminated in Gblocks program (Castresana, 2000) with tree different levels
of stringency. First, less strict flanking positions, smaller final blocks and gap positions within
the final blocks were allowed. Second, only gaps were allowed within final blocks, and third,

alignment was the same as previous, but with manually removed long gaps.

All protein coding sequences were aligned after translating into amino acids in Clustal W
(Thompson et al., 1994) implemented in BioEdit (Hall, 1999) using default parameters. Ambiguously
aligned positions were excluded from codon sequences in Gblocks (Castresana, 2000; Talavera and
Castresana, 2007) with gaps allowed within the final blocks and alignments were checked manually
in BioEdit (Hall, 1999). If there were long gaps at the beginning and end of my partial sequences
(AceE, LepA), alignments were also trimmed and effect on the tree topology was tested. Since this
trimming did not affect the gene tree topology, longer alignments were further used and all gaps were

treated as missing characters. Matrices (nucleotides and amino acids) were saved in interleaved nexus
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and phylip formats. Lengths of alignments and number of conserved/parsimony-informative sites were
determined in Mega 4.1 (Tamura et al., 2007). Protein coding genes were concatenated in SeaView v4
(Gouy et al., 2010).

3.6 Phylogenetic analyses

Four different methods were used to infer phylogenetic trees (for workflow see Table 5)
from single-gene and concatenated nucleotide and amino acid matrices: maximum parsimony (MP)
and distance methods (LogDet) implemented in PAUP* 4.0 (Swofford, 2002), maximum likelihood
(ML) using PhyML v3.0 (Guindon et al., 2009; Guindon and Gascuel, 2003) and Phylo_win 2.0
(Galtier et al., 1996) and Bayesian inference (BI) using MrBayes 3.1.2 (Huelsenbeck and Ronquist,

2001). If possible, parallel versions of these programs were used on MetaCentrum computational

clusters  (http://meta.cesnet.cz/cms/opencms/en/index.html) to  reduce computational time.
Incongruence-length difference test (ILD) (Farris et al., 1995) implemented in PAUP* 4.0 (Swofford,
2002) was used to test homogeneity (nreps=10000) of concatenated genes.

For likelihood-based methods, evolutionary models of DNA and protein evolution were selected
in jModelTest (Posada, 2009) and ProtTest (Abascal et al., 2005). For nucleotide sequences, General
Time Reversible (GTR) model (Rodriguez et al., 1990) was used with estimated proportion
of invariable sites (1) and heterogeneity of evolutionary rates modeled by 6 substitution rate categories
of gamma distribution (I') with gamma shape parameter (alpha) estimated from the dataset.
In addition, nonhomogeneous model of sequence evolution (T92+I+varGC) implemented
in Phylo_win (Galtier et al., 1996) was used to infer ML trees. For amino acid data, LG model (Le and
Gascuel, 2008) in ML analyses and WAG model (Whelan and Goldman, 2001) in Bl analyses were
used with estimated proportion of invariable sites (1) and variability of evolutionary rates across sites
modeled by 6 substitution rate categories of gamma distribution (I') with gamma shape parameter
(alpha) estimated from the dataset. A codon-based model of nucleotide substitution (Goldman and
Yang, 1994) implemented in MrBayes (Huelsenbeck and Ronquist, 2001) was also used for protein-
coding sequences with GTR+I+I" modeling nucleotide changes. Subtree pruning and regrafting (SPR)
tree searching algorithm was used in ML analyses to decrease the chance of getting stuck in a local
maximum of the likelihood function. Bootstrap resamplings (100) were performed to test reliability

of inferred trees.

In MrBayes program, following parameters were set for the MCMC sampler: nruns= 2, nchains=4
(three heated, one cold), ngen = 3000000, samplefreq= 100 and printfreq = 100. Markov chain Monte
Carlo (MCMC) convergence and number of trees to discard was explored by AWTY (Nylander et al.,

2008) web based program (http://ceb.csit.fsu.edu/awty). Trees were summarized by sumt command

and burnin trees were discarded.

19


http://meta.cesnet.cz/cms/opencms/en/index.html
http://ceb.csit.fsu.edu/awty

The MP analyses were carried out by heuristic search with TBR (tree-bisection and reconnection)

branch swapping algorithm and 100 replicates of random sequence addition. LogDet distances were

computed with invariable positions excluded.

Slow-fast analysis was performed in SlowFaster (Kostka et al., 2008), monophyletic phyla were

specified on rooted ML tree. Produced datasets with increased phylogenetic signal/noise ratio were

analyzed by different methods.

Computed trees were viewed in TreeView (Page, 1996) and rooted by outgroups.

Table 5. Phylogenetic analyses workflow used for single-gene and concatenated datasets.

Nucleotides Amino-acids
All positions 2nd/3rd positions excluded | Slow-fasted All Slow-fasted
ML (GTR+I+ T) ML (GTR+I+T) ML (GTR+I+I) | ML (LG+I+T) | ML (LG+I+T)
ML (T92+T+varGC) | Bl (GTR+I+I) Bl (GTR+I+I") | Bl (Wag+I+I') | Bl (Wag+I+T)
Bl (GTR+I+T) LogDet LogDet MP MP
Bl (Codon model) MP MP
LogDet
MP

4, Results

4.1 Sequences

I have acquired 6 partial sequences encoding small ribosomal subunit gene and 8 partial
sequences of housekeeping genes from intracellular symbiotic bacteria of 8 insects. Sequenced protein
coding genes were as follows: chaperonine GroEL, GTP-binding protein LepA and pyruvate
dehydrogenase subunit E AceE. All the sequences with their lengths and GC contents are summarized
in Table 6. TGGE analyses did not confirm presence of S-symbionts in tested lice, except for diverse
lineages of Wolbachia previously identified in lice (Covacin and Barker, 2007; Kyei-Poku et al.,
2005). First weevil species (Polydrusus formosus) was negative for symbiotic bacteria and two
sequences of symbiotic bacteria were acquired from the second tested species (Rhampus pulicarius).

From Solenopotes capillatus, only 16S rRNA gene was acquired.
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Table 6. Sequenced genes of symbiotic bacteria of insects with gene fragment length and GC content.

Insect species Symbiont Gene Length (bp) | GC content (%0)
Haematomyzus elephantis | primary GroEL 1587 35.35
LepA 1386 24.53
Haematopinus eurysternus | primary GroEL 1602 36.20
LepA 1386 24.17
Haematopinus suis primary GroEL 1602 36.77
AceE 1886 27.31
Planococcus citri S-cosymbiont GroEL 1584 47.16
16S rRNA | 1328 51.36
primary 16S rRNA | 396 54.8
Tremblaya princeps
Rhampus pulicarius secondary GroEL 1590 56.23
16S rRNA | 1013 56.37
Wolbachia 16S rRNA | 973 45.63
Solenopotes capillatus primary 16S rRNA | 1030 49.13
Trachys minuta Wolbachia 16S rRNA | 1291 47.05

4.2 Multiple alignments

Lengths of edited multiple alignments and number of parsimony-informative/conserved sites
for nucleotide and amino-acid data are presented in Table 7. In fact, lower number of parsimony
informative sites is available for inferring origin of symbiotic bacteria from free-living ancestors (see
Figure 1). Because of house-keeping nature of chosen genes, there was only small number of gaps
distributed within the alignments. Amino-acid deletions were generally located on terminal parts
of symbiotic bacteria genes that are under the lowest selection constraints. Contrary to protein-coding

genes, 16S rRNA gene alignments were gapped by numerous indels.

Incongruence length difference (ILD) test rejected congruence between the single-gene
datasets. | tried to exclude individual species to determine the source of noise. Exclusion of a single
species did not significantly raise the P-value. Deleting multiple taxa resulted in an acceptance
of the null hypothesis only if the retained taxa were closely related species. E.g. for six species
from Escherichia/Salmonella/Citrobacter clade and concatenated AceE/GroEL datasets, P-value was
only 0.08. However, problematic nature and limited power of this test have been proven many times
in literature (e.g. Darlu and Lecointre, 2002; Dolphin et al., 2000). Since here the results of the ILD

test are likely to be due to the unusual character of the data (see discussion), | used the joined datasets
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despite of the negative results of ILD tests. Two concatenates were prepared. The first consisted of
genes AceE/EF-Tu/GroEL/LepA with available lice symbionts sequences. The second dataset
consisted of all 12 house-keeping genes. This dataset was used to test, if adding data affect the inferred
tree topology.

Table 7. Lengths of edited multiple alignments and computed number of

parsimony-informative/conserved sites.

Alignments | Edited length (bp) | Number of sites
(nucleotides/amino acids)
Parsimony-informative | Conserved
AceE 2639 1683/495 718/267
AtpD 1365 685/141 572/251
EF-Tu 1173 589/124 502/217
FusA 2079 1190/322 678/260
GapA 990 652/203 239/75
GidA 1833 1219/341 502/193
GroEL 1581 790/186 667/271
GroEL max | 1581 823/203 656/266
GyrB 2403 1571/460 635/237
LepA 1779 1148/342 468/162
PurB 1356 893/265 339/120
PyrG 1620 1004/271 484/185
RpoB 4005 2227/525 1434/598
16SrDNA 1 | 1422 597 637
16S rDNA 2 | 1220 494 576
16S rDNA 3 | 898 362 423
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Figure 1. Section of translated LepA alignment demonstrates rapid evolution of insect symbionts
in comparison with free-living bacteria. Dots represent amino-acids identical with Escherichia coli.
Bacteria abbreviations are listed in Appendix 5, heleph-Haematomyzus elephantis endosymbiont,
heurys-Haematopinus eurysternus endosymbiont.

4.3 Phylogenetic trees

Considerable number of phylogenetic trees was computed from nucleotide and amino-acid
sequences using different weighting (excluded positions, slow-fast) and methods (MP, LogDet, ML,
BI) with several complex models of evolution (codon model, nonhomogeneous model).

Tree topology derived from 16S rRNA gene varied considerably in dependence on the used
method, alignment length and taxon sampling. Only a few clades were stable in all derived topologies.
Therefore, the phylogenetic tree (Figure 2) computed by Bl (GTR+I+T") from the longest alignment is
presented only as an illustration of symbiotic Enterobacteriaceae diversity and should be taken with
caution. Endosymbiont of Haematomyzus clustered almost exclusively with Trioza magnoliae psyllid
endosymbiont, the placement congruent with the previous study (Hypsa and Krizek, 2007). The newly
described taxa added into analysis (Nardonella spp.) form a sister clade. Endosymbiont of Solenopotes
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clustered either with endosymbionts of Haematopinus or with endosymbionts of psyllids Calophya
schini and Heteropsylla cubana. The last endosymbiont of lice in dataset is Puchtella pedicinophila
clustering with Wigglesworthia. Gammaproteobacterial symbiont of weevil Rhampus pulicarius is a
member of a broad Sodalis clade.

Analyses (MP, ML, BI, LogDet) of nucleotide data (single genes/concatenates) sorted symbionts
according to their branch lengths (Figure 3) into one cluster joined to the longest branch within tree
(e.g. Arsenophonus nasoniae or Proteus mirabilis). This topology was apparently incorrect as it even
split up monophyly of Buchnera species and clustered Wigglesworthia/lice symbionts among them.
Exclusion of third/third+second codon positions reduced the evident erorrs within symbionts, but did
not help to eliminate the affinity of symbionts to the longest branch available. Likelihood analyses
using nonhomogeneous model of DNA evolution, Bayesian approach with codon model and LogDet
distances also did not convincingly avoid clustering of symbionts clade with the longest branch in tree.
If the long-branched taxa were excluded, symbionts formed sister clade with remaining free-living
bacteria. However, two clades of symbionts were generally resolved: Buchnera/lshikawaella
and Baumannia/Blochmannia/Wigglesworthia/lice symbionts. Sodalis glossinidius as the less
degenerated symbiont was not usually attracted by long branches and clustered with pathogenic
bacteria of plants (Dickeya and Pectobacteiurm) or animals (Edwardsiella). In contrary, Hamiltonella
defensa was strongly attracted by the rest of symbionts and had to be excluded from most of the

analyses.

Phylogenetic analyses using amino-acid data (single genes/concatenates) implied almost
exclusively monophyly of P-symbionts (Figure 5), only analysis of GroEL with extensive taxon
sampling (Figure 4) have split up monophyly and placed Buchnera/Ishikawaella as a sister clade to

Pantoea/Erwinia.

Slow-fast method produced several datasets with reduced number of saturated positions. When
analyzed one by one, the most reduced datasets (0-4) showed repeatedly independent position of
Buchnera clade, which was clustered with Erwinia/Pantoea or Edwardsiella species. Phylogenetic
tree inferred from the third matrix produced by slow-fast analysis of concatenated AceE, EF-Tu,
GroEL, and LepA amino-acid data is presented here (Figure 6).
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Figure 2. Phylogeny of insect symbionts derived from 16S rRNA gene using Bayesian inference
(GTR+I+T). If possible, bacterial names are presented (symbionts are printed in color), otherwise host

species are used. Triangles represent monophyletic clades with numerous species.
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Figure 3. Nucleotide data analyses were typically affected by the long-branch attraction artifacts.

Maximum likelihood tree (GTR+1+ T') inferred from LepA nucleotide data with excluded third codon

positions. Insect symbionts are displayed in blue. Undescribed bacteria are presented by their host taxa

and marked with an asterisk.
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and Bl (Wag+I+T"). Three clusters of symbiotic bacteria of insects are printed in color. Undescribed

bacteria are presented by their host taxa and marked with an asterisk.
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5. Discussion
5.1 PCR results, matrices, alignments

Negative PCR results for one of two closely related species of the louse symbionts (LepA and
AceE from Haematopinus species) were probably caused by mismatches between primer and gene
sequence. This problem is often encountered in symbiotic bacteria research due to rapid DNA
substitution rate and thus higher sequence divergence between species. Degenerated GroEL primers
were the only pair that worked properly with all of the tested species (except for the Solenopotes long-
time stored and fragmented DNA). Good taxon sampling is available for GroEL in GeneBank as this
gene often supplements/replaces ribosomal markers in insect symbionts phylogenies (Degnan et al.,
2004; Fukatsu et al., 2009; Toju et al., 2009; Wertz et al., 2003). However, this heat-shock protein is
under strong positive selection (Fares et al., 2004) and it has been shown that symbionts from two
distantly related bacterial phyla have fixed identical amino-acids substitutions in functionally
important regions of GroEL (see Appendix 6, Fares et al., 2005).

Alignments of the house-keeping genes are unequivocal and do not introduce any noise or false
alignment-mediated phylogenetic signal into the analyses. In contrast, thel6S rDNA alignment(s)
contained high number of ambiguously aligned positions. Different stringency of alignment trimming
demonstrated that characters affecting topology are within these regions.

The concatanated matrix of the housekeeping genes was used in the phylogenetic analyses despite
the rejection by ILD tests. Strict rules of this test were many times discussed and it has been proven by
simulations that ILD test fails if there are not numerous characters present and if there is not
homogeneous substitution rate among sites (Barker and Lutzoni, 2002; Cunningham, 1997; Darlu and
Lecointre, 2002; Dolphin et al., 2000; Graham et al., 1998; Yoder et al., 2001). Considering
problematic character of the symbionts sequences (i.e. the strong compositional bias and the rate
nonhomogeneity) and the fact that the housekeeping genes belong to the “core” genes with low
probability of HGT, it is likely that the rejection by ILD test is an artifact and does not reflect a real
incompatibility of the phylogenetic signals.

5.2 Phylogenetic analyses

Phylogenetic analyses were accompanied by easily detectable but hard to eliminate long-branch
attraction artifacts. As expected, analyses based on 16S rDNA did not lead to a clear conclusion. Low
informative value of this marker is being discussed since the first phylogenetic studies of symbiotic
bacteria (O'Neill et al., 1992). At least, inferred topology indicates some essential information needed

for further multi-gene analyses. Crucial role of various S-symbionts for P-symbionts phylogeny has
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been noticed and my results support the theory that (some) primary symbionts originated from

secondary-symbiont ancestors (Wernegreen et al., 2009).

Only two studies have been published that present Buchnera and Wigglesworthia/Blochmannia
clades in polyphyly (Belda et al., 2005; Herbeck et al., 2005). It should be mentioned, that
phylogenomic studies imply monophyly of this clade on the basis of very inappropriate taxon
sampling: presence of only few free-living/pathogenic enterobacteria in these datasets is not rare
(Canback et al., 2004; Comas et al., 2007a). Species which cause polyphyly of insect symbionts in the
study of Herbeck et al. (2005) are only distantly related to Escherichia/Salmonella/Yersinia clade.
Monophyly of P-symbionts derived from phylogenomic dataset, which includes only these three
genera is logically inevitable, but does not contain any information.

My results suggest two independent origins of the studied insect symbionts (Figures 4 and 6). The
topology is partially congruent with the tree previously derived by the nonhomogeneous model of
sequence evolution (Herbeck et al., 2005). Buchnera + Ishikawaella form one clade while the rest of
symbionts, including Sodalis, the other clade. Both these groups cluster with plant pathogenic bacteria,
but it would be premature to define ancestors of the symbionts because taxon sampling of plant
pathogenic bacteria is extremely poor. It is generally assumed that insect symbionts originated from
bacteria common in the environment. For example, cicadas spend most of their lives underground and
feed primarily on plant roots. It is no surprise, that their a-Proteobacterial symbiont Hodgkinia
cicadicola originated within Rhizobiales (McCutcheon et al., 2009b), a group that is known especially
because of symbiosis with plant roots. Insects that harbor symbiotic Enterobacteriaceae are
predominantly feeding on plants. Pathogenic bacteria of plants fit well in the above mentioned theory
as bacteria that infected ancestors of the given insect group and become symbionts. It can be only
speculated that they first become “S-symbiont type” and were horizontally transferred to various other
insect species. Within some of the infected species, facultative symbionts became obligate primary
symbionts. ldentical situation can be observed in clades with numerous species such as Wolbachia
(e.g. Hosokawa et al., 2010), Sodalis (Fukatsu et al., 2007; Heddi et al., 1998; Novakova and Hypsa,
2007) or Arsenophonus (Novakova et al., 2009).

To determine a particular bacterial lineage as an ancestor of endosymbionts is very complicated
due to the rapid evolution of symbionts. In my phylogenetic analyses of Enterobacteriaceae, lack of
informative positions needed to infer deeper phylogeny and detect ancestor(s) of insect symbionts was
the main problem. If there is not sufficient amount of information matching symbionts with free-living
bacteria, they cluster together. Long-branch attraction artifacts are only the consequence of
overwritten ancient information and can be eliminated by various methods. One of the proposed
methods is the nonhomogeneous model of sequence evolution (Galtier and Gouy, 1998). However,

this model did not bring convincing results when applied to my datasets. Two different explanations
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can account for this fact. First, there is no phylogenetic signal that can be increased by implementing
heterogeneous base composition assumption. Second, this model works differently if used with
different datasets. In my dataset, there is substantial number of species with homogeneous base
composition which could cause an insufficient capability of the nonhomogeneous model to recognize
the correct topology. LogDet distances were also incapable to resolve origin(s) of P-symbionts. |
attribute the failure of these methods to the low number of informative positions that can be used to
infer deeper phylogeny. Ancient phylogenetic information is overwritten by rapid evolution in the
insect host, e.g. by approximately 180 millions of years for Buchnera species (Moran et al., 1993).

Slow-fast analysis increased the ratio of the ancient phylogenetic information and | consider the
inferred tree as an alternative theory to the monophyly of insect symbionts. | have to admit that plant
pathogenic bacteria are also plausible species which could exchange genes with symbiotic bacteria of
plant sap-sucking insects. Phylogenomic study will have to be done to test possible horizontal gene

transfers and confirm/reject my preliminary results.

Phylogeny of lice endosymbionts inferred from 16S rRNA gene implies their independent origins.
However, all the endosymbionts included in my datasets of house-keeping genes (Haematomyzus,
Haematopinus, Solenopotes, Pedicinus), cluster with Wigglesworthia in genome-wide taxon sampling.
This problem is caused by missing taxa. Therefore, it was impossible to convincingly prove the
independent origins indicated by 16S rRNA gene phylogeny.

In future, I will extend my dataset both with additional taxa and data for other genes. Aspirant taxa
are mainly the secondary symbionts clustering with P-symbionts. If genomes are available, various
pathogenic Enterobacteriaceae will be added to the dataset. These bacteria are not as strongly affected
by loss of ancient phylogenetic information and the resulting LBA artifacts. For data extension, 1 will
try to overcome negative PCR results for some symbionts by newly designed primers. I also intend to
prepare Enterobacteriaceae phylogenomic dataset based on core of all orthologous genes in symbiotic
genomes (approximately 200 genes) and automate the process of sequence downloading, filtering and
aligning e.g. by workflow of Perl scripts. With phylogenomic dataset finished, it will be possible to

evaluate amount of genome-wide phylogenetic signal favoring my current results.
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6. Conclusion

Phylogenetic analyses of Enterobacteriaceae did not unambiguously resolve phylogenetic position
of symbiotic bacteria in insects. However, there is a certain level of phylogenetic signal favoring
independent origin of Buchnera/lshikawaella and Baumannia/Blochmannia/Wigglesworthia clades.
Unfortunately, this signal is strongly overwritten by rapid evolution of symbionts and by convergently
acquired characters.

Endosymbiotic bacteria of lice were observed to cluster within the second clade mentioned, but
analysis of 16S rRNA gene implies that the “genome” taxon sampling is very poor for precise
placement and 16S rRNA gene alone is insufficient marker. Importance of endosymbionts of psyllids
and weevils should not be overlooked because these symbionts form clades related to primary

symbionts of lice.

Ancestors of insect symbionts were probably bacteria that somehow come in contact with insects.
My results suggest pathogenic bacteria of plants and animals as a possible source of bacterial species

that infected ancestors of insects and become domesticated.

33



7. Appendices

Appendix 1. Loading buffers composition.

Agarose gel electrophoresis loading buffer | TGGE loading buffer TAE
0.01% bromophenol blue (Sigma) 0.01% bromophenol blue (Sigma)
0.01% xylene cyanol FF (Sigma) 0.01% xylene cyanol (Sigma)
500 x SYBR® Green I (Sigma) 2 mM EDTA (Sigma)

30% glycerol (Sigma) 0.1% Triton-X 100 (Sigma)
ddH,0O to 10 mi

Appendix 2. Acryl amid gel composition.

Stock solution for 50 ml Final concentrations

40 % (37,5 :1) acrylamid (Merck) 10 ml [8%]

urea - solid (AppliChem) 21g [7M]

50 x TAE (Duchefa) iml [1x]

40% glycerol (Sigma) 2,5ml [2%]

dH,O to 50 ml adjusted with aqua bidest

Appendix 3. Composition of 1% agar plates.

2.5 g LB medium (Amresco)

1g bacteriological agar (Amresco)

100 ml dH,0

100 pg/ml ampicilin (Invitrogen)

Appendix 4. Forward and reverse primers designed to obtain contiguous gene sequence.

Primer - species Sequence Position

GroEL f Haematopinus | GGTACTATATCTGCAAATGC | 1048-1067

GroEL r Haematopinus | GCTTCATCTCTTTGTTGATT 442-462

GroEL f Haematomyzus | GAAGCTATGGATAGAGTAGG | 490-509

GroEL r Haematomyzus | TTTATTACCGCTACACCTCC 1120-1140

GroEL f Rhampus GAAGCCATGGCGAAAGTGGG | 490-509

GroEL r Rhampus TTGACAACCGCAACGCCGCC | 1120-1140

AceE f Haematopinus AAGGGTTATGGTATGGGGTC | 593-612

AceE r Haematopinus AGTATCTGATCATTATCTTG 1064-1083




Appendix 5. Bacterial species with genomes available in GenBank used as a core of all datasets.

Accession number Bacterium Abbreviation
NC_002528 Buchnera aphidicola BUuAPS
NC_004545 Buchnera aphidicola BuBP
NC_008513 Buchnera aphidicola BuCC
NC_004061 Buchnera aphidicola BuSG
NC_007984 Baumannia cicadellinicola baumann
NC_005061 Blochmannia floridanus bloflo
NC_007292 Blochmannia pennsylvanicus blopen
NC_012752 Hamiltonella defensa hamilt
NC_007712 Sodalis glossinidius sodalis
NC_004344 Wigglesworthia glossinidia wiggle
NC_009792 Citrobacter koseri ATCC BAA-895 1citrob
NC_013716 Citrobacter rodentium 1ICC168 2citrob
NC_009778 Enterobacter sakazakii ATCC BAA-894 1cronob
NC_013282 Cronobacter turicensis 2cronob
NC_013592 Dickeya dadantii Ech586 1dickeya
NC_012912 Dickeya zeae Ech1591 2dickeya
NC_012779 Edwardsiella ictaluri 93-146 ledward
NC_013508 Edwardsiella tarda EIB202 2edward
NC_009436 Enterobacter sp. 638 lenterob
NC_012214 Erwinia pyrifoliae Ep1/96 lerwin
NC_010694 Erwinia tasmaniensis Et1/99 2erwin
NC_013961 Erwinia amylovora 3erwin
NC_013956 Pantoea ananatis LMG 20103 1panto
NC_010473 Escherichia coli str. K-12 substr. DH10B leco
NC_012731 Klebsiella pneumoniae NTUH-K2044 1klebs
NC_004547 Pectobacterium atrosepticum 1pectob
NC_012917 Pectobacterium carotovorum subsp. carotovorum PC1 2pectob
NC_013421 Pectobacterium wasabiae WPP163 3pectob
NC_012962 Photorhabdus asymbiotica 1photor
NC_005126 Photorhabdus luminescens subsp. laumondii TTO1 2photor
NC_013892 Xenorhabdus bovienii SS-2004 1xenor
NC_010554 Proteus mirabilis HI4320 1prot
NC_003197 Salmonella enterica subsp. enterica serovar Typhimurium str. LT2 1salmon
NC_009832 Serratia proteamaculans 568 1serrat
NC_008258 Shigella flexneri 5 str. 8401 1shigel
NC_003143 Yersinia pestis CO92 lyers
project Ishikawaella capsulata Mpkobe ishika
scaffolds Arsenophonus nasoniae arsnas
NC_003919 Xanthomonas axonopodis pv. citri str. 306 xanthaxo
NC_007484 Nitrosococcus oceani ATCC 19707 nitroso
NC_002516 Pseudomonas aeruginosa PAO1 1pseudo

%ﬂ T
A

Apical

|Equatorial

Appendix 6. GroEL monomer from Escherichia coli with locations of amino acid residues (in dark)
detected to be under positive selection in both Bacteroidetes and y-Proteobacteria endosymbionts.
Adapted from Fares et al. (2005).
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