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Abstract

Wolbachia is a bacterium observed in relationship with a wide array of arthropod and
nematode species. This is an obligate intracellular symbiont, maternally transferred
through the host oocytes. In arthropods Wolbachia is able to manipulate reproduction,
using multiple strategies to increase the fitness of infected females. In nematodes the
bacterium has a fundamental, and not completely understood, role in larvae development.
Wolbachia infects ~50% of all the arthropod species worldwide, and in some of them it can
be considered the most important sex determination factor. In contrast, Wolbachia
presence is much more limited in nematodes, being present in a limited number of filarial
species. The taxonomic status within the Wolbachia genus is highly debated, with the

current classification dividing all strains in 14 'supergroups'.

During my Ph.D. | studied the evolution of the symbiotic relationship between Wolbachia
and its arthropod and nematode hosts, using genomic approaches.

Indeed, during the evolution of the Wolbachia-host relationship, genetic signs have been
left in the Wolbachia genomes. | worked to identify these genomic signs and to evaluate
them within an evolutionary frame, in order to obtain a better understanding of how the

Wolbachia-host symbiosis evolved.

The work here presented can be organized in three major sections: i) the sequencing and
analysis of the genome of the filarial nematode Dirofilaria immitis and of its symbiotic
Wolbachia strain, wDi; ii) the sequencing of the genome of Wolbachia endosymbiont of
Litomosoides sigmodontis, and the phylogenomic reconstruction of the Wolbachia
supergroups A-D; iii) a comparison of the genomes of 26 Wolbachia strains spanning the A

to F supergroups.

Here a schematic summary of the results is reported:

1. Dirofilaria immitis and the Wolbachia symbiont wDi show metabolic complementarity for
fundamental pathways

2. The metabolic pathway for the synthesis of wDi membrane proteins is one evolving the

fastest in the genome of the bacterium

3. Nematode Wolbachia belonging to supergroups C and D are monophyletic, indicating

that a single transition to mutualism likely occurred during the evolution of Wolbachia

4. Wolbachia strains of the C supergroup show genomic features that are unique in the



genus, such as a much higher level of synteny compared to the rest of Wolbachia
supergroups, and a newly generated pattern of GC skew curves, typically observed in

free-living bacteria genomes

5. Wolbachia supergroups show conserved genomic features, which suggest genomic
isolation among them
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1. Introduction

In 1924, at the Harvard University, Marshall Hertig and Burth Wolbach were studying
Culex pipiens mosquitoes and observed, for the first time, a “rickettisia-like bacterium”
within their ovaries. In 1936 Hertig formally described that bacterium, and decided to label

it “Wolbachia pipientis”, in honor of his collaborator (Hertig 1936).

Wolbachia pipientis is an alpha-proteobacterium belonging to the Anaplasmataceae family,
within the order Rickettsiales. Species classified within this order are all characterized by
intracellular lifestyles, however they present an array of different symbiotic relationships
with the hosts. The Anaplasmataceae family contains, in addition to Wolbachia, the
Ehrlichia, Anaplasma, Aegyptianella, Neorickettsia, Candidatus Neoehrlichia (Pruneau et
al. 2014) and the newly described Arcanobacter (Martijn et al. 2015) genera. Species
responsible for major human and animal infection diseases belong to this family, such as
the pathogenic agent of the anaplasmosis in cattle and sheep, Anaplasma
phagocytophilum, and the human monocytotropic ehrlichiosis agent, Ehrlichia chaffeensis.
Wolbachia however is unable to infect vertebrates, and lives in symbiosis with an array of

invertebrate hosts.

Currently, Wolbachia pipientis is the sole species described within the genus, for this

reason, in this manuscript, | will refer to the entire diversity of this genus as “Wolbachia’.
1.1. Wolbachia hosts

Reconstructing the microbiota composition of an adequate number of insect species, we
will find that more that 60% of them result to be infected by bacteria belonging to the
Wolbachia genus (de Oliveira et al. 2015). Widening the sampling, including also
non-insect arthropods, we will discover that Wolbachia bacteria can live in association with
a wide array of arthropod lineages (Weinert et al. 2015), including isopods, spiders, mites,

springtails and termites (Werren et al. 2008).

Wolbachia had been considered exclusively an endosymbiont of arthropods, until Sironi

and collaborators (in 1995) reported the first evidence that individuals of Dirofilaria immitis,



a filarial nematode, were infected by bacteria belonging to the Wolbachia genus. The
identified Wolbachia strain was labeled Wolbachia endosymbiont of Dirofilaria immitis, or
wDi (Sironi et al. 1995).

On the basis of the current estimation, we know that Wolbachia infects ~ 50% of all the
arthropod species (Weinert et al. 2015), but this data cannot be considered as definitive.
On the other hand Wolbachia has a limited diffusion among nematodes: it has been
described in symbiosis with a limited number of filarial nematodes and with the
plant-parasitic nematode Radopholous similis (Sironi et al. 1995; Bandi et al. 1998; Werren
et al. 2008; Haegeman et al. 2009).

1.2. Wolbachia spreading

Wolbachia is an intracellular bacterium incapable of surviving outside the host. It depends
on the host not just for surviving and reproduction, but also for the diffusion through the
host population (Werren et al. 2008). Wolbachia is transmitted from one host generation to
the next through the maternal line, passing from mothers to offspring within the oocytes
(vertical heritage). Vertical heritage represents a major way for Wolbachia spreading, and
it occurs both in arthropods and nematodes (Gerth et al. 2013; Werren et al. 2008).

Wolbachia is also able to spread through the host population by horizontal transmission: in
arthropods, experimental and phylogenetic studies showed that the bacterium is able to be
transferred among adults (in rare cases, belonging to different species) (Vavre et al. 1999;
Gerth et al. 2013; Cordaux et al. 2001). This mode of transmission still has to be
completely clarified, and thus the mechanism (or mechanisms) followed by Wolbachia to
‘jump” from a individual to another is not completely understood. Le Clec'h and
collaborators suggested that predation and cannibalism could represent suitable ways for

Wolbachia horizontal transmission in isopods (Le Clec’h et al. 2013).

1.3. Evolutionary traits of the Wolbachia-host symbiotic relationships

Wolbachia deeply affects reproduction and lifespan of most infected hosts, producing

consequences at the single organism and population levels. For this reason it is difficult to



classify the Wolbachia-host symbiotic relationships, using the simple “pathogenic vs
nonpathogenic” or “host-useful vs. host-detrimental” categories. Below | will summarize the

most important effects caused by Wolbachia to the arthropod and nematode hosts.

1.3.1. Wolbachia in arthropods

Currently, we know that Wolbachia has a crucial role in sex determination of the infected
hosts (Werren et al. 2008). Below, | report a description of the reproduction manipulations
that Wolbachia can induce. Furthermore, the effects of Wolbachia infection are

schematically represented in Figure 1.
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Figure 1.

Wolbachia is able to affect the host reproduction causing an array of phenotypes:
feminization, parthenogenesis, make killing and cytoplasmic incompatibility. These
phenotypes are here schematically represented (figure was retrieved from Werren et al.
2008)

Cytoplasmic Incompatibility:
During the first half of the '900, several cross-mating experiments were performed on a

wide array of insect species, collected worldwide. The results of these experiments

highlighted the existence of an isolating mechanism that doesn't exactly correspond to



species classification. White-Smith and Woodhill summarized this problem as follows.

“The isolating mechanisms which exist between closely allied species include a range
of types similar to those known in Drosophila. They may be genetic, mechanical,
ecological, physiological, or behaviouristic in nature. Such isolating mechanisms usually
operate in both reciprocal directions between males and females of the species
concerned. Differences in fertility between reciprocal crosses, however, are known to
occur between races, subspecies or species in several genera (Toumanoff, 1939, 1950;
Downs and Baker, 1949; 1953, Bonnet, 1950; Perry, 1950; Woodhill, 1949, 1950;
Marshall, 1938; Laven, 1951, Dobrotworsky and Drummond, 1953) and it is apparent that
the phenomenon is widespread in the Culicidae. It has introduced difficulties and
complexities in the appreciation of specific and subspecific categories, and it has a
significant bearing on problems of medical entomology. It is also significant to genetical
and evolutionary theory.” (White-Smith and Woodhill 1954).

Yen and Barr described the phenomenon in C. pipiens as follows:

“If males of one strain of Culex pipiens are crossed with females of a strain from a different
geographical area, the number of offspring may be either normal or small, or there may be
none at all. These three results have been called compatible, partially compatible and
incompatible, respectively. Reciprocal crosses may give the same or different results. For
example, strain A males may be fully compatible with strain B females, but strain B males
may be compatible, incompatible, or only partially compatible, with strain A females.” (Yen
& Barr 1971).

The name given to this intriguing phenomenon was “Cytoplasmic incompatibility” (Cl). Until
the '70s, the most reliable hypotheses to explain the Cl involved insect nuclear factors or
mitochondrial-like factors (Kitzmiller 1976). Yen and Barr proposed, in 1971, that the cause
of Cl could be the bacterium W. pipientis, an external factor not directly associated to the
mosquito genetics (Yen & Barr 1971). During the following years the fundamental role of
Wolbachia on the Cl phenomenon was clarified, albeit the molecular mechanism still

remains unknown.

The CI has been reported from insect populations infected by one ore more Wolbachia
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strains at the same time.

If a single strain of Wolbachia infects the host population the CI pattern results as outlined
in Figure 2: Wolbachia inhibits the reproduction in the cross between infected males and
uninfected females, without effects on all the other infected/uninfected crosses. The final
effect is that Wolbachia-infected males sterilize the uninfected females, drastically
reducing their reproductive fitness (Werren 1997).

Currently, the most reliable hypothesis for the Cl mechanism is the mod/resc model:
Wolbachia alters the host males producing a modification factor (mod, possibly a
poison-like molecule) within the sperm, and the host females producing the relative rescue
factor (resc, possibly an antidote-like) within the oocytes. When a Wolbachia-free female
(Q/resc-) is fecundated by a Wolbachia-infected male (4/mod+), the poison-like mod factor
reaches the oocytes sterilizing them. In case of [§/mod+ + Q/resc+], the antidote-like
rescue factor produced by Wolbachia within the host oocytes prevents the mod activity,
and thus the sterilization. The following combinations [J/mod- + Q/resc+] and [§/mod- +
Q/resc-] do not produce the Cl phenotype (Werren et al. 2008; Engelstadter & Telschow
2009) (Figure 2).
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Figure 2.

Schematic representation of the uni and bi directional cytoplasmic incompatibility (Cl)
respectively due to single and multiple strain infections of Wolbachia. The two tables
show success (green tick marks) or failure (red crosses) of offspring production of

crosses between parents with different infection states.
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When multiple strains of Wolbachia infect an host population, each strain produces a
specific pair of mod/resc factors. For this reason matings result fertile in two cases: i) if
both male and female have the same infective status (uninfected or infected by the same

Wolbachia strain); ii) if the female only is infected (Figure 2).

Currently, the molecular mechanism (or mechanisms) used by Wolbachia to induce Cl is

unknown.

Parthenogenesis:

In arthropods with arrhenotokous development, such as mites, Hymenopteras and
Thysanoptera, Wolbachia can induce parthenogenesis. In species with arrhenotokous
development, unfertilized eggs (haploid) develop into males and fertilized eggs (diploid)
into females. Wolbachia is able to interfere with the early stages of the embryonic
development, leading to the production of diploid cells (which will develop to females) from

the haploid unfertilized eggs (which normally develop to males) (Werren et al. 2008).

At population level, infection by parthenogenetic Wolbachia induces the increasing of the
frequency of females, with a significant distortion of the sex ratio. This effect represent san
important benefit for Wolbachia, considering that it is principally transmitted through the
maternal line (Werren 1997; Gerth et al. 2013).

Male killing:

In species belonging to the Coleoptera, Diptera, Lepidoptera and Pseudoscorpiones
orders, Wolbachia strains able to kill males have been observed. The male-killing
phenotype likely occurs as consequence of a lethal feminization of genetic males (Werren
et al. 2008). Indeed, the genetic males produced by Wolbachia-infected hosts result
feminized before they die, during the larval development (Werren et al. 2008). At the same
time, the genetic females produced by hosts deprived of Wolbachia die during the larval

development (Werren et al. 2008).

Feminization:
Wolbachia can affect the host sex determination, converting the genetic males to

phenotypic females (Werren et al. 2008). This phenomenon has been observed in several
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isopods from the order Oniscidea and in insects, such as Eurema hecabe and Zyginidia
pullula. In isopods the mechanism has been elucidated: Wolbachia invades the host
androgenic glands, causing hypertrophy and inhibition, and thus resulting in the

feminilization of genetic males.

In conclusion, the vertical transmission is likely the most important way of diffusion for
Wolbachia (Gerth et al. 2013). It takes place only through the females, and the phenotypes
produced by Wolbachia host manipulation (Figure 1) increase the fitness of
Wolbachia-infected females. This is likely one of the main causes of the Wolbachia

success in arthropods (Werren 1997).

Manipulation of host reproduction, is however not the sole Wolbachia-induced effect that
can explain its evolutionary success in arthropods. Indeed, evidences for Wolbachia
anti-viral host protection have been reported, and experimental data suggest that
Wolbachia could increase the surviving fitness of arthropod hosts (Hedges et al. 2008;
Rainey et al. 2014).

1.3.2. Wolbachia in nematodes

The discovery of the symbiosis between Wolbachia and a non-arthropod host (see section
1.1) could be assessed as a paradigm shift in the Wolbachia research field. Until 1995,
Wolbachia had been considered a bacterium strictly associated to arthropods, likely as
consequence of a long co-evolution. The work of Sironi and collaborators (1995) showed
that at least one host shiftoccurred during the evolution of Wolbachia, opening an array of
intriguing questions: e.g. “Can Wolbachia manipulate the reproduction of nematodes?”,
“The first 'Wolbachia-host' (wide sense) was a nematode-like organism, an arthropod-like

organism, or neither?”.

The early studies on the nematode Wolbachia strains tried to face the question “How does
Wolbachia interact with the nematode host?”. Indeed, similar studies had been performed
on arthropods, evaluating the effects of Wolbachia on the biology of the host (typically on
its reproduction) by removing the bacterium with tetracycline treatment. Thus, Bandi and
collaborators (Bandi et al. 1999) subjected jirds infected by the filaria Brugia pahangi and

dogs infected by D. immitis to tetracycline treatments. The treated filarial nematodes
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showed a strong inhibition of the development of the microfilaraemia, observed with optical
microscopy and transmission electron microscopy (TEM), (Bandi et al 1999). Furthermore,
in jirds the inhibition of the development of third-stage B. pahangi larvae to the adult stage

was observed.

These results, and further studies, indicate that Wolbachia has a crucial role in the filarial
host larvae development, and suggest that this symbiotic relationship between the

bacterium and the host could be classified as mutualistic.

The analyses of Wolbachia prevalence in infected filarial nematodes show that the
bacterium is present in ~ 100% of all the individuals (Werren et al. 2008). This result is
consistent with the hypothesis of mutualistic relationship between Wolbachia and

nematode hosts.

In a mutualistic relationship, we should expect congruence between the host and symbiont
phylogenies. These kind fo relationships likely originated as consequence of a long period
of co-evolution, which produces congruent phylogenetic signals in host and symbiont
genomes (Yamamura 1993). Indeed, the nematode Wolbachia phylogeny is congruent
with host nematode phylogeny (Bandi et al. 1998; Casiraghi et al. 2001; Comandatore et
al. 2013; Gerth et al. 2014) , supporting the mutualistic nature of this symbiosis.

The Wolbachia-nematode symbiotic relationship cannot be easily studied though
experiments due to the complexity of the biological model, in particular for two reasons: i)
filarial nematodes are parasites with life cycles that are very difficult to replicate in

laboratory; ii) currently, it is not possible to have pure cultures of Wolbachia.

Genome sequencing technologies allow to partially bypass these problems, studying the
Wolbachia-nematode relationship without the necessity of maintaining this biological
model in laboratory. Foster and collaborators sequenced the genome of the Wolbachia
strain endosymbiont of Brugia malayi (the Wolbachia strain was labeled wBm) (Foster et
al. 2005) . Genes contained in the genome were annotated and the metabolic pathways
were inferred on the basis of these detected genes.

The metabolic reconstruction showed that the bacterium is not metabolic auto-sufficient,

and suggests metabolic complementary between wBm and the host. In particular, the
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pathways mainly involved in this symbiotic metabolic complementarity are the following: i)
the pathway for de novo biosynthesis of purines and pyrimidines; ii) the pathway for the
riboflavin and flavin adenine dinucleotide biosynthesis; ii) the pathway for the heme
cofactor (Foster et al. 2005). Indeed, the wBm genome contains all the genes involved in
the purine and pyrimidine biosynthesis but it does not include the gene for the ADP/ATP
translocase protein, which is involved in the nucleotide-triphosphates uptake from the host.
This absence suggests that the bacterium could synthesize purine and pyrimidine not only
for internal consumption, but also to supplement the host production, likely during
expansive host metabolic stages, such as oogenesis and embryogenesis. Furthermore,
the wBm genome encodes for all the enzymes involved in the riboflavin and flavin adenine
dinucleotide biosyntheses, suggesting a fundamental role for the bacterium as essential
provider of coenzymes to the host. The wBm genome contains all the genes involved in
the heme biosynthesis, a crucial pathway absents in the host metabolism. On the other
hand, wBm lacks all the enzymes for de novo biosynthesis of many vitamins and cofactors
(e.g. Coenzyme A, NAD, biotin etc.), for which it depends from the host (Foster et al.
2005).

In conclusion, the results of antibiotic treatment studies (Bandi et al. 1999), prevalence
screenings, phylogenetic reconstructions (Bandi et al. 1998; Casiraghi et al. 2001;
Comandatore et al. 2013; Gerth et al. 2014) and metabolic analysis (Foster et al.
2005) coherently suggest that the symbiotic relationship between Wolbachia and

nematode hosts can be classified as mutualistic.

1.4. The Wolbachia lineages

Wolbachia pipientis is the sole species described within the genus, but phylogenetic
reconstructions suggest the existence of high, and uneven, genetic variability among the
strains of the clade (Lo et al. 2002; Bandi et al. 1998; Bordenstein et al. 2009; Fenn et al.
2006). During the evolution of Wolbachia a certain number of distinct lineages originated
(Bandi et al. 1998; Lo et al. 2002), but the low number of Wolbachia sequences available
in database and the difficulty in obtaining a robust phylogenetic reconstruction, led to the
classification of all the strains within the same species (Lo et al. 2002). Wolbachia strains
were then organized into monophyletic clusters labeled “supergroups” followed by a capital

letter (e.g. supergroup A, supergroup B, etc.) (Lo et al. 2002).
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The two main reasons that prevented the researches from obtaining a robust phylogenetic
reconstruction of Wolbachia genus evolution are: i) the star radiation that occurred at the
origin of the genus, during which Wolbachia moved towards a fast variability increase, and
likely during which many of the lineages originated,; ii) the high number of horizontal gene
transfer events occurred during the evolution of many Wolbachia lineages (Bordenstein et
al. 2009; Fenn et al. 2006). During my Ph.D. period | faced the problem of phylogenetic

reconstruction of Wolbachia evolution using a genomic approach (see section 3).

Currently, 14 different supergroups (A-Q) have been described with the genus (Glowska et
al. 2015; Augustinos et al. 2011) (Figure 3). Wolbachiae which belong to the supergroups
A and B have been observed in association only with arthropods, in opposite to the C and
D Wolbachia strains the live in association only with nematodes (Bandi et al. 1998; Lo et
al. 2002), E wolbachiae have been described in springtails and the F supergroup includes

Wolbachia strains observed in arthropods and in nematodes.

Taxonomic ranking of the supergroups remains an open topic in the Wolbachia research
field. Currently, almost 30 genomes of Wolbachia strains from A-F supergroups are
available and the question of supergroups ranking level can be faced. During my Ph.D.
period | compared the genomes of several Wolbachia strains, spanning from Ato F
supergroups, in order to test if the supergroup grouping is consistent with the genomic

features of these symbionts (see section 4).
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Maximum likelihood reconstruction of the Wolbachia supergroups phylogeny. Supergroups
from Ato Q are reported with capital letters. Wolbachia strains belonging to supergroups P
and Q, the last described, are reported in bold. The tree was published in Glowska et al.

2015.
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Section 2

“The genome of the heartworm, Dirofilaria immitis,

reveals drug and vaccine targets”
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ABSTRACT The heartworm Dirofilaria immitis is an
important parasite of dogs. Transmitted by mosquitoes
in warmer climatic zones, it is spreading across south-
ern Europe and the Americas at an alarming pace.
There is no vaccine, and chemotherapy is prone to
complications. To learn more about this parasite, we
have sequenced the genomes of D. immitis and its
endosymbiont Wolbachia. We predict 10,179 protein
coding genes in the 84.2 Mb of the nuclear genome,
and 823 genes in the 0.9-Mb Wolbachia genome. The D.
immitis genome harbors neither DNA transposons nor
active retrotransposons, and there is very little genetic
variation between two sequenced isolates from Europe
and the United States. The differential presence of
anabolic pathways such as heme and nucleotide biosyn-
thesis hints at the intricate metabolic interrelationship
between the heartworm and Wolbachia. Comparing the
proteome of D. immitis with other nematodes and with
mammalian hosts, we identify families of potential drug
targets, immune modulators, and vaccine candidates.
This genome sequence will support the development of
new tools against dirofilariasis and aid efforts to com-
bat related human pathogens, the causative agents of
lymphatic filariasis and river blindness.—Godel, C.,
Kumar, S., Koutsovoulos, G., Ludin, P., Nilsson, D.,
Comandatore, F., Wrobel, N., Thompson, M., Schmid,
C. D., Goto, S., Bringaud, F., Wolstenholme, A., Bandi,

Abbreviations: EST, expressed sequence tag; HMM, hidden
Markov model; HSP, high-scoring pair; LTR, long terminal
repeat; RNA-Seq, transcriptome shotgun sequencing; SOCS,
suppressor of cytokine signaling; wBm Wolbachia endosymbi-
ont of Brugia malayi; wDi, Wolbachia endosymbiont of Dirofi-
laria immitis
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THE HEARTWORM DIROFILARIA 1MmiTIs (Leidy, 1856) is a
parasitic nematode of mammals. The definitive host is
the dog; however, it also infects cats, foxes, coyotes,
and, very rarely, humans (1). Dirofilariasis of dogs is a
severe and potentially fatal disease. Adult nematodes of
20 to 30 cm reside in the pulmonary arteries, and the
initial damage is to the lung. The spectrum of subse-
quent pathologies related to chronic heartworm infec-
tion is broad, the most serious manifestation being
heart failure. Recent rapid spread of D. immitis through
the United States and southern Europe (2, 3) is being
favored by multiple factors. Global warming is expand-

! These authors contributed equally to this work.

? These authors contributed equally to this work.

3 Correspondence: Swiss Tropical and Public Health Insti-
tute, Socinstrasse 57, 4002 Basel, Switzerland. E-mail: pascal.
maeser@unibas.ch

This is an Open Access article distributed under the terms
of the Creative Commons Attribution Non-Commercial
License (http://creativecommons.org/licenses/by-nc/3.0/us/)
which permits unrestricted non-commercial use, distribution,
and reproduction in any medium, provided the original work
is properly cited.

doi: 10.1096/1j.12-205096

This article includes supplemental data. Please visit Attp://
wwuw.fasebj.org to obtain this information.

0892-6638/12/0026-4650 © The Author(s)



ing the activity season of vector mosquitoes, increasing
their abundance and the likelihood of transmission of
the parasite, and there are growing numbers of pets,
reservoir animals, and “traveling” dogs (2, 3).

D. immitis is an onchocercid filarial nematode, related
to important parasites of humans, such as Onchocerca
volvulus, the agent of river blindness. The D. immitis
lifecycle is typical for Onchocercidae. Microfilariae, shed
into the bloodstream by adult females, are ingested by a
mosquito (various species, including Aedes, Anopheles, and
Culex spp.) where they develop into third-stage larvae (L3)
and migrate to the labium. Feeding by an infected mos-
quito introduces L3 into the skin. The prepatent period
in the newly bitten dog is 6-9 mo, during which the
injected larvae undergo two further molts and migrate via
muscle fibers to the pulmonary vasculature, where the
adult nematodes develop. At present, diagnosis is effective
only for patent infections, because it is based on detection
of circulating microfilariae or antigens from mature fe-
males. Treatment of dirofilariasis is also problematic,
because the arsenical melarsomine dihydrochloride, the
only adulticide approved by the U.S. Food and Drug
Administration, can cause adverse neurological reactions.
Treatment carries a significant risk of lethality due to block-
age of the pulmonary artery by dead nematodes. No vaccine
is available. These issues, together with the alarming increas-
ing spread of D. immitis, prompted the American Heartworm
Society to recommend yearround chemoprophylactic treat-
ment of dogs (4) to kill the larval stages before they develop
into adults. This requires monthly administration of anthel-
mintics, predominantly macrocyclic lactones, such as iver-
mectin, milbemycin, or moxidectin.

Human-infective parasites related to D. immitis cause
subcutaneous filariasis and river blindness and are
endemic in tropical and subtropical regions around the
globe, with an estimated 380 million people affected
(5). Improved diagnostics, new drugs, and, ultimately,
effective vaccines are sorely needed. The sequencing of
the Brugia malayi genome provides a platform for
rational drug design, but by itself this single sequence
cannot distinguish between idiosyncratic and shared
targets that could be exploited for control (6).

Most of the filarial nematodes that cause diseases in
humans and animals, including D. immitis, O. volvulus,
Wuchereria bancrofti, and B. malayi, have been shown to
harbor intracellular symbiotic bacteria of the genus Wolba-
chia (e.g., refs. 7-10). These bacteria are vertically trans-
mitted to the nematode progeny, via transovarial trans-
mission. In most of the infected nematode species, all
individuals are infected (reviewed in ref. 11). Even
though the exact role of Wolbachia in filarial biology has
notyet been determined, these bacteria are thought to be
beneficial to the nematode host. Indeed, antibiotics that
target Wolbachia have been shown to have deleterious
effects on filarial nematodes, blocking reproduction, in-
ducing developmental arrest, and killing adult nematodes
(e.g., refs. 7-9). This has led to development of research
projects with the aim of developing anti- Wolbachia chemo-
therapy as a novel strategy for the control of filarial
diseases. Wolbachia has also been implicated in the immuno-
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pathogenesis of filarial diseases, with a role in the develop-
ment of pathological outcomes, such as inflammation and
clouding of the cornea that is typical of river blindness (12).
The genome of Wolbachia is thus an additional source of
potential drug targets (7-10), but a single genome cannot
reveal shared vs. unique biochemical weaknesses.

The human pathogenic Onchocercidae do not rep-
resent an attractive market for the pharmacological
industry, because projected incomes from impover-
ished communities in developing endemic nations
would be unlikely to cover the costs of drug develop-
ment. The heartworm may hold a possible solution to
this problem, because the market potential for novel
canine anthelmintics is big, given the costs for heart-
worm prevention of $75-100/dog/yr and the estimated
number of 80 million dogs in the United States (13).
Choosing drug targets that are likely to be conserved in
related, human pathogenic species may benefit both
canine and human medicine. Here we present the draft
genome sequences of D. immitis and its Wolbachia endo-
symbiont (wDi) and use these data to investigate the
relationship between nematode and endosymbiont and
identify new drug and vaccine targets.

MATERIALS AND METHODS

D. immitis isolates and DNA sequencing

We sequenced two canine D. immitis isolates, one from Pavia,
Italy, and the other from Athens, Georgia, USA. The Pavia
isolate was established in a laboratory lifecycle after primary
isolation from an infected dog. Adult Pavia nematodes used
for DNA extraction were recovered after necropsy of dogs
infected as a control group in ongoing investigations (permit
FR401e/08 from the Veterinary Office Canton de Fribourg,
Switzerland). The Athens nematodes used for DNA and RNA
extraction were from a naturally infected dog necropsied as
part of routine clinical surveillance and were not from an
established strain. Genomic DNA was extracted (QIAamp
DNA extraction kit; Qiagen, Valencia, CA, USA) from indi-
vidual adult female nematodes from Pavia and Athens iso-
lates, and RNA was extracted (RNeasy kit; Qiagen) from
individual female and male nematodes from Athens. Whole-
genome shotgun sequences were generated at The GenePool
Genomics Facility (University of Edinburgh, Edinburgh, UK)
and at Fasteris SA (Geneva, Switzerland) using Illumina
GAlIx and HiSeq2000 instruments (Illumina, Inc., San Diego,
CA, USA). Several short insert (100- to 400-bp) paired-end
amplicon libraries and long insert (3- to 4-kb) mate-pair
amplicon libraries were made, and data from four of these
were used in the final assembly (details are given on the Web
site http://www.dirofilaria.org). These yielded a raw data
total of 28 Gb in 295 million reads [European Bioinformatics
Institute (EBI) Short Read Archive, accession number
ERA032353; http://www.ebi.ac.uk/ena/]. After trimming
low-quality bases (Phred score <20) and filtering out reads
with uncalled bases or length <35 b, 271 million reads were
used for assembly (Supplemental Table S1).

Nuclear, mitochondrial, and Wolbachia genome assemblies

The shortread data were assembled using ABySS 1.2.3 (14). A
number of test assemblies were performed using other assem-
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blers, and a range of parameters was tested within ABySS, and
the final, optimal assembly was performed using a k-mer
length of 35 and scaffolding with the paired-end data only.
Assembly qualities were assessed using summary statistics
including maximizing the N50 (the contig length at which
50% of the assembly span was in contigs of that length or
greater), maximum contig length, and total number of bases
in contigs (see Supplemental Table S1) and using biological
optimality assessment, such as maximizing the coverage of
published D. immitis expressed sequence tag (EST) sequences
and maximizing the number of B. malay: genes matched and
the completeness of representation of core eukaryotic genes
(using CEGMA; ref. 15). Redundancy due to allelic polymor-
phism was reduced with CD-HIT-EST (16), merging contigs
that were =97% identical over the full length of the shorter
contig. The mitochondrial genome was assembled by map-
ping the reads to the published D. ¢mmitis mitochondrial
genome (17) and predicting a consensus sequence of the
mitochondrial genomes of the Athens and Pavia nematodes
separately. The wDi genome was assembled by first identifying
likely wDi contigs in the whole assembly with BLASTn (18)
using all Wolbachia genomes from EMBL-Bank, and then
collecting all raw reads (and their pairs; n=6,912,659) that
mapped to these putative wDi genome fragments. The re-
duced set of likely wDi reads was then assembled using an
independently optimized ABySS parameter set, using mate-
pair information where available. Mitochondrial and wDi
contigs were removed from the full assembly to leave the final
nuclear assembly.

Transcriptome shotgun sequencing (RNA-Seq) assembly

The preparation of amplicon libraries and RNA-Seq analysis
were performed following standard Illumina TruSeq proto-
cols. A total of 11,019,886 (male) and 21,643,293 (female)
read pairs of length 54 b were produced on the Illumina
GAIIx platform (ArrayExpress accession number E-MTAB-
714; ENA study accession number ERP000758). After quality
filtering, the remaining 31,396,183 pairs were assembled with
Trans-ABySS using k-mer values from 23 to 47 in steps of 4
(Supplemental Table S1).

D. immitis nuclear genome protein-coding gene prediction
and analysis

Repeats in the D. immitis genomic assembly were identified
and masked using RepeatMasker 3.2.9 (19), including all
“Nematoda” repeats in the RepBase libraries (20). The
MAKER 2.08 annotation pipeline (21) was used to identify
protein-coding genes based on evidence from the RNA-Seq
assembly, alignments to the B. malayi proteome (WormBase
release WS220; http://wormbase.sanger.ac.uk/), predictions
made by the ab initio gene finder SNAP (22), and predictions
from the ab initio gene finder Augustus (23) based on the
Augustus hidden Markov model (HMM) profiles for B. ma-
layi. MAKER predicted 11,895 gene models, and, with alter-
native splicing, a total of 12,872 transcripts and peptides. We
compared the nuclear proteome of D. immitis with those of
four other species for which complete genome data are
available and which span the phylogenetic diversity of the
phylum Nematoda (B. malayi, Ascaris suum, Caenorhabditis
elegans, and Trichinella spiralis). The complete proteomes were
compared using all-against-all BLAST, and then clustered
using OrthoMCL (24). OrthoMCL clusters were postpro-
cessed to classify clusters by their species content and ana-
lyzed with reference to the robust molecular phylogeny of the
Nematoda (25). The prediction of D. immitis orthologs from
B. malayi, C. elegans, Homo sapiens, and Canis lupus to identify
drug targets was performed with InParanoid (26).
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Analyses of orthology and divergence in filarial Wolbachia

The wDi genome was annotated with the RAST server (27),
an online resource that uses best-practice algorithms to
perform both gene finding and gene functional annotation.
Selected metabolic pathways were annotated based on en-
zyme lists from the KEGG Pathway database (28), after an
HMM profile was generated for each enzyme (29) from a
ClustalW (30) multiple alignment of a redundancy-reduced
set of all the manually curated entries in UniProt (31).
Analysis of orthology was performed using the BLAST recip-
rocal best-hits algorithm (32), with the following cutoff val-
ues: Evalue 0.1 and ID percentage 60%. Protein distance for
each pair of orthologs was calculated using Protdist in Phylip
3.69 (33) with the Dayhoff PAM matrix option. Proteins were
allocated to functional categories using BLAST against the
COG database. Protein distances were then analyzed based on
COG categories: within each category we calculated the
average distances of protein pairs. To evaluate whether some
categories were significantly more variable than others, we
performed the Kruskal-Wallis test on COG categories contain-
ing more than one ortholog pair. The pairwise Mann-Whitney
test was then performed to detect pairs of COG categories
that displayed significant differences in their average varia-
tion.

Identification of Wolbachia insertions in nematode
genomes

To identify potential lateral genetic transfers from Wolba-
chia to the host nuclear genome, the nuclear genome was
queried against the 921-kbp wDi genome using the dc-
megablast option in BLASTN (NCBI-blast+2.2.25) with
default settings. All high-scoring pairs (HSPs) longer than
100 bp with >80% identity were kept. Overlapping HSP
coordinates on the nuclear genome were merged, and
sequences from these coordinates were extracted to obtain
putative nuclear Wolbachia DNA elements. The B. malayi
nuclear genome was screened with the B. malayi Wolbachia
(wBm) genome in the same way. The small numbers of
Wolbachia insertions identified in the nuclear genomes of
Acanthocheilonema viteae and Onchocerca flexuosa (34) were
surveyed for matches to the wDi and wBm genomes and
cross-compared with the insertion sets from the complete
D. immitis and B. malayi genomes using reciprocal best
BLAST searches and filtering alignments shorter than 100
bp. Reciprocal best BLAST matches were isolated and
single-linkage clustered.

RESULTS

Genome assembly of D. immitis and its Wolbachia
symbiont

Genome sequence was generated from single individu-
als of D. immitis isolated from naturally infected dogs,
one from Athens, Georgia (USA) and the other from
Pavia (Italy). A total of 16 Gb of raw data was retained
after rigorous quality checks, corresponding to ~170-
fold coverage of the D. immitis nuclear genome (likely
to be ~95 Mb, similar to related Onchocercidae). The
ABySS (35) assembler performed best based on statis-
tical and biological measures (Supplemental Table SI).
The mitochondrial and Wolbachia wDi genomes were
assembled independently. The final nuclear assembly
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contained 84.2 Mb of sequence in 31,291 scaffolds with
an N50 of 10,584 bases (Table 1). The draft genome of
wDi consists of 2 scaffolds spanning 0.92 Mb. We
identified 99% of previously deposited genome survey
sequences putatively from wDi (GenBank accession
numbers ET041559 to ET041665) within our wDi as-
sembly. The wDi genome was 16% smaller than that of
wBm (1.08 Mb; GenBank accession number NC_006833),
and there was significant breakage of synteny between
the two genomes, as has been observed between other
Wolbachia.

The D. immitis and wDi genomes, the annotations we
have made on these, and additional technical details
and analyses are available through a dedicated genome
browser (http://www.dirofilaria.org).

Lack of genetic diversity between the sequenced D.
immitis isolates

Even though the two sequenced D. immitis came from
independent isolates from different continents, they
showed low genetic differentiation, allowing the raw
sequencing data from both nematodes to be coas-
sembled. We mapped the reads from each nematode
back to the draft assembly and identified only 32,729
high-quality single-nucleotide variations, a very low
per-nucleotide diversity rate of 0.04%. We identified
the sequences corresponding to 11 polymorphic
microsatellite loci used previously to analyze the D.
immitis population structure in North America (36)
and genotyped our two isolates in silico by counting
the predicted numbers of microsatellite repeats at
each locus. Both our nematodes could be classified
within the diversity of the eastern United States
population. The mitochondrial genomes of the two
isolates differed at only 6 sites (and were thus
>99.9% identical). Surprisingly, compared with the
published, Australian D. immitis mitochondrion (17),
both had many shared differences (each was only
99.5% identical to the published D. immitis mitochon-
drion). Because the ~70 differences were often
clumped and were unique in the published D. immitis

TABLE 1. Comparison of the genome assemblies of D. immitis,
B. malayi, and C. elegans

Characteristic D. immitis  B. malayi  C. elegans
Assembly size (Mb) 84.2 93.6“ 100.3
Protein-coding gene models 11,375 11,434 20,517
Genes per megabase 135 122 205
Predicted proteins 12,344 11,460 31,249
Protein-coding sequence (%) 18.0 13.8 254
Median exons per gene 5 5 6
Median exon size (b) 142 139 147
Median intron size (b) 226 213 73
Overall GC content (%) 28.3 30.2 35.4
Exon GC content (%) 37.4 39.4 43.4
Intron GC content (%) 26.6 27.2 32.5

B. malayi data are from the GenBank RefSeq dataset; C. elegans
data from the WS230 dataset. “70.8 Mb scaffolds + 17.5 Mb short
contigs.
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mitochondrial genome compared both with our two
genomes and with the genomes of five other filarial
nematodes, we suggest that many of these are se-
quencing errors in the published genome.

A metazoan genome without active transposable
elements

The D. immitis genome was surveyed for the three main
classes of transposable elements [DNA transposons,
long terminal repeat (LTR) retrotransposons, and non-
LTR retrotransposons] with tBLASTn (18) using the
transposon-encoded proteins as queries. No traces of
active or pseudogenized DNA transposons or non-LTR
retrotransposons were found, but 376 fragments of
LTR retrotransposons of the BEL/Pao family (37) were
identified. None of these fragments were predicted to
be functional, because all contained frame shifts and
stop codons in the likely coding sequence. The D.
immitis Pao pseudogenes were most similar to Pao
family retrotransposons from B. malayi (6). In B. malayi,
several of the Pao retrotransposons are likely to be
active, because they have complete open reading
frames and LTRs. Overall, however, B. malayi has a
lower density of Pao elements and fragments (3.4
Pao/Mb, 8.3% of which are predicted to be function-
ally intact) compared with D. émmatis (4.6 Pao/Mb,
none of which were intact).

D. immitis nuclear proteome

Protein coding genes were predicted in the nuclear
assembly using the MAKER pipeline (21), integrating
evidence-based (RNA-Seq and known protein map-
ping) and ab initio methods. Of the 11,375 gene
models, 897 were predicted to generate alternate
transcripts (Table 1). The total number of predicted
proteins of length =100 aa was 10,179, similar to the
9807 predicted in B. malayi. Based on matches to D.
immitis ESTs and core eukaryotic genes (15), the D.
immitis proteome was likely to be near-complete.
Protein-coding exons occupy ~18% of the genome
of D. immitis and 14% of the genome of B. malayi
(Table 1), but in C. elegans there are nearly twice as
many genes, and exons cover ~30% of the genome.
The median global identity between a D. immitis
protein and its best match (as determined by
BLASTp) in B. malayi was 75%.

D. immitis proteins were clustered with the com-
plete proteomes of four other nematode species.
These clusters were classified and mapped onto the
phylogenetic tree of the five species based on the
placement of the deepest node that linked the spe-
cies that contributed members (Fig. 1). The D.
immitis proteome included 3199 proteins (31% of the
total proteome) that were unique to this species, a
proportion similar to that found in B. malayi (27%),
but many fewer (and a lower proportion) compared
with those for the other species (for example, C.
elegans had 63% of its proteome in species-unique
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A Dirofilaria immitis protein classification

Figure 1. Conserved and novel genes in D.
immatis. The D. immitis proteome was clustered
with those of B. malayi, A. suum, C. elegans, and
T. spiralis. Clusters were then classified based
on the membership from the five species ac-
cording to the current phylogeny of the phy-
lum Nematoda. A) Pie chart showing the distri-
bution of classification of D. immitis proteins: D.
immitis only, singletons and clusters only found
in D. immitis; Onchocercidae, clusters with
members only from D. immitis and B. malayi;
Spiruria, clusters with members only from On-
chocercidae and A. suum; Rhabditia clusters
with members only from Spiruria and C. elegans;
Nematoda, clusters with members from all five
species (i.e., Rhabditia and 7. spiralis); and
other patterns, clusters with members not fit-
ting simply into the phylogenetic schema
(probably arising from gene loss, lack of pre-
dictions, or failure to cluster in one or more
species). B) Cluster numbers and patterns of
conservation mapped onto the phylogeny of
the five species.
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clusters). This difference may be partly due to the
850 proteins in clusters uniquely shared by the
relatively closely related D. immitis and B. malayi, but
these clusters only raise the proportion of proteins in
phylogenetically local clusters to 47%.

D. immitis genes homologous to known antinematode
drug targets

An array of drugs are effective against nematode parasites
(Table 2). Of these, flubendazole (38), mebendazole

TABLE 2. Candidate drug targets, top-down search: current anthelmintics and their known targets in C. elegans and orthologs in D.

immitis

Chemical class Drug Target C. elegans D. immitis
Benzimidazole Albendazole B-Tubulin BEN-1 DIMM36740
Flubendazole
Mebendazole
Imidazothiazole Levamisole nACh receptor LEV-1
LEV-8
UNC-29 DIMM30000
UNG-38 DIMM45965
UNC-63 DIMMO08405
Macrocyclic lactone Ivermectin Glutamate receptor AVR-14 DIMM16610
Milbemycin AVR-15
Moxidectin GLC-1
Selamectin GLC-2 DIMM25280, DIMM21120
GLG-3
GLC4 DIMM22030
GABA receptor EXP-1 DIMM57890
GAB-1
UNC-49 DIMM33210
Cyclodepsipeptide Emodepside K" channel SLO-1 DIMM33710
Latrophilin GPCR LAT-1 DIMM37270, DIMM37275
LAT-2 DIMM17690
Aminoacetonitrile derivative Monepantel nACh receptor ACR-23
DES-2
nAChR, nicotinic acetylcholine; GPCR, G protein-coupled receptor.
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(39), levamisole (40), ivermectin, milbemycin, moxidec-
tin, and selamectin (41, 42) have been demonstrated to
be active against D. immatis. Many drug targets have been
identified, particularly through forward genetics in the
model nematode C. elegans (43) (Table 2). Prominent
among these targets are neuronal membrane proteins,
highlighting the importance of the neuromuscular junc-
tion as a hotspot of anthelmintic drug action. D. immitis
appears to lack some known targets, notably members of
the DEG-3 subfamily of acetylcholine receptors, which
contains the presumed targets of monepantel (44). This
contrasts with B. malayi, which possesses orthologs of DEG-3
and DES-2 (45). In C. elegans, the target space of
levamisole and ivermectin comprises a large number of
ligand-gated ion channels. Although these drugs are
effective against heartworm, some of these ion channels
do not have an ortholog in D. immitis (Table 2),
indicating that those present are sufficient to confer
drug susceptibility. The identified D. immitis orthologs
of the known anthelmintic targets can now be moni-
tored in suspected cases of drug resistance.

New drug target candidates in D. immitis

New potential drug targets were identified in silico
through an exclusion-inclusion strategy (46, 47). Start-

TABLE 3. Candidate drug targets, bottom-up search

ing from the complete set of predicted D. immitis
proteins, we excluded proteins that had an ortholog in
the dog or human proteome or had multiple paralogs
in D. immatis. We included proteins that had a C. elegans
ortholog essential for survival or development (based
on RNAi phenotypes) and had predicted function as an
enzyme or receptor. Among the 20 candidates identi-
fied (Table 3) were several proven drug targets, such as
RNA-dependent RNA polymerase (antiviral), apurinic/
apyrimidinic endonuclease and hedgehog proteins (an-
ticancer; ref. 48), UDP-galactopyranose mutase (against
mycobacteria, ref. 49; and kinetoplastids, ref. 50), ste-
rol-C24-methyltransferase (antifungal; ref. 51), and the
insecticide target chitin synthase (52). The D. immitis
orthologs of these enzymes may serve as starting points
for the development of new anthelmintics.

Immune modulators and vaccine candidates

Filarial nematodes modulate the immune systems of
their mammalian hosts to promote their own survival
and fecundity, but the exact mechanisms used remain
enigmatic. Proteases such as leucyl aminopeptidase and
protease inhibitors such as serpins and cystatins have
been implicated in disruption of immune signal pro-
cessing (53), and we identified D. immitis leucyl amino-

H. sapiens C. lupus
D. immitis protein Predicted function B. malayi ortholog log,, (E) log,, (E) C. elegans RNAi
Nucleic acid synthesis
and repair
DIMMO09370 RNA-dependent RNA polymerase BM06623 0.28 0.11  Lethal
DIMM23395 Apurinic/apyrimidinic endonuclease BM17151 >1 —0.12  Lethal
Glycosylation and
sugar
metabolism
DIMM15580 dTDP-4-dehydrorhamnose BM18305 0.23 0.04  Lethal
3,5-epimerase
DIMMO03355 B-1,4-Mannosyltransferase BM20353 0.95 094  Lethal
DIMM44525 UDP-galactopyranose mutase BM01820 0.36 0.08  Molt defective
DIMM36945 Chitin synthase BM18745, BM02779 —3.52 —4.00  Lethal
Lipid metabolism
DIMM52545 Lipase BMO01258, BM03783 0.08 —1.60  Lethal
DIMM13730 Sterol-C24-methyltransferase (Ergll) BM20515 —3.10 —4.00  Lethal
DIMM28375 Methyltransferase BM18889 —0.03 —0.15  Lethal
Transport
DIMM21065 Aquaporin BM04673 —2.05 —0.52  Lethal
Signal transduction
DIMM13570 Nuclear hormone receptor —2.40 —4.52  Lethal
DIMM11130 G protein-coupled receptor BM19106 —1.06 —0.59  Lethal
DIMM32415 G protein-coupled receptor —1.26 —1.57  Lethal
DIMM39455 G protein-coupled receptor —2.70 —1.96  Lethal
DIMM13630 Groundhog protein >1 0.04  Lethal
DIMM47150 Warthog protein BM01098 >1 0.78  Lethal
DIMMO03220 Warthog protein BM01043, BM17326, >1 0.32  Lethal
BMO08657
DIMM11410 Haloacid dehalogenase-like BM19541 —3.22 —4.00  Lethal
hydrolase
DIMM13420 Apoptosis regulator CED-9 BM01838 0.77 —1.02  Lethal

Potential drug targets were filtered from the predicted D. immitis proteome using the following criteria: I) presence of an ortholog in C.
elegans that has as an RNAi phenotype lethal, L3_arrest, or molt_defective; 2) absence of a significant BLAST match (E>107") in the predicted
proteomes of H. sapiens and C. lupus familiaris; and 3) predicted function as an enzyme or receptor.
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peptidase, as well as 3 cystatins, and many serpins
(Table 4). Another route to modulation is through
recruitment of nematode homologs of ancient system
molecules that have been redeployed in the mamma-
lian immune system, such as TGF-$ and macrophage
migration inhibition factor (MIF). In D. immatis, we
identified 2 MIF genes, orthologs of the MIF-1 and
MIF-2 genes of B. malayi and O. volvulus and 4 TGF-$
homologs (Table 4). Another proposed route to mod-
ulation is by mimicry of immune system signals. We
identified a homolog of suppressor of cytokine signal-
ing 5 (SOCS5), a negative regulator of the JAK/STAT
pathway and inhibitor of the IL-4 pathway in T-helper
cells, promoting TH1 differentiation (54). Several vi-
ruses induce host SOCS protein expression for immune
evasion and survival (55). Interestingly, SOCS5 ho-
mologs were also identified in the animal-parasitic
nematodes B. malayi, D. immitis, Loa loa, A. suum, and T.
spiralis, but were absent from the free-living C. elegans,
the necromenic Pristionchus pacificus, and the plant
parasitic Meloidogyne spp. D. immitis and other filarial
nematodes (56) may use SOCS5 homologs to mimic
host SOCS5. We also identified a homolog of IL-16, a
PDZ domain-containing, pleiotropic cytokine (57). In
mammals, IL-16 acts via the CD4 receptor to modulate
the activity of a wide range of immune effector cells,
including T cells and dendritic cells (58). Again, this
molecule was only present in parasitic nematodes (in-

cluding A. suum; ref. 59) and was absent from genomes
of free-living and plant parasitic species. We suggest
that these molecules and perhaps other mimics of
cytokines and modulators belong to the effector toolkit
used by filarial nematodes to build an immunologically
compromised niche.

We surveyed the D. immitis genome for molecules
currently proposed as vaccine candidates in other on-
chocercids (60, 61) and identified homologs for all 14
classes of molecules (Table 4).

Analysis of the wDi genome: the D. immitis-Wolbachia
symbiosis

wDi genes were predicted using the RAST online
server. We performed an orthology analysis comparing
wBm and wDi and found 538 shared proteins. There
were 259 (with 8 duplicated) and 329 (with 4 dupli-
cated) unique genes, respectively, for wBm and wDi.
COG analysis showed that the total number of genes in
each COG category was similar in the two organisms.
Analysis of pairwise protein distances between wDi and
wBm in different COG categories indicated that there
was significant variation (Kruskal-Wallis P=0.00077)
and pairwise Mann-Whitney tests identified 2 of the 14
high-level COG categories as having elevated diver-
gence between the two Wolbachia. The COG categories
showing elevated divergence were M (cell wall, mem-

TABLE 4. D. immitis potential immune modulators and orthologs of onchocercid vaccine candidates

D. immitis protein B. malayi ortholog Description Potential
DIMM39040, DIMM39045 BM 18548 Pi-class glutathione S-transferase (GSTP) VC
DIMM29150 BM02625 Tropomyosin (TMY) VC
DIMM29270 BM00759, BM19824  Fatty acid and retinoic acid binding protein (FAR) vC
DIMM47055 BM03010 Fructose bisphosphate aldolase (FBA) VC
DIMM59360 Astacin metalloprotease MP1 VC
DIMM37935, DIMM46475  BM01859, BM09541,  Chitinase (CHI) VC
BM14520
DIMM48695 BM21967, BM08119  Abundant larval transcript 1 (ALT); unknown function VC
(also known as SLAP)
DIMM48700 BM20051 “RAL-2,” unknown function; DUF148 superfamily (also \Y®
known as SXP-1)
DIMM62215, DIMM45570, BMO03177, BM05783,  Activation associated proteins [ASP, also known as venom VC
DIMMb8880 BM16294 allergen homologs (VAH) |
DIMM58690 BM02480 “OV103” Onchocerca vaccine candidate of unknown function ~ VC
DIMM12355 BM07484, BM22082 “B8” Onchocerca vaccine candidate of unknown function VvC
DIMM55190, DIMM50565, BMO00175, BM14240,  “B20” Onchocerca vaccine candidate of unknown function VC
DIMM48395 BM04930,
BM07956
DIMM56580 BMO05118 Cysteine proteinase inhibitor 2 (CPI-2) VC/IM
DIMM18905 BM04900 Cysteine proteinase inhibitor 3 (CPI-3) VC/IM
DIMM11425 BM21284 Interleukin-16-like (IL16) IM
DIMMb57180 BMO00325 Leucyl aminopeptidase (LAP) IM
DIMM28945 BM06847 Suppressor of cytokine signaling 5 (SOCS5) IM
DIMM42430 BM07480 Macrophage migration inhibitory factor (MIF-1) M
DIMM40455 BM16561 Macrophage migration inhibitory factor 2 (MIF-2) M
DIMM23225 BM17713 Transforming growth factor § (TGF) homolog of C. elegans IM
TIG-2
DIMM37585 BM20852 TGF homologue of C. elegans DAF-7 M
DIMM29335 BM21753 TGF homologue of C. elegans DBL-1/CET-1 IM
DIMM61250 BM18112 TGF homologue of C. elegans UNC-129 IM
B. malayi orthologs are referred to by their designation in WormBase WS230. IM, immune modulator; VC, vaccine candidate.
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brane, and envelope biogenesis) and S (function un-
known).

The relationship between filarial nematodes and
their Wolbachia endosymbionts is thought to be a mu-
tualistic symbiosis (62), because extended treatment of
infected mammals with tetracycline and other antibiot-
ics results in clearance of the nematodes. The bases of
this symbiosis remain unclear. It has been proposed
that wBm provides B. malayi with additional sources of
critical metabolites such as heme and riboflavin (63).
We interrogated the wDi genome to examine the
symbiont’s biochemical capabilities. C. elegans and
other nematodes (including B. malayi, and, on the basis
of the genome sequence presented here, D. immitis) are
deficient in heme synthesis but wBm has an intact heme
pathway (Fig. 2) and a CcmB heme exporter, suggest-
ing that it may support its host by providing heme. wBm
has a complete pathway from succinyl-CoA to heme
(one apparently missing component, HemG, may be
substituted by a functional HemY). wDi lacks both
HemY and HemG (and the recently described Hem]
that can perform the same transformation). This step
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Figure 2. Anabolic pathways in Wolbachia and Dirofilaria. Se-
lected pathways were identified by screening the predicted
proteomes with HMM profiles representing each enzyme in the
pathway using HMMer (29). The proteomes were hierarchically
clustered (77) based on city block distance between the vectors
consisting of the best scores (represented as a heat plot)
obtained against each profile. A complete prediction of D.
immitis metabolic pathways is available online at the Draft
Genomes page of the Kyoto Encyclopedia of Genes and Ge-
nomes (http://www.genome jp/kegg/catalog/org_listl.html).
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in the heme pathway is apparently absent in other
bacteria, and so this may not indicate a nonfunctional
heme synthesis pathway. Further anabolic pathways
absent in D. immitis but present in wDi are purine and
pyrimidine de novo synthesis (Fig. 2).

wBm is deficient in folate synthesis because it lacks
dihydrofolate reductase and dihydroneopterin aldo-
lase. wDi has both these genes, suggesting that it can
use dihydroneopterin as an input to folate metabolism.
Wolbachia wMel from Drosophila melanogaster has both
these enzymes, and they are variably present in other
alphaproteobacteria. Whether this pathway contributes
to the nematode symbiosis is unclear, but it does
highlight another component of Wolbachia metabolism
that may be accessible to drug development. Further
wDi gene products that might be exploited as drug
targets include nucleic acid synthesis and cell division
proteins, such as FtsZ and DnaB, the fatty acid synthesis
enzymes FabZ and AcpS, components of the Sec pro-
tein secretion system, and, possibly, the peptidoglycan
synthesis enzymes of the Mur operon. All these are
unique proteins in wDi, do not have counterparts in
mammals, and are being developed as antibiotic drug
targets for bacterial infections (64-68).

Horizontal gene transfer from Wolbachia to host
nuclear genomes is common in animals harboring this
endosymbiont (63), and it has been proposed that
these transfers may confer new functionality to the
nuclear genome (34, 69, 70), although this is unlikely
(71). We identified 868 elements, spanning 219 kb, of
>100 b with =80% identity to wDi. The Wolbachia
origin of these elements was supported by clustering
based on the frequency distribution patterns (Supple-
mental Fig. S1) of tetramer palindromes (72). We did
not identify the putative complex Wolbachia insertion
discussed by Dunning-Hotopp et al. (70) involving the
antigen Dg2 gene. We found a version of the Dg2 gene
in our predicted transcriptome that contained standard
nematode introns, but no evidence of the construct
previously described that had the introns of Dg2 largely
replaced with sequences that match 100% to the wDi
genome. It is likely that this sequence is a laboratory or
computational artifact, especially because the construct
includes a cloning vector sequence in addition to
Wolbachia.

Only 9 of our identified elements matched >80% of
the length of a wDi open reading frame and were not
interrupted by frame-shifting insertions or deletions or
stop codons. Only one of these putative lateral gene
transfers had a match to a Wolbachia protein of known
function (transcription termination factor, NusB). We
found no evidence of transcription of this gene in the
male and female RNA-Seq data. We applied the same
procedure for finding Wolbachia insertions to the B.
malayi genome and identified 654 insertions spanning
327 kb. Only 31 pairs of insertions that were probably
derived from homologous Wolbachia genes were found
(in both of the two genomes). None of these shared
insertions had complete open reading frames. Compar-
ison with the Wolbachia insertions in the partial ge-
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nomes of A. viteae and O. flexuosa, onchocercid nema-
todes that have lost their symbionts (34), revealed no
insertions shared by all four species. Only 48 insertions
were shared by 2 species and 5 were shared by 3. The
number of shared fragments was as would be expected
from homoplasious, random insertion of Wolbachia
fragments independently into their host genomes. If
~25% of the genome was randomly transferred in all
species, the number of shared fragments expected by
chance would be ~45 (0.25X0.25X750 fragments). We
thus tentatively conclude that, although elements from
wDi have transferred to the nuclear genome, there is
no evidence of their functional integration into nema-
tode biology.

DISCUSSION

The D. immitis genome sequence described here is only
the second to be determined for an onchocercid nem-
atode, despite the social and economic importance of
these parasites. Three genomes were cosequenced: the
mitochondrial (at ~4000-fold read coverage of the
13.6-kb genome; this had been determined previously;
ref. 17); the genome of the Wolbachia symbiont wDi (at
~1000-fold coverage of the 0.9-Mb genome); and the
nuclear genome (at ~150-fold coverage of the esti-
mated 95-Mb genome). We used high-throughput,
shortread Illumina technology, stringent quality filter-
ing and optimized assembly methods to derive ge-
nomes of good draft quality (73). After redundancy
reduction, the span of the nuclear assembly was 84.2
Mb, slightly smaller than the 88.3 Mb assembled for B.
malayi (6). Overall, although the number of scaffolds
was approximately equivalent, the contiguity of the D.
immatis genome assembly was lower than that of B.
malayi, because of the availability of long-range scaffold-
ing information for the latter species. The predicted
nuclear gene set was much smaller than that of C.
elegans, but of a size similar to that of B. malayi. The two
onchocercid nematodes also have a lower proportion
of species-unique proteins. These two differences may
be a feature of the Onchocercidae, because the unpub-
lished L. loa genome has only 15,444 predicted proteins
(Filarial Worms Sequencing Project, Broad Institute of
Harvard and MIT; http://www.broadinstitute.org/).
Another possibility is that the richer analytic environ-
ment for C. elegans in particular has permitted the
identification of many unique genes using biological
evidence (such as transcript information). We will
continue to develop and improve the assembly and
annotation of D. ¢mmatis and wDi as additional tools and
biological resources become available.

Two peculiarities of the assembled D. immitis genome
are striking: the lack of genetic diversity and the lack of
active transposable elements. The lack of diversity was
convenient, in that it allowed us to pool data obtained
from two different D. immitis isolates, one from Pavia,
Italy, and the other from Athens, Georgia, USA. Poly-
morphisms called from the independent sequencing of
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the two isolates yielded a per-nucleotide diversity of
0.04%. Both sequenced isolates fall within the single
eastern United States population defined by microsat-
ellite analyses (36). The hypovariability may be a result
of the recent admixture of European and American
heartworm populations through movement of domes-
tic animals or arise from the very recent introduction of
heartworm into the New World by Europeans (74). The
first report of dirofilariasis in the United States dates
from only 1847, as opposed to a 1626 observation from
Italy. The lack of genetic diversity in the nuclear
genome will make identification of mutations confer-
ring drug resistance much easier. The lack of DNA
transposons and active retrotransposons in D. immitis is
a strong negative result, because active elements are
easy to identify (they are present in multiple, highly
similar copies). We identified only fragmented and
functionally inactivated segments of Pao-type retro-
transposons, similar to those found in and probably still
active in B. malayi. To our knowledge, this is the first
metazoan genome devoid of active transposable ele-
ments. The presence of putatively active Pao elements
in B. malay: suggests that their loss was an evolutionary
recent event in D. immitis.

The Wolbachia wDi genome, with 823 predicted pro-
teins, complements the D. immitis nuclear genome in
that it encodes enzymes for anabolic pathways that are
missing in the latter, e.g., biosynthesis of heme, purine,
or pyrimidines (Fig. 2). In contrast to wBm, wDi also
carries the genes for folate synthesis, suggesting that
folate too might be supplied by the endosymbiont.
However, essential metabolites could also be taken up
from the mammalian or insect host, and so it remains
to be shown whether such metabolites are actually
delivered from wDi to D. immitis. Analysis of orthology
between wBm and wDi revealed that both organisms
possess many unique genes (approximately one-third of
the total gene complement of each genome). The
representation of genes in the different COG catego-
ries was similar for wBm and wDi, suggesting that most
gene losses occurred before the split of the two lineages
or that there have been no biases in gene losses/
acquisition after the evolutionary separation. Analysis
of protein distances revealed that proteins involved in
cell wall/membrane biogenesis (COG category M)
displayed more variation between the two organisms
compared with the other functional categories. It is
reasonable to conclude that the interface between the
symbiotic bacterium and the host environment is a
place where evolutionary rates are elevated, either as
part of an arms race underpinning conflict between the
two genomes or as a feature of the dynamic exploita-
tion of the interface in adaptation of the symbiosis. In
any case, the endosymbiont, being essential for prolif-
eration of D. immitis, represents a target for control of
the heartworm. Screening the predicted wDi proteome
returned expected antibiotic drug targets such as Fts
and Sec proteins, but also the products of the Mur
operon required for peptidoglycan synthesis.

Many of the anthelmintics used in human medicine
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were originally developed for the veterinary sector. We
pursued two approaches to identify potential drug
targets in D. immitis: top-down, starting from the known
anthelmintic targets of C. elegans (Table 2), and bot-
tom-up, narrowing down the predicted D. immitis pro-
teome to a list of essential, unique, and druggable
targets (Table 3). Although the majority of the current
anthelmintics activate their target (thereby interfering
with synaptic signal transduction), the aim of the
second approach was to identify inhibitable targets.
The criteria applied—presence of an essential ortholog
in C. elegans, absence of any significantly similar protein
in human or dog, and absence of paralogs in D.
immaitis—admittedly missed many of the known anthel-
mintic targets, e.g., proteins that are not conserved in C.
elegans or that possess a mammalian ortholog. The aim
of the approach was to maximize the specificity of in
silico target prediction at the cost of low sensitivity. Our
goal was to end up with a manageable, rather than
complete, list of unique D. immitis proteins that are
likely to be essential and druggable. Some of the
candidates identified are worth further investigation,
based on their presumed role in signal transduction,
e.g., the nematode-specific G protein-coupled receptors
or hedgehog proteins (Table 3). Others have already
been validated as drug targets in other systems: sterol-
C-24-methyltransferase (EC 2.1.1.41) is a target of sine-
fungin, chitin synthase (EC 2.4.1.16) is the target of the
insecticide lufenuron, and the mannosyltransferase
bre-3 is required for interaction of Bacillus thuringiensis
toxin with intestinal cells (52). The discovery of new D.
immatis drug targets would be timely because resistance
to macrocyclic lactones has recently been reported
from the southern United States (75).

Filarial nematodes modulate the immune systems of
their hosts in complex ways that result in an apparently
intact immune system that ignores a large parasite
residing, sometimes for decades, in tissues or the
bloodstream. They may also require intact immune
systems to develop properly (76). Often immune re-
sponses result in a pathologic condition for the host in
addition to parasite clearance, and Wolbachia may exac-
erbate these responses (12). We identified a wide range
of putative immunomodulatory molecules and, in ad-
dition, highlight two D. immitis products that may
deflect or distract the host immune response: one
similar to SOCS5 and the other similar to IL-18. The
host-encoded versions of both of these molecules have
been implicated in antifilarial immune responses. Strat-
egies for development of a vaccine against filariases
depend on delivering the correct antigens to the right
arm of the immune system, avoiding induction of
dangerous responses, and deflecting or stopping im-
mune suppression by the parasite. We identified ho-
mologs of all the current roster of filarial vaccine
candidates in our genome, and these can now be
moved rapidly into testing in the dog heartworm
model. In addition, we defined a large number of
potentially secreted D. iémmaitis proteins that may con-
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tribute to the host-parasite interaction and also be
accessible to the host immune system.

Onchocercid parasites share not only a fascinating
biology involving immune evasion, arthropod vectors,
and Wolbachia endosymbionts but also a pressing need
for new drugs, improved diagnostic methods, and,
ideally, vaccines. We hope that the genome sequence of
the heartworm presented here will contribute to an
increased understanding of its biology and to new leads
for control.

The authors thank Claudio and Marco Genchi (University
of Milan, Milan, Italy) for providing D. ¢mmitis from Pavia,
Italy, and Andrew Moorhead (University of Georgia, Athens,
GA, USA) for the D. immitis from Athens, GA, USA. D. immitis
genomic and RNA sequencing was performed by Fasteris SA
(Geneva, Switzerland), and The GenePool Genomics Facility
(Edinburgh, UK). The authors are grateful for financial
support from the Novartis Fellowship Program (C.G.), the
School of Biological Sciences, University of Edinburgh (S.K.
and G.K.), the UK Biotechnology and Biological Sciences
Research Council (G.K.), the Swedish Research Council
(D.N.), the UK Medical Research Council (G0900740; M.B.,
N.W.,, and M.T.), the UK Natural Environment Research
Council (R8/H10/561; M.B.), the Centre National de Re-
cherche Scientifique (F.B.), the European collaboration En-
hanced Protective Immunity Against Filariasis (EPIAF), a
focused research project (Specific International Cooperative
Action) of the EU (award 242131; M.B.) and the Swiss
National Science Foundation (P.M.).

REFERENCES

Lee, A. C., Montgomery, S. P., Theis, J. H., Blagburn, B. L., and
Eberhard, M. L. (2010) Public health issues concerning the
widespread distribution of canine heartworm disease. Trends
Parasitol. 26, 168-173

Genchi, C., Rinaldi, L., Mortarino, M., Genchi, M., and Cringoli,
G. (2009) Climate and Dirofilaria infection in Europe. Ver.
Parasitol. 163, 286-292

Traversa, D., Di Cesare, A., and Conboy, G. (2010) Canine and
feline cardiopulmonary parasitic nematodes in Europe: emerg-
ing and underestimated. Parasit. Vectors 3, 62

American Heartworm Society (2010) Diagnosis, Prevention, and
Management of Heartworm (Dirofilaria immitis) Infection in Dogs,
American Heartworm Society, Wilmington, DE, USA

World Health Organization (2008) Global programme to elim-
inate lymphatic filariasis. Progress report and conclusions of the
meeting of the technical advisory group on the global elimina-
tion of lymphatic filariasis. Wkly. Epidemiol. Rec. 83, 333-348
Ghedin, E., Wang, S., Spiro, D., Caler, E., Zhao, Q., Crabtree, J.,
Allen, ]J. E., Delcher, A. L., Guiliano, D. B., Miranda-Saavedra,
D., Angiuoli, S. V., Creasy, T., Amedeo, P., Haas, B., El-Sayed,
N. M., Wortman, J. R., Feldblyum, T., Tallon, L., Schatz, M.,
Shumway, M., Koo, H., Salzberg, S. L., Schobel, S., Pertea, M.,
Pop, M., White, O., Barton, G. J., Carlow, C. K., Crawford, M. J.,
Daub, J., Dimmic, M. W., Estes, C. F., Foster, J. M., Ganatra, M.,
Gregory, W. F., Johnson, N. M., Jin, J., Komuniecki, R., Korf, I,
Kumar, S., Laney, S., Li, B. W,, Li, W., Lindblom, T. H,
Lustigman, S., Ma, D., Maina, C. V., Martin, D. M., McCarter,
J. P., McReynolds, L., Mitreva, M., Nutman, T. B., Parkinson, J.,
Peregrin-Alvarez, . M., Poole, C., Ren, Q., Saunders, L., Sluder,
A. E., Smith, K., Stanke, M., Unnasch, T. R., Ware, J., Wei, A. D.,
Weil, G., Williams, D. J., Zhang, Y., Williams, S. A., Fraser-
Liggett, C., Slatko, B., Blaxter, M. L., and Scott, A. L. (2007)
Draft genome of the filarial nematode parasite Brugia malayi.
Science 317, 1756-1760

Slatko, B. E., Taylor, M. J., and Foster, J. M. (2010) The
Wolbachia endosymbiont as an anti-filarial nematode target.
Symbiosis 51, 55-65

4659



10.

11.

12.

13.

14.

Hoerauf, A., Nissen-Pahle, K., Schmetz, C., Henkle-Duhrsen, K.,
Blaxter, M. L., Buttner, D. W., Gallin, M. Y., Al-Qaoud, K. M.,
Lucius, R., and Fleischer, B. (1999) Tetracycline therapy targets
intracellular bacteria in the filarial nematode Litomosoides sig-
modontis and results in filarial infertility. /. Clin. Invest. 103,
11-18

Bandi, C., McCall, J. W., Genchi, C., Corona, S., Venco, L., and
Sacchi, L. (1999) Effects of tetracycline on the filarial worms
Brugia pahangi and Dirofilaria immitis and their bacterial endo-
symbionts Wolbachia. Int. J. Parasitol. 29, 357-364

Bazzocchi, C., Mortarino, M., Grandi, G., Kramer, L. H., Gen-
chi, C., Bandi, C., Genchi, M., Sacchi, L., and McCall, J. W.
(2008) Combined ivermectin and doxycycline treatment has
microfilaricidal and adulticidal activity against Dirofilaria immitis
in experimentally infected dogs. Int. J. Parasitol. 38, 1401-1410
Taylor, M. J., Bandi, C., and Hoerauf, A. (2005) Wolbachia
bacterial endosymbionts of filarial nematodes. Adv. Parasitol. 60,
245-284

Saint Andre, A., Blackwell, N. M., Hall, L. R., Hoerauf, A.,
Brattig, N. W., Volkmann, L., Taylor, M. J., Ford, L., Hise, A. G.,
Lass, J. H., Diaconu, E., and Pearlman, E. (2002) The role of
endosymbiotic Wolbachia bacteria in the pathogenesis of river
blindness. Science 295, 1892—-1895

American Pet Products Association (2012) APPA National Pet
Owners Survey, American Pet Products Association, Greenwich,
CT, USA

Robertson, G., Schein, J., Chiu, R., Corbett, R., Field, M.,

Jackman, S. D., Mungall, K., Lee, S., Okada, H. M., Qian, J. Q,,

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

4660

Griffith, M., Raymond, A., Thiessen, N., Cezard, T., Butterfield,
Y. S., Newsome, R., Chan, S. K., She, R., Varhol, R., Kamoh, B.,
Prabhu, A. L., Tam, A., Zhao, Y., Moore, R. A., Hirst, M., Marra,
M. A,, Jones, S. J., Hoodless, P. A., and Birol, I. (2010) De novo
assembly and analysis of RNA-seq data. Nat. Methods 7, 909-912
Parra, G., Bradnam, K., and Korf, I. (2007) CEGMA: a pipeline
to accurately annotate core genes in eukaryotic genomes. Bioin-
Jformatics 23, 1061-1067

Huang, Y., Niu, B., Gao, Y., Fu, L., and Li, W. (2010) CD-HIT
Suite: a web server for clustering and comparing biological
sequences. Bioinformatics 26, 680-682

Hu, M., Gasser, R. B., Abs El-Osta, Y. G., and Chilton, N. B.
(2003) Structure and organization of the mitochondrial ge-
nome of the canine heartworm, Dirofilaria immitis. Parasitology
127, 37-51

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman,
D. J. (1990) Basic local alignment search tool. J. Mol. Biol. 215,
403-410

Chen, N. (2004) Using RepeatMasker to identify repetitive
elements in genomic sequences. Curr. Protoc. Bioinformat. Chap-
ter 4, Unit 4.10

Kapitonov, V. V., and Jurka, J. (2008) A universal classification
of eukaryotic transposable elements implemented in Repbase.
Nat. Rev. Genetics 9, 411-412; author reply 414

Cantarel, B. L., Korf, 1., Robb, S. M., Parra, G., Ross, E., Moore,
B., Holt, C., Sanchez Alvarado, A., and Yandell, M. (2008)
MAKER: an easy-to-use annotation pipeline designed for emerg-
ing model organism genomes. Genome Res. 18, 188-196

Korf, 1. (2004) Gene finding in novel genomes. BMC Bioinfor-
mat. 5, 59

Stanke, M., and Morgenstern, B. (2005) AUGUSTUS: a web
server for gene prediction in eukaryotes that allows user-defined
constraints. Nucleic Acids Res. 33, W465-W467

Li, L., Stoeckert, C. J., Jr., and Roos, D. S. (2003) OrthoMCL:
identification of ortholog groups for eukaryotic genomes. Ge-
nome Res 13, 2178-2189

Blaxter, M. L., De Ley, P., Garey, J. R, Liu, L. X., Scheldeman,
P., Vierstraete, A., Vanfleteren, J. R., Mackey, L. Y., Dorris, M.,
Frisse, L. M, Vida, ]J. T., and Thomas, W. K. (1998) A molecular
evolutionary framework for the phylum Nematoda. Nature 392,
71-75

Ostlund, G., Schmitt, T., Forslund, K., Kostler, T., Messina,
D. N., Roopra, S., Frings, O., and Sonnhammer, E. L. (2010)
InParanoid 7: new algorithms and tools for eukaryotic orthology
analysis. Nucleic Acids Res. 38, D196-203

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T.,
Edwards, R. A., Formsma, K., Gerdes, S., Glass, E. M., Kubal, M.,
Meyer, F., Olsen, G. J., Olson, R., Osterman, A. L., Overbeek,
R. A., McNeil, L. K., Paarmann, D., Paczian, T., Parrello, B.,

Vol. 26 November 2012

28.

29.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

The FASEB Journal - www.fasebj.org

Pusch, G. D., Reich, C., Stevens, R., Vassieva, O., Vonstein, V.,
Wilke, A., and Zagnitko, O. (2008) The RAST server: rapid
annotations using subsystems technology. BMC Genomics 9, 75
Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and
Kanehisa, M. (1999) KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res. 27, 29-34

Eddy, S. R. (1995) Multiple alignment using hidden Markov
models. Proc. Int. Conf. Intell. Syst. Mol. Biol. 3, 114-120
Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994)
CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids
Res. 22, 4673-4680

Mulder, N. J., Kersey, P., Pruess, M., and Apweiler, R. (2008) In
silico characterization of proteins: UniProt, InterPro and In-
tegr8. Mol. Biotechnol. 38, 165-177

Remm, M., Storm, C. E., and Sonnhammer, E. L. (2001)
Automatic clustering of orthologs and in-paralogs from pairwise
species comparisons. J. Mol. Biol. 314, 1041-1052

Felsenstein, J. (1989) PHYLIP—Phylogeny inference package
(version 3.2). Cladistics 5, 164-166

McNulty, S. N., Foster, J. M., Mitreva, M., Dunning Hotopp,
J. C., Martin, J., Fischer, K., Wu, B., Davis, P. J., Kumar, S,
Brattig, N. W, Slatko, B. E., Weil, G. J., and Fischer, P. U. (2010)
Endosymbiont DNA in endobacteria-free filarial nematodes
indicates ancient horizontal genetic transfer. PLoS One 5,
e11029

Simpson, J. T., Wong, K., Jackman, S. D., Schein, J. E., Jones,
S. J., and Birol, 1. (2009) ABySS: a parallel assembler for short
read sequence data. Genome Res. 19, 1117-1123

Belanger, D. H., Perkins, S. L., and Rockwell, R. F. (2010)
Inference of population structure and patterns of gene flow in
canine heartworm (Dirofilaria immitis). J. Parasitol. 97, 602—-609
Eickbush, T. H., and Malik, H. S. (2002) Origins and evolution of
retrotransposons. In Mobile DNA I (Craig, A. G., Craigie, R., Gellert,
M., and Lambowitz, A. M., eds), ASM Press, Washington, DC
Guerrero, J., Campbell Seibert, B. P., Newcomb, K. M., Michael,
B. F., and McCall, J. W. (1983) Activity of flubendazole against
developing stages of Dirofilaria immitis in dogs. Am. J. Vel. Res. 44,
2405-2406

McCall, J. W., and Crouthamel, H. H. (1976) Prophylactic
activity of mebendazole against Dirofilaria immitis in dogs. J.
Parasitol. 62, 844-845

Carlisle, C. H., Atwell, R. B., and Robinson, S. (1984) The
effectiveness of levamisole hydrochloride against the microfi-
laria of Dirofilaria immitis. Aust. Vel. J. 61, 282-284

Campbell, W. C. (1982) Efficacy of the avermectins against
filarial parasites: a short review. Vet. Res. Commun. 5, 251-262
McCall, J. W. (2005) The safety-net story about macrocyclic
lactone heartworm preventives: a review, an update, and recom-
mendations. Vet. Parasitol. 133, 197-206

Sangster, N. C., Song, J., and Demeler, J. (2005) Resistance as a
tool for discovering and understanding targets in parasite
neuromusculature. Parasitology 131 (Suppl.), S179-S190
Kaminsky, R., Ducray, P., Jung, M., Clover, R., Rufener, L.,
Bouvier, J., Weber, S. S., Wenger, A., Wieland-Berghausen, S.,
Goebel, T., Gauvry, N., Pautrat, F., Skripsky, T., Froelich, O.,
Komoin-Oka, C., Westlund, B., Sluder, A., and Maser, P. (2008)
A new class of anthelmintics effective against drug-resistant
nematodes. Nature 452, 176-180

Williamson, S. M., Walsh, T. K., and Wolstenholme, A. J. (2007)
The cys-loop ligand-gated ion channel gene family of Brugia
malayi and Trichinella spiralis: a comparison with Caenorhabditis
elegans. Invert. Neurosci 7, 219-226

Doyle, M. A., Gasser, R. B., Woodcroft, B. J., Hall, R. S., and
Ralph, S. A. (2010) Drug target prediction and prioritization:
using orthology to predict essentiality in parasite genomes. BMC
Genomics 11, 222

Holman, A. G., Davis, P. J., Foster, J. M., Carlow, C. K., and
Kumar, S. (2009) Computational prediction of essential genes
in an unculturable endosymbiotic bacterium, Wolbachia of Brugia
malayi. BMC Microbiol. 9, 243

Abbotts, R., and Madhusudan, S. (2010) Human AP endonu-
clease 1 (APE1): from mechanistic insights to druggable target
in cancer. Cancer Treat. Rev. 36, 425-435

Borrelli, S., Zandberg, W. F., Mohan, S., Ko, M., Martinez-
Gutierrez, F., Partha, S. K., Sanders, D. A., Av-Gay, Y., and Pinto,

GODEL ET AL.



50.

51.

52.

54.

55.

56.

57.

58.

59.

60.

61.

62.

64.

B. M. (2010) Antimycobacterial activity of UDP-galactopyranose
mutase inhibitors. Int. J. Antimicrob. Agents 36, 364-368
Oppenheimer, M., Valenciano, A. L., and Sobrado, P (2011)
Biosynthesis of galactofuranose in kinetoplastids: novel thera-
peutic targets for treating leishmaniasis and Chagas’ disease.
Enzyme Res. 2011.415976

Ganapathy, K., Kanagasabai, R., Nguyen, T. T., and Nes, W. D.
(2011) Purification, characterization and inhibition of sterol
C24-methyltransferase from Candida albicans. Arch. Biochem. Bio-
phys. 505, 194-201

Griffitts, J. S., Huffman, D. L., Whitacre, J. L., Barrows, B. D.,
Marroquin, L. D., Muller, R., Brown, J. R., Hennet, T., Esko,

J- D., and Aroian, R. V. (2003) Resistance to a bacterial toxin is

mediated by removal of a conserved glycosylation pathway
required for toxin-host interactions. J. Biol. Chem. 278, 45594—
45602

Maizels, R. M., Gomez-Escobar, N., Gregory, W. F., Murray, J.,
and Zang, X. (2001) Immune evasion genes from filarial
nematodes. Int. . Parasitol. 31, 889-898

Yoshimura, A., Naka, T., and Kubo, M. (2007) SOCS proteins,
cytokine signalling and immune regulation. Nat. Rev. Immunol.
7, 454-465

Akhtar, L. N., and Benveniste, E. N. (2011) Viral exploitation of
host SOCS protein functions. /. Virol. 85, 1912-1921

Ludin, P., Nilsson, D., and Miser, P. (2011) Genome-wide
identification of molecular mimicry candidates in parasites.
PL0S One 6, €17546

Baier, M., Bannert, N., Werner, A., Lang, K., and Kurth, R.
(1997) Molecular cloning, sequence, expression, and process-
ing of the interleukin 16 precursor. Proc. Natl. Acad. Sci. U. S. A.
94, 5273-5277

Cruikshank, W. W.; Kornfeld, H., and Center, D. M. (2000)
Interleukin-16. J. Leukoc. Biol. 67, 757-766

Wang, J., Czech, B., Crunk, A., Wallace, A., Mitreva, M., Han-
non, G. J., and Davis, R. E. (2011) Deep small RNA sequencing
from the nematode Ascaris reveals conservation, functional
diversification, and novel developmental profiles. Genome Res.
21, 1462-1477

Lustigman, S., James, E. R., Tawe, W., and Abraham, D. (2002)
Towards a recombinant antigen vaccine against Onchocerca
volvulus. Trends Parasitol. 18, 135141

Makepeace, B. L., Jensen, S. A., Laney, S. J., Nfon, C. K,
Njongmeta, L. M., Tanya, V. N., Williams, S. A., Bianco, A. E.,
and Trees, A. J. (2009) Immunisation with a multivalent,
subunit vaccine reduces patent infection in a natural bovine
model of onchocerciasis during intense field exposure. PLoS
Negl. Trop. Dis. 3, eb44

Fenn, K., and Blaxter, M. (2004) Are filarial nematode Wolbachia
obligate mutualist symbionts? Trends Ecol. Fvol. 19, 163-166
Fenn, K., and Blaxter, M. (2006) Wolbachia genomes: revealing
the biology of parasitism and mutualism. Trends Parasitol. 22,
60-65

Li, Z., Garner, A. L., Gloeckner, C., Janda, K. D., and Carlow,
C. K. (2011) Targeting the Wolbachia cell division protein FtsZ as
a new approach for antifilarial therapy. PLoS Negl. Trop. Dis. 5,
el411

THE HEARTWORM GENOME

26

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

76.

77.

Ma, S. (2012) The development of FtsZ inhibitors as potential
antibacterial agents. ChemMedChem 7, 1161-1172

Chan, D. L, and Vogel, H. J. (2010) Current understanding of
fatty acid biosynthesis and the acyl carrier protein. Biochem. J.
430, 1-19

Segers, K., and Anne, J. (2011) Traffic jam at the bacterial sec
translocase: targeting the SecA nanomotor by small-molecule
inhibitors. Chem. Biol. 18, 685698

Katz, A. H., and Caufield, C. E. (2003) Structure-based design
approaches to cell wall biosynthesis inhibitors. Curr. Pharm. Des.
9, 857-866

Foster, J., Ganatra, M., Kamal, I., Ware, J., Makarova, K., Ivanova,
N., Bhattacharyya, A., Kapatral, V., Kumar, S., Posfai, J., Vincze,
T., Ingram, J., Moran, L., Lapidus, A., Omelchenko, M., Kyrpi-
des, N., Ghedin, E., Wang, S., Goltsman, E., Joukov, V., Ostrovs-
kaya, O., Tsukerman, K., Mazur, M., Comb, D., Koonin, E., and
Slatko, B. (2005) The Wolbachia genome of Brugia malayi
endosymbiont evolution within a human pathogenic nematode.
PLoS Biol. 3, e121

Dunning-Hotopp, J. C., Clark, M. E., Oliveira, D. C., Foster,
J. M., Fischer, P., Munoz Torres, M. C., Giebel, J. D., Kumar, N,
Ishmael, N., Wang, S., Ingram, ]., Nene, R. V., Shepard, J.,
Tomkins, J., Richards, S., Spiro, D. J., Ghedin, E., Slatko, B. E.,
Tettelin, H., and Werren, J. H. (2007) Widespread lateral gene
transfer from intracellular bacteria to multicellular eukaryotes.
Science 317, 1753-1756

Blaxter, M. (2007) Symbiont genes in host genomes: fragments
with a future? Cell Host Microbe 2, 211-213
Lamprea-Burgunder, E., Ludin, P., and Maser, P. (2010) Spe-
cies-specific typing of DNA based on palindrome frequency
patterns. DNA Res. 18, 117-124

Chain, P. S., Gratham, D. V., Fulton, R. S., Fitzgerald, M. G.,
Hostetler, J., Muzny, D., Ali, J., Birren, B., Bruce, D. C., Buhay,
C., Cole, J. R, Ding, Y., Dugan, S., Field, D., Garrity, G. M.,
Gibbs, R., Graves, T., Han, C. S., Harrison, S. H., Highlander, S.,
Hugenholtz, P., Khouri, H. M., Kodira, C. D., Kolker, E.,
Kyrpides, N. C., Lang, D., Lapidus, A., Malfatti, S. A., Markowitz,
V., Metha, T., Nelson, K. E., Parkhill, J., Pitluck, S., Qin, X.,
Read, T. D., Schmutz, J., Sozhamannan, S., Sterk, P., Strausberg,
R. L., Sutton, G., Thomson, N. R, Tiedje, J. M., Weinstock, G.,
Wollam, A., and Detter, J. C. (2009) Genomics. Genome project
standards in a new era of sequencing. Science 326, 236-237
Bowman, D. D., and Atkins, C. E. (2009) Heartworm biology,
treatment, and control. Vet. Clin. North Am. Small Anim. Pract. 39,
1127-1158, vii

Bourguinat, C., Keller, K., Bhan, A., Peregrine, A., Geary, T,
and Prichard, R. (2011) Macrocyclic lactone resistance in Diro-
Sfilaria immitis. Vel. Parasitol. 181, 388-392

Babayan, S. A., Read, A. F., Lawrence, R. A., Bain, O., and Allen,
J. E. (2010) Filarial parasites develop faster and reproduce
earlier in response to host immune effectors that determine
filarial life expectancy. PLoS Biol. 8, €1000525

Eisen, M., Spellman, P., Brown, P., and Botstein, D. (1998)
Cluster analysis and display of genome-wide expression patterns.
Proc. Natl. Acad. Sci. U. S. A. 95, 1486314868

Recetved for publication February 27, 2012.
Accepted for publication July 30, 2012.

4661



Section 3

“Phylogenomics and analysis of shared genes
suggest a single transition to mutualism in

Wolbachia of nematodes’

27



GBE

Phylogenomics and Analysis of Shared Genes Suggest a Single
Transition to Mutualism in Wolbachia of Nematodes

Francesco Comandatore1, Davide Sassera1, Matteo I\/Iontagna1, Sujai Kumarz'g, Georgios Koutsovoulosz,
Graham Thomas?, Charlotte Repton?, Simon A. Babayan®°, Nick Gray?, Richard Cordaux”, Alistair Darby?,
Benjamin Makepeace®, and Mark Blaxter®’*

'DIVET, Universita degli Studi di Milano, Milano, ltaly

ZInstitute of Evolutionary Biology, University of Edinburgh, Edinburgh, United Kingdom

3Centre for Immunity, Infection and Evolution, University of Edinburgh, Edinburgh, United Kingdom

“Université de Poitiers, UMR CNRS 7267 Ecologie et Biologie des Interactions, Equipe Ecologie Evolution Symbiose, Poitiers Cedex, France
>Centre for Genomics Research, Institute of Integrative Biology, The University of Liverpool, Liverpool, United Kingdom

CInstitute of Infection and Global Health, University of Liverpool, Liverpool, United Kingdom

’Edinburgh Genomics, University of Edinburgh, Edinburgh, United Kingdom

8Present address: Department of Zoology, University of Oxford, Oxford, United Kingdom

Present address: Institute of Biodiversity, Animal Health and Comparative Medicine, University of Glasgow & Moredun Research Institute,
Glasgow, United Kingdom

*Corresponding author: E-mail: mark.blaxter@ed.ac.uk.

Accepted: August 14, 2013

Data deposition: Sequence fastq files for Litomosoides sigmodontis have been submitted to the European Read Archive with accession
ERP001496. Assemblies of wLs and wDi have been deposited in ENA with accessions PRIEB4155 and PRJEB4154 respectively. The ortholog
clustering data and alignment files used in the analyses have been deposited with DataDryad with accession doi:10.5061/dryad.4nt8m.

Abstract

Wolbachia, endosymbiotic bacteria of the order Rickettsiales, are widespread in arthropods but also present in nematodes. In
arthropods, A and B supergroup Wolbachia are generally associated with distortion of host reproduction. In filarial nematodes,
including some human parasites, multiple lines of experimental evidence indicate that C and D supergroup Wolbachia are essential for
the survival of the host, and here the symbiotic relationship is considered mutualistic. The origin of this mutualistic endosymbiosis is of
interest for both basic and applied reasons: How does a parasite become a mutualist? Could intervention in the mutualism aid in
treatment of human disease? Correct rooting and high-quality resolution of Wolbachia relationships are required to resolve this
question. However, because of the large genetic distance between Wolbachia and the nearest outgroups, and the limited number of
genomes so far available for large-scale analyses, current phylogenies do not provide robust answers. We therefore sequenced the
genome of the D supergroup Wolbachia endosymbiont of Litomosoides sigmodontis, revisited the selection of loci for phylogenomic
analyses, and performed a phylogenomic analysisincluding available complete genomes (fromisolates in supergroups A, B, C, and D).
Using 90 orthologous genes with reliable phylogenetic signals, we obtained a robust phylogenetic reconstruction, including a highly
supported root to the Wolbachia phylogeny between a (A + B) clade and a(C + D) clade. Although we currently lack data from several
Wolbachia supergroups, notably F, our analysis supports a model wherein the putatively mutualist endosymbiotic relationship
between Wolbachia and nematodes originated from a single transition event.

Key words: Wolbachia, phylogenomics, mutualism, Litomosoides sigmodontis, endosymbiosis.

Introduction hosts, from protists to vertebrates. These bacteria present dis-
Bacteria of the order Rickettsiales have an intracellular lifestyle tinctive genomic features that are likely to be driven by their
and are involved in a variety of associations with eukaryotic intracellular lifestyle, including genome size and gene content

© The Author(s) 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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reduction, distorted nucleotide composition, and rapid gene
evolution (Darby et al. 2007; Renvoise et al. 2011). Wolbachia
pipientis is one of the most studied members of the Rickett-
siales. Symbiotic associations with Wolbachia are widespread
in arthropods, but have also been identified in nematodes: the
animal-parasitic filarial nematodes and the plant-parasitic
nematode Radopholous similis (Bandi et al. 1998; Werren
et al. 2008; Haegeman et al. 2009). The molecular diversity
within the single nominal species Wolbachia pipientis (Lo et al.
2007) has been used to define a series of 13 supergroups
(monophyletic clades; labeled alphabetically, A to N) that
show different lifestyles and host ranges (Doudoumis et al.
2012). The A and B supergroups were the first to be described
(Werren et al. 1995), followed by the C and D (Bandi et al.
1998). These four are also the most widely investigated Wol-
bachia supergroups. The A and B supergroup strains are as-
sociated with arthropods, whereas C and D are associated
with filarial nematodes.

In arthropods, Wolbachia normally have a patchy distribu-
tion among species and populations, and infection is generally
associated with alterations of host reproduction, such as par-
thenogenesis, killing of male embryos, feminization of genetic
males, and cytoplasmatic incompatibility (Werren et al. 2008;
Cordaux et al. 2011). In a few cases, Wolbachia has been
demonstrated to be essential for the reproduction of the ar-
thropod host (Starr and Cline 2002; Pannebakker et al. 2007).
All Wolbachia lineages are vertically inherited (from mother to
offspring), but horizontal transmission is evident between
hosts for numerous strains of the A and B supergroups. The
phylogenies of A and B supergroup Wolbachia do not track
their hosts’ phylogenies, suggesting frequent host switching
(Werren et al. 1995).

The characteristics of the symbiosis are different in filarial
nematodes, where available evidence indicates that the sym-
bionts are beneficial to their hosts. Wolbachia usually have
100% prevalence in positive species (Taylor et al. 2005; Ferri
et al. 2011), and are strictly vertically inherited, with phyloge-
nies largely congruent with that of their hosts (Bandi et al.
1998; Casiraghi et al. 2001). In addition, they appear to be
essential for host survival, as Wolbachia elimination with tet-
racyclines harms the host (Bandi et al. 1999; Hoerauf et al.
1999). Supergroup C and D Wolbachia have smaller genomes,
and fewer genes, than the parasitic supergroup A and B
Wolbachia (Foster et al. 2005; Werren et al. 2008) as would
be expected from closer integration of host and symbiont
genomes. Comparative metabolic reconstruction from the ge-
nomes of sequenced Wolbachia from filarial nematodes has
not revealed an unequivocal signal of the essential symbiotic
partnership. Currently favoured models include heme and ri-
boflavin biosynthesis (Foster et al. 2005; Godel et al. 2012),
but energy provisioning and immunomodulatory models may
be more realistic (Darby et al. 2012).

The origins of the mutualistic relationships of C and D su-
pergroup Wolbachia with filarial nematodes are of particular

interest. Wolbachia have evolved from intracellular symbionts
(Rickettsiales), and the closest related taxa are generally con-
sidered to be pathogens, such as the arthropod-infecting A
and B supergroups. Are filarial-infecting mutualists monophy-
letic, implying a single origin of mutualism, or has mutualism
arisen independently multiple times? Are the filarial Wolbachia
more closely related to A or B supergroups? Several studies
have highlighted the critical importance, and difficulty, of
rooting Wolbachia supergroup phylogeny to the solution of
this question (Lo et al. 2002, 2007; Fenn et al. 2006; Borden-
stein et al. 2009). Two well-known artifacts likely explain the
difficulty of obtaining a well-resolved phylogeny: long-branch
attraction (LBA), caused by the large distances to the nearest
outgroup taxa Anaplasma spp. and Erhlichia spp., and a basal,
star-like evolutionary radiation of the genus Wolbachia
(Bordenstein et al. 2009). Fenn et al. (2006), analyzing 42
protein-coding genes from five taxa in A, C, and D super-
groups, proposed rooting Wolbachia between A and
(C+D). Bordenstein et al. (2009) used 21 protein-coding
genes from 18 Wolbachia taxa, representing the A, B, C, D,
E, F, and H supergroups, but did not find unequivocal support
for the position of the root, and suggested that reliable reso-
lution of the Wolbachia phylogenetic tree would require im-
proved taxon and gene sampling. It is becoming clear that
careful selection of loci before analysis is key to robust and
believable resolution of many phylogenetic questions when
multigene data sets are used (Salichos and Rokas 2013). In
particular, coanalysis of genes with different underlying pat-
terns of substitution, horizontal gene transfer, acquisition by
hybridization, and hidden paralogy can confound strong
signal within data sets.

We have determined the genome sequence of an addi-
tional supergroup D Wolbachia from the filarial nematode
Litomosoides sigmodontis. Here, we revisit the selection of
single-copy orthologs from completely sequenced genomes
for Wolbachia phylogenomics, and use an extended gene
data set to develop a robust hypothesis of Wolbachia
relationships.

Materials and Methods

Litomosoides sigmodontis DNA was extracted from nema-
todes grown in gerbils (Meriones unquiculatus) as previously
described (Diagne et al. 1990). Short-insert paired-end libraries
with 300 and 600 bp inserts were prepared by the GenePool
Genomics Facility and sequenced on the Illumina HiSeg2000
with V3 reagents. Reads were corrected using SOAPec (Luo
et al. 2012), digitally normalized using khmer (Brown et al.
2012), and preliminary assemblies produced using velvet
(Zerbino and Birney 2008). These assemblies were screened
for Wolbachia-derived sequence using taxon-annotated
GC%-coverage plots (Kumar and Blaxter 2011) and the 18
likely Wolbachia-derived contigs and their reads selected for
stringent reassembly using ABySS (Simpson et al. 2009) (using
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a kmer of 83, default coverage cutoff and a minimum of 3
read pairs to join contigs). Joins in the assembly that had low
coverage were validated using polymerase chain reaction
(PCR). The assembly (wLs.2.0) is available through http://ito
mosoides.nematod.es (last accessed September 5, 2013).

The genomes of 11 Wolbachia strains and 4 outgroups
were retrieved from the databases (see fig. 1). For wDi from
the nematode Dirofilaria immitis, we reassembled the genome
(Godel et al. 2012) using improved informatic routines, ex-
tracting additional read data from the raw genome sequence
for D. immitis. The new assembly is improved (in that it has
many fewer contigs). The contiguity of this new assembly
(wDi.2.2) was verified by directed PCR and is available from
http://dirofilaria.nematod.es (last accessed September 5,
2013).

Ortholog detection was performed using OrthoMCL 1.4
with default settings (Chen et al. 2006). All sequences of
each putative orthologous cluster were automatically anno-
tated (using BLASTP with an E-value cutoff of 10~°) against
the Clusters of Orthologous Groups (COG) database (Tatusov
et al. 2000). An orthologous cluster was selected for subse-
guent analyses if all sequences of the cluster were coherently
annotated by comparison to the COG database. Orthologous
clusters containing members from all 16 genomes and lacking
within-genome duplicates were selected, and amino acid se-
guences aligned using Muscle (Edgar 2004) with default set-
tings. Nucleotide alignments were obtained by retro-
translation of these amino acid alignments. The Pairwise
Homoplasy Index (PHI) and MaxChi were calculated for each
nucleotide alignment with PhiPack (Bruen et al. 2006) with
1,000 permutations and window dimensions of 30, 60, and
100 bases. To detect potential recombination events, recom-
bination analyses were repeated, for each alignment, consid-
ering the sequences of the strains belonging to the A+B,
C+D, and A+B+C+D supergroup sets. Alignments pre-
senting no evidence of recombination were subjected to mu-
tational saturation analysis with Xia's method (Xia and Xie
2001).

Poorly aligned positions and divergent regions of nucleotide
and amino acid alignments were eliminated with Gblocks
(Castresana 2000), allowing gap positions (-b5 = all option).
Nucleotide and amino acid alignments for the 90 genes were
concatenated. Phylogenetic reconstructions were estimated
on nucleotide and on amino acid unpartitioned concatenates
with Maximum Likelihood (ML) and Bayesian methods using
models chosen using jModelTest (Darriba et al. 2012) and
Prottest3 (Darriba et al. 2011). The best-fit model for unparti-
tioned analyses of the concatenated nucleotide alignment
was GTR, whereas for unpartitioned analyses of amino acid
alignment JTT was identified as optimal. The models selected
for partitioned analyses of the alignments are given in supple-
mentary table S3, Supplementary Material online. The GTR
model identified as best-fitting for 30 of 90 nucleotide align-
ments was used for ML and Bayesian analyses for all partitions.

The amino acid alignment was split into five partitions, group-
ing all genes that shared the best model among those imple-
mented in MrBayes, and ML and Bayesian analyses were
performed on this partitioned concatenate using the best-fit
model for each partition.

ML phylogenetic analyses were executed with 1,000 rapid
bootstrap replicates within RaxML 7.2.8 (Stamatakis et al.
2008). Bayesian phylogenetic analyses were carried out on
unpartitioned concatenates with MrBayes 3.2 (Ronquist
et al. 2012) on the web-based Bioportal (Kumar et al.
2009). Bayesian Markov chain Monte Carlo analyses were
implemented in two parallel analyses, each composed of
one cold and five incrementally heated chains that were run
for 10 million generations. Trees were sampled every 1,000
generations and burn-in fraction was calculated according to
InL stationary analyses.

Gene presence—absence information for wUni (Wolbachia
endosymbiont of Muscidifurax uniraptor) was removed
from all orthologous clusters before performing gene pres-
ence—absence analysis, because the wUni genome is not yet
complete (Klasson et al. 2009). The ortholog presence—
absence matrix was derived from the ortholog cluster data
and used to calculate the Bray—Curtis dissimilarity matrix.
The Bray—Curtis dissimilarity index evaluates the gene fraction
not shared between two taxa with the formula
1—([2*(ANB)JA +B), where A and B represent the gene
sets of the two taxa. Fingerprint Analysis with Missing Data
(Schltiter and Harris 2006) was used to perform UPGMA anal-
ysis and the heatmap was drawn with R.

Results

Litomosoides sigmodontis is an onchocercid filarial parasite of
cotton rats (Hoffmann et al. 2000). The L. sigmodontis Wol-
bachia, wls, was assembled from data generated as part of
the ongoing L. sigmodontis genome project (Koutsovoulos G,
Kumar S, Babayan SA, Blaxter M, unpublished data; see http:/
litomosoides.nematod.es, last accessed September 5, 2013).
The wLs genome assembly was generated by identifying con-
tigs in initial genome assemblies that contained Wolbachia
genes, extracting the raw data that mapped to these contigs
and performing independent assembly. The genome was re-
fined through cycles of additional read identification and as-
sembly and validation of some joins by PCR. The raw data
have been submitted to INSDC databases under project ac-
cession ERPO01496.

We retrieved whole genome-derived gene data for 11 ad-
ditional Wolbachia strains and four outgroup species from
ENA (see Materials and Methods). The genes used in phylo-
genomic analyses were selected from sets of orthologs, iden-
tified as reciprocal best BLAST hits and validated through
comparison with the COG database. A subset of orthologs
present in all taxa was identified. Ortholog sets showing evi-
dence of paralog duplication, evidence of recombination
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Fic. 1.—Phylogenomic analysis of Wolbachia. Phylogenetic trees generated with RaxML based on amino acid (A) and nucleotide (B) partitioned
concatenates. ML bootstrap values are reported above each node of the trees. The corresponding trees generated with MrBayes, showing completely
congruent topologies and posterior probability of 1 for each node, are reported in supplementary figure S1, Supplementary Material online. The strains
analyzed are Wolbachia endosymbiont of Drosophila melanogaster, wMel;, Wolbachia endosymbiont of Drosophila simulans, wRi; Wolbachia endosymbiont
of Drosophila suzukii, wSuz; Wolbachia endosymbiont of Muscidifurax uniraptor, wUni; Wolbachia endosymbiont of Culex quinquefasciatus JHB, wPip;
Wolbachia endosymbiont of Culex quinquefasciatus Pel, wPip Pel; Wolbachia endosymbiont of Nasonia vitripennis, wVitB; Wolbachia endosymbiont of
Aedes albopictus, wAIbB; Wolbachia endosymbiont of Brugia malayi, wBm; Wolbachia endosymbiont of Onchocerca ochengi, wOo; Wolbachia endosym-
biont of Dirofilaria immitis, wDi; Anaplasma centrale str. Israel; Anaplasma marginale str. Florida; Ehrlichia chaffeensis str. Arkansas; Ehrlichia ruminantium str.
Gardel. Letters A, B, C, and D indicate Wolbachia supergroup memberships.

between genomes, or evidence of nucleotide substitution sat-
uration were removed. We identified 1,677 ortholog clusters,
1,519 of which were coherently annotated. The sixteen bac-
terial genomes shared 390 of the 1,519 gene clusters, 341 of
which presented no evidence of duplication. Of these 341
clusters, 126 showed no evidence of recombination, and, of
these, 90 showed no evidence of nucleotide substitution sat-
uration. These 90 clusters were retained and used for phylo-
genomic analysis (see supplementary table S1, Supplementary
Material online, for a complete list of these 90 genes).
Maximum likelihood (ML; fig. 1) and Bayesian phylogenetic
inference (supplementary fig. S1, Supplementary Material

online) using nucleotide and amino acid alignments of these
90 genes differed only in the relative position of the strains
wAIbB and wVitB within supergroup B. Other than this dis-
agreement, all nodes received high joint support. Importantly,
the length of the branches between the three genera
Wolbachia, Anaplasma, and Ehrlichia were reasonably homo-
geneous and did not suggest the presence of LBA artifacts.
Analysis of individual alignments showed that (C + D) mono-
phyly was supported by 48 of the 90 loci, and (A + B) mono-
phyly was supported by 43 loci (see supplementary
information, Supplementary Material online). None of the
nodes in the catenated analysis is supported by a low
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Fic. 2.—Gene presence—absence analysis of Wolbachia genomes. An UPGMA tree (left) was inferred based on the Bray—Curtis dissimilarity matrix
calculated on the presence—absence matrix of genes in the examined genomes. The heatmap to the right of the tree represents the values of the Bray—Curtis

dissimilarity matrix. Strain abbreviations are as given in figure 1.

number of individual genes, and the majority rule consensus
of the individual locus phylogenies is the same as the conca-
tenated analysis. The analyses supported a root placement
between the A and B supergroups and the C and D super-
groups, yielding a monophyletic filarial mutualist clade.

A presence—absence matrix was constructed from the
1,519 coherently annotated orthologous clusters from the
complete Wolbachia genomes (i.e., excluding wuUni; see
Materials and Methods). From this matrix, a pairwise Bray—
Curtis dissimilarity matrix was calculated, and this dissimilarity
matrix was subjected to UPGMA phenetic analysis (fig. 2). The
phenetic analysis was congruent with the sequence-based
phylogenomic analyses, linking the A and B and the C and
D supergroups.

Discussion

Previously published molecular phylogenetic reconstructions
have not revealed the number of independent transitions to
mutualism in filarial nematode Wolbachia (Casiraghi et al.
2005; Fenn et al. 2006; Bordenstein et al. 2009). This has
been due to limited phylogenetic signal present in few loci
(Casiraghi et al. 2005; Bordenstein et al. 2009), a lack of

genomic data from a representative diversity of strains (Fenn
et al. 2006), and LBA due to extreme divergence from the
nearest outgroup taxa (Bordenstein et al. 2009). We se-
guenced a new supergroup D genome, wLs of L. sigmodontis
and collated a 90-gene phylogenomic data set using a custom
pipeline designed to remove all loci likely to contain phyloge-
netic noise. Salichos and Rokas (2013) have recently explored
issues of data incongruity in phylogenomic analyses, using a
deep phylogeny of yeasts as their model. We concur with their
proposals to eliminate rigorously from consideration loci with
abberations in phylogenetic signature, assessed independently
of the derivation of the phylogeny. We note that our phylo-
genetic question is less problematic than their model, with
fewer taxa overall and some unquestioned groupings (such
as the monophyly of clades A, B, C, and D). Thus, we reduced
our original set of more than 400 putative single copy ortho-
logs to a core set of 90 genes with validated behavior. Only 3
of the 21 genes of the Bordenstein set (Bordenstein et al.
2009) passed the stringent assessment for inclusion in our
database. ML and Bayesian analyses of nucleotide and
amino acid alignments vyielded congruent topologies with
high statistical support. Importantly, the branch lengths ob-
served between the two genera in the outgroup (Anaplasma
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and Ehrlichia) was comparable to the branch length observed
between the outgroup clade (Anaplasma + Ehrlichia) and the
Wolbachia clade, suggesting the absence of LBA effects on
the phylogenies. Individual locus phylogenies tended to sup-
port this hypothesis. Our phylogenies provide strong evidence,
with high statistical support, for the monophyletic origin of
arthropod (A and B) and nematode (C and D) Wolbachia
strains (fig. 1 and supplementary fig. S1, Supplementary
Material online). Phenetic analysis of gene presence—absence
data also supported this set of relationships.

In summary, our analyses demonstrate that arthropod
(A and B) and nematode (C and D) Wolbachia originated
after the split of an ancestral lineage. We cannot determine
whether this ancestral lineage was associated with nema-
todes, arthropods, or another host group, and we cannot
derive conclusions on the nature of the symbiosis (parasitic
vs. mutualistic) of this ancestor. Considering the phylogenetic
position of Wolbachia within the order Rickettsiales, we can
reasonably infer that it was an intracellular bacterium. A
monophyletic origin of the C and D supergroups is congruent
with the idea that the characteristics shared by these two su-
pergroups (strict association with the host, strict vertical trans-
mission, and evidence for a beneficial contribution to host
biology) originated only once during evolution, in the lineage
that led to the Wolbachia of filarial nematodes. As noted by
authors in previous studies, analysis of Wolbachia diversity is
compromised by partial sampling across the known super-
groups (Casiraghi et al. 2005; Fenn et al. 2006; Bordenstein
et al. 2009). We have been able to use complete genome data
from only four supergroups and eagerly await emerging data
for strains from other supergroups. Of particular interest will
be genomic data from supergroup F strains, as these are re-
ported to infect both arthropods and filarial nematodes
(Lefoulon et al. 2012). The placement of supergroup F strains
in phylogenies is variable, but they are often associated with
supergroup C and D (Lefoulon et al. 2012). An exciting pos-
sibility is that supergroup F is sister taxon to C and D, and this
may represent the lifestyle of the last common C and D
ancestor.

The origin of the relationship between nematodes and
Wolbachia is interesting from both evolutionary and medical
standpoints. Nematode Wolbachia represent important tar-
gets for the treatment of human and animal filariases
(Slatko et al. 2010). Our analyses suggest that an endosymbi-
otic relationship with nematodes is a plesiomorphic character
of the (C + D) clade. In this scenario, an ancestral Wolbachia
strain invaded the first filarid host, evolved a mutualistic
association that included strict vertical inheritance, and the
C and D supergroups originated through ancient host lineage
divergence. Under this model, all these Wolbachia strains
probably share common metabolic traits that underpin their
mutualistic relationship with the filarial hosts. This in turn sug-
gests the possible presence of common anti-Wolbachia

pharmacological targets for the control of their pathogenic
filarial hosts.

Supplementary Material

Supplementary figure S1 and tables S1-S3 are available at
Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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Abstract

Wolbachia pipientis is possibly the most widespread endosymbiont of arthropods and
nematodes. While all Wolbachia strains are currently assigned to a single species,
16 monophyletic clusters of diversity (called supergroups) have been described.
Different supergroups have distinct host ranges and symbiotic relationships, ranging
from mutualism to manipulation of host reproduction. The evolutionary pathway that
led to this wide host range is currently the focus of several studies, and the
evolutionary relationships among the supergroups are being clarified by
phylogenomic approaches. These phylogenetic reconstructions are characterized by
long branches originating

from a star-like radiation, likely the signs of major, ancestral, ecological transitions.
Here we show that this evolutionary radiation left clear genomic signatures, sorts of
'genomic bauplans' that characterize current supergroups. This result emerged after
the comparison of the genomes of 26 Wolbachia strains, spanning the diversity of
the major supergroups (A-F), analysing codon usage, GC skew, gene loss,
transposable element content, horizontal gene transfer and intragenic
recombinations. The results of these analyses show patterns coherent with the
Wolbachia phylogeny, providing new insights on the origin and evolution of
supergroups, and of the entire Wolbachia genus. Our results suggest that Wolbachia
supergroups are genetically isolated and, in particular, that strains belonging to the C
supergroup present newly evolved genomic characteristics, reminiscent of free-living
bacteria. This evidence for genomic isolation suggests that more than one species

could be attributed to the genus Wolbachia.
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Introduction

Wolbachia is one of the most widespread and studied genera of intracellular
bacteria, encompassing endosymbionts of arthropods and nematodes (Werren et al.
2008; Bandi et al. 1998) All Wolbachia strains are currently classified into a single
species, Wolbachia pipientis (Hertig 2009; Lo et al. 2007). This species, however, on
the basis of single gene and multi-locus phylogenies (Werren et al. 1995;
Bordenstein et al. 2009), has been divided into 16 monophyletic supergroups,
labelled A to Q (although supergroup G is possibly an artefact) (Augustinos et al.
2011; Glowska et al. 2015; Lo et al. 2002) The monophyly of the most-studied
supergroups has recently been confirmed, albeit only on a limited number of strains,
using whole-genome phylogenetic approaches (Comandatore et al. 2013; Gerth et

al. 2014).

The Wolbachia supergroups are associated with distinct sets of hosts in Arthropoda
and Nematoda. The nature of the association between Wolbachia strains and their
hosts also varies greatly. The symbiosis between C and D supergroup strains and

their filarial nematode hosts presents features associated with mutualism, including

100% prevalence (Taylor et al. 2005), strict vertical inheritance (Bandi et al. 1998;
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Casiraghi et al. 2001), and metabolic integration (Gill et al. 2014; Hosokawa et al.
2010; Darby et al. 2012) . In contrast, Aand B supergroup strains, infecting
arthropod hosts, have <100% prevalence, display evidence of rampant lateral
transfer and induce a variety of reproductive manipulation phenotypes, including
cytoplasmic incompatibility (Cl), parthenogenesis, killing of male embryos and
feminization of genetic males (Werren et al. 2008; Cordaux et al. 2011) pointing to a
more parasitic role. However, within supergroups A and B, evidence has been found
for more mutualistic effects. For example, these wolbachiae may provide an
advantage to their hosts by modulating immune responses that protect against viral

infections (Kambris et al. 2009; Kollenberg et al. 2014).

Is Wolbachia pipientis one species? While they are all intracytoplasmic symbionts,
Wolbachia strains occupy distinct ecological niches in hosts that are phylogenetically
extremely distant. Analyses of supergroup A and B strains coinfecting the same
Drosophila simulans host showed a lack of genetic exchange between supergroups
(Ellegaard et al. 2013). Contrasting biological relationships, host-range limitation and
genomic distinctness has led to suggestions that Wolbachia supergroups should be
considered separate species (Pfarr et al. 2007). If the different supergroups are
evolutionarily independent lineages, distinct at the species level or evolving towards
being distinct, we can expect their genomes to present a mix of shared and derived
features consequent on the different selection pressures they have experienced in

their different environments.

To better understand the genomic distinctiveness of the Wolbachia supergroups and
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further explore whether they are 'irreversibly' separated, we explored the biology of
26 representative, currently available Wolbachia genomes. Using measures of gene
presence/absence, codon usage, GC skew curve, genome rearrangements,
transposable elements, horizontal gene transfer (HGT) and intragenic recombination,
we found that the Wolbachia supergroups, and in particular those from supergroup
C, have distinct patterns of genome evolution, likely the result of extensive periods of

independent evolution.

Materials and methods

Dataset

We analysed the genomes of 26 strains of Wolbachia (wAIbB, wAna, wBm, wBol1,
wCitri, wCle, wDi, wFol, wHa, wLs, wMel, wMen, wNo, wOc, wOo, wOv, wOvC,
wPipJHB, wPipPel, wRi, wSim, wSuz, wUni, wVitB, wWb, wWil; Wolbachia strains
are named by two to six letter names derived from the specific names of their hosts)
and three outgroups (the alphaproteobacterial pathogens Anaplasma centrale, Ace,
and Ehrlichia chauffensis, Ech; and the gammaproteobacterial aphid mutualist
symbiont Buchnera aphidicola, BAp). Sources are given in Table 1. The Wolbachia
genomes were divided into high-quality (10 or fewer contigs or scaffolds) and

draft-quality (more than 10 contigs or scaffolds) assemblies (see Table 1).
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Synteny conservation

A multi-genome alignment of the high-quality Wolbachia strain genomes wBm, wCle,
wDi, wLs, wOo, wOvC, wMel and wPipPel was generated with Mauve (Darling et al.

2004). Conservation of synteny was visualised using the genoPlotR R library.

Origin of replication

The position of the origin of replication (ORI) of wMel and wBm have been previously
inferred by loannidis and colleagues (loannidis et al. 2007). On the basis of these
wMel and

wBm ORI positions, we inferred the position of the ORI in the high-quality genomes
of wCle,

wDi, wHa, wNo, wOo, wOvC, wPipPel, and wRd by aligning them to wBm and wMel
genomes with progressiveMauve (Darling et al. 2004), and identifying the conserved
regions around the wMel and wBm ORIs. The position of the terminus of replication

(TER) was set at halfway through the genome, starting from the ORI position.
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Wolbachia strains (short name) Hosts Sources Scaffolds numbers Supergroups
WMel PRINAST851 1A
wRi PRINA13364 1A
wHa PRINA198768 1A
WPipPel PRINA61645 1B
wNo PRINA198767 1B
w00 PRIEA171829 1c
wBm b PRINAS8107 1D
WOVC chocerca volvulus PRINA224116 ic
wCle Cimex lectularius Nikoh etal. 2014 1F
wDi hitp:/dirofilaria.nematod.cs 2¢
wLs hitp:/litomosoides.nematod.es 10D
WPipJHB PRINASS557 21B
wFol Gerth etal. 2014 98E
wCitri PRINA199833 104B
wSuz PRIEBS96 110A
wOe Gerth etal. 2014 140F
wBoll PRINA199705 144B
WAIbB CAGB01000001-165 165B
wUni PRINA213628 256 A
wwill PRINA16739 260 A
WOV PRINA43537 341C
wAna PRINA13365 464 A
WVitB PRINAT4529 5238
WSim PRINA13364 629A
wWb PRINA43539 763D
Contigs selected from PRINA72521 (Michael Gerth personal
wMen communication) 1664 F
Outgroup strains (short name) Sources
Ace PRINA42155 1
Ech PRINAST7933 1
Bap a pistaciac) NC_004545.1 1

Table 1. Genomes analysed in this report.

List of the genomes included in this study. For each genome, information about the strain, the

corresponding host and the

GC skew

The strand bias of guanine versus cytosine nucleotides (GC skew) along the wBm,
wCle, wDi, wHa, wMel, wNo, wOo, wOvC, wPipPel, wRi and Ace genomes was
studied with a custom Perl script, reconstructing the CG cumulative curves with a
window size of 10,000 and step size of 100. For wBm, wCle, wHa, wMel, wNo, wOo,
wOvC, wPipPel, wRi and Ace, the potential effect of genomic rearrangements on the
current GC skew distribution was evaluated by aligning the genome against the wDi
genome with progressiveMauve, sorting and orienting the synteny blocks according
to the wDi order, and calculating GC skew as above for these re-oriented genomes.

For each window, the GC skew for the reoriented genomes was compared to the GC
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skew of the wDi genome as
| GCSkewyqsi- GCSkewsain | / Z GCSkew,qi. The pairwise Wilcox test with Bonferroni
post-hoc correction was applied to compare the average index values obtained for

the wBm, wCle, wHa, wMel, wNo, wOo, wOvC, wPipPel, wRi and Ace genomes.

The effect of substitutional bias on the guanine and cytosine distribution in the wBm,
wCle, wDi, wLs, wMel, wOo, wOvC, wPipPel and wRi genomes was evaluated on a
set of 551 single-copy, orthologous genes identified with OrthoMCL (Li et al. 2003)
and Perl scripts. Gene alignments were generated using Muscle (Edgar 2004), and a
GC composition bias index was calculated for third position residues as follows:
nucleotide difference towards G / nucleotide difference towards C

where nucleotide difference towards G indicates all mutations

A1 — Guz, Tw1 = Guz, Cuwi — Gu2 in Wolbachia2 (W2) in respect to Wolbachia1 (W1).

The single-copy orthologues were subdivided into two groups: a “right” group
including the genes placed after ORI and before TER, and a “left” group including the
remaining genes. Student's t-test was used to compare the GC composition bias

index of the “right” and “left” genes, considering each Wolbachia strain pair.

Gene loss

Gene loss events were inferred from analysis of gene presence/absence patterns
mapped onto the monophyletic Wolbachia supergroups and monophyletic clusters of

supergroups. The gene presence/absence pattern of each of 12 high-quality
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Wolbachia genomes (wOo, wOvC, wDi, wLs, wBm, wCle, wMel, wHa, wRi, wPip Pel,
wPipJHB and wNo) was determined using OrthoMCL and an in-house Perl pipeline.
We only considered genes lost by all members of a supergroup or cluster, and
annotated candidates using BLAST against the COG database (with 10 e-value

threshold).

Codon usage

Codon preference matrices were derived for each of the wAlbB, wAna, wBm, wBol1,
wCitri, wCle, wDi, wFol, wHa, wLs, wMel, wMen, wNo, wOc, wOo, wOv, wOvC,
wPipJHB, wPipPel, wRi, wSim, wSuz, wUni, wVitB, wWb and wWill Wolbachia
genomes, and Relative Synonymous Codon Usage (RSCU) indices were calculated
with CodonW (http://codonw.sourceforge.net/). RSCU values were subjected to
hierarchical clustering analysis (with the “complete” method) and Principal
Component Analysis (PCA) using R software. On the basis of the clustering result,

codons were categorised as “high”, “medium” and “low” frequency groups.

The AT-richness of codons in the three groups was compared with the Wilcox test
with post-hoc Bonferroni correction. For each complete Wolbachia genome available
in the database (wBm, wCle, wDi, wHa, wMel, wNo, wOo, wOvC, wPipPel and wRi)
the leading and the lagging strands were determined on the basis of the position of
the ORI. CodonW was used to perform a Correspondence analysis (COA) on RSCU

indexes calculated on leading and lagging genes.
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Transposable elements

Insertion sequences (IS) and group Il introns were identified and annotated in wDi (C
supergroup), wLs (D supergroup) and wCle (F supergroup). Group Il introns were
identified following the methods of Leclercq and colleagues (Leclercq et al. 2011). IS
elements were identified using ISSaga (Varani et al. 2011), followed by manual
curation of ISSaga output files. For wLs, most ISSaga hits were short and often
formed groups of 2-4 hits located next to each other. This is typical of pseudogenized
and degraded IS elements. We attributed two consecutive hits to the same or to
distinct IS copies using the following rules:

(1) 1S family: if the two hits belong to different IS families, they belong to distinct
copies. Otherwise: go to criterion (2),

(2) Orientation: if the two hits are in opposite orientation, they belong to distinct
copies. Otherwise: go to criterion (3),

(3) Physical distance: if distance between the two hits is >300 bp, they belong to

distinct copies. Otherwise: they belong to the same copy.

Lateral gene transfer and recombination

Orthologous genes shared among wAIbB, wBm, wCle, wDi, wFol, wHa, wLs, wMel,
wNo, wOc, wOo, wOvC, wPipJHB, wRi, Ech and Ace genomes were identified with
OrthoMCL. For each orthologous gene, the corresponding nucleotide sequences
were retrieved and aligned based on their amino acid translation. Phylogenetic

analyses were performed on each single gene alignment and on a global
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concatenate of all genes, using RAXML (Stamatakis 2014) with the CAT-GTR model
and 1,000 pseudo-bootstraps parameters. Gene trees with minimum bootstrap
support of 70% on each node were selected and manually compared to

the global concatenate tree. Each gene was examined for evidence of intragenic
recombination using Phipack (Bruen et al. 2006) and GENECONYV (Sawyer 1989),

following the approach of Ellegaard and colleagues (Ellegaard et al. 2013).

Results

We are interested in the evolutionary dynamics of Wolbachia, an important genus of
intracellular bacteria. Here we explore the signatures in 26 Wolbachia genomes from
supergroups Ato F, including codon usage, synteny conservation, transposable
element content, distribution pattern of GC composition and origin of replication, to

derive hypotheses of their contrasting evolutionary histories.

Synteny

Wolbachia genomes have been reported to have undergone extensive
rearrangement in comparison with other Rickettsiales (Klasson et al. 2008). These
analyses were based on limited numbers of strains, and in particular only included
wBm from supergroup D as a representative of Wolbachia infecting filarial
nematodes. We analysed five high-quality genome assemblies from filarial

Wolbachia strains from both C and D supergroups (Foster et al. 2005; Darby et al.
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2012; Godel et al. 2012; Comandatore et al. 2013) alongside high quality genomes
from arthropod hosts in supergroup F (wCle), A (wMel) and B (wPipPel). An
alignment of these high-quality genomes revealed conservation of synteny among
the wDi, wOo and wOvC genomes (all in supergroup C) (Figure 1). This conservation

contrasts with very low levels of synteny within and between the other supergroups.

Transposable elements

Synteny breakage and recombination is often associated with repeats and
transposable elements. We therefore screened the Wolbachia genomes for classes
of transposable element (Supplementary Table 1 and Figure 2). We found no group |l
introns in the wDi (C supergroup) and wLs (D supergroup) genomes. However,
insertion sequences (IS) had a striking, disjunct pattern of presence. While wDi had
only a single IS (similar to ISWpi16), wLs contained 210 IS copies. Supergroup A
and B arthropod Wolbachia genomes also have many IS elements (Cerveau et al.
2011), albeit fewer than wLs. IS elements cover nearly 12% of the wLs genome, a
higher percentage than in any other Wolbachia genome sequenced to date. Despite
their high copy number, all wLs IS copies appear to be degraded and there is no
apparent “live” transpositional activity. Remarkably, 97% of the wlLs IS copies
(204/210) belong to a single IS type (ISWpi10). The 6 remaining copies belong to
ISWpi5. Interestingly, the genome of wCle (F supergroup) is characterized by a high
density (10%) and diversity (11 different types) of IS elements and the presence of

group Il introns (Supplementary Table S1).
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Figure 1: Synteny conservation in supergroup C Wolbachia A graphic representation
of Mauve analysis output is shown on the right. Conserved synthetic blocks detected
by Mauve are connected by coloured lines: red lines display transpositions, while

blue lines display inversions. The known phylogenetic relationships among the

In the D supergroup genomes, no IS copy was found to be inserted at an
orthologous site, despite the high number of IS copies in these genomes. By

contrast, in supergroup C, the single IS copy found in wDi is orthologous to the



ISWpi16 copy found in wOo.

GC skew and ORI determination

Another feature described as characteristic of arthropod Wolbachia genomes is the
absence of strong GC skew (Klasson et al. 2008), contrasting with the pattern
commonly observed in most free-living bacteria, and in other endosymbiotic bacteria
such as B. aphidicola (Lobry 1996; Klasson & Andersson 2006). The GC skew of the
nine completely sequenced Wolbachia genomes and two outgroups (wBm, wCle,
wDi, wMel, wOo, wOvC, wPipPel, wHa, wNo, wRi, and the outgroups Bap and Ace)
were analysed. In agreement with previous analyses on a smaller dataset (Klasson
et al. 2008), most Wolbachia genomes do not present any genome-wide pattern of
GC skew (Figure 3). However, the wDi genome has a unique GC skew pattern
(Figure 3), comparable to those typically observed in free-living bacteria, in

pathogenic Rickettsiales (here Ace) and in B. aphidicola.

This pattern of GC skew in wDi could have originated uniquely in wDi or could be an
ancestral feature of Wolbachia, lost by most lineages. To test the hypothesis that the
wDi GC skew pattern is ancestral, we evaluated whether its absence in the wBm,
wCle, wMel, wOo, wOvC, wPipPel, wHa, wNo, and wRi genomes could have been
caused by genome rearrangement. We reordered each genome to conform to the
wDi gene order and recalculated the GC skew on the “pseudo-ancestral” genome
(Figure 4 and Supplementary Figure 1). While rearrangement of supergroup A, B, C

and F genomes did not reveal any hidden GC skew pattern, in the rearranged wOo
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and wOvC genomes we observed a trend similar to that of wDi. The average
differences between the wDi native GC skew curve and both rearranged wOo and
wOvC curves were significantly lower than the native-native comparisons (p-value <
0.001). No better fit was observed between native wDi and the rearranged wBm,

wCle, wMel, wPipPel, wHa, wNo or wRi GC skew curves (Supplementary Figure 2).

— WLs

Mutualists L—— wBm

wCle

— wDi

— —— wOo

—— wMel

L—— wRi

Reproductive =~ L——— wPipPel #

parasites

IS copy number

Figure 2: Insertion sequences in Wolbachia genomes. Results of Insertion
Sequence (IS) analyses performed on the wLs, wBm, wDi, wOo, wCle,
wMel, wRi and wPipPel Wolbachia strains are displayed as a histogram
(right) showing IS quantification for each Wolbachia strain. The known
phylogenetic relationships among the Wolbachia strains are shown on the
left. For each Wolbachia strain the corresponding supergroup is

colour-coded: orange, A; violet, B; green, C; blue, D; black, E; and red, F.
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Figure 3: Cumulative GC skew curves of Wolbachia and compared genomes. GC
skew was calculated with window size of 10,000 nucleotides and step size of 100
nucleotides. The curves for Buchnera aphidicola and Anaplasma centrale are
coloured in grey hues, while the curves for Wolbachia strains are coloured by

supergroup: A, blue hues; B, green hues; C, red hues; D, orange; and F, pink.
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Figure 4: Cumulative GC skew curves of Wolbachia genomes reordered based on
the wDi genome Cumulative GC skew curves of six reoriented Wolbachia genomes
(in red) are compared to the wDi genome (in blue). Genomes were reordered on the

basis on the wDi gene order based on a progressiveMauve genome alignment.

Based on the GC skew analysis presented above, the occurrence of genome
rearrangements could explain the difference in GC distribution between wDi and the
other two C supergroup Wolbachia genomes (wOo and wOvC), but cannot explain
the differences between wDi and the genomes of strains belonging to other
supergroups. We thus hypothesized that, during the evolution of the C supergroup, a
mutational bias led to the asymmetric distribution of GC observed in wDi genome.
For example, a strong mutational bias between the two genome halves delimited by
the origin (ORI) and terminus of replication (TER) (here called “right” and “left”
genome halves), could have led to the GC distribution pattern observed in wDi

(Figure 3).
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GC skew is thought to arise from biased substitution processes driven by the
replicational structure of the circular chromosome. The effect of this process were
investigated by first inferring the position of the ORI in complete Wolbachia genomes
(wCle, wDi, wHa, wNo, wOo, wOvC, wPipPel and wRi) on the basis of the wMel and
wBm ORI positions ((loannidis et al. 2007) - Supplementary Table S2), and then

exploring GC substitution bias in genes to the right and left of the ORI.

No left-right substitution bias was observed between the C supergroups wOo, wOvC
and wDi genomes, but a highly significant mutational bias (Student’s t-test p-value <
0.001) was apparent when comparing any these genomes to any of the other
Wolbachia genomes. No left-right substitution bias was observed in any other
genome pairs, suggesting that it is likely to have originated during C supergroup

evolution (Table 2).

Gene loss

Wolbachia genomes differ in size from ~1.5 Mb to 0.9 Mb. These size differences
could arise from different ratios of loss/acquisition of genomic material (including
transposable elements and phages). We identified putative gene losses in each
Wolbachia supergroup, and in clusters of supergroups, based on orthologue
clustering (Table 3). The most striking result is the extremely limited number of genes
inferred to have been lost on the branches leading to the arthropod-infecting

supergroups A and B: a single gene was lost by the ancestor of supergroup A
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(COG2142). All other putative losses were in the ancestors of supergroups C, D and
F, and in the shared ancestors of (C+F), and (C+D+F). Within the losses inferred in
the ancestor of (C+D+F), ten of the thirteen orthologous groups are
phage-associated proteins, and likely reflect the loss of WO bacteriophage from
these wolbachiae. We note that the fossil Wolbachia in the nuclear genome of the
nematode Dictyocaulus viviparus contains phage fragments (Koutsovoulos et al.

2014), suggesting that this loss may have been convergent in D and (C+F).

w2
wMel wRi wPip_PEL wOo wOvC wDi wCle wLs wBm
wMel - - - + +

wRi - - - + +
wPipPel - - - + +
Wi wOo
wOvC
wDi
wCle - - - + +

+ 4+ 4+ o+ o+

+

wls - - - + + +

wBm - - - + + +

Table 2. Mutational bias in Wolbachia genomes.

For each pair of Wolbachia genomes, the average mutational bias measured on the
genes homologous to “right ” wDi genes, is compared to the mutation bias measured on
the genes homologous to “left” wDi genes. Comparisons were performed with Student's

t-test, with Bonferrorni correction. Significantly different comparisons (p-value < 0.001)

are reported with “+”; not significant with “-".

Codon usage

All available Wolbachia genomes have a strong compositional bias towards AT, a
characteristic common in intracellular bacteria (Klasson & Andersson 2006).

Wolbachia genomes encode a limited number of tRNAs, typically 32. We thus
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explored how these two features might influence Wolbachia codon usage. The

codon usage of all 26 Wolbachia genomes was compared, calculating the Relative

Synonymous Codon Usage (RSCU) index, hierarchical clustering and PCA analysis.

Common ancestor COG code COG Annotation

A [C] COG2142 Succinate dehydrogenase, hydrophobic anchor subunit
C [H] COG0307 Riboflavin synthase alpha chain

C [J7]1 COG0030 Dimethyladenosine transferase (rRNA methylation)
C [L] COG0468 RecA/RadA recombinase

C [MG] COG0702 Predicted nucleoside-diphosphate-sugar epimerases
C [NU] COG1450 Type II secretory pathway, component PulD

C [P] COG2193 Bacterioferritin (cytochrome b1)

C [R] COG1268 Uncharacterized conserved protein

C [S] COG5590 Uncharacterized conserved protein

CDF [L] COG3344 Retron-type reverse transcriptase

CDF [M] COGO0818 Diacylglycerol kinase

CDF [OU] COG0616 Periplasmic serine proteases (CIpP class)

CDF [R] COG0220 Predicted S-adenosylmethionine-dependent methyltransferase
CDF [R] COG3497 Phage tail sheath protein FI

CDF [R] COG3498 Phage tail tube protein FII

CDF [R] COG3499 Phage protein U

CDF [R] COG3628 Phage baseplate assembly protein W

CDF [R] COG3948 Phage-related baseplate assembly protein

CDF [R] COG4540 Phage P2 baseplate assembly protein gpV

CDF [R] COG5004 P2-like prophage tail protein X

CDF [R] COGS5511 Bacteriophage capsid protein

CDF [R] COG5525 Bacteriophage tail assembly protein

CDF [S] COG5283 Phage-related tail protein

CF [L] COG3335 Transposase and inactivated derivatives

D [C] COGO0371 Glycerol dehydrogenase and related enzymes

D [H] COG0262 Dihydrofolate reductase

D [H] COG0294 Dihydropteroate synthase and related enzymes

Table 3. Genes lost during Wolbachia evolution.

Both hierarchical clustering and PCA analysis grouped Wolbachia strains largely

coherently by supergroup, with the exception of supergroup D wLs, which clustered

within supergroup C strains (Figure 5 and Supplementary Figure 3). Codons were

grouped into three main clusters, characterized by low (n = 31), medium (n = 29) or
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high (n = 4) relative frequency. The 29 codons belonging to the medium cluster have
a higher AT richness than the 31 low frequency codons (Wilcox test with Bonferroni
correction p-value < 0.01). No significant correspondence (McNemar test) was found

between the tRNA anticodons found in the genomes and codon usage frequency.

The codon usages of genes transcribed on the leading and lagging strands of the
more complete genomes of wBm, wCle, wDi, wHa, wMel, wNo, wOo, wOvC,
wPipPel and wRi were compared to identify any effects of genome position (Figure 6
and Supplementary Figure 4). wDi and wOo were the only Wolbachia strains
analysed that showed two different codon usages for genes on the leading and

lagging genome strands.

Lateral gene transfer and recombination

We identified 467 single-copy and globally shared orthologous genes, inferring

phylogenetic trees for each gene and for a concatenated alignment. Only 20 of the
gene trees showed a minimum ML bootstrap support of 70, and 14 of these had a
topology inconsistent with the global concatenate, perhaps indicating lateral rather

than vertical inheritance.

HGT and recombination signals among 14 Wolbachia strains (belonging to the A-F
supergroups) were studied, with the exclusion of the pair A and B, previously
described as highly recombined (Ellegaard et al. 2013). We found evidence for HGT

between the ancestors of the current Wolbachia lineages and supergroups (Table 4).
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Four of the highly supported gene trees present a signal of HGT between the
common ancestor of the monophylum ((C,F),D) and the supergroup B ancestor. One
tree suggests the presence of HGT between ((C,F),D) and supergroup A ancestors.
HGT between the supergroup D ancestor and the supergroup F ancestor was
suggested by three gene trees. Two trees suggested HGTs between the supergroup
D ancestor and an external bacterial lineage, and one suggests that HGT occurred
between the supergroup D ancestor and the common ancestor of supergroups A and

B.

Intra-gene recombination analyses identified 33 recombination events (Table 4), of
which 26 were intra-supergroup events, equally divided between supergroups A and

B. The five inter-supergroup recombinations were all between supergroups A and B.
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R b type Supergroups involved COG code COG annotation

Partially transferred A-CDF [P] COG0475 Kef-type K+ transport systems, membrane components

Partially transferred B-CDF [C] COG1034 NADH dehydrogenase/NADH:ubiquinone oxidoreductase 75 kD subunit (chain G)

Partially transferred B-CDF [J]COG1185 Polyribonucleotide nucleotidyltransferase (polynucleotide phosphorylase)

Partially transferred B-CDF [L] COG2812 DNA polymerase 111, gamma/tau subunits

Partially transferred B-CDF [L] COGO0749 DNA polymerase I - 3'-5' exonuclease and polymerase domains

Partially transferred B-F [L] COG0592 DNA polymerase sliding clamp subunit (PCNA homolog)

Partially transferred B-F [F] COGO519 GMP synthase, PP-ATPase domain/subunit

Partially transferred C-D [U] COGO0541 Signal recognition particle GTPase

Partially transferred D-AB [R] COG0496 Predicted acid phosphatase

Partially transferred D-F [L] COG0188 Type ITA topoisomerase (DNA gyrase/topo I, topoisomerase V), A subunit

Partially transferred D-F [J]1 COG0482 Predicted tRNA(5-methylaminomethyl-2-thiouridylate) methyltransferase, contains the PP-loop ATPase domain
Partially transferred D-F [0] COG0760 Parvulin-like peptidyl-prolyl isomerase

Partially transferred D-OUT [U] COG3704 Type IV secretory pathway, VirB6 components

Partially transferred D-OUT [0] COG1219 ATP-dependent protease Clp, ATPase subunit

Entirely transferred A [F]COGO0138 AICAR transformylase/IMP cyclohydrolase PurH (only IMP cyclohydrolase domain in Aful)
Entirely transferred A [C] COG1249 Pyruvate/2-oxoglutarate dehydrog: complex, dihydroli ide dehydrogenase (E3) component, and related enzymes
Entirely transferred A [C] COG1249 Pyruvate/2- il dehyd: complex, ide dehyd: (E3) component, and related enzymes
Entirely transferred A [J]1 COG0008 Glutamyl- and glutaminyl-tRNA synthetases

Entirely transferred A [J] COG0060 Isoleucyl-tRNA synthetase

Entirely transferred A [7]COG1185 Polyril i idyltransferase (p ide phosphorylase)

Entirely transferred A [J] COG0495 Leucyl-tRNA synthetase

Entirely transferred A [J]1 COG0495 Leucyl-tRNA synthetase

Entirely transferred A [J] COGO751 Glycyl-tRNA synthetase, beta subunit

Entirely transferred A [J] COGO0751 Glycyl-tRNA synthetase, beta subunit

Entirely transferred A [G] COGOO061 Predicted sugar kinase

Entirely transferred A [U] COG3504 Type IV secretory pathway, VirB9 components

Entirely transferred A [D] COG0849 Actin-like ATPase involved in cell division

Entirely transferred A-B [F] COG0034 Glutamine phosphoribosylpyr amidotra

Entirely transferred A-B [U] COG0706 Preprotein translocase subunit YidC

Entirely transferred A-B [C] COG0045 Succinyl-CoA synthetase, beta subunit

Entirely transferred A-B [J]1 COG0525 Valyl-tRNA synthetase

Entirely transferred A-B [0] COG1138 Cytochrome ¢ biogenesis factor

Entirely transferred B [CP] COGO0651 Formate hydrogenlyase subunit 3/M bunit Na+/H+ antiporter, MnhD subunit

Entirely transferred B [U] COGO0541 Signal recognition particle GTPase

Entirely transferred B [U] COG3736 Type IV secretory pathway, component VirB8

Entirely transferred B [J] COG2913 Small protein A (tmRNA-binding)

Entirely transferred B [U] COG0706 Preprotein translocase subunit YidC

Entirely transferred B [L] COG3893 Inactivated superfamily I helicase

Entirely transferred B [C] COG0567 2-oxoglutarate dehydrogenase complex, dehydrogenase (E1) component, and related enzymes
Entirely transferred B [C] COG0045 Succinyl-CoA synthetase, beta subunit

Entirely transferred B [J]1 COG0173 Aspartyl-tRNA synthetase

Entirely transferred B [C] COG1071 Pyruvate/2-oxoglutarate dehydrogenase complex, dehydrogenase (E1) component, eukaryotic type, alpha subunit
Entirely transferred B [7] COG0525 Valyl-tRNA synthetase

Entirely transferred B [J] COGO0525 Valyl-tRNA synthetase

Entirely transferred B [0] COG0465 ATP-dependent Zn proteases

Entirely transferred C-B [L] COG3893 Inactivated superfamily I helicase

Entirely transferred F-OUT [U] COG3704 Type IV secretory pathway, VirB6 components

Table 4. Genes whose sequences originated, entirely or partially, by horizontal transfer among

ancestors of Wolbachia lineages
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Figure 5: RCSU index clustering across Wolbachia strains The heatmap
shows hierarchical clustering of codons and genomes based on the Relative
Synonymous Codon Usage index values. The RSCU values are reported with
a colour range from white to red in the heatmap. The dendrogram reported on
the left of the heatmap represents the result of the clustering analysis on the
codons. The dendrogram above the heatmap reports the result of the
clustering analysis performed on the organisms. For each Wolbachia strain the
corresponding supergroup is reported as follow: orange, A, violet, B; green, C;
blue, D; black, E; and red, F.
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Figure 6: Genes on leading and lagging strands Coordinates Analysis
(COA) of genes located on the leading and lagging strands in four analysed
Wolbachia genomes. Leading genes are shown in orange, lagging genes in
violet. The distribution graphs corresponding to the X and Y axes are
reported respectively above and on the right of each panel. This same
analysis performed on four other Wolbachia genomes is reported in
Supplementary Figure 3.



Discussion

The alphaproteobacterial genus Wolbachia has been classified into 16 supergroups,
mainly on the basis of 16S rDNA phylogenetic analyses. This classification groups
the Wolbachia strains coherently with the host taxonomy and ecology, opening the
question of whether they could be classified as different species. We performed a set

of genomic analyses to investigate this hypothesis.

Phylogenomic analyses have further organised Wolbachia diversity into two
monophyletic clusters of supergroups: (A+B) and (C+D+F) (Comandatore et al.
2013; Gerth et al. 2014). While recombination has been observed between strains
from the same supergroup, the supergroups may be relatively isolated genetically.
Thus, no recombination was detected between wHa (supergroup A) and wNo
(supergroup B), despite their infecting the same arthropod host species (Ellegaard et
al. 2013). We sought to identify genomic structural and compositional differences

between supergroups, with a particular focus on the (C+D+F) cluster.

Early comparisons of Wolbachia genomes revealed an extreme lack of synteny
between supergroup A and B arthropod symbionts, and wBm (supergroup D)
(Klasson and Andresson, 2006). Several additional supergroup C, D and F
Wolbachia genomes are now available: wDi, wOo, wOvC (supergroup C), wlLs
(supergroup D), and wCle (supergroup F), permitting reanalysis of this pattern in the

(C+D+F) cluster. We find that the genomes of supergroup C show an elevated level
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of synteny, but supergroup D genomes are highly rearranged. This disjunct pattern
suggests that supergroup D Wolbachia genomes may be evolving very differently

from those of other Wolbachia.

IS elements are known to promote intragenomic recombination. Wolbachia genomes
vary dramatically in terms of their IS content. Supergroup C genomes show a paucity
of IS elements whereas supergroups A, B, D, and F genomes have many IS
elements, a pattern consistent with a possible role for IS in synteny breakage in
some Wolbachia genomes. IS element diversity also contrasts between
supergroups. Supergroup D genomes contain many elements (and element
fragments) deriving from very few distinct types, while the supergroup A and B
genomes have many elements from diverse IS types (Cerveau et al. 2011). This
might be explained by the lifestyle of the Wolbachia strains, as the mutualistic
supergroup D strains are only vertically inherited in their nematode hosts, whereas
supergroup A and B strains experience a combination of vertical and horizontal
transmission. Horizontal transmission should enable more frequent contact and
genetic exchanges with other microorganisms, and thus generate higher IS diversity.
The supergroup F genome (from wCle) is also from a strain exhibiting mutualist
interactions with its host, but wCle displays high IS diversity, like the parasitic
supergroup A and B strains. This is consistent with the notion that wCle has recently
shifted to mutualism and still shows transposable element patterns of its
non-mutualistic ancestor. Within supergroup D, the IS elements of wLs and wBm

appear to have expanded independently.
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The homologous recombination pathway gene recA, involved in genome stability, is
lacking in all supergroup C genomes (Darby et al. 2012; Badawi et al. 2014). By
contrast, in supergroup D, the homologous recombination pathway is complete in the
only closed genome available, wBm (Foster et al. 2005; Badawi et al. 2014), a result
that supports genome plasticity. However, wBm may be exceptional, as other
supergroup D genomes appear to have a deficient homologous recombination
pathway (Badawi et al. 2014). Additional complete genome sequences from
supergroup D strains will be needed to determine whether wBm is unusual in both its

recA status and rearrangement history.

Conserved synteny means that the genomes of supergroup C Wolbachia also have
other conserved genomic features. GC skew builds up in stable genomes through
the differential mutagenic exposure of DNA on the leading and lagging strands
during chromosomal replication (Rocha 2004). Rearrangement randomises the
cumulative effect of this mutation pressure, and genome-wide GC skew is thus only
observed in relatively evolutionarily stable genomes. Such a trend is commonly
observed in free-living bacterial genomes (Grigoriev 1998), but was also previously
reported for the supergroup C wOo genome (Darby et al. 2012). Klasson and
Andersson (Klasson & Andersson 2006) described similar GC skew trend in the
aphid endosymbiont B. aphidicola, and hypothesized that the lack of recA and
mutational bias could be the causes of this GC distribution pattern. The GC skew
also affects codon usage of genes depending on their position and orientation in the
genome. We identified a strong genome-wide GC skew in wDi, and differences in

codon usage between genes localized on leading versus lagging strands in
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supergroup C genomes. As the GC skew pattern was strongest in wDi, implying that
this genome has not rearranged for the longest time, we reordered the other
Wolbachia genomes compared to wDi to identify any residual ancestral GC skew
signature in the rearranged genomes that had not yet been erased during

subsequent evolution.

The re-oriented wOo genome showed stronger GC skew than the natively ordered
genome, albeit less pronounced than that of wDi, and was more similar to the wDi
curve than that of other re-oriented Wolbachia genomes. The supergroup C
genomes also had a significantly different mutational bias compared to other
Wobachia. The “retained” GC skew and the extended blocks of synteny among wDi,
wOo and wOVC, lead us to hypothesize that a limited number genomic
rearrangements have occurred in the wOo/wOvC lineage and that the ancestral

gene order is largely conserved in wDi.

Is the wDi genome representative of the ancestor of all Wolbachia? We suggest not.
It is likely that the loss of the recA pathway in the last common ancestor of
supergroup C, and the general loss of IS elements, resulted in a halt to genome
rearrangement, and this stability then permitted a build-up of GC skew and
mutational bias in the stabilised genome. Limited subsequent rearrangements in
some supergroup C strains (here represented by wOo and wOvC) have obscured

but not erased the signatures of is evolutionary stability.

The process of gene loss is one of the most important phenomena in the evolution of
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intracellular bacteria (Koonin & Wolf 2012), an importance exacerbated in filarial
Wolbachia strains where gene acquisition from other bacterial species has not been
described. The pattern of gene loss across Wolbachia genomes identified a set of
WO-phage genes as being eliminated from extant supergroup C, D and F genomes,
but the fossil supergroup F Wolbachia identified in the nuclear genome of D.
viviparus contains phage components: loss of phage may have been gradual in the
(C+D+F) cluster. In our global analysis, recA was identified as being lost from
supergroup C, as expected, but we also identified a number of other losses in the
supergroup C lineage associated with a variety of other processes. The physiological

linkage between these gene losses, if any, is unclear.

The inferred HGTs between the ancestor of the (C+D+F) cluster and the ancestors of
supergroups A and B (Table 4) suggest that the lineage that led to these Wolbachia
supergroups was competent for acquisition of foreign DNA. HGT events between the
ancestor of supergroup D and the supergroup F wCle suggest that the ability to
recombine was maintained during early divergence of this cluster, at least within the
lineage leading to the supergroup F, and was lost secondarily during genome

reduction of the C and D lineages.

In conclusion, our analyses suggest that Wolbachia supergroups are not just
phylogenetic lineages. The six supergroups analysed present coherence in multiple
features. For example, codon usage clusters Wolbachia strains coherently in
supergroups, and supergroups C and D are well differentiated in terms of IS

presence, GC skew pattern, gene presence/absence, synteny and codon usage.
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Thus, there is strong evidence for genomic isolation between living strains of
Wolbachia that belong to different supergroups (this study and (Ellegaard et al.
2013)). In particular, supergroup C strains share a suite of genomic features (very
low number of genomic rearrangements, paucity of IS elements, freeliving-like GC
skew curve and codon usage that is different between genes located on leading and
lagging strands) that is more commonly observed in free-living bacteria and
associated with genome structure stability. These considerations support the
contention that the A-F supergroups should be ranked at the species level (Pfarr et

al. 2007; Ellegaard et al. 2013).
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Supplementary material

wHa (Supergroup A) WRi (Supergroup A)
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Supplementary Figure 1. Cumulative GC skew curves of Wolbachia genomes
reordered based on wDi genomeCumulative GC skew curves of the wHa (a), wRi (b)
and wPipPel (c) reoriented Wolbachia genomes (in red) are compared to the wDi

genome (in blue). Genomes were reordered
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Supplementary Figure 2. Comparisons of the cumulative GC skew curves
of Wolbachia genomes. Box plot of the distances between the cumulative
GC skew curves of each reordered Wolbachia genome and the GC skew
curve curve of the wDi genome. The wOo and wOvC GCskew curves are
more similar to the wDi GCskew curve, in comparison to all the others
(Wilcox test, p-value 0.01). For each Wolbachia strain the corresponding
supergroup is highlighted as follow: orange, A, violet, B; green, C; blue, D;
black, E; and red, F.
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Supplementary Figure 3. Principal Component Analysis (PCA) of the
Relative Synonymous Codon Usage (RSCU) indexes Scatter plot
reporting the two most significant axes resulting from the Principal
Component Analysis (PCA), performed of the Relative Synonymous
Codon Usage (RSCU) indexes calculated on 23 Wolbachia strains from
supergroups A-N. Each dot corresponds to a Wolbachia strain,
colour-coded based on the supergroup: orange, A; violet, B; green, C;
blue, D; black, E; and red, F. On each axis, the supergroup density
distribution graph is reported. Axis1 explains 99.6% of the variation,

while axis2 explains only 0.001% of the variation.
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Supplementary Figure 4. Coordinates Analysis (COA) of genes on the leading and
lagging strands in wHa, wRi, wNo and wBm genomesLeading genes are

represented in orange, lagging genes are represented in violet. In parallel with the X

and Y axes, the corresponding distribution graphs are reported.
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wDi wOo wLs wBm wCle wMel wRi wPel
Supergroup C C D D F A A B
Genome size (kb) 921 958 1049 1080 1,250 1268 1446 1482
IS copy number 1 6 210 52 181 105 171 170
Genome coverage 0.1% 0.5% 11.9% 2.6& 9.8% 6.1% 11.0% 8.4%
References This study (Cordaux 2009) This study (Cordaux 2009; CThis study (Cerveau et al. 20 (Cerveau et al. 20 (Cerveau et al. 20

Group II intron copy number 0

Genome coverage
References

0
This study

0 0
0 0
(Darby et al. 2012 This study

0 7
0 0,2%
(Leclercq et al. 20 This study

16 14 6
1.9% 1.8% 0.8%
(Leclercq et al. 20 (Leclercq et al. 20 (Leclercq et al. 20

Supplementary Table 1: Transposable element content (IS elements and group Il

introns) in Wolbachia genomes.

wHa 1017366 - 1017769
wRi 1055974 - 1056377
wNo 580758 - 581164
wPipPel 920589 - 920992
wDi 2162 - 2646
wOo 374794 - 375255
wCle 652958-653442
wOvVC 10858-11318

Supplementary Table 2:

Wolbachia strain

ORI position range

ORI position (based on GCskew)

-34377
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5. Summary of results and conclusions

During my Ph.D. | studied the evolution of the Wolbachia-host symbiotic relationship using
genomic approaches. | took part to the projects for the sequencing and analysis of the
genomes of the filarial nematode Dirofilaria immitis, of the Wolbachia endosymbiont of
Dirofilaria immitis — wDi and of the Wolbachia endosymbiont of Litomosoides sigmodontis
— wLs. | reconstructed the phylogeny of the supergroups A-D, using a novel phylogenomic
approach, and | performed a comparison of the genomes of 26 Wolbachia strains

spanning the supergroups from Ato F.

The genomic analyses of D. immitis and wDi allowed to understand that the nematode and
the bacterium are reciprocally dependent for the synthesis of an array of metabolites. In
particular, the metabolic complementarity regards two fundamental pathways: i) the de
novo biosynthesis of purine and pyrimidine pathway, absent in wDi and present in D.
immitis; ii) the pathway for heme biosynthesis, which is present in wDi and absent in the

host.

The comparison of the sequences of all the orthologous proteins shared between wBm
and wDi shows that the enzymes involved in the membrane biosynthesis are likely
subjected to a strong positive selective pressure. Considering that these proteins compose
the contact surface between wDi and the host, this signal of fast evolution suggests a

fundamental role for these proteins in the wDi-D. Immitis symbiosis.

The high rate of gene recombination that involved Wolbachia strains drastically reduces
the phylogenetic signal contained in each Wolbachia gene sequence. For this reason, a
robust phylogenetic reconstruction of the Wolbachia genus was not obtained before the
genome sequencing of a sufficient number of strains. The sequencing of the wDi and wLs
genomes allowed to have a number of Wolbachia genomes sufficient to perform
phylogenetic analysis based on genomic sequences. | included in this analysis the
genomes from 14 Wolbachia strains, spanning the supergroups from Ato D. | selected a
dataset of 90 not recombined and not saturated high-quality genes, that | then used in the
phylogenetic reconstruction. This approach allowed me to obtain a robust Wolbachia

phylogenetic tree, which showed that nematode Wolbachia strains originated from a single
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ancestor. All the nematode Wolbachia strains included in the analysis have a clear
mutualistic relationship with the host, in opposite to arthropod Wolbachia strains. Thus, this
phylogenetic result suggests that mutualistic behavior originated only once during the
evolution of the Wolbachia genus. The dataset of 90 high-quality genes that | generated
resulted to be useful to the scientific community studying Wolbachia. Indeed Gerth et al.
2014 used it to reconstruct a more complete Wolbachia phylogenomic, which included, in
addition to the genome that | used, the newly sequenced genomes from Wolbachia strains

belonging to supergroups E, F and H.

| spent the last year of my Ph.D. period performing the comparison of 26 genomes from
Wolbachia strains spanning from A to F supergroups. In this analysis | considered a set of
genomic features, including GC skew curve pattern, genomic synteny, codon usage,
transposable elements presence and gene loss. The results of this genomic comparison
brought me to infer that the recA gene was lost in correspondence to the origin of the
Wolbachia supergroup C. The RecA protein has a crucial role in the recombination
pathway, often involved in chromosomal translocation. In my hypothesis, this gene loss
has deeply affected the genomic evolution of Wolbachia strains of the C supergroup. The
typical absence of synteny in Wolbachia genomes suggests that translocation has an
important role in Wolbachia genome evolution. Without the recA gene, the ancestor of the
C Wolbachia supergroup (and the current Wolbachia strains that belong to this lineage)
was not able to complete a chromosomal translocation process. Thus, the role of
translocation in the evolution of the C Wolbachia supergroup resulted to be drastically
reduced. The most evident consequences of this genome stability are the conserved
synteny among the strains of the lineage, and the “regeneration” of the free-living-like CG
skew patten in these genomes.

During the chromosomal replication process there is a bias during the elongation activity of
the DNA Polymerase: it tends to accumulates more G than C in the leading strand, and
more C then G in the lagging strand. The effects of this phenomenon are not detectable in
high re-arranged genomes, but are evident in C Wolbachia strains. The molecular
mechanism of this process is unknown, and it not not clear if it provides an advantage to
the bacterium. Likely, a regular distribution of the G and C nucleotides along the genome

could have an advantageous effect during the replication process.

It is very intriguing to note that the recA gene is present in the nematode Wolbachia strains
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of the supergroup D. In contrast to what | observed in genomes of the C supergroup, D
strains have a highly re-arranged genome structure, more similar to the arthropod
Wolbachia strains. Furthermore, D Wolbachia strains resulted to be rich in transposable

elements, in opposite to the C Wolbachia genomes that contain very low numbers.

The results of the genome comparison provided evidence for genomic isolation among
supergroups: | found a very low rate of inter-supergroup gene recombination and high
codon usage conservation within the supergroups. These evidences suggest that these
monophyletic lineages, called supergroups, indeed have biological meaning, possibly
warranting their classification at the species level. The taxonomic classification of lineages

within the Wolbachia genus remains an open and intriguing topic in this research field.
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Here, we present the draft genome sequence of Klebsiella pneumoniae subsp. pneumoniae sequence type 512 (ST512) isolated
during a KPC-producer outbreak. This strain is resistant to $-lactams, cephalosporins, fluoroquinolones, aminoglycosides,
macrolides, tetracyclines, and carbapenems but susceptible to colistin. The ST512-K30BO genome is composed of 289 contigs for

5,392,844 bp with 56.9% G+C content.
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lebsiella pneumoniae is responsible for an increasing number

of healthcare-related infections, mostly in patients with im-
paired immunity, including bloodstream and wound infections,
pneumonia, and abscesses. The rapid diffusion of this pathogen is
due mainly to the emergence of a number of multidrug-resistant
strains (1). In particular, the first report of carbapenem-resistant
K. pneumoniae in 2001 was followed by a worldwide spread of
different types of carbapenemase producers, including the most
widespread, K. prneumoniae carbapenemase (KPC) and New Delhi
metallo-B-lactamase (NDM) (2). The first Italian outbreak of K.
pneumoniae KPC producers was reported recently (3).

The K. pneumoniae isolate ST512-K30BO was isolated using a
central venous catheter from a hospitalized patient at the St. Or-
sola Malpighi University Hospital in Bologna, Italy. Antimicrobial
susceptibility testing was performed according to the European
Committee on Antimicrobial Susceptibility Testing guidelines
(4). The isolate ST512-K30BO showed multiple resistances to
clinically used antibiotics, including B-lactams, cephalosporins,
carbapenems, fluoroquinolones, macrolides, aminoglycosides, and
tigecycline. The strain was susceptible to colistin. Whole DNA was
extracted using the Qiagen DNeasy kit and subjected to quality con-
trols. Next-generation sequencing was performed on an Illumina
HiSeq 2000 platform (5) with 300-base distant paired ends. Overall,
29,008,494 paired sequences were generated, for a total of more than
5.7 gigabases and a mean length of 199 bases per pair.

The genome assembly was performed using MIRA 3.4 (6) after
quality selection and trimming via a specifically designed
PerlScript. The assembly was manually checked using the Gap4
software of the Staden package (7). The resulting assembly con-
sists of 289 contigs, with a G+C content of 56.9% for a total of
5,392,844 bp. Multilocus sequence type (MLST) analysis was per-
formed using the Center for Biological Sequence Analysis (CBS)
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server online tool (http://www.cbs.dtu.dk/services/MLST/). The
sequenced genome was of strain 512. This strain, which is highly
similar to the most widespread multidrug-resistant ST258 strain
(8), has been reported previously as carbapenem-resistant and
epidemic in Israel (9).

Genome annotation was performed automatically on the
Rapid Annotation using Subsystem Technology (RAST) server
(10) using Glimmer for base calling. Additionally, all open reading
frames obtained from the RAST annotation were subjected to
BLAST analysis against the Antibiotic Resistance Database
(ARDB) (11) and the Comprehensive Antibiotic Resistance Data-
base (CARD) (http://arpcard.mcmaster.ca). All of the genes indi-
cated by at least one database as being implicated in antibiotic
resistance were manually controlled. This approach highlighted
the presence of 164 genes related to antibiotic resistance, including
blacrx e blarpniss blasyy.y, blagpc.s, ant(3")-1a, ant(2")-1a,
marA, macA, macB, and tetR. Comparative genomic analyses will
be performed to highlight similarities and differences between
ST512 and other K. pneumoniae strains with different antimicro-
bial susceptibility patterns.

Nucleotide sequence accession number. The genome se-
quence was deposited in the European Bioinformatics Institute
(EBI) under accession no. CAJM01000000.
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Sequence type 258 (ST258) is the most widespread multidrug resistant (MDR) Klebsiella pneumoniae strain worldwide. Here, we
report the draft genome sequences of two colistin-resistant MDR K. pneumoniae ST258 clinical strains isolated from hospital
patients in Italy. These strains are resistant to 3-lactams, cephalosporins, fluoroquinolones, aminoglycosides, macrolides, tetra-

cyclines, carbapenems, and colistin.
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n recent years, the rapid spread of Klebsiella pneumoniae show-

ing multidrug resistant (MDR) phenotypes has been observed
worldwide (1). K. pneumoniae carbapenemase (KPC)-producing
K. pneumoniae isolates are resistant to carbapenems, cephalospo-
rins, fluoroquinolones, and aminoglycosides. These MDR patho-
gens usually remain susceptible to colistin (2, 3). Asa consequence
of the increased use of colistin to treat infections provoked by
these MDR strains, several outbreaks of colistin-resistant K. pneu-
moniae have been reported (4—6). Here, we present the draft ge-
nome sequences of two MDR colistin-resistant K. pneumoniae
ST258 isolates in Italy.

The two K. pneumoniae ST258 isolates, ST258-K26BO and
ST258-K28BO, were isolated from two patients hospitalized in the
St.Orsola-Malpighi University Hospital in Bologna, Italy. An eval-
uation of their antimicrobial susceptibilities was performed fol-
lowing the European Committee on Antimicrobial Susceptibility
Testing (7). The two isolates showed identical profiles, which in-
cluded resistance to all B-lactams, cephalosporins, carbapenems,
fluoroquinolones, macrolides, aminoglycosides, tigecycline, and
colistin.

Next-generation sequencing was performed on the Illumina
Hi-Seq 2000 platform (8) with 300-base distant paired-ends.
Paired sequences (30,914,425 and 29,937,249) were generated, for
a total of over 6.2 and 5.9 gigabases, respectively. Both data sets
had mean lengths of 199 bases per pair.

Genome assembly was performed using MIRA 3.4 (9) after
quality selection and trimming were done via a specifically de-
signed PerlScript. The two assemblies were manually corrected
using the Gap4 software of the Staden package (10). The assembly
of ST258-K26BO consists of 193 contigs, with a G+C content of
57%, for a total of 5,526,679 bp. The assembly of ST258-K28BO
consists of 168 contigs, with a G+ C content of 57.1%, for a total of
5,663,706 bp.
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Multilocus sequence typing (MLST) analysis was performed
on the Component Build Service (CBS) server online tool (11).
Both genomes were of the well-known sequence type 258.

Genome annotation was performed for both isolates on the
Rapid Annotation using System Technology (RAST) server (12)
using the Glimmer option for open reading frame (ORF) calling.
Additionally, all ORFs obtained from the RAST annotation were
subjected to BLAST analysis against the Antibiotic Resistance Da-
tabase ARDB (13) and the Comprehensive Antibiotic Resistance
Database (CARD) (14). This approach highlighted the presence of
genes related to antibiotic resistance, which were 145 and
152 for ST258-K26BO and ST258-K28BO, respectively, including
blacrxmo blarem. sz blagyy.o, blagpc s, ant(3")-Ia, ant(2")-Ia,
marA, macA, macB, and tetR. Comparative genomic analyses will
be performed in order to compare these and other K. pneumoniae
strains to try to shed light on the mechanism of colistin resistance
in this pathogen.

Nucleotide sequence accession numbers. The genome sequences
were deposited at the European Bioinformatics Institute (EBI)
under the accession no. CANR01000000 and CANS01000000.
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We report the draft genome sequence of the Stenotrophomonas maltophilia strain EPM1, found in association with a culture of
Giardia duodenalis. The draft genome sequence of S. maltophilia strain EPM1, obtained with Roche 454 GS-FLX Titanium tech-
nology, is composed of 19 contigs totaling 4,785,869 bp, with a G+C content of 66.37%.

Received 11 March 2013 Accepted 13 March 2013 Published 18 April 2013

Citation Sassera D, Leardini |, Villa L, Comandatore F, Carta C, Aimeida A, do Céu Sousa M, Gaiarsa S, Marone P, Pozio E, Caccid SM. 2013. Draft genome sequence of
Stenotrophomonas maltophilia strain EPM1, found in association with a culture of the human parasite Giardia duodenalis. Genome Announc. 1(2):e00182-13. doi:10.1128/

genomeA.00182-13.

Copyright © 2013 Sassera et al. This is an open-access article distributed under the terms of the Creative Commons Attribution 3.0 Unported license.

Address correspondence to Simone M. Caccio, simone.caccio@iss.it.

tenotrophomonas maltophilia is an aerobic, nonfermentative

gammaproteobacterium commonly found in water and soil
and in association with plants. S. maltophilia has several beneficial
effects on plants, including protection from pathogens, pro-
motion of growth, and biodegradation of pollutants (1). Fur-
thermore, it is recognized as an emerging opportunistic human
pathogen that is spread easily in hospital settings (2). In immuno-
compromised patients, S. maltophilia can lead to nosocomial in-
fections with a significant fatality-to-case ratio (3), and up to 15%
of patients with cystic fibrosis are colonized with S. maltophilia
(4). Different S. maltophilia strains exhibit resistances to common
antibiotics due to chromosomally encoded multidrug resistance
proteins, such as antibiotic-inactivating enzymes and efflux
pumps (5). These resistances are suggested to be acquired in the
environment (6).

S. maltophilia strain EPM1 was found during the sequencing of
two human-derived strains of Giardia duodenalis, a flagellated
protozoan that parasitizes the small intestine of mammals. In its
vegetative stage, this parasite can be grown in a medium supple-
mented with antibiotics and antifungals. The presence of S. malto-
philia is likely the result of laboratory contamination of this cul-
ture medium. The environmental origin of the EPMI strain is
reinforced by its occurrence in other G. duodenalis strains that
were propagated in the same medium. Here, we present the se-
quence and annotation of the genome of S. maltophilia EPM1.
Whole DNA was extracted using a commercial kit (Qiagen) and
was subjected to quality controls. Next-generation sequencing
was performed on a full plate of the Roche 454 GS-FLX Titanium
platform (7). A total of 1,290,645 reads were generated, with an
average length of 477 bases, for a total of 591 megabases. A first
assembly was performed by feeding all the reads to MIRA 3.4 (8).
The 1,804 contigs obtained were subjected to BLAST analysis
against Giardia and Stenotrophomonas databases. Reads belonging
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to contigs exhibiting an E value of <10 against the Giardia da-
tabase but not against the Stenotrophomonas database were ex-
cluded from subsequent analyses. The remaining 816,591 reads
were assembled on MIRA 3.4. The resulting assembly of 258
contigs (with an average coverage of 70.44-fold in contigs of
>5,000 bp) was subjected to an in-house finishing procedure
using the Gap4 (9) and NUCmer (10) software, allowing a total
of 239 unequivocal contig joins. The resulting assembly con-
sists of 19 contigs with a G+C content of 66.37%, for a total of
4,785,869 bp.

Multilocus sequence typing (MLST) analysis was performed
on PubMLST (http://pubmlst.org) (11) and showed that S. malto-
philia EPM1 differed from codified sequence types, yet it clustered
with clinical isolates in genogroup 6 in phylogenetic analyses (12).

Annotation was performed automatically on the RAST server
(13) using Glimmer base calling. The genome includes 4,334 pre-
dicted coding sequences and 75 RNAs. Reading frames obtained
from the RAST annotation were subjected to BLAST analysis
against the Comprehensive Antibiotic Resistance Database
(CARD; Michael G. DeGroote, Institute for Infectious Disease
Research, McMaster University, Hamilton, Ontario, Canada
[http://arpcard.mcmaster.ca]). This approach highlighted the
presence of 154 genes related to antibiotic resistance.

Nucleotide sequence accession numbers. This Whole Ge-
nome Shotgun project has been deposited at DDBJ/EMBL/
GenBank under the accession no. AMXM00000000. The version
described in this paper is the first version, accession no.
AMXMO01000000.
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Abstract

Acetic acid bacteria (AAB) live in sugar rich environments, including food matrices, plant tissues, and the gut of sugar-feeding insects.
By comparing the newly sequenced genomes of Asaia platycodi and Saccharibacter sp., symbionts of Anopheles stephensi and Apis
mellifera, respectively, with those of 14 other AAB, we provide a genomic view of the evolutionary pattern of this bacterial group and
clues on traits that explain the success of AAB as insect symbionts. A specific pre-adaptive trait, cytochrome bos ubiquinol oxidase,
appears ancestralin AAB and shows a phylogeny that is congruent with that of the genomes. The functional properties of this terminal
oxidase might have allowed AAB to adapt to the diverse oxygen levels of arthropod guts.

Key words: symbiosis, acetic acid bacteria, cytochrome oxidase.

Introduction

Besides plant tissues and food matrices, acetic acid bacteria
(AAB) live in symbiosis with insects (reviewed in Crotti et al.
20710). Several research teams have investigated the relation-
ship between AAB and their host (Crotti et al. 2010) focusing
on the insect gut. In addition to the intestine, AAB could also
be localized in other insect body compartments. For instance,
the acetic acid bacterium Asaia colonizes not only the gut but
also the salivary glands and the male and female reproductive
systems, which are crucial sites for the bacterial transmission
by horizontal and vertical routes (Damiani et al. 2008; Crotti
etal. 2009; Gonella et al. 2012). Studies aiming to understand
the nature of AAB symbiosis focused on the role of or poten-
tial advantages given by AAB to their respective hosts (Ryu
et al. 2008; Chouaia et al. 2012; Lee et al. 2013). Key traits for
intimately interacting with the insect host include, among
others, the capacity to colonize host tissues and the interaction
with the innate immunity and the developmental pathways of

the host (Ryu et al. 2008; Gross et al. 2009; Douglas et al.
2011; Shin et al. 2011; Lee et al. 2013; Login and Heddi
2013). For instance, Asaia exerts a beneficial role during the
development of mosquito larvae (Chouaia et al. 2012; Mitraka
et al. 2013) affecting the expression of genes related to the
cuticle formation (Mitraka et al. 2013). In Drosophila, AAB are
involved in the modulation of innate immunity, which keeps
pathogenic strains under control (Ryu et al. 2008). Moreover,
in the same host, Acetobacter pomorum modulates the insulin
signaling, a pathway involved in the regulation of develop-
ment, body size, energy metabolism, and intestinal stem cell
activity of the host (Shin et al. 2011).

There are actually 14 genomes of AAB deposited in the
databases but a genomic analysis of the evolutionary factors
driving the association with insects is lacking. By including
novel genome sequences of two AAB, Asaia platycodi and
Saccharibacter sp., respectively, isolated from the malaria
vector Anopheles stephensi and the honeybee Apis mellifera,

© The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which permits unrestricted reuse,

distribution, and reproduction in any medium, provided the original work is properly cited.

912  Genome Biol. Evol. 6(4):912-920. doi:10.1093/gbe/evu062  Advance Access publication March 28, 2014


f
,
,
,

AAB Genomes and Adaptation to Life in Insect Guts

GBE

we present a genomic evolutionary analysis of AAB for assess-
ing traits associated with the success of some of their mem-
bers as insect symbionts. We discuss the potential role of
alternative terminal oxidases as symbiotic factors favoring
the adaptation of AAB to the insect hosts.

Results and Discussion

Several Potential Symbiotic Traits Are Present in AAB

Annotation of the A. platycodi and Saccharibacter sp. ge-
nomes revealed a series of traits compatible with a symbiotic
life style in the insect gut. Asaia platycodi and Saccharibacter
present several secretion system (Sec-SRP and Tat for both
genomes and type IV in the case of A. platycodi) and ABC
transporters (in the case of A. platycodi) that may have roles in
the cross talk between the bacterium and the host. A series of
bacterial components for motility and cell surface structures
can be implicated in the colonization of the gut epithelium by
A. platycodi and Saccharibacter. These include the genes for
the flagellar machinery (e.g., MotA, MotB, FlaA, FlaB, FlgC,
FlgD, FIgE2, FigH, Ftsl) as well as genes encoding for fimbriae
(sF-Chap and sF-UshP) and glycan biosynthesis. Although
these features may help in the establishment of a symbiotic
relationship, they are not essential for it. The presence of these
traits was not associated with the ability to establish symbiosis.
In fact, genes for the flagellar machinery were also present in
Ac. aceti, Gluconacetobacter diazotrophicus, Gluconobacter
frateurii, G. morbifer, G. oxydans, and G. thailandicus but
not Ac. pomorum and Commensalibacter intestini. This
trend was also observed for the other traits.

Both genomes contain the operon for the production of
acetoin and 2,3-butandiol: These molecules have been shown
to play a role in insects’ pheromone signaling (Tolasch et al.
2003). 2,3-Butandiol has been implicated in the modulation of
the innate immunity response of vertebrate hosts, facilitating
tissue colonization by pathogenic bacteria (Bari et al. 2011).
We can thus speculate that the production of metabolites
potentially interfering with insect physiology and innate im-
munity might have provided AAB with a pre-adaptive feature
toward symbiosis with insect hosts. This trait was observed in
other AAB including most of those described as insect symbi-
onts (i.e., Ac. tropicalis, C. intestini, Glucona. diazotrophicus,
Glucona. europaeus, Glucona. oboediens, G. frateurii, G. mor-
bifer, G. Oxydans, and G. thailandicus).

Adaptation to Diverse Oxic Conditions

AAB are aerobic organisms, consistent with their lifestyle in
oxygen rich environments (Kersters et al. 2006). On the other
hand, the oxygen levels in the guts of many arthropods may
vary from aerobic to completely anoxic (Sudakaran et al.
2012). We have thus focused our attention on the presence
and distribution of the oxygen-reacting systems of the elec-
tron transport chain (terminal oxidases). The genomes of both

A. platycodi and Saccharibacter sp. present all the genes for
the operons of cytochrome bos (CyoA-D) and bd (CydAB)
ubiquinol oxidase, which have high affinity for oxygen. The
operons of both cytochrome bos and bd oxidase are present
in all AAB genomes, often with two different versions for the
bd oxidase. This implies that both A. platycodi and
Saccharibacter sp., as well as all the other AAB, have the ca-
pacity to respire through an aerobic respiratory chain indepen-
dent from the terminal cytochrome aas oxidase, an enzyme
with low affinity for oxygen, that is absent in AAB. Therefore,
AAB have the potential to thrive at low oxygen concentrations
like the enterobacteria colonizing animal guts, which also do
not possess the cytochrome aas oxidase.

The phylogenetic tree of the protein subunits of cyto-
chrome bos oxidase of AAB matches that inferred using 70
proteins from the core genome (supplementary table ST,
Supplementary Material online, and fig. 1), indicating that
bos oxidase evolution followed the differentiation of AAB spe-
cies from a common ancestor. On the other hand, the phylo-
genetic tree of the cytochrome bd oxidases has a topology
that is different from the phylogenomics inferred from core
genes (fig. 2). In the bd oxidase tree, Saccharibacter branches
with Acetobacter species rather than with Gluconobacter
(fig. 2) suggesting that lateral gene transfer of bd oxidase
genes might have occurred along the evolution of AAB.

In sum, although AAB are usually described as strictly aer-
obic organisms thriving in normoxic environments, our results
show that most of these organisms also possess ubiquinol
oxidases that should allow their survival under micro-oxic con-
ditions, such as those existing in the insect gut (Sudakaran
et al. 2012). Moreover, phylogenetic comparisons show that
these terminal oxidases were present in the common ancestor
of AAB, thereby constituting an ancestral character. We thus
propose that the capacity to thrive at low oxygen concentra-
tion conferred by ubiquinol oxidases has provided AAB organ-
isms with a constitutive propensity for thriving in micro-oxic
environments including the insect gut, an environment with
ample variation in its oxygen levels (Sudakaran et al. 2012).
The deep branching of the AAB family contains pathogens
such as Granulibacter bethesdensis (figs. 1 and 2) further sup-
ports that capacity to establish intimate associations with
animal hosts is an ancestral trait in these bacteria. On the
other hand, the association of AAB with phylogenetically di-
verse insect species (Crotti et al. 2010) can be considered
rather recent, in view of the phylogenetic proximity of symbi-
ont and free-living bacteria (Chouaia et al. 2010).

The analysis of the genomes presented here thus provides
new clues indicating ancient pre-adaptation traits to symbiosis
in AAB organisms that might have helped, and are still help-
ing, establishing association with insects.

A cluster analysis carried on the ortholog gene groups that
were not part of the core genes of the 16 AAB species showed
that, in terms of gene acquisitions and losses, there was a
coherence at the genus level: All of the members of a given
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Fic. 1.—Comparison of species (AAB) (A) and operon (ubiquinol oxidase bos) (B) in phylogenetic trees. The scientific names reported at the terminal
nodes are those of the bacterial species. The tree of AAB (top) is based on the results of 70 concatenated protein (supplementary table S1, Supplementary
Material online) phylogenetic analyses. Operon tree (bottom) was derived from the phylogeny inferred from the bos operon. The topology shown was
obtained by the program RAXML using a partitioned ML model after reconstruction with 1,000 rapid bootstrap.
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Fic. 2—Comparison of species (AAB) (A) and operon (cytochrome oxidase bd) (B) in phylogenetic trees. The scientific names at the terminal nodes are
those of the bacteria species. The tree of AAB (top) is based on the results of 70 concatenated protein (supplementary table S1, Supplementary Material
online) phylogenetic analyses. Operon tree (bottom) was derived from the phylogeny inferred from the bd operon. The tree topology and other details were
as given in figure 1.
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Fic. 3.—Cluster analysis carried on the total number of ortholog groups after removal of those present in all genomes (i.e., core genome). The analysis
shows that groups cluster at the genus level. Numbers on the branches indicate the number of ortholog groups specific to the cluster.

genus clustered together, except for G. diazotrophicus and
A. aceti (fig. 3). However, when only orthologs present in at
least 50% of the genomes are considered, the clustering re-
sulting from the analysis of shared genes is congruent to the
phylogeny based on the 70 coding sequences (CDS), including
the positioning of G. diazotrophicus and A. aceti (figs. 1A and
4). In other words, phenetic analysis based on gene presence/
absence produced a tree comparable to that generated by
phylogenetics. This result supports the robustness of the phy-
logenomics here presented for AAB. It is noteworthy that the
phylogenomic tree based on 70 CDS was not congruent
with 16S rRNA-based phylogeny (supplementary fig. ST,
Supplementary Material online)

Electron Chain Transport and Symbiotic Traits

The analysis of the phylogeny of the cytochrome oxidase
operons bos and bd showed that both of them were ances-
tral. The analysis showed also that cytochrome oxidase bos
had an evolutionary history similar to that of the AAB ge-
nomes. These results suggest that these two operons may
have played a role in the symbiotic potential of the AAB.

In order to investigate the possible implication of other pro-
teins of the electron transport chain in the pre-adaptation of
AAB to a symbiotic life, a further cluster analysis was carried
on the different orthologs involved in the electron transport
chain that were present in the different genomes. This analysis
showed that the pattern of gain, loss, and duplication of these

genes was coherent and allowed to identify two groups
(fig. 5), although there was no correlation between the pres-
ence of certain groups of orthologs and the ability to establish
symbiosis. The two groups that were identified were the same
that emerged from the phylogenomic study. The first
group was formed by members of the Acetobacter and
Gluconacetobacter genera, whereas the second group was
formed by members of the Gluconobacter genus in addition
to Asaia and Saccharibacter.

Materials and Methods

Strains

Asaia platycodi strain SF2.1 was isolated from An. stephensi
(Favia et al. 2007). Saccharibacter sp. strain AM169 was iso-
lated from an adult gut of Ap. mellifera using the pre-enrich-
ment medium ABEM (2.0% b-sorbitol, 0.5% peptone, 0.3%
yeast extract pH 3.5; Favia et al. 2007) supplemented with
100pugml~" of cycloheximide, followed by a plating on
CaCOs-containing plates (1.0% pb-glucose, 1.0% glyceral,
1.0% ethanol, 1.0% peptone, 0.5% yeast extract, 0.7%
CaCOs, and 1.5% agar, pH 6.8). Saccharibacter sp. strain
AM169 colony was selected based on the capability to clear
CaCOs. Both strains were characterized as aerobic, Gram-
negative, and rod-shaped bacteria belonging to the family
Acetobacteraceae.

916  Genome Biol. Evol. 6(4):912-920. doi:10.1093/gbe/evu062  Advance Access publication March 28, 2014


http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu062/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu062/-/DC1
r
acetic acid bacteria
a
il
m
opheles
is
-

AAB Genomes and Adaptation to Life in Insect Guts GBE

——— Saccharibactersp.

—— Commensalibacter intestini

—— Granulibacter bethesdensis

—— Asaia platycodi

Gluconobacter thailandicus
. —1_ Gluconobacter frateuri
Gluconobacter morbifer
_I: Gluconobacter oxydans

—— Gluconacetobacter diazotrophicus

—— Gluconacetobacter xylinus

Gluconacetobacter oboediens
_|: Gluconacetobacter europaeus
——— Acetobacter aceti
B ——— Acetobacter tropicalis

{ Acetobacter pasteurianus
Acetobacter pomorum
Fic. 4—Cluster analysis carried on the subset ortholog groups that were present in at least 50% of the genome. The analysis shows that the clustering
of the different groups is congruent with the phylogenomic analysis carried on 70 CDS (fig. 1A).
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Fic. 5.—Gene presence-absence analysis of the oxidative phosphorylation chain orthologs in the genomes of AAB. A hierarchical clustering tree (left)
was inferred based on the Kulczynski dissimilarity matrix calculated on the presence—absence matrix of genes in the examined genomes. The heatmap to the
right of the tree represents the values of the Kulczynski dissimilarity matrix.
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Genome Sequencing, Assembly, and Annotation

The whole genome DNAs of A. platycodi SF2.1 and
Saccharibacter sp. AM169 were purified using the DNeasy®
Blood and Tissue kit (QIAGEN) and sequenced by Macrogen
Korea institute. The genome sequence of A. platycodi SF2.1
was determined using a 3-kb paired-end library (~200 x 10°
reads, ~80Mb) with the Genome Sequencer FLX system
(Roche, Diagnostics, Branford, CT) and a 100-bp library
(~28 x 10° reads, ~3 Gb) with Genome Analyzerlix (lllumina,
San Diego, CA). Raw data were assembled into 27 contigs—
generated using Mira (version 3.4) (Chevreux et al. 1999);
total coverage over the whole genome reached ~500-fold.
The draft genome was 3,420,092 bp in length and contained
3,137 open reading frames (ORFs). The G+C content of the
genome was 59.9%. The genome of Saccharibacter sp.
AM169 was obtained from a tenth if a lane of lllumina
Hiseq2000 platform generating 101-pb-long pair-end reads
(~24 x 10° reads, ~2.4 Gb). The nine contigs were generated
using Velvet (version 1.2) (Zerbino and Birney 2008); total cov-
erage over the whole genome reached ~1000-fold. The draft
genome was 1,978,091 bp in length and contained 1,877
ORFs. The G+C content of the genome was 59.3% (table 1).

The functional annotation of the predicted genes was per-
formed using the RAST server (Aziz et al. 2008) combined
with KEGG (Kanehisa et al. 2004) and COG (Tatusov et al.
2003) databases.

Genomes of A. platycodi and Saccharibacter sp. were also
checked against the genomes of G. oxydans and Glucona.
diazotrophicus using the KEGG database. The search for spe-
cific genes was carried out by local BLAST against the different
genomes downloaded from the NCBI website using well-char-
acterized and annotated genes. Confirmation or rectification
for genes’ annotation was obtained by additional DeltaBLAST

Table 2
List of Bacterial Genomes Used for the Phylogenetic Studies

analysis (http:/blast.ncbi.nim.nih.gov/Blast.cgi, last accessed
April 8, 2014).

The result of this whole-genome project has been depos-
ited at EMBL/GenBank database under the accession numbers
CBLX010000001-CBLX010000027 for A. platycodi and
CBLY010000001-CBLY010000009 for Saccharibacter sp.
The material described in this article corresponds to the first
version of the submitted genomes.

Phylogenomics and Phylogenetic Reconstruction of
Specific Operons

For the phylogenetic reconstruction of the AAB, 14 available
(table 2), complete or draft, genomes were downloaded from
the NCBI database along with our two genomes. A standard-
ized ORF calling using Prodigal (Hyatt et al. 2010) was per-
formed on all the nucleotidic sequences and nontruncated
proteins longer than 50 residues were kept for the following
analysis. Orthologs present in a single copy in any given
genome were then selected using OrthoMCL (Li et al. 2003)

Table 1
General Genome Features of Asaia platicody and Saccharibacter sp

Organism A. platicody SF2.1 Saccharibacter sp. AM169
Genome size (pb) 3,420,092 1,978,091

Number of contigs 27 9

GC% 59.9 59.3

(@)Y 3,134 1,877

tRNAs 56 58

rRNAs 3 3
Accession number CBLX010000001:27 CBLY010000001:9
Isolation year 2005 2010

Reference Origin

Organism Accession Number

Acetobacter aceti NBRC 14818 PRINA70715/PRJDA52649
Ac. pasteurianus IFO 3283-01 PRJNA59279/PRIDA31129
Ac. pomorum DMO001 PRINA65823/PRINA60787

PRJINA68643/PRIDA46891
CBLX010000001:27

Ac. tropicalis NBRC 101654
Asaia platycodi SF2.1

Commensalibacter intestini A911 PRINA75109/PRINA73359
Gluconacetobacter diazotrophicus PAl 5 PRINA61587/PRINA377
Glucona. europaeus LMG 18494 PRINA73763/PRJIEA61325
Glucona. oboediens 174Bp2 PRINA73765/PRJEA61333
Glucona. xylinus NBRC 3288 PRINA46523/PRIDAG4985
Gluconobacter frateurii NBRC 101659 PRJNA178735/PRJDB2

G. morbifer G707 PRINA76941/PRINA73361
G. oxydans H24 PRINA179202/PRJNA173388
G. thailandicus NBRC 3255 PRIJDB753/PRINA191942

PRINA58661/PRINA17111
CBLY010000001:9

Granulibacter bethesdensis CGDNIH1
Saccharibacter sp. AM169

Sakurai et al. (2011)
Azuma et al. (2009)

Shin et al. (2011)
Matsutani et al. (2011)
This study

Roh et al. (2008)

Bertalan et al. (2009)
Andrés-Barrao et al. (2011)
Andrés-Barrao et al. (2011)
Ogino et al. (2011)

Hattori et al. (2012)

Roh et al. (2008)

Ge et al. (2013)

Matsutani et al. (2013)
Greenberg et al. (2007)
This study

Reference strain

Cocoa bean heap fermentation
Drosophila melanogaster

Fruits

Anopheles stephensi
Drosophila melanogaster
Sugarcane plants

Reference strain

Spirit vinegar

Vinegar

Reference strain

Drosophila melanogaster
Reference strain

Strawberry

Chronic granulomatous disease patient
Apis mellifera
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and a custom script designed to keep only those matching
with a single or no COG entry. The amino acid sequences of
CDS belonging to each ortholog family were aligned using
MUSCLE (Edgar 2004); the alignments were subsequently
retro-transcribed to their respective nucleic acid sequences,
which were checked for the probability of recombination
and lateral gene transfer using the phi-test under the Phi-
pack (Bruen et al. 2006). At the end of this screening, 70
proteins were kept for phylogenetic analysis (listed in supple-
mentary table S1, Supplementary Material online). The align-
ment for the remaining CDS was Gblocked, keeping only the
proteins that had <3 misaligned residues. For each of the
aligned CDS, an evolutionary model was predicted using
ProtTest (Darriba et al. 2011); then all the protein sequences
were concatenated and their phylogenetic tree was con-
structed with RAXML (Stamatakis et al. 2005) using a parti-
tioned Maximum Likelihood model that takes into account the
evolutionary model predicted for each of the CDS. The phy-
logenetic trees were tested with 1,000 rapid bootstraps. The
phylogenetic trees of the concatenated protein subunits of
the cytochrome bos and bd oxidases were constructed with
the same method. A phylogenetic tree based on 16S rRNA
was also inferred (see supplementary material, Supplementary
Material online)

Cluster Analysis on the Orthologs

The data obtained from OrthoMCL (5,488 ortholog groups)
were transformed into a matrix reporting the presence of each
ortholog group. The orthologs present in all of the genomes
(i.e., core genome) were removed from the data set, leaving
4,575 ortholog groups, and a cluster analysis (Murtagh 1985)
was carried out using R (cran.r-project.org, last accessed April
8, 2014). A second cluster analysis was carried out on a subset
consisting only of the ortholog groups (1,167 ortholog
groups) present in at least 50% of the genomes. The pattern
of presence/absence was reconstructed also for the subset of
genes involved in the oxidative phosphorylation chain. The
oxidative phosphorylation chain genes (listed in supplemen-
tary table S2, Supplementary Material online) were identified
on the basis of KEGG annotation of the Glucona. diazotrophi-
cus PAI'5, G. oxydans H24, Ac. pasteurianus IFO 3283-01, and
Granulibacter bethesdensis strain genomes; the relative pres-
ence/absence informations were retrieved from the
OrthoMCL matrix generated above and organized in a new
matrix. This new matrix was subjected to hierarchical cluster-
ing analysis using the Kulczynski distance index and the heat-
map graphic representation was generated with R.

Supplementary Material

Supplementary methods, tables S1 and S2, and figure S1 are
available at Genome Biology and Evolution online (http://
www.gbe.oxfordjournals.org/).
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Abstract

The ancestors of mitochondria, or proto-mitochondria, played a crucial role in the evolution of eukaryotic cells and derived
from symbiotic a-proteobacteria which merged with other microorganisms - the basis of the widely accepted
endosymbiotic theory. However, the identity and relatives of proto-mitochondria remain elusive. Here we show that
methylotrophic a-proteobacteria could be the closest living models for mitochondrial ancestors. We reached this conclusion
after reconstructing the possible evolutionary pathways of the bioenergy systems of proto-mitochondria with a genomic
survey of extant o-proteobacteria. Results obtained with complementary molecular and genetic analyses of diverse
bioenergetic proteins converge in indicating the pathway stemming from methylotrophic bacteria as the most probable
route of mitochondrial evolution. Contrary to other a-proteobacteria, methylotrophs show transition forms for the
bioenergetic systems analysed. Our approach of focusing on these bioenergetic systems overcomes the phylogenetic
impasse that has previously complicated the search for mitochondrial ancestors. Moreover, our results provide a new
perspective for experimentally re-evolving mitochondria from extant bacteria and in the future produce synthetic
mitochondria.
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Introduction

A major concept in biology is that the evolution of eukaryotic
cell followed a symbiotic event between diverse microorganisms
[1-4]. Mitochondria are the remnants of one of the original
partners of this symbiotic event and in all likelyhood are related to
extant a-proteobacteria [1-4]. However, the identity of the proto-
mitochondrion remains elusive [1]. Phylogenetic studies suggested
a relationship with endocellular parasites of the Rickettsiales order
[4,5], which has not been confirmed in subsequent reports [6-8].
Indeed, there appears to be a “phylogenctic impasse” in the
identification of the partners that merged into the ancestral
symbiotic progenitor of current eukaryotic cells [9], partly due to
the problem of long branch attraction blurring the true geneology
of living organisms and the fast evolution of mitochondrial DNA
[1,10].

The diverse metabolic processes carried out by living bacteria
provide complementrary approaches to reconstruct key charac-
teristics of the mitochondrial ancestors [11]. Although widely
accepted, the reconstruction of proto-mitochondrial metabolism
[12] has been partially contradicted by recent evidence suggesting
that proto-mitochondria could be related to facultatively anaerobic
generalists such as Rhodobacter [6-8,10] - which are also capable of

PLOS ONE | www.plosone.org

anoxygenic photosynthesis, an autotrophic function that must
have been lost early along the evolution of mitochondria.
Conversely, this evidence has recently been challenged by
controversial reports that aerobic marine organisms such as
Pelagibacter ubique may be the closest living relatives of mitochondria
[13-15]. Other bacterial genera have also been considered to be
phylogenetically related, or to display some analogies to the proto-
mitochondrion: Rhodospiridlum on the basis of extensive protein
analysis [16]; Paracoccus for bioenergy considerations [1], and more
recently following the evolution of complex I [17]; Caulobacter, on
the basis of the sequence similarity of its homologues to the
mitochondrial transport protein Tim44 [18]; Micavibrio, for its
predatory ectoparasite character [19]; the Rhizobiales, Ochrobac-
trum and Rhodopseudomonas, for having many proteins in sister
position to their mitochondrial homologues [6-8,20]; and finally
Midichloria, which appears to be the sole representative of the
Rickettsiales retaining ancestral features typical of free-living
bacteria [21]. The wide diversity of the proposed bacterial
ancestors of mitochondria arises from the different approaches of
molecular evolution that have been used and the inherent limits of
such approaches [1-4].

This work follows a novel approach to identify proto-
mitochondrial relatives among extant organisms by focusing on

May 2014 | Volume 9 | Issue 5 | 96566
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Figure 1. Bioenergetic systems of bacteria and mitochondria. A -Terminal respiratory chain of bacteria. 11. Various bioenergetic
systems - membrane redox complexes identified by their common name and different colours - carry out the oxidation of quinols (QH,) reduced by
dehydrogenases. Besides oxygen (O,), nitrogen compounds can function as electron acceptors for the oxidation of dehydrogenases (dotted arrow),
quinols and cytochrome ¢ (dashed dark blue arrows), in reactions catalysed by enzyme complexes such as Nrf nitrite reductase [32], which are
included within the N-metabolism system. Thick black arrows indicate electron transport in aerobic bacteria and mitochondria. Blue arrows indicate
other electron transport pathways of facultatively anaerobic bacteria. B - Pathways of mitochondrial bioenergetic evolution. The bioenergetic
systems illustrated in A are indicated by the coloured modules (with size proportional to their bioenergetic output) within the boxes representing the
bioenergetic subset of each organism or organelle. Mitochondria of fungi and heterokont microorganisms differ from those of other eukaryotes for
the presence of elements of N-metabolism. Representative taxa with fully sequenced genome are listed beneath each subset. The pathways of
mitochondrial evolution are deduced by connecting these subsets with stepwise loss of a single bioenergetic system. Microorganisms underlined are
symbionts or pathogens. Bacteria in embossed typeface have been proposed as ancestors or relatives of mitochondria (see Table S1 in File S1 for
specific references). Dark brown arrows A and B indicate the pathways leading to fungal mitochondria. The pathway between the Rickettsia subset
and that of mitochondria (dashed arrow) can be discounted, since the symbiotic event occurred only once [1,5,6,10,48]. * indicates the subset from
which other pathways depart (Figure S1 in File S1).

doi:10.1371/journal.pone.0096566.g001
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Table 1. Elements of N-metabolism that are shared by bacteria and eukaryotes.

Taxonomic group and organism

NAD(P)H dependent, assimilatory

PQQ-dehydrogenase

NirB NirBD NiaD-related proteins MxaF
methanotrophs & methylotrophs
Methylocystis sp. SC2 yes 1 domain yes
Methylocystis parvus precursor & 1 domain yes
Methylosinus trichosporium OB3b yes 1 domain yes
Methylosinus sp. LW4 1 domain yes
Methylocella silvestris BL2 yes 1 domain yes
Beijerinckia indica* yes precursor & 2 domains yes
Microvirga sp. WSM3557 yes yes
Methylobacterium extorquens DM4 3 domains yes
Methylobacterium extorquens PA1 3 domains yes
Methylobacterium extorquens AM1 2 domains yes
Methylobacterium extorquens CM4 yes
Methylobacterium extorquens DSM 13060 yes
Methylobacterium nodulans ORS 2060 2 domains yes
Methylobacterium populi BJOO1 2 domains yes
Methylobacterium radiotolerans JCM 2831 2 domains yes
Methylobacterium mesophilicum SR1.6/6 2 domains yes
Methylobacterium sp. GXF4 2 domains yes
Methylobacterium sp. 88A 2 domains yes
Methylobacterium sp. 4-46 yes
Xanthobacter autotrophicus Py3 yes yes
Hyphomicrobium denitrificans 1TNES1 yes yes
Bradyrhizobiaceae
Nitrobacter winogradskyi Nb-255 yes
Nitrobacter hamburgensis X14 yes
Nitrobacter hamburgensis sp. Nb-255 yes
Oligotropha carboxidovorans OM4 & OM5 yes
Rhodopseudomonas palustris BisA53 2 domains yes
Rhodopseudomonas palustris BisB18 1 domain yes
Rhodopseudomonas palustris TIE-1 2 domains
other 4 Rhodopseudomonas palustris 1 domain
Rhodospirillales
Granulibacter bethesdensis CGDNIH1 yes 2 domains yes
Commensalibacter intestini A911 yes
Acidocella sp. MX-AZ02 yes 1 domain
Acidiphilium multivorum AlU301 yes
Acidiphilium cryptum & sp. PM yes 1 domain
Gluconobacter oxydans H24 yes precursor & 2 domains
Gluconobacter frateurii NBRC 103465 yes precursor
Gluconacetobacter oboediens 174Bp2 yes precursor & 2 domains
Acetobacter pasteurianus IFO 3283-01/32 yes precursor
Acetobacter aceti yes precursor & 1 domains
Gluconacetobacter europaeus LMG 18494 yes precursor
Gluconacetobacter diazotrophicus PAIS 2 domains
Acetobacter pomorum DMO001 yes
Acetobacter tropicalis NBRC 101654 yes
Asaia platicody yes precursor
Saccharibacter sp. yes 2 domains
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the bioenergetic systems that are common between mitochondria
and bacteria. An enormous increase in bioenergy production
constitutes the major advantage gained in the endosymbiotic event
that led to the evolution of eukaryotic cells [2]. Consequently, the
mitochondrial systems that generate most cellular bioenergy must

PLOS ONE | www.plosone.org

Table 1. Cont.

Taxonomic group and organism NAD(P)H dependent, assimilatory PQQ-dehydrogenase
NirB NirBD NiaD-related proteins MxaF

Tistrella mobilis KA081020-065 yes 2 domains

Azospirillum lipoferum 4B yes 1 domain yes

Azospirillum amazonense Y2 yes

Azospirillum brasilense Sp245 yes

Azospirillum sp. B510 yes

Caenispirillum salinarum AK4 yes

Thalassospira profundimaris WP0211 yes

Thalassospira xiamenensis M-5 yes

Magnetospirillum magneticum AMB-1 yes

Magnetospirillum sp. SO-1 yes

Magnetospirillum gryphiswaldense MSR-1 yes

Rhodobacterales

Oceanicola granulosus 1 domain

Oceanicola sp. S124 yes

Octadecabacter antarcticus 307 yes

Paracoccus denitrificans PD1222 yes

Roseobacter denitrificans OCh114 yes

Roseobacter litoralis Och 149 yes

Jannaschia sp. CCS1 yes

Rhizobiales (other)

Martelella mediterranea precursor

Aureimonas ureilytica 2 domains

Sinorhizobium meliloti 1021 yes 2 domains

Rhizobium leguminosarum bv. trifolii WSM1325 yes

other 32 Rhizobiales yes

Sphingomonadales & Caulobacterales

Novosphingobium nitrogenifigens precursor

Sphingomonas sp. 17 2 domains

Sphingomonas sp. PAMC26621 1 domain

Sphingopyxis alaskensis RB2256 yes

other 19 Sphingomonadales & 6 Caulobacterales yes

total a-proteobacteria ca. 100 10 12 precursors

Eukaryotes

Aspergillus fumigatus yes yes

other 130 fungi (predominantly Ascomycetes) yes yes

Ectocarpus silicosus yes yes

plus other 8heterokonts (1 yes) yes yes

Aureococcus anophagefferens yes yes & 2 domains

Acanthamoeba castellani yes

total Eukaryotes 1 140 141

Proteins closely related to NirB, NirBD, NiaD and MxafF are annotated as yes, or precursor in the case of Nas/CysJ nitrate reductase (Fig. 2). The column of NiaD-related

proteins also lists the number of NiaD domains that have homologues proteins in each organism, e.g. flavohaem (cf. Fig. 2C).

*Its close relative Beijerinckia mobilis has been reported to grow on methanol and possess MxaF.

doi:10.1371/journal.pone.0096566.t001

define the minimal bioenergetic capacity of proto-mitochondria.
Whereas aerobic a-proteobacteria such as Pelagibacter present the
same two bioenergetic systems of animal mitochondria [4,12],
other proposed ancestors of mitochondria such as Rhodospeudomonas
palustris [6-8] possess four additional bioenergetic systems in their
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Figure 2. Graphical representation of assimilatory nitrate reduction in protists and o-proteobacteria. A - The diagram shows the
gene clusters of assimilatory, NAD(P)H-dependent nitrate reduction in bacteria and eukaryotes. The various elements of Nas operon of
Klebsiella [36] and the NiiA-NiaD operon in fungi [35] are colour coded as indicated in the quandrant on the top right. B - Possible molecular
evolution of fungal NiaD nitrate reductase. Each domain is identified by a specific symbol - see the text for details. C - Representative
distance tree of various proteins containing the bacterial FNR-like conserved domain. The tree was obtained with Neighbour Joining
(maximal distance 0.9) using the DELTABLAST program [80] with methane monooxygenase subunit c of Methylocella silvestris (MMOc, Accession:
YP_002361598) as query. This reductase subunit of methane monooxygenase contains a FNR-like domain similar to that of assimilatory nitrate

reductases [43] lying in a sister group as indicated.
doi:10.1371/journal.pone.0096566.9002

terminal respiratory chain (Fig. 1A). These systems are character-
istic of bacteria living under anaerobic or micro-oxic conditions,
exploiting also bioenergy-producing elements of N-metabolism
which are partially retained in some eukaryotic microorganisms
[10,22,23]. It is thus likely that the current bioenergetic portfolio of
mitochondria has evolved from a larger genomic endowment of
bioenergetic systems which has been reduced via sequential loss.

We have reconstructed the possible pathways of this sequential
loss leading to the bioenergetic systems of current mitochondria by
evaluating all the genomes of a-proteobacteria which are currently
available. Results obtained with complementary approaches then
converged in indicating that methylotrophic o-proteobacteria
could be the closest living relatives to proto-mitochondria, while
excluding the majority of bacteria previously proposed as
mitochondrial relatives.

Results and Discussion

1.1 Reconstructed pathways of bioenergetic evolution of
bacteria into mitochondria

The bioenergetic capacity of mitochondria has been instru-
mental in the evolution of eukaryotic cells and complex life forms
[1-3]. It is generally assumed that proto-mitochondria had an
aerobic energy metabolism equivalent to that of today’s mito-
chondria [1,4,12], with the central part of the respiratory chain
consisting of ubiquinol-cytochrome ¢ reductase (the cytochome b¢;
complex) and a single terminal oxidase, cytochrome aas oxidase
(Fig. 1A). However, geophysical evidence indicates that protero-
zoic oceans were essentially anoxic during the period in which the
eukaryotic cell evolved [24]. Consequently, it is likely that proto-
mitochondria were adapted to different levels of environmental
oxygen, exploiting also the terminal oxidases of facultatively
anaerobic bacteria to obtain bioenergy [10]. For example,
Rhodopseudomonas strains possess cytochrome bd and bo ubiquinol
oxidases [25,26], plus an additional cytochrome ¢ oxidase of the
¢bbs type [27] (Fig. 1B). Endocellular parasites have the bd
ubiquinol oxidase either alone (in several species of Rickettsia [28])
or together with ¢bbs oxidase (in Midichloria mitochondri [21]). Other
organisms, moreover, possess proteins of the anaerobic bioener-
getic process of denitrification, which are found also in mitochon-
dria of fungi that can adapt to anaerobiosis [10,23,29].

Fungi and heterokont protists additionally possess an assimila-
tory nitrite reductase which is involved in ammonia fermentation,
NuB tused with NuD [23,29] — hereby defined as NirBD. In some
bacteria, this NAD(P)H-dependent enzyme forms part of the
nitrogen cycle that enables their growth from the oxidation of
methane or ammonia, the oxidation of C1 compounds such as
methanol (methylotrophy) and ammonification of nitrite [30-32].
Because various elements of this nitrogen cycle are associated with
bioenergy production [23,29-32], we have considered them within
the broad bioenergetic system of N-metabolism (Fig. 1).

The metabolic versatility of current bacteria suggests that the
ancestors of o-proteoproteobacteria had six bioenergetic systems
from ubiquinol to oxygen (Fig. 1B), like diverse extant bacteria
(Table SI in File S1). To deduce the pathways of differential loss
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that led to the reduced subset of current mitochondria, we have
developed a model based upon the bioenergetic systems coded in
all available genomes of a-proteobacteria, including those we have
recently sequenced (Asaa platicody and Saccharibacter sp. [22]). For
parsimony, we allowed only single-step connections between the
various subsets, thus obtaining two alternativepathways which
direcly lead to the subset of bioenergetic systems that is present in
contemporary mitochondria of fungi and protists (Fig. 1B, cf. Fig.
S1 in Fie Sl). Pathway A stems from the subset present in
predatory Micavibrio [19] and also Begjerinckia indica, a metabolically
versatile organism closely related to methylotrophs [33] which has
been shown to possess several proteins strongly related to their
mitochondrial homologues [8]. Alternative pathway B originates
from the subset present in some Magnetospiridlum species and two
Rhodobacterales (Fig. 1B): Roseobacter litoralis, which retains a
functional photosynthetic apparatus, and Maricaulis maris, which
has a dimorphic biological cycle. The loss of N-metabolism from
the Micavibrio/ Beyerinckia subset leads to the subset of Rickettsia [28]
and Wolbachia organisms which retain the bd ubiquinol oxidase
system (Fig. 1B). The loss of this bioenergetic system would also
lead to the subset of metazoan (but not fungal) mitochondria, a
possibility considered unlikely in view of the unique symbiotic
event producing mitochondria [1,2,10]. Moreover, it occurs in
related species of the same Rickettiales order (Fig. 1B) and other
taxa, for example within the Bartonella genus (Fig. S1 in File S1),
suggesting phenomena of convergent evolution.

1.2 Testing the alternative pathways for mitochondrial

bioenergy evolution

So, comparative genomic analysis has allowed a reconstruction
of two possible reductive pathways in the bioenergetic capacity of
bacteria evolving into mitochondria (Fig. 1). How can we establish
which of these pathways is most likely, and thus identify extant
models for proto-mitochondria? Probabilistic approaches based
upon the frequency of gene loss from each subset would not
produce conclusive evidence, because of the biased phylogenetic
distribution of available bacterial genomes. We have then carried
out the classical phylogenomic approach of computing the overall
relationships of the organisms in the model of Fig. 1B by using
concatenated proteins that are common to most eubacteria (cf.
Ref. [21]). Although the obtained trees could be globally consistent
with the sequence of either pathway A or B, they did not offer
discriminatory evidence in favour of one or the other, while
consistently placing Midichloria and other Rickettsiales close to the
mitochondrial clade. This tree topology has been reported before
[1,4,5,21] but is inconsistent with our new model of Fig. 1B and
other evidence [1], as discussed above.

We next followed the alternative approach of exploiting the
molecular diversity of key bioenergetic proteins, including their
multiple duplication [34]. To enhance the discriminatory power of
this approach, we have chosen proteins of energy metabolism that
have a clear bacterial origin, but are encoded or located in
different compartments of eukaryotic cells (cf. [34]). The
hypothesis underlying our approach is that such diverse proteins,
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Figure 3. a-proteobacteria have different types of COX operons and catalytic subunits of aa; oxidase. A - Graphical representation
of aa; oxidase gene clusters. The different COX clusters of a-proteobacteria are classified by considering gene sequence variations and the
features of flanking genes (see also “Classification of bacterial COX operons” in File S1). Specific graphical symbols identify COX subunits as indicated;
other types of proteins are labelled as follows: white hexagon, enzyme working with RNA or DNA; red diamond with enclosed ¢, cytochrome ¢ type
protein; truncated triangle pointing left, ABC transporter/permease; grey sharp triangle, transcription regulator; PQQ, PQQ-dependent
dehydrogenase; white diamond, protein belonging to a DUF family [41], e.g. DUF983; question mark within hexagon, completely unknown protein.
Note that SURF1 (Surfeit locus protein 1) and SCO (Synthesis of cytochrome ¢ oxidase) are also involved in the biogenesis of oxidases. Distance
between genes is arbitrary. COX operon type a-l is attached to a Nrf-like gene cluster, also called Alternative Complex Ill or Act [50], containing two
homologues of the membrane subunit NrfD (called NrfD2 and NrfD-like here, as shown at the side of the figure). The synthenic diads of protist
mitochondria [48] are shown below the blue line. Each of the recognised subfamilies of COX3 [41] is represented by a different colour, as indicated in
the middle of the illustration. B - Representative distance tree of COX1 proteins. The tree was obtained with Neighbour Joining (maximal
distance 0.9) using the DELTABLAST program [80] with the COX1 protein of Methylobacterium extorquens PA1 (Accession: YP_001637594) as query.
The group containing bacterial and mitochondrial proteins (mito.) is enclosed in the blue square. Protein length and type of COX operon are
annotated on the right of the tree. C - Simplified pattern of typical phylogenetic trees of COX1 proteins.The tree is modelled to match

distance trees of nitrate reductase (Fig. 2C) and COX1 (part B). Branch length is arbitrary.

doi:10.1371/journal.pone.0096566.g003

as well as their genetic clusters, would present transition forms
between bacteria and mitochondria predominantly in those
organisms that are close to the proto-mitochondrial lineage.

2. Molecular evolution of assimilatory N metabolism

The first bioenergetic system we considered is N metabolism,
the presence or absence of which sharply determines the pathways
leading to the mitochondria of fungi and metazoans (Fig. 1B). As
mentioned above, fungi and heterokonts possess the assimilatory,
NAD(P)H-dependent nitrite reductase NuBD [35], a cytosolic
enzyme which is common among facultatively anaerobic y-
proteobacteria such as Alebsiella, where it was originally called NasB
[36]. Structurally, NirBD is characterised by the fusion of the small
protein NirD - belonging to the Rieske superfamily of Fe-S proteins
coordinated by histidines and cysteines [37] - at the C-terminus of
the NirB protein, which catalyses the reduction of nitrite and is
structurally related to sulfite reductase (SiR) [38]. Interstingly, the
distribution of NuB is restricted to a relatively narrow group of
facultatively anaerobic bacteria [38,39], but that of MirBD is much
narrower (T'able 1). After finding NizBD in the genome of Asaia, we
detected only ten homologus genes among o-proteoproteobacteria
— compared with over one hundred in fungi (T'able 1), all arranged
in similar gene clusters comprising a regulator, nitrate transporters
and an assimilatory nitrate reductase. The gene clusters are related
to the Nas operon of Alebsiella (Fig. 2A), with its most compact
version being present in fungi and Oomycetes [35].

Among the bacteria associated with pathway A and B in Fig. 1B,
only Beyjerinckia possesses NirBD and its cognate gene cluster.
Roseobacter litoralis and Magnetospirillum have NurB within an operon
similar to that of Alebsiella (Fig. 2A), whereas Maricaulis and
Micavibrio do not have the same genes. This situation may well
arise from secondary loss of metabolic traits in ecologically
specialised organisms such as dimorphic Maricaulis and predatory
Micavibrio. 'To gain further phylogenetic information, we then
exploited the rare occurrence of NirBD and its associated nitrate
reductase among o-proteoproteobacteria (Table 1), evaluating the
molecular evolution of these modular proteins. The structure of
NirBD is conserved in o-proteobacteria and eukaryotes [35] and
apparently derives from MNigB precursors that are present in
methylotrophs such as Methylogystis (Fig. 2, cf. [35]).

Conversely, the structure of the large protein functioning as
nitrate reductase in the NirBD gene cluster of a-proteobacteria
resembles that of nitrate reductases from ancient bacteria such as
Gordonia, which contains three redox modules formed by distinct
domains. A typical Molybdenum cofactor-binding domain (Moco)
occupies the N-terminus and includes a terminal part binding
another molibdopterin cofactor as in NapAd (periplasmic) and NasA
(cytoplasmic) reductases [36—40]. This is followed by an interme-
diate domain homologous to the small redox protein flavodoxin
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(Fig. 2B top, cf. [38]). The C-terminus then contains a flavoprotein
reacting with the electron donor NAD(P)H which, in combination
with flavodoxin, forms a domain closely related to sulfite reductase
CysJ of E.coli (represented by a grey bar in Fig. 2B, cf. [38]). The
Cysf-related domain belongs to the superfamily of Ferredoxin
Reductase-like domains, cd 00322 FNR-like [41], which includes
also the C-terminal domain of fungal nitrate reductase, NiaD
[35,40].

Although the fine structure of the FNR-like domain indicates
two separate subfamilies, cd01699 SiR_like for the Nasd/Cysy
bacterial proteins and ¢d06183 cytb5_reductase_like for the
eukaryotic proteins, our detailed sequence comparison uncovered
phylogenetic relationships with other bacterial proteins belonging
to the same superfamily. In particular, flavodoxin reductases of the
genus Methylobacterium and the reductase subunits of soluble
methane monoxygenase [42,43] (MMO, present also in close
relatives of Begerinckia such as Methylocella) were consistently found
in sister clades to NaD and related proteins of fungi, heterokonts
and Acanthamoeba (Fig. 2C and Table 1). Moreover, the flavohaem
oxidoreductase of Beyerinckia (accession YP_001833084), which
contains a cytochrome b-related globin followed by a FNR-like
domain, was found in an intermediate position between the NiaD-
containing clade and the Nasd-Cys} reductases of Beyjerinckia and
Methylogystis parvus (Fig. 2C). Notably, the gene of this protein is
located at the beginning of Begerinckia nitrate assimilation operon
(Fig. 2A). Its Nitric Oxide dioxygenase activity is also similar to
that of the hybrid nitrate reductase of microalgae from the
heterokont group, e.g. Chattonella subsalsa (protein NR2-2/2HbN,
accession: AER70127), which possess both a cytochrome b5 and a
globin in the intermediate domain [44]. These flavoproteins,
therefore, could be considered transition forms between NapA/Cisf
reductases and eukaryotic assimilatory nitrate reductases.

In further support of the modular similarity between bacterial
and eukaryotic NAD(P)H-dependent nitrate reductases, we have
found that the Moco domain of NaD-like eukaryotic proteins is
present also in the sulfite oxidase of methylotrophs such as
Methylobactertum ~— mesophilicum  and ~ extorquens  (accesslon:
WP_010685750 and WP_003602739, respectively - Table 1 and
Fig. 2B). Moreover, the genome of Methylobacterium extorquens PAI
encodes a protein that is partially similar to bacterial cytochrome
bs (accession: YP_001638730), which is present only in Rhodopseu-
domonas palustris among a-proteobacteria (Iig. 2B and data not
shown). Consequently, all three functional domains of eukaryotic
assimilatory reductases have homologous proteins in extant o-
proteobacteria, particularly among those with methylotrophic
metabolism, as indicated by the presence of the signature
methanol dehydrogenase MxaF [45] (Table 1). Hence, our data
suggests that NasA-Cis7 reductases of Beyerinckia and acetic acid
bacteria, e.g. Asaia, represent the likely precursors of eukaryotic,
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Figure 4. Analysis of the molecular architecture of COX3 in bacteria and protists. A - Alignment of bacterial and mitochondrial COX3
proteins. A set of aligned COX3 sequences from bacteria and protists was initially obtained from the DELTABLAST option of multiple alignment and
subsequently implemented manually following data available from the structure of beef [59,60], Paracoccus [61] and Thermus [54] aas oxidase.
Residues that bind phospholipids with either H or i bonds [60] are in yellow character and highlighted in dark grey, while those conserved are in bold
character. Light grey areas indicate transmembrane helices (TM). B - Graphical representation of COX1-3 fused proteins. The hydrophobic
peaks in the hydropathy profile of the proteins, which was obtained using the program WHAT [81] with a fixed scanning window of 19 residues, is
represented by the sharp triangles, that are commensurated to the peak height (maximum in the hydrophobicity profile) and width of the predicted
TM [81], which closely correspond to those observed in 3D-structures [47,54,61]. C - Deduced sequence of the “minimal’’ COX operon of
protists. The arrangement of COX genes essentially corresponds to the core sequence of a COX operons of type a (cf. Fig. 3) but in the reverse order
of transcription. Dashed symbol represents a protein that may intermix with other COX subunits such as a COX4-like (Fig. S2 in File S1).

doi:10.1371/journal.pone.0096566.9004

NiaD-related nitrate reductase (Table 1 and Fig. 2B,C). The
parallel evolution of mitochondrial sulfite oxidase, which shares
the same cytochrome b5 and Moco domains with eukaryotic
assimilatory nitrate reductases (Fig. 2B, cf. [38,40]), underlines the
intersection of this molecular reconstruction with the evolutionary
trajectory of proto-mitochondria.

3. Evolution of COX genes and proteins from bacteria to
mitochondria

To test alternative evolutionary pathways for mitochondria
(Fig. 1B) we next studied the cytochrome ¢ oxidase of aas-type (also
called COX), which appears to be the most common terminal
oxidase in extant o proteobacteria (Fig. 1 and Table SI). In
cukaryotes, this enzyme complex is embedded in the inner
mitochondrial membrane, combining catalytic subunits of bacte-
rial origin with various nuclear-encoded subunits of unknown
function. Although all aas-type oxidases are of type A according to
the classification of heme-copper oxygen reductases [26], the
complexity of their gene clusters has not been considered before.
Here, we have analysed in depth this complexity for it provides
valuable phylogenetic information. Various aspects of our analysis
are presented below in the following order: 1, diversity of COX
operons; 2, evolution of COX operons; 3, possible COX operons of
proto-mitochondria; 4, evolution of the molecular architecture of
C0X3; 5, phylogenetic distribution of COX operons.

3.1 Diversity of COX operons. We have initially undertaken
a systematic analysis of the genomic diversity of aastype
oxidases. The scrutiny of all the gene clusters containing proteo-
bacterial COX subunits [46-51] suggests that they fall into three
distinctive types of COX operons, which we called type a, b and a—
b transition (Fig. 3A — see Table S2 and ““Classification of bacterial
COX operons” in File S1 for a detailed account of this
classification). COX operon type a is divided in four subtypes on
the basis of COX1 length and diverse adjacent genes (Fig. 3). These
subtypes form coherent clades in the phylogenetic trees of their
COX1 subunit (Fig. 3B). Despite the variation in gene sequence, all
COX operons appear to derive from the core structure of the ctad-
G operon of Bacillus subtilis [46-51] (Fig. 3A), which consists of the
catalytic subunits ¢taC’ and c¢taD (corresponding to mitochondrial
COX2 and COX1, respectively) followed by the hydrophobic, non-
catalytic subunit ctak (corresponding to mitochondrial COX3) and
ctal (also called COXIV or COX4). Mitochondrial DNA (mtDNA)
of eukaryotes generally encodes for COX1, COX2 and COX3 [48].
In bacteria, these principal subunits are often combined with
proteins for the assembly of the metal cofactors of the oxidase: ¢tad
(heme A syntase or COX15), ctaB (protoporphyrin IX farnesyl
transferase, or COX10) and c¢taG (Cu-delivery protein, or COX11).

Our systematic analysis of bacterial COX subunits has revealed a
novel fusion between COX1 and ctal/ COX4 (Fig. S2 in File S1).
This fusion appears to be restricted to COX operon type a-1I
(Table S2 in File S1 and Fig. 3A) that often contains Pyrroloquino-
line quinone (PQQ)-dependent dehydrogenases such as methanol
dehydrogenase related to MxaF (Fig. 3A). COX4 is broadly related
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to the ¢faF subunit, which is the least conserved in the caas-type
oxidase of Thermus and Bacillus [47] but can be recognized as part
of Cyt_c_ox_IV (ptam12270 [52]). However, the diverse forms of
short hypothetical proteins that intermix with COX subunits
(Fig. 3A) are generally not recognized as members of this family in
BLAST searches, due to the wide variation in their size and
sequence [47]. Therefore, we have developed a method that
quantifies the sequence similarity with the COXIV proteins from
Rhodobacter [53] and Thermus [47,54], for which the 3D structure is
available (see Fig. S2 in File S1 and its legend for details). Strong
sequence similarity with these COX4 proteins was found in the C-
terminal extension of bacterial COX1 proteins that are 630 to 670
aa long, as well as in mitochondrial COX1 of the pathogenic
fungus, Jymoseptoria tritict [55] (Fig. S2A in File S1). We additionally
identified the sequence signatures of COX4 in small proteins
previously recognized as domain with unknown function (DUF
[52]) families, namely DUF2909 and DUF983 (Figs. 3 and S3 in
File S1). Morever, the C-terminal part of the mtDNA-encoded
COX1 of ciliates, an ancient and diverse phylum of unicellular
eukaryotes [56], shows some sequence similarity encompassing
both transmembrane helices of COX4 proteins (Fig. S2A and B in
File S1). Although this similarity is clearly weaker than that
observed with bacterial COX1 proteins, it lies in a conserved region
among ciliates (Fig. S2A in File S1 and data not shown) thereby
suggesting that fusion of COXI! with COX4 might represent an
additional trait shared by bacteria and mitochondria.

3.2 Evolution of COX operons. The identification of COX4-
like proteins has been combined with phylogenetic analysis to
deduce the possible evolution of COX operons. The long proteins
derived from the fusion of COX1 with COX3 (hereafter called
COX1-3) seem to be the most distant from their mitochondrial
homologues (Fig. 3B). These proteins are characteristic of caas
oxidases [46,47], as well as of COX operon type a, which can
therefore be considered the ancestral form of proteobacterial gene
clusters for aas-type oxidases (Fig. 3A). The differentiation into
other types of COX operons can be evaluated also from the
phylogenetic trees of the catalytic subunit COX1, the analysis of
which has offered new evidence for discriminating the evolution-
ary pathways in Fig. 1B.

COX1 proteins fused with COX4 (see above) appear to follow the
ancestral COX1-3 in phylogenetic trees and are always upstream of
a major bifurcation in two large groups: one containing only
proteins of COX operon a-b transition that are present in - and y-
proteobacteria, and the other containing bacterial COX1 proteins
of COX operon type b together with their mitochondrial
homologues (blue square in Fig. 3B). Mitochondrial COX1 proteins
cluster in a monophyletic clade that lies in sister position of closely
packed bacterial sub-branches, especially that containing Rhodos-
pirillales (Fig. 3B). This overall tree topology is consistently found
with all methods, whereas the branching order within the group
containing the mitochondrial clade may vary, depending upon the
method and taxa used to construct the phylogenetic trees (Fig. 3B
and data not shown). Nevertheless, it is noteworthy that all the
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Figure 5. Structure-function features of COX3 gradually evolved from bacteria to mitochondria. A - Heatmap for the strength of
phospholipid binding by COX3 proteins. The table summarises the molecular features of PL-binding sites (residues) in aligned COX 3 proteins
(Table S4 in File S1); it is colour mapped according to the number of conserved sites to represent the increasing PL-binding strength along bacterial
and mitochondrial protein sequences, as indicated by the legend on the right of the table. PL-binding is considered weak when less than 3 sites are
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conserved for each PL, the nomenclature of which is taken from Ref. [60]. PE, phosphatidyl-ethanolamine; PG, phosphatidyl-glycerol. The list includes
conserved amino acids corresponding to E90 in beef COX3, which lies near bound PL modulating oxygen entry into the catalytic site of the oxidase
[60]. Abbreviations for organisms are: Rhodo_palu_BisA53, R. palustris BisA53; Variovorax_ par, Variovorax paradoxus; Methylophi_bac, Methylophilales
bacterium HTCC2181; Wolbachia_Dro_sim_, Wolbachia endosymbiont of Drosophila simulans. B - Representative distance tree of COX 3
proteins. The tree was obtained as described in the legend of Fig. 3B, using as a query the C-terminal region of the COX1-3 protein from R. palustris
BisA53 (Accession: YP_782773, residues 550 to 841) that aligns with bacterial and mitochondrial COX3 (Fig. 4A). The group containing bacterial
proteins from COX operon type b and their mitochondrial homologues is enclosed in a blue square as in Fig. 3B.

doi:10.1371/journal.pone.0096566.g005

proteins belonging to C'OX operon type b lie in the same group
containing the mitochondrial clade, as exemplified n Fig. 3C.
Hence, bacteria having only COX operon type b cannot be the
ancestors of mitochondria. This exclusion encompasses the
majority of extant o-proteobacteria, because the presence of other
COX operons is restricted to a fraction of these organisms (Table
S2 in File S1). We then needed additional information to identify
which of the organisms containing multiple COX operons may be
close to proto-mitochondria. To this end, we next moved to the
analysis of COX proteins of unicellular eukaryotes.

3.3. Possible (6(0). ¢ operons of proto-
mitochondria. Recently, COX11 and COX15 have been found
in the mtDNA of Jakobida, an ancient lineage of protists, despite
the fact that they are normally coded by nuclear DNA in
cukaryotes [48]. The syntheny COX11COX3, as well as that of
COX1 adjacent to COX2 (Fig. 3A), may be considered a relic of
bacterial operons that has been retained in the mDNA of
eukaryotes [48]. Are these cues pointing to the original COX
operon(s) of proto-mitochondria?

To answer this question, we searched the available mtDNA
genomes of unicellular eukaryotes. Mitochondrial DNA normally
contains separate genes for COX1, COX2 and COX3 [48] except
for aerobic ciliates, in which COX3 appears to be missing [56,58].
However, we have recognized the sequence signatures of the
COX3 protein within the very long COX1 of the hyphotrichous
ciliate, Oxytricha [56] (Fig. 4). The COX1 protein of another
hyphotrich, Monoeuplotes minuta [58], appears to contain a split
version of COX3 having its initial two transmembrane helices
separated from the subsequent 5-transmembrane helices domain
by the major part of COX1 (Fig. 4). The mtDNA of ciliates often
contains split genes [56,58], but in this case an ancestral splitting of
COX3 must have been subsequently intermixed with the COX1
gene. The alternative possibility would be that COX3 splitting may
reflect a fusion between precursors of mitochondrial COX3, since
in  Monoeuplotes it occurs within the region joining the two
transmembrane domains which form the V-shaped structure of
the protein [53,59-61].

In any case, the novel identification of a (OX3-like protein
embedded within the long COX1 gene of unicellular eukaryotes
(Fig. 4) suggests that the primordial form of such a chimaeric gene
was a (COXI-3 protein equivalent to those of bacterial COX
operons of type a. By considering the gene order in ciliate mtDNA
[56,58], we have deduced the possible sequence of the “minimal”
COX operon that might have been present in the ancestors of
ciliate mitochondria (Fig. 4C). The gene sequence closely
resembles the core structure of a COX operon of type a - in the
opposite order of transcription (cf. Fig. 3A and 4C) - and is clearly
different from the sequence of COX operon type b (Figs. 3A and S3
in File S1). In view of the consensus that a single event of symbiosis
originated all mitochondria [1-10] and considering the presence
of COX11CO0X3 syntheny in Jakobide mitochondria [48], a feature
characteristic of COX operon type b (Figs. 3 and S3 in File S1), we
surmise that proto-mitochondria possessed two different COX
operons: one of type a and another of type b. Differential loss of
either operon might further explain some differences in the
mtDNA-coded proteins of ciliates and other unicellular
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eukaryotes, as well as the different types of accessory subunits of
their bioenergetic complexes [1]. Of note, phenetic analysis
sustains the similarity between the COX gene sequence of protists
and bacterial COX operon of type a-II, in particular those lacking
an isolated COX4 as in Methylobacterium extorquens PA1 (Table S3 in
File S1).

3.4 Evolution of the molecular architecture of COX3. In
the 3D structures available for cytochrome ¢ oxidases, the initial
two transmembrane helices of the 7- helices COX3 protein that is
present in mitochondria and bacterial COX operon type b (Fig. 3A)
are involved in the binding to membrane phospholipids (PL)
[53,59-61]. The tight binding of two specific forms of these PL to
mitochondrial COX3 appears to modulate the entry of oxygen into
the binuclear catalytic centre of the enzyme [60]. PL-binding
residues are present also in other parts of the COX3 protein that
are common to all its forms and tend to be conserved [59-62].
Here, we have evaluated the amino acid substitutions of the PL-
binding sites in COX3 (Table S4 in File S1) by translating residue
varation into PL-binding strength (Fig. 5A). The results of this
analysis are consistent with the phylogenetic trees of COX3, in
which a major bifurcation separates the B- and y-proteobacterial
proteins from those of a-proteobacteria that are grouped together
with mitochondrial COX3 (Fig. 5B). The overall tree topology of
COX3 proteins thus matches that of COX1 proteins, even if the
internal branching of o-bacteria with the mitochondrial clade
appears to be different (Fig. 5B cf. Fig. 3B).

Quantitative evaluation of the PL-binding strength further
refines the evolutionary relationship among COX3 proteins. First,
it shows that the 5-helices form of the protein belonging to COX
operon type a-II occupies an intermediate position between
ancestral COX1-3 and the 7-transmembrane form of COX3
(Fig. 5A). Secondly, it allows the comparison with the highly
divergent sequence of ciliate COX3 embedded within COX1
(Fig. 4), which shows a PL-binding strength lying mid-way
between that of COX3 proteins of type a-II operon and those of
other protists (Fig. 5A and Table S4 in File S1). Finally, bacterial
COX3 of COX operon type b has essentially the same PL-binding
strength as that of mitochondrial COX3 (Fig. 5A and Table S4 in
File S1), thereby weakening the structural and phylogenetic
significance of variable inter-group branching between a-bacterial
and mitochondrial COX3 sequences (Fig. 5B and data not shown).

3.5. Phylogenetic distribution of COX operons. To
acquire further information for differentiating the pathways of
mitochondrial evolution in Fig. 1B, we studied the phylogenetic
distribution of diverse COX operons. The vast majority of
Rhodobacterales, Sphingomonadales and Caulobacterales, togeth-
er with unclassified o-proteobacteria such as Micavibrio and the
SARI11 clade - which we include here under the generic label of
‘pan-Thalassic’- possess only COX operons of type b. This implies
that Roseobacter and Micavibrio cannot be related to the ancestors of
mitochondria, as for Pelagibacter and similar marine organisms.

On the other hand, 40 a-proteobacterial organisms and several
B-proteobacteria combine COX operon type b with a type a-II
operon, the phylogenetic distribution of which is similar to that of
bas oxidases [26] (Fig. 6A). Conversely, COX operon type a-I has
the broadest phylogenetic distribution among all types of COX
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Figure 6. Taxonomic distribution of bioenergetic systems in bacteria. A - Distribution of COX operon types in major families of a-
proteobacteria. The frequency of each type of COX operon was normalised to the number of a-proteobacterial organisms with genomic data that
are currently available (from NCBI resources http://www.ncbi.nlm.nih.gov/taxonomy/- accessed 14 March 2014) [50]. See Table S2 in File S1 for a
detailed list of the taxonomic distribution of diverse COX operon types. The definition ‘pan-Thalassic'collects together organisms of the SAR clade
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with Magnetococcus, Pelagibacter and Micavibrio. B. -Distribution of fused proteins and N-metabolism elements along diverse bacterial
lineages. Fused proteins were identified with the combined resourses of NCBI and the Protein Family website (PFAM 27.0 - http://pfam.sanger.ac.uk/
[52]). Multiple forms of ISP were counted as >1 ISP. Taxa are arranged according to their approximate phylogenetic position considering also
metabolic features (cf. Refs [5,31]). For each group, the frequency is normalized as in A. Eukaryotes (") include amoebozoa, ciliates and heterokonts. N-
metabolism encompasses: methane monooxygenase, ammonia monooxygenase, nitrite oxidoreductase, Nirf nitrite reductase and its homologues in
COX operon type a-l (Fig. 3A), ammonia oxidation and anaerobic ammonia fermentation [30,32].

doi:10.1371/journal.pone.0096566.g006

operon, encompassing taxonomic groups beyond the phylum of
proteobacteria such as Planctomycetes [50]. Indeed, the Niflike
gene cluster that is associated with this COX operon was originally
discovered in ancient eubacteria including Planctomycetes [63].
Although the functional implications of the combination of a N
like operon with a COX gene cluster remais unknown, we are
intrigued by the possibility that the overall gene sequence would
produce a compact electron transport chain from quinol, or
products of N metabolism, to oxygen [32,50]. Consequently, COX
operon type a-I would represent the ultimate bioenergetic
connection between cytochrome ¢ oxidase and N metabolism, a
fundamental concept in our approach to discern mitochondrial
evolution (Fig. 1).

4. Phylogenetic distribution of N metabolism and fused

proteins in bacteria and mitochondria

To explore the phylogenetic dimension of the connection
between COX operons and elements of N metabolism, we studied
the taxonomic distribution of Mi/D and other key elements of the N
cycle in conjunction with that of fused subunits of aastype
oxidases (Fig. 6B). Indeed, COX operon type a-I invariably
contains COX2 fused with a ¢-type cytochrome (Figs. 3A), a fusion
which is frequently present also in other COX operons (Iig. 3A and
Fig. S3 in File S1). Fusion between catalytic subunits of bacterial
heme-copper oxidases has been noted before [47,64], but
considered a nuisance for phylogenetic analyses [64]. However,
it constitutes a relic of ancestral bacteria adapted to harsh
conditions in which the compact structure of bioenergetic systems
would have been advantageous [47]. Since we have now shown
that fusion between COX subunits is present also in the
mitochondria of unicellular eukaryotes (Fig. 4) and fungi such as
Phacosphera [57], we could consider them as potential relics of the
evolutionary past of mitochondrial bioenergetics.

We therefore evaluated the frequency and phylogenetic
distribution of fused COX subunits and also of the fused proteins
that are present in the cytochome b¢; complex, the cytochrome b
subunit of which has been previously reported to be fused with the
cytochrome ¢; subunit in Bradyrhizobum [65]. We found the same
fusion in all members of the Bradyrhizobiaceae family plus some
Rhodospirillales (Fig. 6B), as well as in Planctomycetes [66]. o-
proteobacteria show the highest frequency of fused cytochrome b
among proteobacterial lineages, thereby suggesting that this type
of protein was present before the separation of B- and 7-
proteobacteria. Conversely, many more B-proteobacteria possess
fused COX2 proteins than a-proteobacteria (Fig. 6B).

Within o-proteobacteria, the distribution of fused COX and
cytochrome & proteins follows a bell-shape profile along the likely
evolutionary sequence of the taxonomic groups (Fig. 6B, cf. [5]).
Some Sphingomonadales and Caulobacterales have fused COX
proteins without possessing bioenergetic elements of N-metabolism
(Fig. 6B). Parasitic Rhizobiales, Rickettsiales and pan-Thalassic
organisms lack both fused bioenergetic proteins and elements of
N-metabolism, in contrast with amoebozoa, fungi and heterokonts
(Fig. 6B cf. Table 1). The absence of the above characters in
parasitic and pan-Thalassic organisms could derive from their
highly streamlined genomes. However, the high frequency of fused
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genes in other taxa does not correlate with genome size, since
acetic acid bacteria, which have a comparatively small genome,
show a higher frequency of fused COX2 proteins than, for instance,
Rhodobacterales (Iig. 6). Our interpretation of the data presented
i Fig. 6 is that fused bioenergetic proteins and elements of N
metabolism are preserved together in phylogenetically ancient
groups of a-proteobacteria, from which they have been passed to
proto-mitochondria but then progressively lost along the differen-
tiation of other a-proteobacteria. This implies that Methylotrophs,
Bradyrhizobiaceae and several Rhodospirillales would be the
oldest extant organisms of the o-proteobacterial lineage, and
consequently close to the distal progenitors of proto-mitochondria.

The phylogenetic distribution and similar genomic arrangement
of fused bioenergetic proteins (Fig. 6) raises the question as to
whether they may derive from events of Lateral Gene Transfer
(LGT), for example with Planctomycetes [67]. However, detailed
analysis of the molecular architecture of cytochrome 4 proteins (M.
Degli Esposti, unpublished data) and the overall consistency of
distance trees of fused proteins with established phylogenetic
relationships (Fig. 3) indicate that LGT events have minimally
contributed to the observed distribution of fused bioenergetic
proteins and their diverse genomic clusters.

5. A complementary approach: the molecular evolution
of nuclear encoded ISP

To complement the above analysis of mtDNA-encoded proteins
of the aas-type oxidase, we next examined the molecular evolution
of the “Rieske” iron sulfur subunit (ISP) of the cytochrome b¢;
complex. This ubiquitous redox protein is coded by the nuclear
DNA and therefore does not suffer from the distortions due to the
fast mutation rate of mtDNA-encoded proteins [16,37,48]. Its
precursor form, once imported into mitochondria, matures within
the intermembrane space where its catalytic core resides. After
implementing structure-based alignments (Fig. S4 in File S1), we
noted diverse insertions that are present in the catalytic core of ISP
proteins from different lineages, which we have named CIMit -
Conserved Indels vs. Mitochondria (Fig. 7 and Fig. S4 in File S1).
CIMit3 is the most prominent of these insertions, lying at the
surface of bacterial b¢; complexes [68,69] with parallel inserts in
the partner protein, cytochrome & [68-72]. This and other indels
(according to the definition in Ref. [73]) seem to carry valuable
phylogenetic information, enabling the resolution of relationships
that are blurred in phylogenetic trees (cf. Figs. 7C and 8). For
instance, only Tistrella ISP has no residues corresponding to the
CIMit5 insertion among the proteins from Rhodospirillaceae
(Fig. 7), while in distance trees these proteins appear to be equally
close within a sister sub-branch of their mitochondrial homologues
(Fig. 8).

Methylocystis sp. SC2 and a few other Rhizobiales have a second,
longer ISP (ISP2) that resembles the proteins from acetic acid, B-
and 7y-proteobacteria, with which it clusters together in distance
trees (Figs. 7, 8 and S4 in File Sl). Contrary to the latter
organisms, ISP2 is not present within the petABC operon of the b¢;
complex but in isolated gene clusters that have no common
flanking genes (not shown). Hence, ISP2 may have arisen from
gene duplication as reported for the  proteobacterium, Rubrivivax
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P_009542637 65 [RGKPVEVRHRTAEEIEMANAVDVS —QTDEERVQK= 122 Caenispirillum salinarum/2
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Figure 7. Molecular evolution of the Rieske subunit (ISP) of the cytochrome bc; complex. A - Alignment of the ISP proteins from
bacteria having various COX operons. ISP sequences were selected from the organisms displaying multiple COX operons and also ISP forms
(Table S2 in File S1 and Fig. 6). The alignment was manually refined using structural information, as detailed in Fig. S4 in File S1. This alignment shows
only the catalytic core of the ISP from a-, B- and y-proteobacteria, plus Acanthamoeba as the sole mitochondrial representative. See Fig. S4 in File
S1for a complementary alignment including the N-terminal transmembrane region and further information, including secondary structure elements
(beta sheet in purple and alpha helix in green) and Conserved Indels vs. Mitochondria (CIMit). The accession codes of the proteins are shown on the
left of each sequence block, while the organisms are listed on the right abbreviated as follows: Gluconacetobacter_diazo & _europa,
Gluconacetobacter diazotrophicus PA1 5 & europaeus, respectively; Pseudaminobacter_salicyl, Pseudaminobacter salicylatoxidans; Methylobacter-
ium_radio & _exto_PA1, Methylobacterium radiotolerans JCM 283 & extorquens PA1, respectively; Rhodopsedo_palu_BisA53, R. palustris BisA53; and
Acetobacter_bacter AT-5844, Acetobacteraceae bacterium AT-5844. ISP1 indicates the ISP form that is present in the petABC operon. B -
Evolutionary pattern of the conserved indels in bacterial and mitochondrial ISP. The molecular features deduced by the structure-based
alignment of ISP proteins are rendered graphically following the numerical order of conserved indels presented in A and Fig. S4 in File S1. DELetions
conserved in bacterial vs. mitochondrial ISP sequences are represented in pale blue boxes with black labels, whereas INserts with respect to
mitochondrial sequences are represented in black boxes with white labels.

doi:10.1371/journal.pone.0096566.g007

gelatinosus, where the two forms of the proteins are interchangeable lineage (cf. Fig. 1B), a possibility strenghtenend by the analysis of
in the complex [74]. The duplicates of Rubrivivax ISP are closely the genomic and protein sequences of cbbs-type oxidase (data not
related to each other, as in the case of the multiple ISP forms of shown). Hence, the scheme in Fig. 1B is consistent with the overall
Roseobacter and other Rhodobacterales (Table S1 in File SI). phylogenetic pattern of both aas-type and c¢bbs-type terminal
However, ISP2 and the in-operon ISPlpresent in the same oxidases.

Rhizobiales organisms are separated by a deep bifurcation in

phylogenetic trees, which resembles that seen in COX1 trees (Fg. Conclusions
3B,C cf. Fig. 8). Hence, ISP2 is an ancestral character of o-
proteobacteria equivalent to COX operons of type a, consistent
with their similar phylogenetic distribution (Fig. 6B). Its origin can
be traced to the separation of the afy lineages, probably after the ; X - ) ! . ;
earliest proteobacterial ISP had evolved in a distinct path from its information that is now available from bact(?rlal and mltocho-ndrlal
paralogues of the b complex present in Planctomycetes and genomes, we have focused on a few proteins that are crucial for

Nitrospirales [75] (Fig. 8B). This ancestral form of ISP was in all bioer}ergy pr(?ductiorr{ in bOFh bacteria and mitochondria and ha\‘re
multiple variants. The diverse molecular forms and genetic

organization of bioenergetic systems have been hardly considered
in previous studies of phylogenomics; for instance, none of the
papers reviewed in Ref. [9] used proteins of energy metabolism.
Conversely, recent studies on bacterial oxidases [27,64] have not
considered the complexity of COX operons (Figs. 3 and S3 in File
S1). Here we have classified this complexity and exploited its most
informative aspects to reconstruct the molecular evolution of
individual protein components that are encoded by either mtDNA
or nuclear DNA of eukaryotes. By integrating the information thus
obtained, we have excluded that several bacterial lineages
previously proposed to be related to mitochondria could be in
the direct line of mitochondrial ancestry, in particular the
endocellular obligate parasites of the Rickettsiales group and the
photosynthetic organisms Rhodobacter and Rhodospirillum. Our work
indicates that mitochondrial ancestors retained bioenergetic
elements of N metabolism and the bd-type ubiqinol oxidase,which
have been subsequently lost in different paths of convergent
evolution (Fig. 1B).

Herein, we have followed novel approaches to reconstruct the
possible bioenergetic characters of the bacterial ancestors of
mitochondria. Rather than taking into consideration all the

likelyhood devoid of the abovementioned insertions as in ISPlof
Rhodopseudomonas palustris BisA53 or Nitrobacter hamburgensis, which
lie in the most distant branches of phylogenetic trees (Fig. 8A). Of
note, these proteins show the single-residue deletion corresponding
to CIMit6, which is shared with the ISP proteins of many o-
proteobacteria and their mitochondrial homologues (Figs. 7 and
8).

Importantly, the molecular features of ISP proteins provide
crucial information for discriminating between the alternative
pathways of mitochondrial bioenergy evolution in Fig. 1B. In
particular, bacterial organisms possessing an ISP containing the
CIMit3B insert (Figs. 7 and S4 in File S1) can now be excluded
from mitochondrial ancestry. This applies not only to Rhodo-
bacterales such as Roseobacter, but also to Rhizobwum, Sinorhizobium
and Mesorhizobium organisms that have COX operon type a-II
(Table S2 in File S1).

6. Analysis of bacteria without aas-type cytochrome c

oxidase In concluding this work, we discuss steps of differential loss also

The analysis conducted so far has exploited bioenergetic systems in conjunction with the possible acquisition of systems or proteins
that are not always present together in extant bacteria (Table S1 in via LGT, to provide a complete account of the remaining
File S1). For example, Magnetococcus has no functional aas-type possibilities for the evolution of mitochondrial bioenergy produc-
cytochrome ¢ oxidase but a complete operon for the b¢; complex tion (Figure 9). Multiple lines of evidence emerging from our work
and the cbbs-type oxidase (Table Sl in File S1, cf. Ref. [76]). lead to the conclusion that the subset of bioenergetic systems

Phylogenetic analysis has shown that the sequence of Magnetococcus lacking the cbbs-type oxidase - typical of methylotrophs and
ISP is rather similar to that of protists’ mitochondria, even if it Gluconacetobacter (Table S1 in File S1) - probably matches the

shows some unique amino acid changes (Figs. 8B and S4 in File bioenergetic capacity of the distal ancestors of mitochondria. This
S1). Magnetococeus lies in a deep branch of the evolutionary tree of evidence includes the maximal diversity of COX operons and N
a-proteobacteria [76], similarly to Midichloria, which also has a metabolism in the abovementioned organisms (Tables S1 and S2
cbbstype oxidase instead of the aas-type oxidase of other in File S1). The ancestral organisms from which proto-mitochon-
Rickettsiales [21]. Midichloria has an ISP protein with a unique dria emerged in all likelyhood evolved just after the separation of
msertion in the conserved cluster-binding region and also an B- and y-proteobacterial lineages, a concept that is sustained, in
unusually split version of the catalytic, COX1-like subunit of ¢bbs- particular, by the taxonomic distribution of fused bioenergetic
type oxidase [21]. These molecular properties seem to indicate a proteins and key elements of N metabolism (Fig. 6). At the whole
side-path in the phylogenetic relationships with the mitochondrial taxon level, B- and 7y-proteobacteria have a much higher
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Figure 8. Phylogenetic relationships between diverse forms of ISP. A - Distance tree encompassing proteobacteria and
mitochondria. The tree was obtained as described in the legend of Fig. 3B using the alignment of Fig. 7A and two ISP proteins from the bsf complex
as outgroup (top). The group containing bacterial ISP1 proteins together with their mitochondrial homologes is enclosed in the blue square to
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highlight a likely ancestral duplication separating it from the group with ISP2. B - Long distance phylogenetic relationships of bacterial ISP.
The phylogenetic tree (maximal likelyhood method) of ISP proteins was computed from the structure-based alignments in Fig. S4 in File S1. Th small
green circle indicates ancient nitrogen or methylotrophic metabolism [29-32] (Fig. 6B). The dashed green bracket indicates the paralogue proteins
belonging to the bsf complex. Other brackets indicate proteobacterial subdivisions and mitochondria as in A. Note how the bootstrap values are

much lower within the bottom branch containing mitochondrial ISP than in the upper branch containing ISP2.

doi:10.1371/journal.pone.0096566.9008

frequency of these characters than o-proteobacteria (Fig. 6B).
However, some a-proteobacteria show a high frequency of fused
proteins and elements of N metabolism (Fig. 6B), namely
methylotrophs - encompassing the families of Methylocystaceae,
Methylobacteraceae, Beijerinckiaceae and part of Hyphomicro-
biaceae, as well as Bradyrhizobiaceae such as Afipia felis and
Rhodopseudomonas palustris BisA53 [77] - several Acetobacteraceae
and some Rhodospirillaceae. These organisms also have a wide
range of ancestral characters such as type a COX operons and ISP2
(Table S2 in File Sland Fig. 8).

The information just discussed can be integrated with the
timeline of bacterial evolution [31], which positions the separation
of the B-lineage near the time at which oxygen levels dramatically
increased, at least in the photic zone of marine environments and
emerged land. The invention of the metabolic pathways of
methane, ammonia and nitrite oxidation immediately followed,

allowing autothrophic ways of life which are now retained by a few
groups of proteobacteria [30]. These bacteria also possess the
largest variety of COX operons and molecular forms of their
catalytic subunits, as the result of multiple events of operon and
gene duplication. Some of these duplications are still evident in
extanct organisms, as indicated by the doublet of COX3 proteins in
COX operon type a-III (Fig. 3A) and the presence of concatenated
COX operons in some genomes (Table S2 in File S1). Our
reconstruction of the molecular evolution of COX3 proteins and
their binding strength for oxygen-modulating phospholipids (Fig. 5)
seems to recapitulate a progressive adaptation to increasing levels
of Oy, which had to be gauged in terms of decreasing oxygen
affinity to maintain maximal efficiency of the oxidase reactions,
with minimal damage by radicals and potential suicidal reactions
[47,60,78]. We have also found multiple forms of other terminal
oxidases in methylotrophs and Rhodospirillales, in particular for

4 D\

ISP
.

Methylobacterium,
Methylocystis ..extinct?

Rhodopseudomonas palustris BisA53
(LGT?)

BB i1sP1
ISP2, long

ISP Rhodobacterales

Roseobacter litoralis

Rhodobacter sphaeroides

Figure 9. Possible progenitors for the bioenergetic evolution of mitochondria. This diagram is modified from that in Fig. 1B to take into
account the deduction that proto-mitochondria probably had two different types of COX operons (type a is labelled in dark olive background) and
the evidence for multiple ISP forms. ISP2 is represented in a grey box while ISP1 in dark blue. Various steps of differential loss or acquisition via LGT
are indicated for the possible pathways of evolution from extant or extinct a-proteobacteria into proto-mitochondria. By considering the
complexities arisen from our data, pathway A in Fig. 1B stemming from Beijerinckia would require one loss and one acquisition, while pathway B
would theoretically imply two losses and two acquisitions. However, we now exclude that this pathway may have contributed to the evolution of
mitochondria (see text). Pathway C, sustained by most results presented here, bypasses the Beijjerinckia subset with the combined loss of two
bioenergetic systems and ISP2. Finally, pathway D would require the combined loss of three bioenergetic systems from organisms such as Tistrella,
but of two systems plus ISP2 for R. palustris BisA53, which has already lost bo-type oxidase (Table S1 in File S1). The obvious possibility that yet
undiscovered, or extinct bacteria may be among the originators of the proto-mitochondrion is considered, as indicated. Eventual loss of
photosynthesis is not shown, but it would apply only to Methylobacterium, R. palustris and Roseobacter among the organisms shown. The grey vertical
arrow on the left indicates the possible equivalence of COX operon type a with dual function (cytochrome ¢ and ubiquinol) oxidases in some
Rhodobacterales.

doi:10.1371/journal.pone.0096566.g009
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the bd-type ubiquinol oxidase (Table S1 in File S1). The additional
forms usually correspond to the Cyanide Insensitive Oxidase
(CIO) [79], which has lower affinity for oxygen than classical 6d
oxidases [25].

We believe that the large increase in ambient oxygen that
occurred during the evolution of primordial proteobacteria [31]
was the driving force for the genomic expansion and diversifica-
tion of oxygen-reacting enzymes. High levels of O, also led to the
wide availability of nitrate and nitrite that can function as
alternative terminal acceptors for electron transfer and bioenergy
production [22,32]. This underlines the strong link between
oxygen respiration and key elements of N metabolism that we have
taken in consideration here. The separation of proto-mitochondria
is estimated to have occurred when oxygen levels were still very
low in the oceans [10,24], where most primordial life thrived. It is
therefore plausible that the distal progenitors of mitochondria were
related to organisms that had experimented with a wide variety of
oxygen-reacting systems and thus retained great plasticity in their
adaptation to micro-oxic or even anoxic environments, a trait that
is partially retained in eukaryotes adapted to anaerobic environ-
ments [10]. With this conceptual framework in mind, we can now
look back to the initial approach of our work (Fig. 1) and consider
the most plausible pathways for mitochondrial evolution (Fig. 9).

Following the separation of the B- and 7-proteobacterial
lineages, proto-mitochondia may have branched off along one of
the pathways illustrated in Fig. 9. Pathways A and B are the same
as in Fig. 1B, with the additional complexities that have emerged
from the detailed analysis of COX operons and ISP proteins plus
possible acquisitions via LGT. Pathway A, stemming from
Beyerinckia (we now exclude Micavibrio for it lacks key elements of
N metabolism, cf. Fig. 2), would require one loss (bd oxidase) plus
one acquisition (COX operon type a-II), while pathways B would
theoretically require two losses and two acquisitions of bioener-
getic systems. However, our results indicate that mitochondrial
evolution is unlikely to have followed pathway B, since the
organisms from which it departs do not have key elements of N-
metabolism that are present in some eukaryotes (Figs. 2 and 6B)
nor a ISP comparable to that of eukaryotes (Figs. 7 and 8).
Additional pathway C bypasses the Begerinckia subset with the
combined loss of two bioenergetic systems and ISP2, the latter
being a facile evolutionary step for only six organisms have
retained ISP2 (Figs 7 and 8). This pathway stems from
methylotrophic bacteria such as Methylocysists and Methylobacterium.
Indeed, the analysis of three different types of bioenergy-
producting systems - cytosolic nitrate assimilation, mitochondria-
encoded subunits of cytochrome ¢ oxidase and nuclear-encoded
ISP subunit of the cytochrome b¢; complex — converges in
indicating methylotrophs as the most likely relatives to proto-
mitochondria. Moreover, by combining the analysis of nitrate
metabolism (Fig. 2) with that of COX (Figs. 3-6) and ISP evolution
(Figs. 7, 8 and S4 in File Sl), only Tistrella [48] and
Rhodopseudomonas palustris [6] remain among all the bacteria that
have been previously proposed as possible ancestors of mitochon-
dria (cf. Figs. 1B and Table SI in File S1). We have thus
considered also pathway D, which would require the combined
loss of three bioenergetic systems from those possessed by Tistrella
(Fig. 9). Finally, Rhodopseudomonas palustris BisA53 does not have the
bo-type oxidase as other organisms of the same genus, but possesses
a methanol dehydrogenase close to that of methylotrophs (Table 1).
However, it still retains a photosynthetic system, the loss of which
would add to the other steps required to resemble proto-
mitochondria (Fig. 9). The obvious possibility that yet undiscov-
ered, or extinct bacteria may be among the originators of the
proto-mitochondrion is also considered in Fig. 9. Yet, these
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unknown organisms would probably have the subsets of bioenergy
systems shown in the top part of the diagram.

Taken all our results together, methylotrophic organisms
emerge as the closest living models for mitochondrial ancestors.
In perspective, our work provides new means for selecting
bacterial organisms that are most suitable for experimentally re-
evolving proto-mitochondria with mitochondria-depleted eukary-
otic cells.

Methods

To identify genes and their products with others currently
present in National Center for Biotechnology Information (NCBI)
resources, we have extensively used the program DELTABLAST,
Domain Enhanced Lookup time Accelerated BLAST [80],
integrated with hydropathy analysis conducted with in house
algorithms [72] or the program WHAT (Web-based Hydropathy,
Amphipathicity and Topology http://saier-144-21.ucsd.edu/
barwhat.html [81]). Manually refined alignments of bioenergetic
proteins were subjected to phylogenetic analysis with maximum
likelihood algorithm and 100 bootstrap resamplings, using the
program PhyML 3.0 and evolutionary models selected with
Prottest3, as described earlier [21]. The results obtained with this
rigorous method essentially matched those obtained with the
recent options of DELTABLAST (cf. Fig. 8). The genomes of 4saia
platicody and Saccharbacter sp. (EMBL accession: CBLX010000001/
27 and CBLY010000001/09, respectively) were recently reported
by Chouaia et al [22]. See Supporting Information for additional
methods and procedures of gene recognition, operon classification
(cf. [82]) and sequence analysis of proteins (cf. [41,52,83]).

Supporting Information

File S1 We enclose File S1 with Supporting Information
containing a detailed account of the classification of
bacterial COX operons (2 pages), 4 additional Figures
and 4 additional Tables. Figure S1, Pathways for the
bioenergetic evolution of o bacterial not leading to
mitochondria. The diagram shows the additional subsets of
bioenergetic systems that are not shown in Fig. 1B, including those
of Asaia and Saccharibacter (Table S1B in File S1). The asterisk*
labels the same subset as in Fig. 1B (main text), but with fewer
representative taxa. Underlined organisms are symbionts or
pathogens. Each of the six bioenergetic systems presented in
Fig. 1 was identified from its catalytic protein subunits and was
considered functionally absent when one or more of these subunits
were not found in their completeness, as indicated by the profile of
their conserved domains (cf. [41]). The functional absence of a
given system is represented by an empty square as in Fig. 1B.
Figure S2, Sequence analysis to identify the fusion of
COX4 subunit with COX1 proteins. A. Sequences of
recognised or putative COX4 were manually aligned to reference
proteins having known 3D structure around the first transmem-
brane helix (TM1, highlighted in grey): subunit IV of Thermus caas
oxidase (accession: pdb|2YEV [54]) and subunit IV (COX4._-
pro_2 super family [cl06738]) of Rhodobacter Sphaeroides aas oxidase
(chain D, accession: pdb|1Mb57 [53]). *Residues in bold have
positive scores (= 0) in the BLOSUMS62 substitution matrix [83],
those yellow-highlighted are identical with either reference
protein, while those highlighted in purple are identical to Janibacter
COXIV (accession: ZP_00994995) with scores = 5 [83]. The total
count of identities is also highlighted in yellow (tot) before the
description of the protein on the right. It was used to identify other
COX4-like proteins such as DUF983 (see Fig. 3A and the section
entitled “classification of bacterial COX operons” in File S1). The

May 2014 | Volume 9 | Issue 5 | 96566


http://saier-144-21.ucsd.edu/barwhat.html
http://saier-144-21.ucsd.edu/barwhat.html

minimal count for deeming a protein as “COX4-like” was
considered to be 10, but several COX1 proteins exhibited larger
numbers of identities. The region of ciliate COX1 showing
similarity with COX4 partially overlaps the last transmembrane
region (TM12) of aligned COX1, which is well conserved among all
available COX1 sequences from ciliates. However, the COX4-like
region in bacterial COX1 and that of the pathogenic fungus
Lymospetoria [55] lies outside the conserved domains of other COX1
proteins. Azospirillum_bras, Azospirillum brasilense; Methylobac_ex-
tor, Methylobacterium extorquens. B - This panel shows the alignment
of COX4 subunits around the second transmembrane helix (TM2),
the structure of which is known only for subunit IV of Thermus caas
[54] that was used as the reference for aligning bacterial COX4 and
mtDNA-encoded proteins. In bold black are the residues that
are identical in the aligned position of at least two COX4
sequences, or are positive substitutions [83] across at least three
aligned COX4 sequences; they are additionally yellow-high-
lighted when identical between at least one bacterial COX4 and
one mtDNA-encoded protein (cf. A). In bold dark blue are the
residues that are positive substitutions between bacterial COX4 and
mtDNA-encoded proteins, while those in bold light blue are
identical or positive substitutions among the aligned mtDNA-
coded proteins. This colour labelling enhances the limited
similarity between the sequences shown. Figure 83, Gene
sequence of additional COX operons in diverse bacteria.
The reference gene name for each cluster is indicated on the right
of the figure. Symbols identify the same proteins as in Fig. 3A, with
the addition of the small gray bar, protein related to nucleotide
exchange factor EF-T'S. These short proteins were recognised after
alignment to the sequence with known 3D structure of Chain A,
dimerization domain of Ef-T's from Thermus thermophilus (Accession:
pdb|1TFE|A) using a sequence analysis similar to that shown in
Fig. S2 in File S1. Hypothetical steps in the evolution of COX
operons are indicated. Figure S4, Structure-based align-
ment of bacterial and mitochondrial ‘“Rieske’® ISP. The
protein sequences of various ISP of the b¢; complex were aligned
following structures available from various sources matching the
alignment gaps or insertions with the most refined 3D data [68

71]. The limits of secondary structures (alpha helices, highlighted
in green, and beta sheets, highlighted in purple) were deduced
from a consensus of the latest coordinates deposited in the NCBI
databanks [68-71]. Common insertions and deletions (Indels [72])
between mitochondrial and bacterial sequences are consecutively
labelled CIMitl-7 (cf. Fig. 7A). The C terminus of some sequences
is truncated at the residue indicated by the numeral before the
slash. Key residues for the iron-sulfur cluster, including Y165
influencing its redox potential [71], are in bold. Note that
Nitrospira, Nitrosomonas, Nitrosococcus and Methylocystis are metaboli-
cally related by ammonia/methane autothropy. The organisms
follow established phylogenetic distance from top to bottom
according to the following taxonomic groups and species.
Cyanobacteria: Synechocystis (bgf complex), Synechocystis sp.
PCC 6803, 192 aa; Nitrospirales: Nitrospira, Candidatus
Nitrospira  defluvii  [73], 183 aa; e-proteobacteria: Epsilon,
Helicobacter pylori, 167 aa; Planctomycetes: Kuenenia_2, Candi-
datus Kuenenia stuttgartiensis (in-operon Kuste3096 [66]), 173 aa;
Schlesneria_2, Schlesneira  paludicula DSM 18645  (accession:
ZP_11092182), 189 aa. y-proteobacteria: Nitrosoc, Nitrosococcus
watsoniz C-113, 201 aa; Frateuria, Frateuria aurantia, 201 aa; B-
proteobacteria: Nitrosomonas, Nitrosomonas europaca ATCC
19718, 201 aa; Beta, Newssseria memngitidis MC58, 193 aa. a-
proteobacteria: Methylocy_1 &_2, Methylocystis sp. SC2 [84], _1
in-operon,176 aa, _2 in isolated gene cluster, 209 aa; Methylob_r,
Methylobacterium  radiotolerans JCM 2831, 189 aa; Nitrobacter,
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Nitrobacter hamburgensis 1SP2, 219 aa; Gluc_dia, Gluconacetobacter
diazotrophicus PAL 5 (in isolated gene cluster), 221 aa; Saccharib,
Saccharibacter sp. (Chouaia et al. [22]), 223 aa; Glu_oxyd,
Gluconobacter oxydans H24, 218 aa; Beijerinckia, Begerinckia indica,
172 aa; RoseobacterA2, Roseobacter lLtoralis petA2 in-operon, 186
aa;Maricaulis_1, Maricaulis maris in-operon, 207 aa; Micavibrio,
Micavibrio aeruginosavorus [25], 185 aa; Magnetococcus, Magnetococcus
marinus [76], 178 aa; Rickettsia, Rickettsia felis, 177 aa. Mitochon-
dria: Acanthamoeba, Acanthamoeba castellanii, 235 aa; S_cerevi-
siae, Saccharomyces cerevisiae, mature 185 aa (3D structure available
[85]); Chicken, Gallus gallus, mature 192 aa (3D structure available
[68]). C-terminal extensions are highlighted in pale blue with some
conserved residues in gray. Table S1, Genomic distribution
of bienergetic systems in ¢-proteobacteria. A. The
genomes of ca. 120 o-proteobacterial organisms were studied
from the latest version of the genome NCBI database http://www.
ncbinlm.nih.gov/genome/browse/- accessed on 14 March
2014,verifying also the completeness of genomic data (¥).
Reconstruction of the various bioenergetic systems (see text) was
deduced by combining genomic information with biochemical and
microbiological data. The organisms are listed following the left-
right sequence in the model of Fig. 1B. Major types of 4d oxidases
are classified as bd-I or CIO [25,79]. The organisms directly
shown in Fig. 1B are yellow highlighted and those proposed to be
relatives of mitochondria are shown in italics with pertinent
references (including [86,87]). Underlined organisms are symbi-
onts or pathogens. B. This table lists the organisms that have been
analysed but are not included in the model of Fig. 1B, also because
they are in parallel paths of evolution with respect to the
mitochondrial subset of bioenergetic systems. The organisms
highlighted in pale yellow are shown in Fig. S1 in File S1, while
other annotations are the same as in A. Complementary
information is in Table S2 in File S1. Table S2, Diverse gene
clusters for aa; -type oxidase in a-proteobacteria. The
table lists the diverse types of COX operons (Fig. 3A). COX1
proteins recognised as ba3-like_Oxidase_I [cd01660] [41] are
under the column ba3" and correspond to class B [26].
Concatenated operons are framed in blue and connected by a
thick line. Incomplete (or ‘dead’ [82]) operons, indicated by the
asterisk®, lack one or more of core subunits ctaC-E (Fig. 3A).
Functional capacity of the oxidase has been deduced also from
biochemical studies [88,89]. Table S3, Phylogenetic distri-
bution of the main characters of COX gene operons. We
constructed a matrix of 11 independent characters (indicated
concisely on top of the columns) that could differentiate the gene
sequence of COX subunits in the mitochondria of some protists
from the gene sequence of bacterial COX operons. The cumulative
phenetic analysis indicate that COX operon type a-II of
methylotrophs and 7ustrella (highlighted) share the largest number
of characters with COX gene clusters of protist mitochondria (F.
Comandatore and C. Bandi, unpublished). Table S4, Con-
served phospholipid binding sites in COX3 proteins. The
alignment in Fig. 4A was enlarged and the residues corresponding
to the PL-binding sites and E90 (close to O2 entry in beef COX3
[60]) were considered conserved when producing positive
substitutions [83] (bold amino acid symbols in white background).
Other substitutions are highlighted in pale brown while identities
are identified as yes. Organisms are abbreviated as in Fig. 4.
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Abstract

Background: Proteins from the ABC family (ATP-binding cassette) represent the largest known group of efflux pumps,
responsible for transporting specific molecules across lipid membranes in both prokaryotic and eukaryotic organisms.
In arthropods they have been shown to play a role in insecticide defense/resistance. The presence of ABC transporters
and their possible association with insecticide transport have not yet been investigated in the mosquito Anopheles
stephensi, the major vector of human malaria in the Middle East and South Asian regions. Here we investigated the
presence and role of ABCs in transport of permethrin insecticide in a susceptible strain of this mosquito species.

Methods: To identify ABC transporter genes we obtained a transcriptome from untreated larvae of An. stephensi and
then compared it with the annotated transcriptome of Anopheles gambiae. To analyse the association between ABC
transporters and permethrin we conducted bioassays with permethrin alone and in combination with an ABC inhibitor,
and then we investigated expression profiles of the identified genes in larvae exposed to permethrin.

Results: Bioassays showed an increased mortality of mosquitoes when permethrin was used in combination with the
ABC-transporter inhibitor. Genes for ABC transporters were detected in the transcriptome, and five were selected
(AnstABCB2, AnstABCB3, AnstABCB4, AnstABCmember6 and AnstABCG4). An increased expression in one of them
(AnstABCG4) was observed in larvae exposed to the LD50 dose of permethrin. Contrary to what was found in
other insect species, no up-regulation was observed in the AnstABCB genes.

Conclusions: Our results show for the first time the involvement of ABC transporters in larval defense against
permethrin in An. stephensi and, more in general, confirm the role of ABC transporters in insecticide defense.
The differences observed with previous studies highlight the need of further research as, despite the growing
number of studies on ABC transporters in insects, the heterogeneity of the results available at present does not
allow us to infer general trends in ABC transporter-insecticide interactions.

Keywords: Mosquitoes, Bioassays, Insecticide resistance, Culicidae, Vector control, ABC transporters

Background

Malaria is a major threat to human health and socio-
economic development, representing a great burden in
the vast regions of the world in which this parasitosis is
endemic [1-3]. WHO estimated over 200 million cases
of malaria in the 99 endemic countries and around
660,000 deaths, in the year 2010 [2].
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Vector control through insecticides is a core compo-
nent of malaria control programmes. However, continu-
ous use of insecticides has led to the development of
resistance in many malaria vectors around the world,
which poses a serious threat to the global malaria con-
trol efforts [3-5]. Research is therefore needed to under-
stand the molecular basis of insecticide detoxification
and develop even more effective methods to delay emer-
gence of resistance [6].

In recent years, the role of ATP-binding cassette (ABC)
transporters in the defense against toxic compounds as
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pesticides has attracted a great deal of attention (reviewed
in [7,8]). ABC transporters are ATP-dependent efflux
pumps belonging to the ABC protein family located in the
cellular membrane in both prokaryotic and eukaryotic or-
ganisms. In eukaryotic organisms, they mediate the efflux
of compounds from the cytoplasm to the outside of the
cell or into organelles. ABC proteins have been subdivided
into eight subfamilies (from ABC-A to ABC-H), and can
transport a wide array of different substrates across cellu-
lar membranes (e.g., amino-acids, sugars, lipids, and pep-
tides). Most of the ABC transporters associated with the
efflux of pesticides belong to the subfamilies ABC-B (also
referred to as P-glycoproteins, P-gps), ABC-C and ABC-
G. In some cases ABC-transporter action has also been
associated with insecticide-resistant phenotypes in species
of agricultural or medical importance [7,8]. In spite of an
increasing awareness of the potential importance of ABC
transporters in vector control, to date they have been
poorly studied in detail in malaria vectors [8]. Here, we in-
vestigated the role of ABC transporters in the detoxifica-
tion against the insecticide permethrin in the malaria
vector Anopheles stephensi (Culicidae: Diptera). This
mosquito species, vector of both Plasmodium falcip-
arum and Plasmodium vivax, is one of the major vec-
tors of human malaria in the world. An. stephensi
occupies a geographic range that spans from the Mid-
dle East to South-East Asia [9]. These regions contrib-
ute to 15% of malaria cases worldwide, with an estimated
28 million people annually affected by the disease [2]. Per-
methrin belongs to the pyrethroid class of insecticides,
which is by far the most commonly used in malaria
vector-control interventions [2].

Pyrethroids act by modifying the gating kinetics of
voltage-gated sodium channels, thereby disrupting neuron
function, which leads to rapid paralysis and death of the
insect [10]. They can enter into the insect body by inges-
tion and penetration into the hemolymph through the ali-
mentary canal, or via contact with sensory organs of the
peripheral nervous system [11]. Insect midgut is rich in
ABC transporters, whose action, therefore, likely prevents
permethrin to reach its target sites [8]. Furthermore, in-
sects possess protective neural barriers (e.g. a layer of gli-
ally derived epithelial cells), where ABC transporters likely
play an important role in the exchange of molecules
[12,13]. In particular, inhibition of P-gp in Schistocerca
gregaria has been shown to increase brain uptake of differ-
ent drugs [13]. The involvement of ABC transporters in
pyrethroid detoxification has been reported for a few in-
sect species, such as Helicoverpa armigera [14-16], Apis
mellifera [17] and Culex pipiens [18]. Up-regulation of
ABC-transporter genes has also been reported in pyrethroid
resistant strains of the bed bugs Cimex lectularius [19] and
of the vector mosquitoes Anopheles gambiae [20] and Aedes
aegypti [21]. No protein belonging to the ABC transporters
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has yet been described in larvae of An. stephensi, nor the
possible association of this class of proteins with insecticide
transport has been investigated in this species. In this paper
we investigated the presence and role of ABCs in transport
of permethrin insecticide in larvae of An. stephensi: i) by bio-
assays with permethrin alone and in combination with an
ABC inhibitor; i) by investigating gene expression profiles
in larvae exposed to permethrin treatment.

Methods

Mosquito samples

The mosquito larvae used in this study were obtained
from adult females of a An. stephensi colony, derived
from the Liston strain. This colony has been maintained
for four years in the insectary at the University of
Camerino, following standard conditions: adult insects
are reared at 28 + 1°C and 85-90% relative humidity with
photoperiods (12:12 L-D) with a 5% sucrose solution,
and adult females are fed with mouse blood for egg lay-
ing. Eggs from this colony were put into spring water in
order to obtain the larvae. Larvae were maintained in
spring water and fed daily with fish food (Tetra, Melle,
Germany) under the same conditions as the adults.

Bioassays

Inhibition of ABC-transporters should lead to a higher
intracellular concentration of insecticide, thus increasing
larval susceptibility and insecticide efficacy [8]. In order
to evaluate a potential synergy, we performed bioassays
with permethrin insecticide alone and with permethrin
in combination with a sub-lethal dose of the ABC-
transporter inhibitor verapamil (see below for experi-
mental determination of sub-lethal dose of verapamil).
This is a calcium channel blocker, which works by com-
peting with cytotoxic compounds for efflux by the mem-
brane pumps [22]. All bioassays were conducted on An.
stephensi larvae at the third instar, according to standard
protocols [23].

Groups of 25 larvae were put in 250 ml plastic glasses
with 100 ml of spring water and different concentrations
of insecticide or insecticide + inhibitor. All tests were
performed in quadruple. Additional groups of larvae,
treated only with water and acetone (that was used to di-
lute permethrin), were used as controls. Mortality was
assessed at 24 h post-treatment and the larvae were con-
sidered dead if immobile, even after a mechanical stimulus.

In the bioassays with permethrin alone (Sigma-Aldrich
S.rl, Milan, Italy), six insecticide concentrations were
used (0.015, 0.047, 0.092, 0.23, 0.57, 1.44 mg/l) to have
mortality in the range 1-99%. The drug was dissolved in
acetone and then diluted in water to obtain the test so-
lutions. The bioassays with permethrin in combination
with verapamil were performed using permethrin at the
six concentrations indicated above, plus two additional
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concentrations (0.0024 and 0.0048 mg/l). The sub-lethal
dose of verapamil (i.e. the dose at which no dead larvae
were observed) was determined using ten different con-
centrations (20, 40, 80, 100, 160, 240, 320, 400, 480,
560 uM) following the protocol above. The larval mor-
tality data were subjected to Probit regression analysis
[24] as implemented in the XLSTAT-Dose software (avail-
able at: http://www.xlstat.com) to estimate the LD50
values and their 95% confidence intervals (ClIs). To es-
timate the effect on larval mortality of the ABC inhibi-
tor at sub-lethal dose, the synergistic factor (SF) was
calculated.

Identification of ABC transporter genes

A total of 200 untreated larvae of An. stephensi at the third
instar were pooled in 15 ml of RNAlater stabilization solu-
tion (Qiagen, Hilden, Germany) and provided to an exter-
nal company (GATC Biotech AG, Costance, Germany) for
one run of 2x250 paired-ends reads sequencing on the Illu-
mina MiSeq platform. The resulting reads were assembled
using Trinity with default settings [25]. The assembled
contigs were compared with Blastx (evalue 0.00001) to the
annotated transcriptome of An. gambiae available in the
VectorBase database, and the sequences of ABC trans-
porters were extracted automatically and manually con-
trolled. Based on published results about the involvement
of ABCs on multidrug resistance in several arthropods
(mainly mosquitoes) [8], we selected five genes from the
transcriptome of An. stephensi. Oligonucleotide primers
were then designed from the sequence of each gene
(Table 1). The sequences of ABC transporters identified in
An. stephensi were translated to aminoacids and compared
against the UniProt database [26] using Blastp. Homolo-
gous proteins were aligned using ClustalX [27] and dis-
tances among them were estimated by Dayhoff PAM
matrix as implemented in the PROTDIST software of the
PHYLIP package [28].

Gene expression profile after insecticide treatment

The activity of ABC-transporters is generally modulated
at gene transcriptional level: the presence of toxic com-
pounds leads to higher transcription. In order to assess
this topic, larvae of An. stephensi at the third instar were
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exposed to permethrin and the expression of ABC-
transporter genes was monitored in the surviving larvae
by quantitative RT-PCR twice after insecticide treatment:
24 h (e.g. the time at which the LD50 has been esti-
mated) and 48 h following the study of Figueira-Mansur
[29] that found increased expression of ABC trans-
porters in the mosquito Ae. aegypti. The larvae were
treated with the LD50 (0.137 mg/l) of insecticide esti-
mated by bioassays as described above and two pools, of
ten larvae each, were collected after 24 and 48 h of
insecticide-treatment. All pools of larvae were stored in
RNAlater for molecular analysis and, controls (water +
acetone) were collected following the same time frame.

RNA was extracted from each pool of larvae using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) including an
on-column DNase I treatment (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. Total RNA
was eluted into nuclease-free water and the concentration
of RNA was determined at 260 nm [30] using a NanoDrop
ND-1000 (Thermo Scientific, Delaware, USA). cDNAs
were synthesized from 250 ng of total RNA using a
QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany) with random hexamers. The cDNA was used
as template in RT-PCR reactions using the primers de-
signed from the sequences of identified ABC genes
(Table 1). The amplification fragments, obtained using
standard PCR conditions and the thermal profile indi-
cated below, were sequenced in order to confirm the
specificity of the amplification.

Quantitative RT-PCRs on the target ABCs were per-
formed using a BioRad iQ5 Real-Time PCR Detection
System (Bio-Rad, California, USA), under the following
conditions: 50 ng cDNA; 300 nM of forward and reverse
primers; 98°C for 30 sec, 40 cycles of 98°C for 15 sec,
59°C for 30 sec; fluorescence acquisition at the end of
each cycle; melting curve analysis after the last cycle.
The cycle threshold (Ct) values were determined for
each gene, in order to calculate gene expression levels of
target genes relative to rps7, the internal reference gene
for An. stephensi [31]. The expression of the ABC trans-
porters genes in the control group was considered as the
basal level (equal to 1). The estimates of the expression
level of each gene in the treated larvae are reported as

Table 1 Primer sequences of ABC transporter genes identified in Anopheles stephensi

Gene Forward primer Reverse primer PCR product size (base pairs) Source
AnstABCB2 TATCAAGTTCACGGATGTAGAGT  TATCCACCTTGCCACTGTC 185 This work
AnstABCB3 CAACCGTTCCGTAATACTACC ACTGGTAGCCCAATGTGAAG 133 This work
AnstABCB4 GGACAAAACATTCGGGAGG CGTAGTGAATGTTGTGGCG 109 This work
AnstABCBmemb6  CTGGAGACGCTGAGAGATA TACTCCTCGGTGAACTGG 125 This work
AnstABCG4 ATGAGCCCATTCGTCCTG AGCGTGGAGAAGAAGCAG 158 This work

Rps7 AGCAGCAGCAGCACTTGATTTG TAAACGGCTTTCTGCGTCACCC 90 Capone et al. 2013 [31]



http://www.xlstat.com

Epis et al. Parasites & Vectors 2014, 7:349
http://www.parasitesandvectors.com/content/7/1/349

the means + standard deviation (SD) in Additional file 1:
Table S1.

Ethical statement

Maintenance of the mosquito colony of An. stephensi
was carried out according the Italian Directive 116 of
10/27/92 on the “use and protection of laboratory ani-
mals” and in adherence with the European regulation
(86/609) of 11/24/86 (licence no. 125/94A, issued by the
Italian Ministry of Health).

Results

Bioassays

No mortality was observed when larvae were exposed at
concentrations of verapamil up to 100 pM; this concen-
tration was thus used as the sub-lethal dose in the bioas-
says with insecticide + ABC-transporter inhibitor. The
results of toxicity assays using permethrin and permeth-
rin in combination with verapamil are reported in
Table 2. The mortality data observed in bioassays well
fitted the Probit dose—response model (Chi-Square prob-
ability <0.0001). The LD50 dose in permethrin assay was
0.137 mg/1 while in the assay in combination with verap-
amil LD50 was 0.025 mg/l (Table 2). No overlapping
values were observed between LD50 95% CI of insecti-
cide alone and insecticide plus verapamil; the addition of
verapamil increased the toxicity of permethrin about
5-fold (SF = 5.48).

Isolation of ABC transporter genes and expression profile
after insecticide treatment

The Illumina MiSeq platform was used to sequence the
c¢DNA library obtained from a pool of 200 larvae of A#n.
stephensi, and 16,686,276 paired-ends reads were ob-
tained. MiSeq raw data were assembled with Trinity,
obtaining 40,498 contigs. The contigs containing ABC
transporter genes were extracted on the basis of the an-
notated transcriptome of An. gambiae available in data-
base. Five sequences, respectively of 3612, 2154, 2481,
2553 and 2182 base pairs, were found to share 85-94%
identity with putative ABC multidrug transporters of An.

Table 2 Toxicity of verapamil and permethrin against
Anopheles stephensi larvae

Insecticide N  Slope + SE LD50 (95% Cl) SF
Verapamil 600 3.846 (0.374)* 528 uM (486-587)
Permethrin 600 1.819 (0.125)* 0.137 mg/I

(0.117-0.160)
Permethrin + verapamil 600 2.123 (0.174)*  0.025 mg/I 548
(100 pM) (0.021-0.029)

LD50 and slopes of regression lines estimated from mortality data by Probit
analysis are shown. N, number of larvae used in bioassays; SE, standard error;
95% Cl, 95% confidence interval. SF, synergistic factor.

*Chi-Square probability < 0.0001.
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gambiae: ABCB2 (AGAP005639) (85% identity), ABCB3
(AGAP006273) (94% identity), ABCB4 (AGAP006364)
(88% identity), ABCmember6 (AGAP002278) (94% iden-
tity) and ABCG4 (AGAP001333) (85% identity). We de-
noted them as AnstABCB2, AnstABCB3, AnstABCB4,
AnstABCmember6, AnstABCG4 and we deposited them in
EMBL Nucleotide Sequence Database [EMBL: LK392613
to LK392617]. The alignment of the deduced amino acidic
sequences of ABC transporters identified in An. stephensi
with sequences of homologous ABC transporters of An.
gambiae is shown in Additional file 2: Figure S1. Dayhoff
PAM distance estimates between the ABC transporters
identified in An. stephensi and the homologous ABC trans-
porters of mosquitoes An. gambiae, Anopheles darlingi,
Ae. aegypti and Culex quinquefasciatus that showed the
highest percentage of identity following Blast search are
shown in Additional file 3: Table S2.

Conventional PCR amplicons obtained from each gene
primer set were sequenced, confirming in all cases the
sequences generated with the MiSEQ experiment. The
RT-PCRs were performed to investigate whether per-
methrin treatment at the LD50 dose (0.137 mg/l, Table 2)
increased or decreased the ABC gene expression in the
An. stephensi larvae after 24 and 48 h of insecticide-
treatment. As reported in Figure 1 and Additional file 1:
Table S1, after 24 h of permethrin treatment, the relative
expression of all selected genes was down-regulated,
with the exception of the AnstABCG4 gene, that showed
about three-fold increase of expression compared to the
control. Similarly, after 48 h of permethrin treatment,
the relative expression of all ABCB genes was down-
regulated, while the AnstABCG4 gene showed a ten-fold
increase of expression compared to the control.

Discussion
Bioassays and molecular data suggest the involvement of
ABC transporters in the defense of An. stephensi larvae
against the permethrin insecticide. Indeed, inhibition of
ABC-transporters led to a higher susceptibility of larvae
to insecticide, indicating that ABC transporters are asso-
ciated with insecticide detoxification. In addition, in
mosquito larvae exposed to the LD50 dose of permeth-
rin, we observed an increased expression of AnstABCG4,
one of the five tested genes coding for ABC transporters.
Arthropod ABCG genes are orthologous of the human
gene ABCG2, which has been associated with resistance
to cancer drugs [32,33], while data in insects show that
ABCG transporter genes were significantly over-transcribed
in response to exposure to insecticides. Microarray gene ex-
pression studies revealed that ABCG transporter genes were
up-regulated in DDT resistant strains of Drosophila melano-
gaster [34] and in a Plutella xylostella (Lepidoptera) strain
resistant to chlorpyrifos [35]. The ABCG4 transporter gene
was over-transcribed in Bemiisia tabaci whiteflies resistant to
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Figure 1 Relative expression of Anopheles stephensi ABC genes
measured by quantitative PCR after 24 and 48 h of permethrin
exposure. The expression level in non-treated larvae was considered
to be the basal level (equal 1). The internal reference gene rps7 for
An. stephensi was used to normalize expression levels. The values are
expressed as means + standard deviations.

the neonicotinoid thiamethoxam [36] as well as in Anoph-
eles arabiensis resistant- and sensible-strains to DDT [33].
The ABCG3 gene was found differentially expressed in Ae.
aegypti pyrethroid resistant populations versus susceptible
strains [21].

The other four genes coding for ABC transporters that
we detected and tested in An. stephensi (AnstABCB2,
AnstABCB3, AnstABCB4 and AnstABCmember6) be-
long to the ABCB subfamily. Several members of this
subfamily have been associated with transport and/or re-
sistance to different insecticide classes in several insect
species [7,8]. In mosquitoes, the ABCB2 gene was
showed by quantitative PCR to be eightfold up-regulated
in larvae of a susceptible strain of Ae. aegypti analysed at
48 h post temephos-treatment [29]. The ABCB4 gene was
showed to be over-transcribed by transcriptome and
quantitative PCR analyses, in DDT and pyrethroid (per-
methrin and deltamethrin) resistant Ae. aegypti popula-
tions compared to a laboratory susceptible population
[21]. Microarray analysis showed that the ABCB4 was up-
regulated in different populations of DDT-resistant An.
gambiae mosquitoes [37]. Our results showed no over-
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transcription of the ABCB genes in An. stephensi suscep-
tible larvae exposed to permethrin, while insecticide treat-
ment induced an increased expression of the AnstABCG4
(Figure 1, Additional file 1: Table S1).

On the whole, the results herein presented support the
view of the involvement of ABC transporters in insecti-
cide transport, although differences with previous stud-
ies have been observed. Are these differences due to the
insecticides used or to the status of the analysed samples
(i.e. susceptible vs. resistant)? Despite the growing num-
ber of studies on ABC transporters in insects, the het-
erogeneity of the data available at present does not allow
to infer general trends that may underlie particular inter-
actions between ABC transporters and insecticides. Fur-
ther studies are needed to highlight these and other
issues. For example, our results showed that the expres-
sion of ABCB genes in An. stephensi did not only in-
crease in larvae treated with permethrin compared to
those non-treated, but indeed it decreased (Figure 1,
Additional file 1: Table S1). In the latter case, the study
of gene expression at more time points could contribute
to the understanding of whether there are temporal de-
lays, or whether compound-specific or species-specific
differences exist in their activation [38-40]. Furthermore,
most studies have been conducted on larval stages [7,8].
The synergist and transcript profiles may differ between
larval and adult stages, an interesting topic for future
studies.

Diffusion of vectors of human diseases driven by hu-
man activities and global climate change as well as in-
surgence of insecticide resistance can seriously impact
our ability to control vector-borne diseases [41-44]. Fur-
thermore, environmental pollution and resistance phe-
nomena clearly show the limits of the chemical approach
for pest control and the need to delineate new strategies
that optimize the use of available molecules, with the aim
of reducing their impact on the environment [31,45-48].

In the last decades advances in molecular techniques
have greatly improved our tools to investigate the dy-
namics of vector populations and of pesticide resistance
insurgence [43,49-53]. More recently, next-generation
sequencing technologies have offered unprecedented op-
portunities to investigate the molecular basis of the
interaction between cellular defenses and insecticides
[54]. In this context, the increasing interest about ABC
transporters in transport and/or resistance against insec-
ticides led to an increase of the information on these
genes in various insect species and their association with
insecticide detoxification [7,8].

Conclusions

In this study we have demonstrated for the first time in
the larvae of An. stephensi that verapamil increases the
sensitivity to permethrin in laboratory assays; in addition,
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we isolated five genes encoding for ABC transporters, and
investigated their expression profile after exposure to per-
methrin. To analyse the potential role of ABC transporters
in permethrin transport in An. stephensi, we performed
bioassays using a sub-lethal dose of the ABC transporter
inhibitor verapamil in association with permethrin. The
results obtained using this approach highlight that the
combination of insecticides with an ABC-transporter in-
hibitor can increase the efficacy of the insecticide mol-
ecule [18,29,55]. In prospect, combined treatments of
insecticide plus ABC-transporter inhibitors could be pro-
posed, with the objective of reducing the current dosages
of insecticides or to prevent the development of resist-
ance, and reduce environmental pollution [29,56]. The im-
plementation of such a strategy would require the availability
of gene- and species-specific inhibitors in order to avoid the
serious consequences that would derive from a generic in-
hibition of ABC-transporters in non-target organisms. The
study of ABC-transporters at the gene level is therefore cru-
cial for the understanding of both their potential role as
defense mechanisms and for their inhibition for vector con-
trol purposes.

Additional files

Additional file 1: Table S1. Relative expression of Anopheles stephensi
ABC genes measured by quantitative PCR after permethrin exposure. The
expression level in non-treated larvae was considered to be the basal
level (equal 1). The internal reference gene rps7 for An. stephensi was used
to normalize expression levels. The values are expressed as means + standard
deviations.

Additional file 2: Figure S1. Alignment by ClustalW of deduced amino
acidic sequences of ABC transporters of Anopheles stephensi and
Anopheles gambiae. Asterisks: conserved amino acid residues; colons:
conserved substitutions; dots: semiconserved substitutions.

Additional file 3: Table S2. Dayhoff PAM matrix. Estimates of distance
among the ABC transporters identified in Anopheles stephensi and the
homologous ABC transporters of other mosquitoes species are shown:
An. gambiae (AGAP005639; AGAP006273; AGAP006364; AGAP002278;
AP001333), An. darlingi (ETN61204; ETN66919; ETN62617; ETN64062;
ETN58714), Aedes aegypti (AAELO10379; AAEL002468; AAEL006717;
AAEL008134; AAEL003703), and Culex quinquefasciatus (EDS44274;
EDS35382; EDS29700; EDS27088; EDS37204).
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Klebsiella pneumoniae is at the forefront of antimicrobial resistance for Gram-negative pathogenic bacteria, as strains resistant
to third-generation cephalosporins and carbapenems are widely reported. The worldwide diffusion of these strains is of great
concern due to the high morbidity and mortality often associated with K. pneumoniae infections in nosocomial environments.
We sequenced the genomes of 89 K. pneumoniae strains isolated in six Italian hospitals. Strains were selected based on antibio-
types, regardless of multilocus sequence type, to obtain a picture of the epidemiology of K. pneumoniae in Italy. Thirty-one
strains were carbapenem-resistant K. pneumoniae carbapenemase producers, 29 were resistant to third-generation cephalospo-
rins, and 29 were susceptible to the aforementioned antibiotics. The genomes were compared to all of the sequences available in
the databases, obtaining a data set of 319 genomes spanning the known diversity of K. pneumoniae worldwide. Bioinformatic
analyses of this global data set allowed us to construct a whole-species phylogeny, to detect patterns of antibiotic resistance dis-
tribution, and to date the differentiation between specific clades of interest. Finally, we detected an ~1.3-Mb recombination that
characterizes all of the isolates of clonal complex 258, the most widespread carbapenem-resistant group of K. pneumoniae. The
evolution of this complex was modeled, dating the newly detected and the previously reported recombination events. The pres-
ent study contributes to the understanding of K. pneumoniae evolution, providing novel insights into its global genomic charac-

teristics and drawing a dated epidemiological scenario for this pathogen in Italy.

Multidrug resistance is currently a matter of concern world-
wide. At the end of the 1970s, most Escherichia coli and Kleb-
siella pneumoniae strains encoded ampicillin-hydrolyzing B-lacta-
mases, making it necessary to use third-generation cephalosporins. In
the early 1980s, the first cases of resistance to these novel antibiotics
were reported in Enterobacteriaceae (1) and were caused by genes
classified as ESBL (extended-spectrum beta-lactamases). In 1985,
the United States Food and Drug Administration approved the
commercialization of imipenem, a molecule that showed activity
against ESBL producers. This drug, and similar compounds that
quickly followed (i.e., carbapenems), then were introduced into
clinical practice and widely used.

In 2001, Yigit and colleagues reported a K. pneumoniae strain
isolated in 1996 that exhibited resistance to the carbapenems imi-
penem and meropenem (2). The gene responsible for the resis-
tance was identified as a group 2f, class A, carbapenem-hydrolyz-
ing beta-lactamase, named Klebsiella pneumoniae carbapenemase
1 (KPC-1). Since its discovery, carbapenem resistance caused by
the blaype gene has been reported increasingly in K. pneumoniae
isolates, initially moving through the northeastern states (3, 4) and
quickly becoming the most frequently found carbapenemase in
the United States (5). The spread of KPC then continued, with
reports from different countries appearing ceaselessly, to the point
that today this is regarded as a worldwide issue (6).

The blaypc gene is carried by a plasmid; thus, horizontal trans-
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fer between various K. pneumoniae strains, as well as other bacte-
rial species, could be expected and was extensively reported (7-9).
Nevertheless, most of the clinical reports to date have been caused
by K. pneumoniae isolates belonging to clonal complex 258
(CC258) (10). This complex comprises sequence type 258
(ST258) and single-allele mutant STs based on multilocus se-
quence typing (MLST), such as ST11 and ST512. These epidemi-
ological data suggest a dissemination starting from a single ances-
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tor and that CC258 presents a genomic background that is
favorable both to the acquisition of plasmids bearing the blayp
gene and to the clonal spread in nosocomial environments. In
2014, Deleo and colleagues (11) presented a phylogenomic study
on 85 K. pneumoniae isolates belonging to CC258, detecting two
subclades and concluding that an ~215-kb recombination event
was at the origin of the differentiation between the two. A second
comparative genomic analysis, presented by Chen and colleagues
(12), detected an ~1.1-Mb recombination between an ST11 re-
cipient and an ST442 donor as the event that originated the pres-
ent ST258 strain.

Since the first finding of circulation of ESBL-producing K.
pneumoniae in Italy in 1994, a rapid and extensive dissemination
of different types of ESBLs has been reported (13-15). More re-
cently, the first Italian KPC-positive K. pneurmoniae strain, belong-
ing to ST258, was isolated in a hospital in Florence in 2008 from an
inpatient with a complicated intra-abdominal infection (16).
Since then, the diffusion of carbapenemase-producing K. pneu-
moniae in Italy has been extremely rapid and characterized mainly
by isolates of CC258 (i.e., ST258 and ST512) (17-19). ST512 in
particular, first reported in Israel in 2006 (20), has been spreading
in southern Europe and South America (11, 19). The sporadic
detection of isolates belonging to other STs (e.g., ST101 and
ST147) also have characterized the epidemiology of KPC K. pneu-
moniae in Italy (19).

The aim of this study was to evaluate the geographic and phy-
logenetic distribution of K. pneumoniae isolates of different anti-
biotypes, both at a national and a global scale. Thus, we sequenced
and analyzed the genomes from 89 K. pneumoniae strains, col-
lected in six Italian hospitals from 2006 to 2013, without any a
priori knowledge of the sequence type. We compared this national
collection to all of the K. pneumoniae genomes available from
worldwide isolations to obtain insights into both the Italian epi-
demiology and the global structure of the species.

MATERIALS AND METHODS

Strain sampling. Eighty-nine nonduplicate K. pneumoniae strains, col-
lected from six different Italian hospitals, were included in this study
without prior knowledge of the sequence type. Thirty-one were KPC pro-
ducers, as demonstrated using phenotypical tests (positivity with disk
diffusion synergy testing using a meropenem disk alone and in combina-
tion with aminophenylboronic acid) (21) and/or genotypical analysis (in-
house methods based on reference 22); 29 were ESBL producers, as dem-
onstrated using the procedure recommended by the CLSI (23), while 29
were susceptible to third-generation cephalosporins and carbapenems.
Throughout this work, we refer to this last group of isolates as susceptible.
Antimicrobial susceptibility testing was performed using a Vitek2 auto-
mated system (bioMérieux), and MICs were interpreted by following the
European Committee on Antimicrobial Susceptibility Testing guidelines
(24). The list of isolates, year, location of isolation, sequence type, and
presence of selected antibiotic resistance genes are reported in Table S1 in
the supplemental material.

Genome sequences. DNA was extracted using a QIAamp DNA mini-
kit (Qiagen) by following the manufacturer’s instructions. Whole
genomic DNA was sequenced using an Illumina Miseq platform with a 2
by 250 paired-end run after Nextera XT paired-end library preparation.
On 24 March 2014, sequences of draft and complete genomes of K. pneu-
moniae were retrieved from the NCBI ftp site, while sequencing reads of
the isolates sequenced by Deleo and coworkers (11) were retrieved from
the sequence read archive (SRA) database (accession no. SRP036874).

Genome assembly and retrieval. Sequencing reads from the isolates
obtained in this study were assembled using MIRA 4.0 software (25) with
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accurate de novo settings. Assembled genomes are now publicly available
under Bioproject (EMBL project B6543). Reads retrieved from the SRA
database were checked and filtered for sequencing quality using an in-
house script and then assembled using Velvet (26) with a K-mer length of
35 and automatic detection of average expected coverage and low cover-
age threshold.

Resistance profile and MLST determination. The MLST profile was
obtained in silico by searching the characterizing gene variants on each
genome, using an in-house Python script. The antibiotic resistance profile
was determined using a BLAST search on a gene database comprising all
of the most common resistance genes associated with resistance to beta-
lactams, including ESBL- and KPC-producing phenotypes.

Core SNP detection and phylogeny. Single-nucleotide polymor-
phisms (SNPs) were detected using an in-house pipeline based on Mauve
software (27), using the NJST258_1 complete genome as a reference. Each
genome was individually aligned to the reference, and alignments were
merged with in-house scripts. Core SNPs were defined as single-nucleo-
tide mutations flanked by identical bases present in all of the analyzed
genomes. The core SNP alignment was used to perform a phylogenetic
analysis using the software RAXML (28) with a generalized time-reversible
(GTR) model and 100 bootstraps. The same phylogenetic approach was
used to perform the analysis on three core SNP sub-data sets (i.e., nonre-
combined regions and two distinct putatively recombined regions).

Recombination. We divided the genome alignment in 5,264 windows
of 1,000 nucleotides (nt) each and calculated core SNP frequency in each
window for each genome, generating a matrix. The software R then was
used to generate a heatmap of SNP frequency. The newly characterized
strain 46AVR was used as a reference for plotting SNPs, being a member of
the sister group to CC258. In parallel, we created a sub-data set of 174
CC258 genomes and 13 closely related K. pneumoniae genomes, removing
genomes of isolates distant from the CC258 clade (n = 103) and the
genomes within CC258 that exhibited extremely limited variability (n =
29), such as all but one of those obtained from single outbreaks. The
choice of using a relatively large number of non-CC258 genomes (1 = 13)
was made in order to allow the detection of recombination events com-
mon to the whole clonal complex. We used this sub-data set of core SNPs
in 187 genomes to perform a recombination detection analysis using the
software BRATnextgen (29) with 100-iteration analysis, using 100 repli-
cates for statistical significance.

Analysis of the recombined region. A database was created collecting
protein sequences of factors previously reported to be involved in viru-
lence and antibiotic resistance. We collected sequences from the Compre-
hensive Antibiotic Resistance Database (CARD) (30) and from the Anti-
biotic Resistance Genes Database (ARDB) (31), from proteins involved in
the biosynthesis of lipopolysaccharides (LPS) and polymyxin resistance,
and from the most common virulence factors and siderophores found in
Gram-negative bacteria (obtained from the NCBI site). Finally, we added
to our manually designed database all K. pneumoniae proteins described
as potential virulence or resistance factors in the work by Lery and col-
leagues (32). Gene sequences present in the novel putative recombined
region were extracted from the genome of strain NJST258_1 using an
in-house Python script. Correspondence between proteins in our data-
base and genes in the recombined region was tested using a TBLASTN
search, selecting genes covering at least 75% of the database sequence with
a minimum of 75% identity. Results then were manually checked (see
Table S2 in the supplemental material for a complete list).

Molecular clock. We created a sub-data set of 174 CC258 genomes
and 3 closely related K. pneumoniae genomes (used as outgroups), remov-
ing genomes of isolates distant from the CC258 clade (# = 113) and the
genomes within CC258 that exhibited extremely limited variability (n =
29), such as all but one of those obtained from single outbreaks. We used
the software BEAST (33) on the core SNP alignment of the 177-genome
sub-data set after removing SNPs located in the potentially recombined
regions. BEAST parameters used were the following: uncorrelated log-
normal relaxed clock with the GTR model, with no correction for site rate
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KPC-2l NORTHAMERICA ST258 M blaOXA H
KPC-3 EUROPE W ST512 W blaCTX-M H
KPC-7/' SOUTHAMERICAM ST11 M blaTEM W
ASIA ST379 M blaSHV
OCEANIA B sT442 W
ST1628 |
B CC258

FIG 1 Maximum likelihood phylogeny of Klebsiella pneumoniae, based on 319 genomes. The phylogeny was reconstructed starting from an alignment of 94,812
core SNPs, using the software RAXML with a generalized time-reversible (GTR) model and 100 bootstraps, which are not shown for the sake of figure clarity. (A)
Circular representation of the phylogeny, obtained using iTOL (itol.embl.de), ignoring branch length. Color circles indicate, from the innermost to the
outermost, presence/absence of KPC variants, geographic location in terms of continents, ST based on multilocus sequence typing, and presence in the genome
of genes from four beta-lactamase families. The red arrow indicates the origin of the clonal complex 258 clade. (B) Unrooted representation of the phylogeny
showing the branch lengths, highlighting the genetic uniformity of clonal complex 258.

heterogeneity according to analyses performed in similar scenarios (34).
The analysis was run for 1,000,000,000 steps, and at every 10,000 steps
samples were taken. We discarded 250,000,000 steps as burn-in. The pro-
gram TRACER (http://beast.bio.ed.ac.uk/tracer/) was used to evaluate the
convergence of the analysis.

RESULTS

Sampling and genome sequencing. Eighty-nine K. pneumoniae
strains were collected in six Italian hospitals, chosen based on
antibiotypes regardless of sequence type, which was determined
only afterwards. The data set was composed of 31 KPC producers,
29 ESBL producers, and 29 strains susceptible to carbapenems and
third-generation cephalosporins, here referred to as susceptible.
The genome of each of the 89 isolates was sequenced and assem-
bled (average genome size, 5,551,959 nt; average N50, 154,414 nt;
average coverage, 76.46X). All of the available K. pneumoniae ge-
nome sequences and reads then were retrieved from the databases
(n = 230) to create a global data set of 319 K. pneumoniae ge-
nomes. All genomes in the data set were screened for genes re-
sponsible for KPC and beta-lactam resistance phenotypes, as well
as for all MLST genes. A total of 55 different MLST profiles were
detected, eight of which were novel; thus, they were submitted to
the curators of the K. pneumoniae MLST database (35). Each of the
eight new profiles was represented by a single newly sequenced
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Italian isolate (7 susceptible, 1 ESBL producer). Two of these iso-
lates also presented a single novel allele, one for the gene rpoB and
one for the gene infB. See Table S1 in the supplemental material
for alist of all of the isolates sequenced in this study and their main
characteristics.

Global SNP phylogeny. We used a maximum likelihood phy-
logenomic approach based on core SNPs to elucidate the relation-
ships within the global genome data set comprising the newly
sequenced isolates and the K. pneumoniae genome sequences
available in the database. The presence of antibiotic resistance
genes was mapped on the resulting phylogenetic tree, obtained
from an alignment of 94,812 core SNPs (Fig. 1). This revealed that
97% of all KPC K. pneumoniae strains sequenced to date, regard-
less of the location of isolation, belong to a well-supported clade,
corresponding to the complex CC258. On the other hand, the
phylogenomic analysis showed that the isolates encoding com-
mon beta-lactam resistance genes (blagy, family, bla gy, family,
blagx 4 family, and blacry_y, family) are widespread along the tree
and belong to various STs (both inside and outside CC258), with
no sign of clustering. In fact, the 141 isolates encoding bla gy,
belong to 24 different STs, the 26 isolates encoding blany , belong
to 11 different STs, and the 37 isolates encoding blacrx_y, belong
to 16 different STs.
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FIG 2 Uneven clustering of core SNPs in the clonal complex 258 clade. The phylogenetic reconstruction of the 206 representatives of the clonal complex 258
clade is shown on the left, while the core SNP frequency is shown on the right in shades of red, representing the number of core SNPs per 1,000-bp window for
each genome. Detected recombinations are indicated at the top of the figure, and main clades of the clonal complex are indicated on the right side of the figure.

Phylogeny excluding potentially recombined regions. In a
recent work by Castillo-Ramirez and coworkers (34), high-den-
sity SNPs clusters with a low ratio of nonsynonymous to synony-
mous evolutionary changes (dN/dS) in closely related bacterial
genomes were suggested to be indicators of recombination events.
Thus, we evaluated the distribution of SNPs on the genome data
set, detecting a highly uneven distribution in the genomes of
CC258 isolates, as most core SNPs clustered into two main re-
gions. The first region is located between positions 1,675,550 and
2,740,033, while the second comprises the origin of replication
and spans from 4,554,906 to 629,621 in strain NJST258_1 (Fig. 2)
(for the distribution of core SNPs on the whole data set of 319
genomes, see Fig. S1 in the supplemental material). To further
analyze the possible presence of recombination events in CC258,
we used the software BRATnextgen (29), specifically intended for
this purpose, on a reduced data set of 187 genomes of CC258 and
closely related strains. This analysis (see Fig. S2) confirmed the
presence of the two main recombination events, additionally in-
dicating in what position of the phylogeny they could have oc-
curred. The first event was placed between the entire CC258 clade
and the non-KPC external isolates of different STs, while the sec-
ond was between the outermost strains of ST11 and the inner
CC258 clade. Details on these recombined regions are presented
in the following paragraph.
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We removed the two putative recombined regions from the
core SNPs data set of 319 K. pneumoniae genomes and performed
a phylogenetic analysis on the remaining 55,368 core SNPs. The
resulting tree (see Fig. S3 in the supplemental material) is largely
consistent with the one generated from the initial data set, con-
firming the widespread distribution of susceptible and ESBL iso-
lates and the presence of the highly supported KPC CC258 clade.
Indeed, both the analysis on all core SNPs and the one performed
by removing recombining sites agree in clustering 97% of all KPC
K. pneumoniae isolates sequenced in a well-supported clade (Fig.
1; also see Fig. S3). This monophyletic clade comprises 203 strains
from Asia, Europe, Oceania, and North and South America, with
isolation dates ranging from 2002 to 2013; 193 of these (95%)
present the blay . gene. Most isolates of this clade belong to ST258
(n = 167), but 4 other sequence types are present (i.e., STII,
SST379, ST418, and ST512), all single-nucleotide variants of
ST258; thus, they belong to CC258. The second most common
sequence type in the CC258 clade is 512, represented by 28 isolates
that form a single monophyletic subgroup, located within the
ST258 diversity. Interestingly, 24 of these 28 have been isolated in
Italy, mostly in this study (n = 19) but also in previous works (18,
36). Within the CC258 clade, two main highly supported distinct
subclades are detectable, comprising the vast majority of the ge-
nomes. Three additional CC258 genomes are located in the tree as
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FIG 3 Hypothesis of recombinations occurring in the clonal complex 258 clade. Schematic representation based on the results of the analyses presented. Main
nodes of interest are shown, highlighting the hypothesized pattern of three recombination events leading to the current state of clonal complex 258. Dates are

inferred based on the molecular clock analysis depicted in Fig. 4.

sister groups of the two main clades, and all are representatives of
ST11, again a single-nucleotide variation of ST258. The existence
of the two main CC258 subclades was reported previously, and a
single recombination event was proposed to be the cause of the
differentiation between the two (11), while a subsequent work
suggested multiple recombination events (37).

Analysis of recombined regions. As described above, the SNP
clustering analysis detected high SNP concentrations in two large
genomic regions (Fig. 2). The smaller of the two is highly congru-
ent with the ~1.1-Mb recombination found by Chen and col-
leagues (12), which represents the major evolutive change be-
tween the members of ST11 and those in the 2 main subclades of
the CC258 clade. Chen and colleagues found this region to be
most similar to the corresponding region of isolate Kp13 of ST442
and suggested a recombination event, with the donor strain being
a close relative of Kp13. Thus, we investigated whether a recom-
bination eventis at the origin of the second, newly detected, highly
mutated genomic region, located from positions 4,554,906 to
629,621. We performed a phylogenetic analysis, including all of
the 319 K. pneumoniae genomes examined in this work, on the
core SNPs located in this region and in parallel on the core SNPs
located in the ~1.1-Mb region. The phylogenetic analysis of the
novel ~1.3-Mb region (see Fig. S4 in the supplemental material)
confirms the recombination hypothesis, as the topology of the
resulting tree clearly shows that Italian isolate 67BO, of the newly
described ST1628, is the sister taxon to the entire CC258 clade,
suggesting that the donor was related to this isolate. The phy-
logenetic tree obtained from the ~1.1-Mb recombined region
(see Fig. S5) confirms the published results, clustering the do-
nor Kp13 as a sister taxon of the CC258 clade, with the exclu-
sion of the outermost ST11 isolates. Thus, we propose an up-
dated scenario in which a first recombination event gave origin
to the first CC258 strains (represented by ST11), a second re-
combination subsequently originated ST258, and a third,
smaller recombination initiated the split between the two main
ST258 subclades (Fig. 3).

In order to investigate the potential effect of the newly discov-
ered recombination on the phenotype of the acceptor CC258, the
presence of genes possibly related to antibiotic resistance and vir-
ulence was investigated in the corresponding region of the ge-
nome of strain NJST258_1, using a specifically designed database
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(see Materials and Methods). Interestingly, 51 genes were detected
in the region (see Table S2 in the supplemental material), grouped
in three main categories: LPS modification (such as the waa
operon), bacterial efflux transporters (i.e., efflux pumps and per-
meases), and regulators (e.g., ompR-envZ operon) (see Discussion
for an analysis of the detected genes).

Molecular clock. In order to date the origin of the CC258 clade
and its subclades, we performed a molecular clock analysis using
the software BEAST (33). We produced a reduced data set of 3,615
core SNPs present in a selected subset of taxa (174 CC258 and
three closely related non-KPC K. pneumoniae genomes used as
outgroups), derived from the previously filtered data set, in which
the potentially recombined regions of the genome were excluded
(Fig. 4). Compared with the dates indicated in published reports,
our estimations appear to be fairly accurate. For example, the
molecular clock analysis dates the appearance of ST512 to 2007,
close to the first report in Israel, i.e., 2006 (20). Additionally, the
molecular clock analysis dates the radiation of American and Eu-
ropean ST258 isolates to 1997, a time point coherent with the first
report of KPC-bearing K. pneumoniae, i.e., 1996 (2). Thus, our
calibration of the evolutionary rate, superimposed on the phylo-
genetic tree (Fig. 4), could be used to infer unavailable dates on the
global pandemic of CC258 K. pneumoniae. See Discussion for fur-
ther discussion of the estimated dates.

Italian strains. The structure of the phylogenomic tree allows
us to depict the scenario of the epidemiology of K. pneumoniae in
Italy (Fig. 1 and 4). While susceptible and ESBL Italian strains are
homogeneously distributed on the tree and belong to a number of
different STs (24 and 15, respectively), all of the KPC strains se-
quenced in Italy belong to CC258, indicating a strong epidemio-
logical prevalence of this clonal complex in the Italian hospitals.
Within CC258, Italian isolates are well clustered in four mono-
phyla, three composed mostly of isolates sequenced in this study
and one encompassing two isolates from a previous study (38). Of
the four Italian CC258 monophyla, the one including the most
isolates is composed solely of ST512 (n = 24), confirming the
multiple reports that indicate this ST as being of great epidemio-
logical importance, at least in this country. Our phylogenetic anal-
ysis clearly indicates that this ST512 monophylum is found within
the diversity of ST258.
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FIG 4 Estimation of divergence times in clonal complex 258. A schematic version of the time-scaled phylogeny was obtained using BEAST software with an
uncorrelated log-normal relaxed clock and GTR model with no correction for site rate heterogeneity. The analysis was run for 1,000,000,000 steps, with sampling
every 10,000 steps and 25% burn-in. The Italian monophyla are highlighted in blue, while the sequence type 11 (ST11) Asian clade is highlighted in green. All of
the phyla with no indication of ST are comprised mainly of isolates of ST258. The dates indicated in the figure, for selected branches and nodes, were inferred from
the analysis described above; for a comparison with the dates of isolation of strains, see Discussion.

DISCUSSION

Klebsiella pneumoniae in Italy. We sequenced the genomes of 89
K. pneumoniae strains isolated in Italy, among them 31 KPC pro-
ducers, 29 ESBL producers, and 29 strains susceptible to beta-
lactams and carbapenems. Based on our phylogenomic analysis,
the 29 genomes from susceptible K. prneumoniae strains isolated in
Italy are scattered along the tree, showing no evident sign of clus-
terization. The sequencing of these isolates allowed us to expand
the known diversity of the K. pneumoniae species, detecting seven
novel MLST profiles and contributing to the overall robustness of
current and future phylogenetic analyses. The genomes obtained
from 29 ESBL isolates also show a considerable diversity, as they
are distributed on the phylogenetic tree and belong to 15 different
STs, among them a newly found ST.

Regarding KPC isolates, all Italian sequenced strains are found
in CC258. Since no a priori selection of STs was performed, this
result indicates a strong prevalence of CC258 among KPC K.
pneumoniae isolates in Italy, even though isolates from different
STs have been reported previously by nongenomic studies (e.g.,
reference 19), and a wider genomic sampling surely would allow
us to obtain genomes of KPC isolates belonging to other STs. The
genomes of KPC-producing K. prneumoniae strains isolated in It-
aly cluster in four monophyletic groups. If we consider that the
first reported case of KPC in Italy occurred in 2008, we can use the
dates obtained from the molecular clock to conclude that these
monophyletic groups represent four different entrances of KPC K.
pneumoniae in Italy (Fig. 4). This indicates that KPC strains can
move effectively among different countries and continents, and
that the current Italian scenario of widespread KPC resistance has
been caused by multiple overlapping outbreaks. Additional sam-
pling from Italian CC258 isolates could either confirm these re-
sults or detect novel monophyla, possibly discovering additional
entrance events.
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Among the four Italian CC258 monophyla, one is composed
entirely of isolates of ST512. This KPC sequence type was first
reported in Israel in 2006 (20) but has been spreading since then,
mostly in Italy and South America (11, 17). In accordance with
these reports, the four available ST512 genomes from South
American isolates cluster in our phylogeny as a sister group of the
Italian ST512 clade (Fig. 1 and 4). The molecular clock analysis
dates the common ancestor of all members of ST512 to 2007, in
relative agreement with the first report of this ST, i.e., 2006 (20).
Considering that this ST is known to be a single-nucleotide variant
of ST258, these results indicate that a mutational event occurred
around 2006, giving rise to this sequence type, that then spread to
Israel, South America, and Italy. Genome sequencing of isolates of
this ST from Israel, currently unavailable, could allow us to per-
form phylogenetic analyses aimed at better understanding the
geographical and temporal origin of the ST512 clade.

Origin of the CC258 clade. Our phylogenomic analysis, cou-
pled with the detection of recombination events and with the mo-
lecular clock analysis, allow us to update the hypothesis regarding
the origin and evolution of CC258, the most widespread bearer of
KPC resistance worldwide (Fig. 3). We postulate a first recombi-
nation event that occurred before 1985 between a donor similar to
ST1628 and a receiver, an ancestor of ST11. This event, which
transferred a region of ~1.3 Mb to the current ST11, gave rise to
the basal lineage of CC258. Since only three genomes of ST11
currently are available, all isolated from Asian patients, the current
phylogeny suggests that this first recombination event occurred
on the Asian continent. However, additional genome sequences of
ST11 from different geographic locations are necessary to support
or falsify this hypothesis. Our molecular clock analysis also can be
useful to date the two subsequent, previously reported (11, 12)
recombination events. The second recombination event, con-
firmed by our phylogenies, gave rise to ST258, having as a recipi-
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ent ST11 and a donor similar to ST442 (12). Our molecular clock
analysis dates this event to between 1985 and 1997. Considering
that all of the known genomic CC258 diversity from the American
and European continents is included within the subclade that
originated in 1997 (Fig. 4), this second event could have been
pivotal in the subsequent pandemic of KPC-bearing CC258. Fi-
nally, we can date the third smaller recombination event, the one
that gave origin to the differentiation between the two main
CC258 subclades (11), to between 1999 and 2001. Thus, we can
hypothesize that these three events have produced a genomic
background apt to bear and diffuse KPC plasmids, contributing to
the success of the KPC pandemic.

The proposed scenario suggests that the genomic diversity of
the whole K. pneumoniae species constitutes a reservoir of genetic
variability capable of recombination events of large portions of the
genome, with subsequent generation of novel variants. In this sce-
nario, we hypothesize that large genomic recombinations are at
the basis of important phenotypic/functional changes that, to-
gether with the acquisition and diffusion of plasmids bearing an-
tibiotic resistance genes, have led to the current global epidemic.
This hypothesis is supported by the multiple detected recombina-
tion events, as well as by the limited number of SNPs identified
outside the recombined regions (a total of 1,086 core SNPs in the
206 analyzed CC258 genomes), and finally by the current impos-
sibility to phenotypically differentiate the isolates of subclade
ST512 from those of ST258. An alternative hypothesis is that the
main reason for the diffusion of CC258 is simply the acquisition of
the resistance to carbapenemic antibiotics, and that the genomic
variations, whether they are recombinations or point mutations,
do not provide a specific fitness benefit but are merely an example
of genetic hitchhiking.

In order to investigate the importance of the recombination
event described in this work, the gene content of the ~1.3-Mb
region was analyzed. Fifty-one genes in this genomic context were
found to be potentially related to virulence or antibiotic resistance
(see Table S2 in the supplemental material). The presence of LPS
synthesis genes is worth a mention because of the multiple link-
ages between the outer membrane and virulence (39). Genes of
the operon waa (also known as rfa) are responsible for the biogen-
esis of the core LPS, while genes of the family arn control the
modifications of lipid A. Modifications in membrane composi-
tion can lead to changes in surface charge and interfere with the
activity of antibiotics that act on LPS, such as polymyxins and
novobiocin (40). Moreover, the presence of mla genes in the re-
combined region is worth being highlighted. These genes are pre-
sumed to maintain lipid asymmetry in the Gram-negative outer
membrane, as they transport phospholipids to the inner side of
the membrane. mla genes were reported as virulence factors in
Escherichia coli and in other Gram-negative bacteria, as mutations
in these genes can lead to a change in the permeability of the outer
membrane and to a subsequent variation in virulence (41). The
presence of fumarate reductase genes of the family finr in the re-
combined region suggests a link with the variation of virulence of
CC258. In fact, fumarate reductase is a virulence determinant in
Helicobacter pylori, Mycobacterium tuberculosis, Actinobacillus
pleuropneumoniae, and Salmonella enterica, as mutants of these
genes show variations in virulence (32). Finally, the ompR-envZ
operon, present in the recombined region, is a two-component
system that acts as a transcription regulator, affecting the expres-
sion of the genes ompF and ompC (42). Mutations in the ompR and
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envZ genes have been shown to reduce the expression of outer
membrane porins OmpF and OmpC (43). This in turn can have
drastic effects on both the virulence and antibiotic resistance of
mutant strains. It has been reported in particular that OmpR mu-
tations can lead to reduced susceptibility to carbapenemic antibi-
otics in Enterobacteriaceae (44).

Further functional investigations aimed at unveiling the rea-
sons for the success of the CC258 clade, possibly focusing on the
detected recombinant regions, would greatly improve our under-
standing of the K. pneumoniae pandemic and would provide im-
portant tools in the fight against KPC-producing strains. Finally,
our conclusions should lead to additional studies focused on the
recombination potential of other STs of K. pneumoniae. If this
capacity were found to be widespread, we should be aware that
future recombination events could lead to the diffusion of novel
epidemic clones.
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Differential Single Nucleotide Polymorphism-Based Analysis of an
Outbreak Caused by Salmonella enterica Serovar Manhattan Reveals
Epidemiological Details Missed by Standard Pulsed-Field Gel
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We retrospectively analyzed a rare Salmonella enterica serovar Manhattan outbreak that occurred in Italy in 2009 to evaluate the
potential of new genomic tools based on differential single nucleotide polymorphism (SNP) analysis in comparison with the gold
standard genotyping method, pulsed-field gel electrophoresis. A total of 39 isolates were analyzed from patients (n = 15) and
food, feed, animal, and environmental sources (n = 24), resulting in five different pulsed-field gel electrophoresis (PFGE) pro-
files. Isolates epidemiologically related to the outbreak clustered within the same pulsotype, SXB_BS.0003, without any further
differentiation. Thirty-three isolates were considered for genomic analysis based on different sets of SNPs, core, synonymous,
nonsynonymous, as well as SNPs in different codon positions, by Bayesian and maximum likelihood algorithms. Trees generated
from core and nonsynonymous SNPs, as well as SNPs at the second and first plus second codon positions detailed four distinct
groups of isolates within the outbreak pulsotype, discriminating outbreak-related isolates of human and food origins. Con-
versely, the trees derived from synonymous and third-codon-position SNPs clustered food and human isolates together, indicat-
ing that all outbreak-related isolates constituted a single clone, which was in line with the epidemiological evidence. Further ex-
periments are in place to extend this approach within our regional enteropathogen surveillance system.

S almonellosis is a major food-borne disease worldwide, with an
estimated 93.8 million cases occurring each year, resulting in
155,000 deaths (1). The European Union summary report on
trends and sources of zoonoses, zoonotic agents and food-borne
outbreaks (2) indicated that nontyphoid salmonellosis was the
second most reported food-borne zoonosis in Europe in 2012,
trailing only behind Campylobacter jejuni infection. The 2012
overall notification rate for human salmonellosis in the European
Union (EU) was 22.2 episodes per 100,000 population, for a total
of 91,034 confirmed cases, with hospitalization and mortality
rates of 45.1% and 0.14%, respectively. The highest proportions of
Salmonella-positive foodstuff samples were reported for fresh tur-
key, poultry, and pork at 4.4%, 4.1%, and 0.7%, respectively (2).
In order to manage this food-borne infection and to limit its
health and economic burdens, surveillance programs have devel-
oped and implemented DNA-based subtyping methods to iden-
tify outbreaks in a timely manner and to trace infections back to
their food sources. Over the past decades, the two most intensively
used protocols for Salmonella subtyping have been pulsed-field gel
electrophoresis (PFGE) and multilocus variable-number tandem-
repeat analysis (MLVA) (3). Unfortunately, these methods rely on
just few features of the entire bacterial genome (rare restriction
sites for PFGE or few polymorphic loci for MLVA) to assess the
relatedness of different isolates. During epidemiological investi-
gations of food-borne outbreaks, this limitation might lead to
difficulties in distinguishing outbreak-related from outbreak-un-
related Salmonella enterica subsp. enterica isolates due to the high
genetic homogeneity of this subspecies (4). Multilocus sequence
typing (MLST) is another molecular tool for bacterial typing
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based on allelic differences in the loci of specified housekeeping
genes (5). While proposed as an alternative to classical serotyping
(6), MLST does not seem to be discriminatory enough when all
isolates being tested belong to the same serotype (7). With the aim
of improving resolution in molecular epidemiology, the techno-
logical advancements of whole-genome sequencing (WGS) may
provide an unprecedented opportunity to access the entire ge-
nome information at a reasonable cost, as well as to set a new series
of high-resolution standards in molecular epidemiology. As PFGE
and MLVA are able to resolve more genotypes within a single
serovar, WGS has already proved its resolution power to detect
variations within otherwise undistinguishable bacterial clones (by
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PFGE or MLVA), as shown by recent examples in the literature (8,
9). Large studies based on WGS within S. enterica subspecies (10)
and within serovars in S. enterica subsp. enterica (11, 12) contrib-
uted to the elucidation of Salmonella phylogenetic diversity and
also accomplished important steps forward in the area of bacterial
disease tracking. Moreover, serovar-specific studies on S. enterica
subsp. enterica have highlighted microevolutionary differences
among clinical, environmental, and food isolates in S. enterica
serovars Montevideo (13, 14), Enteritidis (4), Newport (15), Ty-
phimurium (16-18), and Heidelberg (12), which would have been
missed by more traditional approaches.

While outbreaks of more common serovars, such as Salmonella
Typhimurium and Salmonella Enteritidis, have been reported and
investigated, only a few human outbreaks due to S. enterica sero-
var Manhattan have been reported (19, 20) worldwide in the past
60 years, and none have been characterized at the genomic level.
Here, we present a WGS-based retrospective analysis of the only
Salmonella Manhattan outbreak ever documented in Italy, which
occurred from June to July 2009 in a relatively small geographic
area in the province of Modena.

The outbreak investigation at the time of the event was carried
out by international standard epidemiological techniques (21)
and by PFGE on the isolates from patients and food, feed, animal,
and environmental sources.

The aim of this study was 2-fold: (i) to evaluate the effec-
tiveness of WGS to accurately identify the relationships among
all the outbreak-related isolates with enough resolution to clar-
ify the ambiguities that PFGE was not able to unravel, and (ii)
to explore and test new genomic tools for bacterial molecular
epidemiology based on synonymous and nonsynonymous sin-
gle-nucleotide polymorphisms (SNPs) and SNPs in different
codon positions.

We selected this specific Salmonella Manhattan outbreak to
test our WGS pipeline because of three main features that made
this outbreak a particularly suitable case study. First, Salmonella
Manbhattan is considered a rare serotype, as confirmed by the re-
gional surveillance system for Salmonella of Emilia-Romagna,
which over the past 3 years recorded a yearly average of only 5.6
sporadic cases over a total of 924 isolates per year, from a regional
population of about 5,000,000 (M. Morganti, E. Scaltriti, L. Bol-
zoni, G. Casadei, and S. Pongolini; Enter-net Italia, unpublished
data). This low prevalence of Salmonella Manhattan infection
provides a reasonable confidence that virtually all isolates col-
lected in the outbreak area at the time of the episode belonged to
the outbreak, therefore preventing the noise effect due to unre-
lated isolates wrongly assigned to the epidemic. Second, the inves-
tigation conducted at the time of the outbreak was successful in
tracing the infection back to a food point source using interna-
tionally coded epidemiological methods (21); bacterial isolates
were also recovered not only from food (pork sausage) at the retail
level but also along the food chain up to the raw meat used to
prepare the implicated food (at the production establishment).
Third, the regional surveillance system for Salmonella of Emilia-
Romagna, hosted at the Istituto Zooprofilattico Sperimentale
della Lombardia e del’Emilia Romagna (IZSLER), holds a full
collection of Salmonella Manhattan strains covering the years
2001 to present. This set of isolates was pivotal in the conduct of a
successful epidemiological investigation and for testing our WGS-
based analyses of this rare serovar.
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The diagnostic unit of Parma of IZSLER is the Regional Reference
Center for Surveillance of Enteropathogens (Enter-net) of clini-
cal, environmental, animal, and food origins. Within this activity,
a cluster of 15 human infections caused by Salmonella Manhattan
was detected in the province of Modena from June to July 2009.
All 15 isolates showed the same PFGE profile, SXB_BS.0003,
strengthening the hypothesis that the unusually high incidence of
this rare serovar was due to an epidemic outbreak. Consequently,
an epidemiological investigation was undertaken and, consider-
ing the rarity of the serovar involved, all 21 isolates of Salmonella
Manbhattan available from the surveillance collection of IZSLER
were genotyped by PFGE to get possible clues about the source of
the outbreak. Thirteen isolates from the collection had the same
PFGE profile as that of the outbreak strain, but only three of them
had been isolated just before the onset of the outbreak (May/June
2009). Two had been isolated from pork sausage at the establish-
ment of an industrial producer that distributed in the outbreak
area, while one had been recovered from swine intestine at an
establishment near the outbreak area that processed guts for the
salami industry. According to the epidemiological investigation,
the gut processing establishment had no correlation with the out-
break. However, as its isolate presented the same PFGE pulsotype
as that of the outbreak-related isolates, health authorities were left
with a certain degree of uncertainty about its possible role. Fol-
lowing the results of the epidemiological and molecular analyses,
food samples were collected at retail sources in the outbreak area
and at the establishment producing the sausage in order to con-
firm the source and clonality of the outbreak strain. Two samples
from retail-collected sausages, along with a sample from fresh
pork supplies of the sausage producer, scored positive for the out-
break pulsotype. Based on these results, the sausage from the im-
plicated producer was recalled, leading to the outbreak extinction.

MATERIALS AND METHODS

Bacterial isolates. A total of 39 Salmonella Manhattan isolates were in-
cluded in the study. Fifteen isolates were involved in the epidemic episode,
another three isolates were collected within the epidemiological investi-
gation, and 21 were collected between 2001 and 2009 during the surveil-
lance activity of IZSLER (Table 1). The isolates were isolated and streak
purified with standard microbiological techniques and stocked at —80°C.
They were cultured on plates with Trypticase soy agar with 5% defi-
brinated sheep blood (TSA-SB) and incubated overnight at 37°C before
being typed by pulsed-field gel electrophoresis, according to the PulseNet
protocol (22). The isolates selected for WGS were inoculated into brain
heart infusion broth and cultured overnight at 37°C with agitation (200
rpm).

Pulsed-field gel electrophoresis. All isolates were genotyped by
PEGE, according to the PulseNet protocol (22). Genomic DNA under-
went Xbal restriction before electrophoresis in a Chef Mapper XA system
(Bio-Rad, CA, USA). The PFGE patterns were analyzed using the Bio-
Numerics Software version 6.6 (Applied-Maths, Sint-Martens-Latem,
Belgium) and associated with isolate information in our surveillance da-
tabase. Clustering of the PFGE profiles was generated using the un-
weighted-pair group method using averages (UPGMA) based on the Dice
similarity index (optimization, 1%; band matching tolerance, 1%). Fol-
lowing a comparison of the electrophoretic profiles, a PFGE pattern (pul-
sotype) was assigned to each isolate within the Regional Surveillance
Database of Emilia-Romagna.

Whole-genome sequencing. All outbreak-related isolates and a selec-
tion of the IZSLER Salmonella Manhattan collection, representative of the
different pulsotypes detected, were subjected to WGS (Table 1), for a total
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TABLE 1 Complete data set of Salmonella Manhattan isolates analyzed in this study”

Isolate no. Date of isolation Isolation place PFGE

Lab no. (this study) (DD/MM/YYYY) (province) Matrix pulsotype

160969_3 SM1¢ 06/30/2009 Modena Human SXB_BS.0003
160969_5 SM2* 06/30/2009 Modena Human SXB_BS.0003
160969_6 SM3? 06/30/2009 Modena Human SXB_BS.0003
165051_2 SM4? 07/03/2009 Modena Human SXB_BS.0003
165051_3 SM5* 07/03/2009 Modena Human SXB_BS.0003
165051_5 SM6” 07/03/2009 Modena Human SXB_BS.0003
165051_7 SM7¢ 07/30/2009 Modena Human SXB_BS.0003
111113 Smab 07/03/2009 Modena Human SXB_BS.0003
165051_11 SM9? 07/03/2009 Modena Human SXB_BS.0003
165051_12 SM10” 07/03/2009 Modena Human SXB_BS.0003
180073_1 SM11° 07/22/2009 Modena Human SXB_BS.0003
180073_2 SM12° 07/22/2009 Modena Human SXB_BS.0003
180073_3 SM13” 07/22/2009 Modena Human SXB_BS.0003
180073_4 SM14° 07/22/2009 Modena Human SXB_BS.0003
180073_6 SM15” 07/22/2009 Modena Human SXB_BS.0003
250920 SM42¢ 08/31/2009 Milano Pork SXB_BS.0003
227021 SM32° 05/06/2009 Milano Pork sausage SXB_BS.0003
188801 SM52° 05/06/2009 Milano Pork sausage SXB_BS.0003
216630_1 SM53” 09/03/2009 Modena Pork sausage SXB_BS.0003
216630_2 SM54° 09/03/2009 Modena Pork sausage SXB_BS.0003
226957 SM16 03/07/2006 Mantova Swine SXB_PR.0753
226963 SM17° 03/20/2006 Mantova Swine SXB_PR.0753
226972 SM19° 03/20/2006 Sondrio Pork salami SXB_PR.0753
2269791 SM21° 07/31/2006 Cremona Swine gut SXB_BS.0003
226985 SM23% 08/03/2006 Milano Pork sausage SXB_BS.0003
226987 SM24° 08/03/2006 Milano Pork sausage SXB_BS.0003
226993 SM26 01/22/2007 Ravenna Hamburger SXB_BS.0003
226998 SM27° 06/29/2007 Milano Pork SXB_BS.0003
227002 SM28 09/18/2002 Pavia Surface water SXB_BS.0003
227009 SM29° 09/02/2002 Bologna Bovine sausage SXB_PR.0754
227015 SM31 09/11/2001 Pavia Surface water SXB_PR.0751
227033 SM35° 11/29/2008 Ravenna Swine stool SXB_BS.0003
227039 SM36” 09/30/2008 Brescia Swine stool SXB_PR.0752
227052 SM38 09/24/2008 Milano Swine stool SXB_BS.0003
188806 SM48® 06/03/2009 Reggio Emilia Swine intestine SXB_BS.0003
188790 SM47 10/01/2002 Pavia Surface water SXB_BS.0003
188795 SM49® 03/09/2009 Brescia Chicken farm SXB_PR.0753
188787 SM51 09/17/2002 Pavia Surface water SXB_BS.0003
188781 SM50” 07/31/2001 Modena Minced pork SXB_PR.0751

“ The isolates above the line break are the outbreak-related isolates (15 human-origin and 5 food-origin isolates), and those below the line break are the 19 Salmonella Manhattan
collection isolates. SM32 and SM52 were also collection isolates, but they were eventually attributed to the outbreak, following the results of this study.

b These Salmonella Manhattan isolates were selected for whole-genome sequencing.

of 33 isolates. Genomic DNA was extracted from overnight cultures using
the Qiagen DNeasy blood and tissue kit (Qiagen) and quality controlled
and quantified using a Synergy H1 hybrid multimode microplate reader
(BioTek, Winooski, VT, USA). The sequencing libraries were prepared
with the Nextera XT sample preparation kit (Illumina, San Diego, CA,
USA), and sequencing was performed on the Illumina MiSeq platform,
with a 2 X 250-bp paired-end run.

Read quality check and assembly. All read sets were evaluated for
sequence quality and read-pair length using the softwares FastQC and
Flash (23). FastQC allowed us to assess the overall quality of the generated
sequences, while Flash was used to measure the distance between the
sequence read pairs. All the read sets that passed the quality check (visual
check for FastQC and average read pair distance >100 nucleotides [nt] for
Flash) were assembled with MIRA 4.0 (24) using accurate settings for de
novo assembly mode.

In silico multilocus sequence typing. In silico MLST was performed
using the MLST scheme optimized by the University of Warwick (http:
//mlst.warwick.ac.uk/mlst/dbs/Senterica).
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Comparative genomics by local variation calling. In a previous
work, we sequenced and published the first improved high-quality
draft genome (25) of Salmonella Manhattan (strain 111113) (26). The
18 contigs of the Salmonella Manhattan 111113 genome, belonging to
a human isolate of the outbreak presented here, were concatenated in
a pseudochromosome and used as a reference for alignment of each of
the other 32 genome assemblies included in this study, using progres-
siveMauve (27). A previously described bioinformatic pipeline (28)
was then used to merge the results of all isolates for comparison and to
extract the coordinates of all local variations spanning from SNPs to
longer variations (mutations, insertions, and deletions), based on the
annotation of the reference genome of strain 111113. Core SNPs were
identified as single nondegenerate mutated bases flanked by identical
bases and present in all 33 genomes (including that of strain 111113).
Genes presenting at least one core SNP were selected and compared
against the Virulence Factors Database (VFDB) (29-31), using a
BLAST search with a 10~ E value cutoff.
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FIG 1 Similarity of Salmonella Manhattan isolates, examined in this study, inferred by pulsed-field gel electrophoresis profiles (PFGE-PR). The samples
underwent Xbal restriction and pattern analysis according to the standard PulseNet protocol. The UPGMA dendrogram of all the profiles of the study is reported
on the left; the ruler indicates the similarity values. The laboratory numbers of the isolates and their pulsotypes are reported on the right.

Analysis of variations. Open reading frames (ORFs) were predicted
and translated on all assembled genomes (including the previously pub-
lished Salmonella Manhattan strain 111113 genome [26]) using Prodigal
(32). Next, every genomic variation (SNPs, mutations, insertions, and
deletions) was parsed in order to assign it to one of the following subsets of
isolates: (i) all outbreak-related isolates, irrespective of the human, food,
or raw meat origin; (ii) outbreak-related human-origin-only isolates; and
(iii) outbreak-related food-origin-only isolates (including those from
sausage and raw meat).

Phylogenetic analysis. From the core SNP data set, different subsets
were generated: (i) nonsynonymous SNPs, (ii) synonymous SNPs, and
(iii) SNPs at the first, second, or third codon position. The core and
subsets of SNPs were used as inputs for generating SNP-based phylogenies
using the maximum likelihood (ML) or the Bayesian methods. Model
choice was evaluated in JModelTest (33). Maximum likelihood analyses
were run in PhyML (34), with a generalized time-reversible (GTR) sub-
stitution model and 100 bootstrap iterations, while Bayesian analyses were
run in MrBayes (35, 36), using the same model for 2,000,000 generations,
with chains sampled every 1,000 generations. The final parameter values
and trees were summarized after discarding 25% of the posterior sample.
The ML and Bayesian trees were displayed and edited for publication with
FigTree version 1.4.0.

Nucleotide sequence accession numbers. The genome sequences of
Salmonella Manhattan (strain 111113; study identification [ID], SM8)
contigs were previously deposited at EBI under the accession no.
CBKW010000001 to CBKW010000021 (project PRJEB1854). The newly
32 sequenced genomes (contigs) of Salmonella Manhattan were deposited
at EBI under the project number PRJEB5339 and are summarized here in
the format isolate lab no./study identification no.: WGS accession num-
ber: 160969_3/SM1: CCBJ010000610 to CCBJ010000701, 160969_5/
SM2:  CCBJ010000175 to  CCBJ010000212, 160969_6/SM3:
CCBJ010000291 to CCBJ010000308, 165051_2/SM4: CCBJ010001977 to
CCBJ010002069, 165051_3/SM5: CCBJ010002070 to CCBJ010000089,
165051_5/SM6: CCBJ010000001 to CCBJ010000100, 165051_7/SM7:
CCBJ010004043 to CCBJ010004081, 165051_11/SM9: CCBJ010003194
to CCBJ010003512, 165051_12/SM10: CCBJ010000309 to CCBJ010
000327, 180073_1/SM11: CCBJ010002338 to CCBJ010002378, 180073_2/
SM12: CCBJ010003726 to CCBJ010003749, 180073_3/SM13: CCBJO
10001070 to CCBJ010001515, 180073_4/SM14: CCBJ010001516 to
CCBJ010001924, 180073_6/SM15: CCBJ010000702 to CCBJ010000770,
250920/SM42: CCBJ010000328 to CCBJ010000609, 227021/SM32:
CCBJ010004870 to CCBJ010004957, 188801/SM52: CCBJ010002097 to
CCBJ010002229, 216630_1/SM53: CCBJ010002817 to CCBJ010003193,
216630_2/SM54: CCBJ010000213 to CCBJ010000238, 226963/SM17:
CCBJ010002257 to CCBJ010002337, 226972/SM19: CCBJ010002230 to
CCBJ010002256, 226979_1/SM21: CCBJ010000101 to CCBJ010000174,
226985/SM23: CCBJ010003750 to CCBJ010004042, 226987/SM24:
CCBJ010003702 to CCBJ010003725, 226998/SM27: CCBJ010000771 to
CCBJ010001069, 227009/SM29: CCBJ010001925 to CCBJ010001976,
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227033/SM35: CCBJ010000239 to CCBJ010000268, 227039/SM36:
CCBJ010000269 to CCBJ010000290, 227052/SM38: CCBJ010002379 to
CCBJ010002816, 188806/SM48: CCBJ010003540 to CCBJ010003701,
188795/SM49: CCBJ010004082 to CCBJ010004692, and 188781/SM50:
CCBJ010004693 to CCBJ010004869.

RESULTS

We present here reanalysis by WGS of an outbreak caused by
Salmonella Manhattan in the province of Modena (Italy) in 2009.
The isolates from the human cases were SM1, -2, -3, -4, -5, -6, -7,
-8, -9, -10, -11, -12, -13, -14, and -15. Out of the 21 collection
isolates available, all were genotyped by PFGE to search for clues
on the source of infection, and SM21, -23, -24, -26, -27, -28, -32,
-35, -38, -47, -48, -51, and -52 showed the outbreak pulsotype;
however, SM36, -16, -17, -19, -29, -31, -49, and -50 belonged to
different pulsotypes, and a selection of them were included in this
study as outgroup isolates. SM42, -53, and -54 were isolated dur-
ing the microbiological follow-up of the episode and presented the
outbreak pulsotype.

Pulsed-field gel electrophoresis. The 39 Salmonella Manhat-
tan isolates of the study showed five different Xbal-PFGE profiles:
SXB_BS.0003, SXB_PR.0753, SXB_PR.0754, SXB_PR.0751, and
SXB_PR.0752 (Fig. 1). All the human isolates (SM1 to SM15)
showed the same PFGE profile (SXB_BS.0003), supporting the
hypothesis that the unusually high incidence of this rare serovar
was due to a single epidemic clone.

Another 13 isolates from the IZSLER surveillance collection
belonged to genotype SXB_BS.0003. Among these, three (SM32,
SM48, and SM52) dated back to just before the outbreak period
(May/June 2009) and were pivotal in guiding the epidemiological
investigation. SM48 originated from an establishment near the
outbreak area that processed swine guts for the salami industry.
Due to this microbiological and molecular finding, the establish-
ment was suspected of having a role in the outbreak, although no
evident correlation with the human infections was made. More
significantly, SM32 and SM52 were isolated just before the onset
of the episode from pork sausages produced at an industrial estab-
lishment that shipped to retail stores in the outbreak area. Conse-
quently, sausages from this producer, which were on sale in the
outbreak area, were sampled along with the pork purchased by the
producer. Both the sausages and the pork were positive for Salmo-
nella Manhattan with the outbreak pulsotype (SXB_BS.0003)
(isolates SM53 and SM54 from the sausages and SM42 from
pork). Interestingly, two Salmonella Manhattan isolates from our
collection, isolated within the own-check hygiene procedures of
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TABLE 2 Characteristic SNPs of three groups of outbreak-related isolates

SNP-Based Analysis of a Salmonella Manhattan Outbreak

Group of Amino acid Codon Position  Type of
isolates change change CDs” SNP Gene Locus —>tag Strand  Product name
All outbreak C—R TGT—CGT 625 Genic cobT  SMA01—2283 — Nicotinate-nucleotide—dimethylbenzimidazole
phosphoribosyltransferase
N—N AAT—AAC 156 Genic gntR SMA01—3706  — Gluconate utilization system Gnt-
transcriptional repressor
A—T GCC—ACC 577 Genic ansB SMA01—3765 — L-Asparaginase
V—A GTC—GCC 988 Genic deuC  SMAO1—4465 — Putative cryptic C,-dicarboxylate transporter
Intergenic
K—E AAA—GAA 70 Genic betl ~ SMAO1—1140 + Transcriptional regulator, TetR family
Human origin ~ M—T ATG—ACG 584 Genic dsbl ~ SMA01—0572  + Thiol-disulfide oxidoreductase, DsbB-like
A—T GCC—ACC 310 Genic sthD ~ SMA01—3447 — B-fimbriae usher protein
V-V GTT—>GTC 465 Genic ispH  SMA01—3526 + 4-hydroxy-3-methylbut-2-enyl diphosphate
reductase
Q—STOP CAA—TAA 252 Genic rfoD  SMA01—4557  + UDP-galactopyranose mutase
Intergenic
Food origin S—I AGC—ATC 872 Genic fliK ~ SMA01—2244 + Flagellar hook-length control protein FliK
P—L CCT—CTT 17 Genic SMA01—0101  + Hypothetical protein
A—V GCC—GTC 1544 Genic fdrA  SMA01—4374 + Protein FdrA: acyl-CoA synthetase”

“ CDS, coding sequence.
b CoA, coenzyme.

the producer (SM23 and SM24) 3 years before the outbreak, pre-
sented the same genotype. Also, the surveillance collection isolates
SM21, -26, -27, -28, -35, -38, -47, and -51 shared the outbreak
pulsotype, but they did not seem to be correlated with the out-
break or source of infection.

Among the other nonoutbreak PFGE profiles detected, the
pulsotype SXB_PR.0752 (isolate SM36) had 95% similarity with
the outbreak pulsotype, while the genotypes SXB_PR.0751 (iso-
lates SM31 and SM50), SXB_PR.0753 (isolates SM16, SM17,
SM19, and SM49), and SXB_PR.0754 (isolate SM29) were less
similar (90%, 84%, and 84%, respectively) (Fig. 1).

Whole-genome sequencing. The genomes of the 33 Salmo-
nella Manhattan isolates considered for genomic analysis, includ-
ing the already deposited genome of strain 111113 (26), were se-
quenced, quality checked, and assembled to draft status, from an
average of 2,593,738 MiSeq paired-end reads per genome. The
average sequenced genome characteristics were 4,678,201 nt in
length, 150 large (>1,000 nt) contigs, and an N5, of 212,360. The
genome data for each isolate are listed in Table S1 in the supple-
mental material. The MLST profile was determined for all draft
genomes, which were found to belong to the same sequence type
(ST), ST18. All assembled genomes underwent comparative and
phylogenetic analyses.

Analysis of variations. A comparative genomic analysis was
implemented to detect the differences between the Salmonella
Manhattan genomes, in terms of nucleotide variations, exclusive
to (i.e., present in all the isolates of a group and absent in all the
others) the outbreak-related isolates, as divided into the following
main groups: (i) all outbreak-related isolates, irrespective of the
human, food, or raw meat origin; (ii) outbreak-related human-
origin-only isolates; and (iii) outbreak-related food-origin-only
isolates (including sausages and raw meat).

Of all the nondegenerate nucleotide variations (total 9,410)
discovered by the progressiveMauve algorithm, 14 were outbreak
specific, and all were core SNPs (two intergenic, two synonymous,
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and 10 nonsynonymous), divided as six variations exclusive to all
outbreak-related isolates, three variations characteristic of the
food-origin-only outbreak-related isolates, and five characteristic
of the outbreak-related human-origin-only isolates (Table 2).

Phylogenetic analysis. Phylogeny was reconstructed using an
SNP-based approach. SNPs were extracted from the assembled
genomes using a bioinformatic pipeline (28) based on progres-
siveMauve (27). Of the 9,410 detected variations, 953 were core
SNPs, with 224 being synonymous and 467 being nonsynony-
mous; the remaining 262 SNPs were marked as intergenic. Among
the synonymous SNPs, 6% and 94% were located in the first and
third codon positions, respectively, while among the nonsynony-
mous SNPs, 43% were in the first, 42% in the second (total, 85%
for the two positions), and 15% in the third codon position. The
number of synonymous and nonsynonymous core SNPs at the
first, second, and third positions were 214, 194, and 283, respec-
tively.

The phylogenetic analysis of the study isolates was performed
separately based on the different subsets of SNPs considered,
namely, core, synonymous, nonsynonymous, and different codon
positions using both Bayesian (Fig. 2 to 4) and maximum likeli-
hood algorithms (see Fig. S1 and S2 in the supplemental material).
Both algorithms returned the same phylogenetic results on each
subset.

All data sets identified two major clades: one grouping all the
isolates belonging to pulsotype SXB_BS.0003 and the highly re-
lated SXB_PR.0752 (95% similarity), and the other constituted by
isolates with different pulsotypes (SXB_PR.0753, SXB_PR.0754,
and SXB_PR.0751). Interestingly, WGS analyses clustered isolate
SM36 (pulsotype SXB_PR.0752) together with the isolates of pul-
sotype SXB_BS0003, meaning they are highly related compared to
isolates of the other pulsotypes of the study. Therefore, we consid-
ered SXB_PR.0752 together with SXB_BS.0003 for the subsequent
analyses of phylogeny and presence of variants.

Phylogeny based on core SNPs revealed four main groups in-
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FIG 2 Bayesian phylogeny of the 33 Salmonella Manhattan sequenced genomes based on core SNPs. The posterior probabilities are indicated in each principal
node of the tree. The scale bar units are the nucleotide substitutions per site. #, WGS analyses clustered isolate SM36 (pulsotype SXB_PR.0752) together with the

isolates of the outbreak pulsotype (SXB_BS0003).

side the outbreak pulsotype. Isolates that were not epidemiologi-
cally related to the outbreak formed two monophyletic clusters,
with the outermost one grouping isolates from various locations
and previous years but always from swine stool within the own-
check procedures of pig farms (isolates SM35, SM36, and SM38)
or at food processing plants (isolate SM48). The other group in-
cluded isolates collected at the sausage-producing establishment
within its hygiene monitoring system 3 years before the outbreak
(SM23 and SM24), along with an isolate collected on a pig farm in
the same period (SM21). Isolate SM27 originated from another
food processing plant in the same area of the sausage producer,
but that was never linked to the outbreak.

The two innermost clusters included all the outbreak-related
isolates. Five strains isolated from sausages prepared by the impli-
cated producer (SM32, SM42, SM52, SM53, and SM54), both ata
retail locations in the outbreak area and at the establishment,
which were distinct from the cluster of human isolates of the out-
break (from SM1 to SM15). All outbreak-related isolates are
monophyletic, confirming their derivation from a common an-
cestor. In order to better investigate the relationships among those
isolates, we performed additional analyses on specific subsets of
the core SNPs to take into account the possible effects of selective
evolutionary pressure. We separately considered nonsynonymous
SNPs, synonymous SNPs, and SNPs at the first, second, and third
codon positions as presumptively subjected to decreasing selective
pressures (37). The trees corresponding to the different subsets of
SNPs are shown in Fig. 3 and 4. The trees generated by nonsyn-
onymous SNPs and SNPs at the first plus second and second
codon positions showed the same topology described by the whole
data set of core SNPs, with a clear distinction between outbreak-
related isolates of human and food origins. The phylogenies gen-
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erated by SNPs under minor selective pressure (i.e., third posi-
tion) revealed different scenarios, with the loss of a node inside the
outbreak cluster showing isolates of human origin as a subgroup
within the food-origin outbreak isolates. Considering synony-
mous SNPs only, the outbreak isolates of human and food origins
are grouped in one cluster, being indicative of a single circulating
clone. The phylogenetic inferences made by Bayesian and maxi-
mum likelihood algorithms gave identical results (see Fig. S1 and
S2 in the supplemental material).

DISCUSSION

Microbiologists often need to determine the relatedness of bacte-
rial isolates to define the network of relationships of an infectious
outbreak and effectively assist epidemiological investigations.
Standard protocols for typing Salmonella rely on internationally
accepted methods, like PFGE and MLVA, which a few decades ago
flanked the more limited serotyping. The possibility of accessing
the vast amount of information provided by WGS of bacterial
isolates promises to be the next frontier of subtyping methods,
probably capable of surpassing PEGE and MLVA for molecular
epidemiological purposes. In this study, we reanalyzed a well-de-
fined Salmonella Manhattan outbreak detected in the summer of
2009 in the province of Modena (Italy) using WGS in order to test
the power of this approach for resolving the ambiguities left by
PFGE. The epidemic episode involved 15 human cases from June
to July 2009, with all presenting the same PFGE profile (SX-
B_BS.0003). The molecular epidemiological investigation of the
outbreak involved several isolates, some from the infectious epi-
sode and others from the historic collection of the regional sur-
veillance system of the food chain. As expected, PFGE analysis
attributed the same pulsotype (SXB_BS.0003) to all the outbreak-
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FIG 3 Phylogenetic Bayesian analysis of the 33 Salmonella Manhattan sequenced genomes based on synonymous (A) and nonsynonymous (B) SNP data sets.
The posterior probabilities are indicated in each principal node of the tree. The scale bar units are the nucleotide substitutions per site. #, WGS analyses clustered
isolate SM36 (pulsotype SXB_PR.0752) together with the isolates of the outbreak pulsotype (SXB_BS0003).

related isolates, but the same pulsotype was shared by many his-
toric isolates as well. On the contrary, the WGS-based phylogeny
inferred from the total core SNPs clearly showed the presence of
four distinct groups of isolates (Fig. 2) within the outbreak pulso-
type. The first branch of the tree, within the outbreak pulsotype,
separates nonoutbreak historic isolates recovered from swine
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stool at different locations and times. Among these, we find isolate
SM48, which was originally suspected of being implicated in the
infectious episode, based on PFGE, and eventually cleared by
WGS. Interestingly, isolate SM36, which does not belong to pul-
sotype SXB_BS.0003 but to the highly similar (95% similarity)
pulsotype SXB_PR.0752, is included in this clade. This is a clear
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FIG 4 Phylogenetic Bayesian analysis of the 33 Salmonella Manhattan sequenced genomes based on SNPs in first (A), second (B), third (C), and first plus second
codon position (D) data sets. The posterior probabilities are indicated in each principal node of the tree. The scale bar units are the nucleotide substitutions per
site. #, WGS analyses clustered isolate SM36 (pulsotype SXB_PR.0752) together with the isolates of the outbreak pulsotype (SXB_BS0003).

discrepancy between WGS and the more limited PFGE that relies
on only few genomic loci (rare restriction sites) for its typing in-
ferences. By placing SM36 together with pulsotype SXB_BS.0003
isolates, our WGS approach indicates that a limited genomic dif-
ference between isolates is able to jeopardize the typing outcome
of PFGE. This observation confirms what Tenover et al. (38) al-
ready pointed out, the fact that as PFGE may be heavily influenced
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by a single mutational event (e.g., SNP occurring in a restriction
site), isolates should be considered to be possibly related even if
they differ by two or three bands. However, according to this
conservative interpretation of PFGE results, the vast majority of
the isolates of our study should be regarded as potentially belong-
ing to the outbreak. This would have not been sufficiently discrim-
inatory to help the epidemiological investigations. The interpre-
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FIG 4 continued

tation criteria of Tenover et al. (38) are derived from logical
considerations; as such, they are intrinsically valid, and our obser-
vations regarding isolate SM36 confirms their validity. At the same
time, their use leaves molecular epidemiologists with considerable
uncertainty about how to interpret PFGE results with regard to
whether or not different pulsotypes are part of a single outbreak.
In our case, WGS removed that uncertainty about SM36.
Moving deeper along the phylogenetic tree based on the total
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core SNPs, three other groups of isolates are evident. The outer-
most set of this node includes isolates (SM21, -23, -24, and -27)
not related to the outbreak, as they were collected 3 years before
(2006). It is interesting, however, to notice that WGS-based phy-
logeny indicates these strains to be closer to the outbreak node
(inner branch) than was the previous set of swine-stool isolates.
On a better look, we were struck by the fact that SM23 and SM24
were collected in 2006, within the own-check procedures of the
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sausage producer involved in the 2009 outbreak. Moreover,
SM21, which is subbranched with SM23 and SM24, was routinely
recovered from a local pig farm (from swine stool) at the same
time as SM23 and SM24. While this specific molecular similarity
was not inferred by PFGE, WGS highlighted a possible link be-
tween these two commercial entities. Moving one branch forward
in the phylogenetic tree, WGS shows another bifurcation actually
separating outbreak-related isolates of human origin from those
of food origin. While still speculative, based on this WGS-based
phylogeny, coupled with epidemiological data, we could argue
that this outbreak was due to a persistent Salmonella Manhattan
clone, which may have infected one or more pig farms and reached
the food producer and the retail customers as animals arrived at
the slaughterhouse in a nonclinical septic condition. This is a typ-
ical mode of transmission of Salmonella along the food chain, as it
may asymptomatically persist (thus going unnoticed) within a
herd of pigs for long periods of time (even years). Sporadically,
animals carrying a high level of the pathogen arrive at the slaugh-
terhouse and contaminate a defined set of food products, thus
causing an infectious outbreak as the final consumers (39, 40)
become exposed to it. In this scenario, WGS seems to depict a
more detailed and articulated epidemiological story. In fact, the
tree inferred from core SNPs (Fig. 2) leaves a certain level of un-
certainty relative to the actual causative relationship between the
isolates of food origin and of human origin within the outbreak, as
they cluster in two distinct groups, although very closely to each
other, as evidenced by the limited number of exclusive core SNPs
accumulated by the two groups (3 for food and 5 for human iso-
lates). In the absence of epidemiological insights, we argue that the
two sets of isolates are very similar to each other but still are sep-
arate entities. This substantially contradicts the epidemiological
evidence that the two sets of isolates belong to the same outbreak
clone. Therefore, we further investigated this apparent inconsis-
tency of the WGS-based results by comparing new alternative
phylogenies based on two different subsets of polymorphisms,
synonymous and nonsynonymous, instead of the total core SNPs.
The trees generated from these two subsets of SNPs were different
(Fig. 3A and B). Phylogenetic analysis based on nonsynonymous
SNPs (Fig. 3B) still divided the outbreak isolates of food and hu-
man origins, as in the approach based on total core SNPs. On the
contrary, the tree obtained from synonymous SNPs (Fig. 3A) clus-
tered the human isolates together with the food isolates, indicating
that all outbreak-related Salmonella Manhattan strains consti-
tuted a single clone, in line with epidemiological evidence. While
intriguing, this new outcome may have been the misleading effect
of the smaller amount of data present in these new subsets than
that with the total set of core SNPs, of which there were 953,
whereas the number of synonymous and nonsynonymous SNPs
were 224 and 467, respectively. Therefore, to confirm these results,
we took a step forward in this approach by considering not just
synonymous versus nonsynonymous SNPs but also taking into
account the different codon position of each SNP in the core ge-
nome. Salmonella Manhattan synonymous SNPs were at the 3rd
codon position 94% of the time, while nonsynonymous SNPs
were at the 2nd 42% and at the first position 43% of the time
(total, 85%). In this study, 1st, 2nd, and 3rd position SNPs ac-
counted for 214, 194, and 283 nucleotide substitutions, respec-
tively. The comparison of subsets of SNPs based on their codon
site would then not be impaired by too-large differences in the
amount of data processed by the phylogenetic algorithms. The
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tree obtained from second codon position (Fig. 4B) was compa-
rable to that of the nonsynonymous SNPs, as expected, whereas
the tree obtained from third codon position showed human iso-
lates as a subgroup of the food isolates (Fig. 4C), essentially con-
firming the tree based on synonymous SNPs. These results show
that at least limited to our outbreak, synonymous and third-posi-
tion SNPs were the only ones able to describe the causal relation-
ship between food (source of the outbreak) and clinical isolates in
a way that was consistent with the epidemiological evidence. At
the same time, our results indicate that nonsynonymous and total
core SNPs may have led to misleading conclusions about the rela-
tionships between the human and food isolates of the outbreak.
One last aspect that caught our attention by deciphering topolo-
gies of this WGS-based retrospective analysis was that SNP-based
clustering of isolates separated human from food outbreak-re-
lated isolates when considering total core SNPs (Fig. 2). As we just
discussed, this topology was mainly influenced by nonsynony-
mous mutations, which means it is possible to find distinctive
nonsynonymous SNPs for each group of isolates (human versus
food). Using progressiveMauve, we identified a set of 953 core
SNPs, among which we selected those that were exclusive to spe-
cific clusters of interest: six SNPs exclusive to all outbreak isolates
(human and food origin), three exclusive to all food origin out-
break isolates, and only five exclusive to all human origin outbreak
isolates (Table 2). The extremely limited number of exclusive
SNPs in food and human isolates within the outbreak is an addi-
tional compelling element indicative of the fact that these two
groups of isolates did not have enough evolutionary time to sig-
nificantly differentiate, indicating they belong to the same clone. A
BLAST analysis of these SNPs against the Virulence Factors Data-
base revealed three genes of particular interest: (i) fliK, coding for
a flagellar hook-length control protein (41), (ii) sthD, a gene cod-
ing for a fimbrial outer membrane usher protein (42), and (iii)
rfbD, coding for a UDP-galactopyranose mutase precursor in-
volved in the synthesis of the O antigen of the lipopolysaccharide
(LPS). All three proteins are virulence determinants in Salmonella
(43-46). WGS has already proved its usefulness for elucidating the
evolutionary diversity of large populations of bacterial isolates
(11, 47, 48). In the specific case of Salmonella, WGS was success-
fully applied to illuminate the diversity of the pathogen within a
vast epidemic episode, allowing highly efficient traceback of clin-
ical and food isolates (4, 13). The results obtained in this study
underscore the power of WGS-based methods, when applied to-
gether with the most appropriate phylogenetic tools, to resolve
small outbreaks characterized by few and highly clonal bacterial
isolates. Our comparative genomics approach was able to cor-
rectly cluster the clinical isolates within the composite scenario of
outbreak-related and collection isolates. Accurate backtracking to
the source of infection at the retail and industrial levels was made
possible while flagging an originally overlooked suspicious corre-
lation with a farm supplier and clearing an originally suspect food
operator. Moreover, by selectively choosing the different types of
detected nucleotide variations, we were able to read the message
hidden within neutral mutations as opposed to the general use of
total core SNPs. Further use of the differential analysis of synon-
ymous and nonsynonymous mutations will test the validity of this
approach in deciphering the details of infection transmission in
the context of other outbreaks caused by Salmonella and, poten-
tially, other pathogens.
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Matrix-Assisted Laser Desorption Ionization—Time of Flight and
Comparative Genomic Analysis of M-18 Group A Streptococcus Strains
Associated with an Acute Rheumatic Fever Outbreak in Northeast
Italy in 2012 and 2013
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Acute rheumatic fever (ARF) is a postsuppurative sequela caused by Streptococcus pyogenes infections affecting school-age chil-
dren. We describe here the occurrence of an ARF outbreak that occurred in Bologna province, northeastern Italy, between No-
vember 2012 and May 2013. Molecular analysis revealed that ARF-related group A Streptococcus (GAS) strains belonged to the
M-18 serotype, including subtypes emm18.29 and emm18.32. All M-18 GAS strains shared the same antigenic profile, including
SpeA, SpeB, SpeC, SpeL, SpeM, and SmeZ. Matrix-assisted laser desorption ionization—time of flight (MALDI-TOF) analysis re-
vealed that M-18 GAS strains grouped separately from other serotypes, suggesting a different S. pyogenes lineage. Single nucleo-
tide polymorphisms and phylogenetic analysis based on whole-genome sequencing showed that emm18.29 and emm18.32 GAS
strains clustered in two distinct groups, highlighting genetic variations between these subtypes. Comparative analysis revealed a
similar genome architecture between emm18.29 and emm18.32 strains that differed from noninvasive emm18.0 strains. The ma-
jor sources of differences between M-18 genomes were attributable to the prophage elements. Prophage regions contained sev-
eral virulence factors that could have contributed to the pathogenic potential of emm18.29 and emm18.32 strains. Notably, phage

®SPBO.1 carried erythrogenic toxin A gene (speAl) in six ARF-related M-18 GAS strains but not in emm18.0 strains. In addi-
tion, a phage-encoded hyaluronidase gene (hylP.2) presented different variants among M-18 GAS strains by showing internal
deletions located in the a-helical and TSBH regions. In conclusion, our study yielded insights into the genome structure of M-18
GAS strains responsible for the ARF outbreak in Italy, thus expanding our knowledge of this serotype.

treptococcus pyogenes, group A streptococcus (GAS), is a

Gram-positive bacterium responsible for a wide spectrum of
diseases ranging from moderate or mild infections to severe
invasive diseases such as necrotizing fasciitis and toxic shock-like
syndrome (TSLS). Several GAS infections can cause severe postin-
fectious sequelae, including acute poststreptococcal glomerulone-
phritis, acute rheumatic fever (ARF), and rheumatic heart dis-
ease (1).

ARF is a systemic disorder resulting from an autoimmune dis-
ease following a GAS infection that usually occurs in children
between 5 and 15 years of age (2). During the last several decades,
the incidence of ARF cases has significantly declined in the United
States and Western Europe, whereas it remains high in Eastern
Europe, Asia, and Australia (3). However, the resurgence of ARF
in several geographical areas, including United States, is a matter
of concern (4).

S. pyogenes possesses different virulence factors such as the M
protein and superantigens (SAgs) that contribute to the pathogen-
esis of GAS infection (1). On the basis of the high variability of the
M protein among GAS strains, the 5'-terminal sequence of the
emm gene (emm typing) is considered a reliable molecular marker
commonly used for epidemiological studies (5).

Previous studies indicated that emm types 1, 3, 5, 6, 18, 19, 24,
and 29 have been isolated from ARF cases, suggesting a “rheumat-
ogenic” role of certain serotypes (2). Epidemiological study of

1562 jcm.asm.org
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different ARF outbreaks in the United States revealed a strict as-
sociation with serotype M-18 GAS (6).

Recently, matrix-assisted laser desorption ionization—time of
flight (MALDI-TOF) mass spectrometry (MS) has been intro-
duced in microbiological laboratories for prompt highly accurate
identification and classification of bacterial species (7). Several
studies have now demonstrated the ability of MALDI-TOF MS to
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MALDI-TOF and Genomic Analysis of M-18 GAS

TABLE 1 Superantigens and emm type of GAS strains collected during an ARF outbreak
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“Two consecutive GAS strains were isolated from the first ARF case.

type and distinguish a wide range of bacterial species at subspecies
or strain level (8, 9).

On the other hand, whole-genome sequencing is a consoli-
dated procedure for epidemiological and evolutionary purposes
(10-12). This technique is highly sensitive and can identify single
nucleotide polymorphisms (SNPs) throughout the genome (13).
In particular, the resolution of strains genetically indistinguish-
able by other molecular techniques (i.e., multilocus sequence
typing [MLST] and pulsed-field gel electrophoresis) made whole-
genome sequencing technology a powerful tool for the epidemio-
logical investigations of related high clonal bacterial isolates
(12, 13).

We report here an epidemiological investigation based on both
whole-genome sequencing and MALDI-TOF MS on serotype
M-18 GAS strains collected from primary school-age children in
Bologna province during an ARF outbreak in early 2013.

MATERIALS AND METHODS

Epidemiological investigation. In February 2013, a notification of an
AREF case following hospital admission was reported in an 11-year-old
otherwise healthy Caucasian boy resident in Bologna province, Emilia-
Romagna region. In this area, six ARF cases had been diagnosed in the
previous 3 months. After the last notification of ARF diagnosis, the Re-
gional Health Agency instituted active epidemiological surveillance to
monitor all potential ARF contact cases following World Health Organi-
zation (WHO) criteria (14). The active surveillance protocol required
both clinical evaluation and culture screening of all classmates of ARF
cases. At the same time, 14 GAS strains isolated from school-age children
with pharyngotonsillitis in the Bologna metropolitan area were collected.
Two months later, diagnosis of ARF was notified in a 4-year-old Cauca-
sian boy resident in the same province. Subsequently, 14 GAS-positive
samples were collected from classmates of the second ARF case and from
34 symptomatic children resident in the same area. The date of isolation,
mucoid trait, emm type, antimicrobial resistance, superantigen genes, and
epidemiological linkage for each strain are listed in Table S1 in the sup-
plemental material.

Bacterial isolation and identification. 70 GAS strains were isolated
from throat swabs collected at the bacteriology laboratory of St. Orsola—
Malpighi Hospital, Bologna, except for two 30-year-old emmlI8 GAS
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strains that had been deposited in the bacterial collection bank of Istituto
Superiore di Sanita (ISS). Bacteria were initially identified using standard
methods and confirmed by MALDI-TOF 3.1 RTC (Bruker Daltonics,
GmbH, Germany) according to the manufacturer’s instructions. Antimi-
crobial susceptibility to penicillin, ampicillin, tetracycline, chloramphen-
icol, erythromycin, and clindamycin was tested by MicroScan semiauto-
mated system (Siemens, Germany), and the results were interpreted
according to EUCAST criteria (15). GAS isolates were examined for the
presence of a mucoid phenotype by culture visualization and categorized
as either mucoid or nonmucoid.

emm typing and SAg genes. Genomic DNA from 70 GAS strains were
extracted from pure cell bacterial culture by using a manual DNeasy Blood
& Tissue kit (Qiagen, Basel, Switzerland) according to the manufacturer’s
protocol. PCR amplification of the emm gene was performed as previously
described (16). In order to assign the specific emm type and subtype, the
first 240 nucleotides of each sequence were compared to the S. pyogenes
emm database available at the CDC website (http://www.cdc.gov/streplab
/index.html). SAg genes were analyzed by multiplex PCR assays, as previ-
ously described (17). The exotoxin genes speB and speF were used as PCR
internal controls. The presence of the SAg genes (speA, speC, speG, speH,
spel, spe], speK, speL, speM, ssa, and smeZ) was confirmed by single PCRs
(Table 1).

MLST. To determine the genetic relationship between the 11 S. pyo-
genes isolates belonging to the serotype M-18, multilocus sequence typing
(MLST) based on seven housekeeping genes (gki, gtr, murl, mutS, recP,
xpt, and yigL) was performed (18). The allele numbers and relative se-
quence types were assigned by using the S. pyogenes MLST database (http:
/Ispyogenes.mlst.net).

MALDI-TOF MS sample preparation and analysis. Sample prepara-
tion for MALDI-TOF MS was performed as previously described with
minor modifications (8). Briefly, colonies of fresh overnight culture de-
rived from 49 GAS isolates were resuspended at 1 McFarland, and 1 ml of
bacterial suspension was centrifuged at 5,000 X g for 5 min. Pellets were
suspended with 300 pl of distilled water and 900 .l of absolute ethanol
and pelleted again. The supernatants were then discharged, and cells were
suspended in 20 pl of formic acid (70%) and 20 wl of acetonitrile. A
whole-cell suspension was centrifuged at 12,000 X g for 5 min, and 1-pl
portions of the supernatants were placed on a MALDI sample slide
(Bruker-Daltonics, Bremen, Germany) and dried at room temperature.
The sample was then overlaid with 1 pl of matrix solution (a-cyano-4-

jecm.asm.org 1563

ONVTIN 13 1aNLS 1793d AINN Ad §TOZ ‘9 AN uo /Bio wse woly/:dny wolj papeojumod


http://www.cdc.gov/streplab/index.html
http://www.cdc.gov/streplab/index.html
http://spyogenes.mlst.net
http://spyogenes.mlst.net
http://jcm.asm.org
http://jcm.asm.org/

Gaibani et al.

hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid)
and dried at room temperature. A MALDI-TOF MS measurement was
performed with a Bruker MicroFlex MALDI-TOF MS (Bruker-Daltonics)
using FlexControl software and a DH5-« Escherichia coli protein extract
(Bruker-Daltonics) was deposited on the calibration spot of the sample
slide for external calibration. Spectra collected in the positive-ion mode
within a mass range of 2,000 to 20,000 Da were analyzed using a Bruker
Biotyper (Bruker-Daltonics) automation control and the Bruker Biotyper
3.1 software and library (a database with 5,627 entries). The clustering
analysis of the GAS strains was performed by generation of the dendro-
gram based on the different serotypes collected in the present study. In
detail, 49 strains representing 11 different serotypes included: M-1 (n =
4),M-3(n=2),M-5(n=6),M-6 (n=9),M-9 (n=1),M-12 (n = 1),
M-18 (n = 11), M-28 (n = 9), M-44 (n = 2), M-89 (n = 3), and M-102
(n = 1). The main spectra (MSPs) of each strain were generated from 10
technical replicates prior to manual visualization inspections using Flex-
Analysis 3.4 software. The relationship between MSPs obtained from each
strain was visualized in a score-oriented dendrogram using the average
linkage algorithm implemented in the MALDI Biotyper 3.1 software.

Whole-genome sequencing and comparative genomics. Whole-ge-
nome sequencing was conducted on the two S. pyogenes isolates from the
ARF case and nine M-18 GAS strains included in the present study (see
Table S1 in the supplemental materials). Libraries were prepared with a
Nextera XT sample preparation kit (Illumina), and sequencing was per-
formed on the Illumina MiSeq platform (Illumina, San Diego, CA) with a
2X250 paired-end run. All read sets were evaluated for sequence quality
and read-pair length using FastQC (19) and then assembled with MIRA
4.0 using a de novo assembly mode (20).

For comparative studies, SNPs were identified with an in-house Perl
pipeline based on the Mauve software (21). In this approach, the genome
of S. pyogenes, group A strain SP665Q, was used as a reference, and the
other 11 genome assemblies included in the present study were aligned
against it. All of the alignments were then merged, and the coordinates of
all nucleotide variations were detected on the basis of the annotated ref-
erence strain assembly (SP665Q). All of the variations were then orga-
nized in a matrix to assess the presence or absence pattern in specific
subsets of strains (e.g., emm18.29 and emm18.32). The core SNPs, defined
as the nondegenerate SNPs present in all 12 genomes and flanked by
conserved positions, were extracted and finally subjected to Bayesian phy-
logenetic analysis with MrBayes (22). The Bayesian analysis was run on
the GTR substitution model for 2,000,000 generations with a chain sam-
pled every 1,000th generation. The final parameter values and trees are
summarized after 25% of the posterior sample was discarded. The Bayes-
ian tree is displayed and edited using FigTree v1.4.0 (http://tree.bio.ed.ac
.uk/software/figtree).

Informative SNPs (i.e., present in at least two strains) were extracted
from core SNPs using an in-house script. In addition, among the strains
with emm type 18.29, all genes presenting at least one core SNP were
selected and compared to the virulence factors of pathogenic bacteria
(VEPB) database (23), using a blast search with a 10~ value cutoff.

Prophages were detected and analyzed using the free web tool PHAST
(PHAge Search Tool) (24). The comparative sequence circular maps of
whole genomes and concatenated prophages of each strain of S. pyogenes
M18GAS were generated using BRIG (25).

Accession numbers. The sequences of the 11 M-18 GAS genomes
were deposited at EMBL/EBI under the following accession numbers:
MI8GASBO1065 (CDGV01000001 to CDGV01000182), M18GASBO665
(CDGO01000001to CDGO01000182), M18GASBO9 (CDGY01000001 to
CDGY01000207), M18GASBO8 (CDGW01000001 to CDGW01000183),
M18GASBO7 (CDGX01000001 to CDGX01000199), M18GASBO6 (CDGM
01000001 to CDGMO01000081), M18GASBO5 (CDGQ01000001 to CDGQ
01000096) M18GASBO4 (CDGNO01000001 to CDGNO01000158), M18
GASBO3 (CDGS01000001 to CDGS01000294), M18GASBO2 (CDHA
01000001 to CDHA01000222), and MI18GASBO1 (CDHB01000001 to
CDHBO01000235) (study project PRJEB7108).
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RESULTS

Characterization of GAS isolates. Eight ARF cases were recorded
in the Bologna province between November 2012 and May 2013.
All patients were aged between 4 and 12 years. In recent years, the
number of ARF cases in this province has ranged from one to four
per year. At time of diagnosis, seven of eight ARF cases were cul-
ture negative, and only one GAS strain was isolated from a patient
resident in Bologna province.

During the surveillance period, 70 GAS isolates were collected
(see Table S1 in the supplemental material). In detail, two consec-
utive isolates were collected from the first patient with ARF (i.e.,
SPBO1 and SPBO2), six were isolated from classmates of the first
case and 14 were isolated from symptomatic children resident in
the Bologna area at the time of ARF diagnosis. Two months later,
a second collection comprised 14 GAS isolates collected from
classmates of the second ARF case and 34 GAS isolates obtained
from symptomatic school-age children resident in the same area.
However, no GAS was isolated from the second case of ARF.

Analysis of the emm sequence revealed that the GAS isolates
obtained from patient with ARF was emm18.29, as two of six of the
GAS isolates were obtained from contacts (Fig. 1A). At the same
time, GAS isolated from symptomatic children of the community
were: emm28.0 (3 cases), emm18.29 (2 cases), emm89.0, emm]I.0,
emmb56.0, emm9.0, emm6.4, emm102.3, emm12.0, emmb5.3, and
emm3.8 (one case each), as shown in Fig. 1B.

Molecular investigation conducted among the 14 GAS col-
lected from the classmates of the second ARF case showed that two
isolates (14.3%) were emm18.32, four (28.5%) were emm28.0, and
eight (57.2%) were emm6.4, as shown Fig. 1C. Among the 35 GAS
isolates collected from symptomatic school-age children in the
community, eight different emm types were identified: emm6.4
(23 cases), emm28.0 (2 cases), emm44.0 (3 cases), emml.0 (2
cases), and emmb.3, emm18.32, emm89.0, emmb5.1, and emm3.1
(one case each), as shown in Fig. 1D.

Our data indicate that emm18.29 was the dominant serotype
among the isolates collected from the class of the first case,
whereas emm18.32 spread in the class of the second case. To in-
vestigate the relationship between the specific emm type and the
SAg profile, GAS isolates were evaluated by molecular analysis for
the different SAg genes (see Table S1 in the supplemental mate-
rial). Molecular analysis revealed eight different antigenic profiles
among 70 GAS isolates. The chromosomally encoded speB, speG,
and smeZ genes were present in all isolates. In addition, all emm18
strains, including emm18.29 and emm18.32 and the two emm18.0
strains derived from the ISS bank collection (SP665Q and
SP1065Q), presented a characteristic SAg profile showing speA,
speC, speL, and speM genes. Overall, the isolates with the same
emm type shared a common SAg profile, with the exception of the
emma3 isolates. MLST analysis showed that all emm 18 GAS isolates
belonged to sequence type 42.

To determine the association of the mucoid phenotype with
emm type, all GAS isolates were analyzed by culture visualization.
Among GAS isolates, the M-102, M-9, and M-18 GAS strains
showed the highest incidence (100, 100, and 87.5%, respectively)
of mucoid traits, whereas all emm]I isolates showed a nonmucoid
colony type (see Table S1 in the supplemental material). Antimi-
crobial susceptibility testing showed that all isolates were suscep-
tible to penicillin, ampicillin, clindamycin, chloramphenicol, tet-
racycline, and clindamycin, whereas only two GAS strains
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FIG 1 Distribution of emm types among S. pyogenes strains collected during an ARF outbreak occurred in Bologna province. (A) GAS strains isolated from the
AREF case and class contacts during the first episode. (B) GAS isolated from class children during the second ARF episode. (C) Distribution of emm types among
GAS isolates collected from the community at the time of the first ARF case. (D) Distribution of emm types among GAS collected from school-age children of the

community at time of the ARF episode.

belonging to the emm89.0 and emm5.3 serotypes were resistant to
erythromycin.

MALDI-TOF and clustering analysis. MALDI-TOF MS anal-
ysis of different S. pyogenes strains showed that 37 of 50 (74.0%)
isolates clustered in accordance with the serotype group, as shown
in Fig. 2. In detail, the main spectra generated by MALDI-TOF MS
analysis demonstrated a high overall discriminatory power of the
strains belonging to the serotypes M-18, M-28, and M-3. How-
ever, different clustering groups were observed for M-1, M-5,
M-6, M-89, and M-44 strains by showing a different protein mass
spectral profiling among isolates belonging to the same serotype
(Fig. 2). Notably, the score-oriented dendrogram showed that all
isolates belonging to serotype M-18 formed a separate clustering
group that was clearly distinguishable from other serotypes. In
addition, a different cluster grouping within the M-18 serotype
was observed between emml8.0 and the emm18.32/emm18.29
subtypes, with a critical distance of 500 (see Fig. 2), respectively
corresponding to the S. pyogenes strains isolated 30 years ago and
the isolates involved in the ARF outbreak in Bologna province
during 2013. However, MALDI-TOF MS analysis was not able to
distinguish among emm18.29 and emm18.32 subtypes.

Whole-genome sequencing and phylogenetic analysis of
M-18 GAS isolates. The draft genomes of emm18.29, emm18.32,
and emm18.0 GAS isolates were assembled into average 185 con-
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tigs with a G+ C content of 38.6% for a total of 1,929,545 bp (Fig.
3). Genome annotations predicted a total of 1,881 open reading
frames.

To investigate the relationship among M-18 GAS isolates, a
whole-genome analysis was performed on the basis of core SNPs
identified with the Mauve-based approach (593 core SNPs). Phy-
logenetic analysis indicated that two main clusters were high-
lighted with high posterior probabilities: the first cluster included
the emm18.29 strains, while the second included the emm18.32
strains. In addition, the two emm18.0 GAS isolates derived from
the ISS bank collection (SP665Q and SP1065Q) showed a closely
relationship to the GAS8232 strain. Phylogenetic analysis indi-
cated that emm18.0 strains and GAS8232 differed by 198 informa-
tive SNPs and were nearer to emm18.32 strains than to emm18.29
strains (Fig. 4). Comparison of SNPs between M-18 strains iso-
lated during the ARF outbreak in Bologna province showed that
the two consecutive GAS isolates from the ARF case (SPBO1 and
SPBO2) differed by 14 SNPs (0 informative SNPs) and were
closely related to strains collected from classmates (SPBO3 and
SPBO4) and from the community (SPBO5 and SPBO6), as shown
in Fig. 4. Comparison of emm18.29 genomes disclosed 216 differ-
ent SNPs and 5 informative SNPs in this group. In addition, all of
the emm18.32 GAS strains collected from children during the sec-
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FIG 2 Score-oriented dendrogram based on the main spectra (MSP) of 50 GAS strains obtained by Bruker MALDI-TOF MS and analyzed using Biotyper 3.1
software. Correlation with the 11 different emm types (M-1, M-3, M-5, M-6, M-9, M-12, M-18, M-28, M-44, M-89, and M-102) shown. Dotted lines define a
similarity cutoff value of 500, 300, and 200 used for clustering groups of serotypes M-18, M-1, M-3, M-5, M-28, and M-6.

ond ARF episode were closely related (53 different SNPs and 0
informative SNPs) (Fig. 4).

Further comparison of all M-18 genomes identified 73 and 207
SNPs exclusive to emm18.29 and emm18.32 clusters, respectively
(see Table S2 in the supplemental material). Analysis of all unique
SNPs of emm18.29 cluster showed that 36.9% (n = 27) were syn-
onymous, 58.9% (n = 43) were nonsynonymous, and 4.2% (n =
3) were located in intergenic regions. At the same time, the SNPs
of emm18.32 cluster were 41.6% (n = 86) synonymous, 50.2%
(n = 104) nonsynonymous, and 8.2% (n = 17) within intergenic
regions. Analysis of synonymous and nonsynonymous substitu-
tions in the coding regions of the core genome revealed that SNPs
were associated with different GAS virulent factors (see Table S2
in the supplemental material) present in the VFPB database (23).
Notably, 46 SNPs substitutions occurred in prophage elements,
including hyaluronidase and gp58-like genes in both emm18.29
and emm18.32 clusters (see Table S2 in the supplemental mate-
rial). In detail, five SNPs in the hyaluronidase (hyIP) genes among
the two cluster subtypes were synonymous and six were nonsyn-
onymous, most of them located in the N-terminal region of hylP
gene.

Comparison of phage elements in M-18 GAS strains. Analysis
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of M-18 GAS chromosomes revealed that six regions contained
prophage elements (®SPBO.1, ®SPBO.2, ®SPBO3, ®SPBO4,
®SPBO.5, and PSPBO.6) ranging from 7.6 to 75.8 kb (Table 2).
The genome distribution of the prophages across the GAS chro-
mosome showed that all M-18 strains shared a common localiza-
tion of these elements, as shown in Fig. 3. Comparison to other
GAS genomes revealed that five prophag elementse (PSPBO.1,
®SPBO2, ®SPBO3, ®SPBO4, and ®SPBO.5) showed similar
chromosome locations to that of the GAS8232 genome (11), sug-
gesting conservative site integrations of these regions across M-18
GAS strains (Fig. 3). Moreover, examination of prophages ele-
ments showed a similar genetic architecture with GAS8232 (M-
18) and MGAS315 (M-3) strains, as shown in Fig. 5 (11, 26).
Genomes of M-18 GAS strains contained prophage regions
harboring several virulence factors, including exotoxin type A
(SpeA), exotoxin type C (SpeC), exotoxin type L (SpeL), exotoxin
type M (SpeM), mitogenic factor (DNase), and streptodornase
(Sdn) (Table 2). Comparison of the prophage elements showed
that the ®SPBO.2, ®SPBO.3, and PSPBO.5 regions were shared
among all M-18 GAS strains. These three phage regions contained
different virulence factors such as genes encoding SpeC, mito-
genic factor, SpeL/SpeM, hyaluronidase, and streptodornase. In-
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OSPBO.4, PSPBO.5, and PSPBO.6) of M-18 GAS isolates collected from Bologna province are indicated as red boxes.

terestingly, closely association between phages encoded SpeC and
SpeL/speM were observed in seven M-18 GAS strains (Table 2).
Moreover, the ®SPBO.1 region was present in 10 of 11 of the
M-18 GAS strains, lacking in the SP665Q isolate (emm18.0
subtype). Analysis of virulence factors showed that ®SPBO.1
region has variants of the speA gene (speAl) in six of nine
emm18.29 and emm18.32 strains but was absent in emm18.0
strains (Table 2). In addition, phage ®SPBO.4 was absent in
emm18.32 strains, whereas it was present in all emmI18.0 and
emm18.29 strains. This region contained a gene encoding mi-
togenic factor. Interestingly, each phage region had a hyaluron-
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idase gene (Table 2). Similar findings were observed in a pre-
vious study demonstrating that all phages in M-3 GAS strains
contained a hyaluronidase gene (26).

Comparison of phage-encoded hyaluronidase (hyIP.2) gene
among M-18 GAS strains. To investigate the genetic variability in
the hylP.2 gene, the gene-encoded HylP.2 protein of M-18 strains
was compared to previously described GAS isolates. Our analysis
indicated that the hyIP.2 gene was located in phage ®SPBO.1 in all
emml8.29, emm18.32, and emm18.0 GAS strains (Table 2). Anal-
ysis of the hylP.2 gene derived from the emm18.29, emm18.32, and
emm18.0 strains showed a high rate of homology with the M18
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(MGAS8232) and M5 (Manfredo) GAS strains, two strains iso-
lated from ARF cases (11,27). Comparison of deduced amino acid
sequences with M5-GAS Manfredo strain demonstrated that
HylP.2 were C terminally truncated in all M-18 GAS isolates (in-
cluding emm18.29, emm18.32, emm18.0, and GAS8232 strains)
(Fig. 6). Of note, three emm18.29 isolates (SPBO1, SPBO3, and

TABLE 2 Prophage elements in M-18 GAS strains

SPBO6) showed an internal deletion located between the N-ter-
minal and the TSBH domains. At the same time, the deduced
amino acid sequence of hiylP.2 gene in the SPBO8 isolate was trun-
cated in the TSBH region (Fig. 6). Comparison analysis conducted
on the hylP.2 gene revealed different clustering groups according
to the corresponding subtypes (data not shown).

Prophage element size (kb) in M-18 GAS strain®

emml18.29 emml18.32 emm]l18.0

Phage SPBO1 SPBO2 SPBO3 SPBO4 SPBO5 SPBO6 SPBO7 SPBO8 SPBO9 SP665Q SP1065Q Virulence factor(s)

OSPBO.1  56.4* 67.2 52.5 67.4% 64.9* 61.2% 68.7 75.8% 57.6* - 66.1 speA, hyaluronidase (hylP.2)

®SPBO.2 32,5 38.5 36.9 39.5+ 38.31 37.2F 38 38.61 37.3t 36.41 39.6t speC mitogenic factor,
hyaluronidase

®OSPBO.3  47.8 68.5 59.4 57+ 58.4% 59.4% 57.3 57.4% 59.1% 57.6% 67.1% speL, speM, hyaluronidase

®SPBO.4 33 31.8 30.6 25.2 30.6 32.5 43.6 41.1 Hyaluronidase, mitogenic
factor

®SPBO.5 60 47.3 39.3 45.7 47.2 51 48.5 42.6 48 51.3 46.6 Hyaluronidase, streptodornase

®SPBO.6 14.1 12.8 12.5 19.5 47.2 18.4 17 10.5 7.6 Hyaluronidase

@ *, Prophage-containing variant of speA (speAI); T, prophage-containing speC; %, prophage-containing speL and speM.

1568 jcm.asm.org

Journal of Clinical Microbiology

May 2015 Volume 53 Number 5

ONVTIN 13 1aNLS 1793d AINN Ad §TOZ ‘9 AN uo /Bio wse woly/:dny wolj papeojumod


http://jcm.asm.org
http://jcm.asm.org/

SPM18GAS_
157035 bp

),
315.3

SPBO.4

phages

MALDI-TOF and Genomic Analysis of M-18 GAS

B MGAS8232
B spP665Q
7] sP1065Q
SPBO1
Il sPBO2
[ sPBO3
SPBO4
[ spBOS5
SPBO6
B sPBO7
B spPBOS8
¥ sPBO9

AN
315.2

SPBO.3

FIG 5 Circular representation of concatenated prophage elements integrated in the genome of the M-18 GAS strains compared to M-3 GAS prophages. The
outermost black circle represent the concatenated M-3 GAS prophages (#315.1, ©315.2, ®315.3, and ®315.4). The prophages of M-18 GAS strains collected in
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DISCUSSION

Since late 2012, an outbreak of acute rheumatic fever (ARF) was
observed in the Bologna province, Northeast Italy, where the an-
nual frequency of ARF in resident children has ranged from 1 to 4
cases per year. From November 2012 to May 2013, eight cases of
ARF were recorded, showing a significant increase of ARF in this
area. Molecular analysis conducted among GAS collected from
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both contacts and the community during the outbreak indicated
that M-18 represented one of the most prevalent serotype within
classes of two unrelated ARF episodes. Our findings showed that
two distinct subtypes, i.e., emml18.29 and emm18.32, were ob-
served to spread separately across the two classes of ARF cases.
Analysis of GAS isolates from children in the community showed
that the majority of the isolates were subtype emmé6.4. Phenotypic
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analysis of GAS showed that the M-18 GAS strains presented a
high frequency of mucoid strains, confirming previous findings
(5). Indeed, GAS mucoid isolates have been observed to correlate
with invasive infections and the pathogenesis of rheumatic fever
(1). Previous studies clearly demonstrated that higher capsule
production has been observed in M-18 strains responsible for
multiple ARF outbreaks (11). Although our study showed that
GAS M-18 was responsible of an ARF case and that this serotype
has spread in the two classes, we cannot exclude the possibility that
others strains (i.e., serotypes) have been responsible of others ARF
cases.

The present study evaluated the ability of MALDI-TOF MS to
correctly identify GAS and to distinguish among the different se-
rotypes. MALDI-TOF analysis demonstrated an excellent dis-
crimination of M-18 GAS strains by showing a separate cluster.
Overall, cluster analysis by MALDI-TOF showed a good concor-
dance (74%) with emm typing methods. In detail, a 100% concor-
dance was observed with serotypes M-28 (9 of 9) and M-3 (2 of 2),
whereas 75 and 83.4% concordances were found with M-1 (3 of 4)
and M-5 (5 of 6), respectively. The discrepancies observed within
these serotypes were attributable to two isolates, SPBO13
(emmb5.3) and SPBO17 (emm1.0), grouped separately from strains
belonging to the same serotypes. These results are in accordance
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with a previous study demonstrating the potential of the MALDI-
TOF Biotyper system for GAS clustering analysis, thus showing a
high discriminatory power among different serotypes (9). How-
ever, a poor discriminatory classification was observed for M-89
serotype. Based on these findings and for its rapidity and low cost
analysis, we suggest the MALDI-TOF technique could be used
successfully for the identification of the M-18 serotype among
GAS strains.

In recent years, whole-genome sequencing has been applied for
epidemiological purposes by showing a more accurate resolution
than classical genotypic methods (13). Whole-genome sequenc-
ing has been extensively used to explore the genetic organization
of bacterial genomes and to compare the rearrangements between
closely related strains (10, 12, 28). The present study described the
complete genomes of nine M-18 GAS strains isolated during an
ARF outbreak in northeastern part of Italy and compared them to
two M-18 S. pyogenes collected from noninvasive infections in the
same area 30 years ago. SNP phylogenetic analysis revealed that
emml18.29 and emml18.32 subtypes segregated in two separate
clusters, whereas emm18.0 GAS strains did not cluster in a distinct
group. Genome polymorphism analysis showed that isolates from
ARF cases and from community and class contacts were closely
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related and showed a low number of informative SNPs both in
emm18.29 and emm18.32 strains.

Our analysis revealed that M-18 strains possessed several viru-
lence genes, including speA, speC, speL, speM, smeZ, mitogenic fac-
tor, and hyaluronidase, most of them located in prophage ele-
ments. Integrated prophages represent one of the most divergent
tracts among GAS genomes and the majority of genetic variations
among M-18 GAS strains (29).

Our results indicated that prophage elements are located in the
same genomic locations among different M-18 strains collected in
the present study and in the MGAS8232 reference strain. In addi-
tion, genomic organization revealed that three prophage elements
(PSPBO.2, ®SPBO.3, and ®SPBO.5) were common among
M-18 GAS strains. Alignment of the prophage sequences showed a
similar architecture between subtypes emm18.29, emm18.32, and
emm]I8.0, thus revealing a similar genomic architecture of M-18
GAS strains. It has been established that hypervirulent GAS strains
acquire virulence factors via prophage integrations (29). Recently,
Bao et al. reported that prophage integrations represent one of the
multiple genetic factors related to the pathogenic role of the
M-23ND GAS strain (30). Our findings showed that three pro-
phages (PSPBO.1, ®SPBO.3, and PSPBO.5) present in the M-18
GAS strains were similar with phages of M-3 serotypes (®315.1,
®315.2, and P315.4) that have been previously associated with
the emergence of virulent M-3 subclones (26) by different sequen-
tial acquisition.

We showed that the streptococcal pyrogenic exotoxin A gene
(speAl)waslocated in the prophage @SPBO.1 region in six of nine
emm18.29 and emm18.32 strains, whereas this gene was absent in
ermm18.0 strains. Also, we observed that the speC was present in all
M-18 GAS strains possessing speL and speM, thus showing a strict
correlation between these prophage-encoded SAg genes. Based on
these findings, we hypothesize that a different combination of
phage-encoded virulence factors could be related to the virulence
of emm18.29 and emm18.32 strains isolated during focal ARF that
differed from noninvasive emmI18.0 strains collected from the
same area 30 years ago.

Analysis of the phage-encoded virulence factors demonstrated
that phage-encoded hyaluronidase showed a higher number of
synonymous and nonsynonymous substitutions than other genes
within the M-18 GAS genomes. Previous studies reported that
hylP and hyIP.2 genes were present with different alleles among
different serotypes from both invasive and noninvasive GAS iso-
lates (31, 32). However, M-18 GAS strains have been observed to
possess a unique hylP.2 gene structure among different isolates
(33). Our findings demonstrated that the hylP.2 gene possesses an
internal deletion located between the N-terminal and TSBH re-
gions in different M-18 GAS strains. Therefore, the truncated gene
structures observed in several M-18 GAS isolates could be related
to a different or nonfunctional activity of the HylP.2 protein. Pre-
vious study showed that inactivation in hyaluronate lyase (HylA)
restored full encapsulation in partially encapsulated M-4 GAS
strains, thus demonstrating the mutually exclusive interaction be-
tween the hyaluronan capsule and active hyaluronidase (32). In
addition, Schommer et al. demonstrated in a mouse model that
the difference in capsule size was regulated by bacterial hyaluron-
idase and that the high molecular mass of the hyaluronan capsule
influences GAS virulence by facilitating deep tissue infections
(34). Based on our findings, we hypothesize that inactivation of
HylP.2 could determine a different encapsulation (i.e., capsule
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sizing) of M-18 GAS strains, thus resulting in a more virulent
clone. Therefore, the internal deletion in the hyIP.2 gene observed
in different isolates could reflect a different virulence potential
among the M-18 GAS strains.

In conclusion, we investigated the molecular and epidemiolog-
ical linkage between GAS strains isolated during an ARF outbreak
in Bologna province in early 2013. Our study explored the genome
sequence of M-18 GAS strains, thus providing a better under-
standing of the genetic architecture of the M-18 serotype and ex-
panding our knowledge of the genetic elements related to the GAS
infections.

ACKNOWLEDGMENT

This study was supported by funds from the Emilia-Romagna region.

REFERENCES

1. Cunningham MW. 2014. Rheumatic fever, autoimmunity, and molecular
mimicry: the streptococcal connection. Int Rev Immunol 33:314-329.
http://dx.doi.org/10.3109/08830185.2014.917411.

2. Walker MJ, Barnett TC, McArthur JD, Cole JN, Gillen CM, Henning-
ham A, Sriprakash KS, Sanderson-Smith ML, Nizet V. 2014. Disease
manifestations and pathogenic mechanisms of group A Streptococcus. Clin
Microbiol Rev 27:264-301. http://dx.doi.org/10.1128/CMR.00101-13.

3. Tibazarwa KB, Volmink JA, Mayosi BM. 2008. Incidence of acute rheu-
matic fever in the world: a systematic review of population-based studies.
Heart 94:1534-1540. http://dx.doi.org/10.1136/hrt.2007.141309.

4. Wolfe RR. 2000. Incidence of acute rheumatic fever: a persistent dilemma.
Pediatrics 105:1375. http://dx.doi.org/10.1542/peds.105.6.1375.

5. Steer AC, Law I, Matatolu L, Beall BW, Carapetis JR. 2009. Global emm
type distribution of group A streptococci: systematic review and implica-
tions for vaccine development. Lancet Infect Dis 9:611-616. http://dx.doi
.org/10.1016/S1473-3099(09)70178-1.

6. Smoot JC, Korgenski EK, Daly JA, Veasy LG, Musser JM. 2002. Mo-
lecular analysis of group A Streptococcus type emm18 isolates temporally
associated with acute rheumatic fever outbreaks in Salt Lake City, Utah. J
Clin Microbiol 40:1805-1810. http://dx.doi.org/10.1128/JCM.40.5.1805
-1810.2002.

7. Sauer S, Kliem M. 2010. Mass spectrometry tools for the classification and
identification of bacteria. Nat Rev Microbiol 8:74-82. http://dx.doi.org
/10.1038/nrmicro2243.

8. Mencacci A, Monari C, Leli C, Merlini L, De Carolis E, Vella A,
Cacioni M, Buzi S, Nardelli E, Bistoni F, Sanguinetti M, Vecchiarelli
A.2013. Typing of nosocomial outbreaks of Acinetobacter baumannii by
use of matrix-assisted laser desorption ionization-time of flight mass spec-
trometry. J Clin Microbiol 51:603—606. http://dx.doi.org/10.1128/JCM
.01811-12.

9. Wang J, Zhou N, Xu B, Hao H, Kang L, Zheng Y, Jiang Y, Jiang H.
2012. Identification and cluster analysis of Streptococcus pyogenes by
MALDI-TOF mass spectrometry. PLoS One 7:e47152. http://dx.doi.org
/10.1371/journal.pone.0047152.

10. Sassera D, Comandatore F, Gaibani P, D’Auria G, Mariconti M, Lan-
dini MP, Sambri V, Marone A. 2014. Comparative genomics of closely
related strains of Klebsiella pneumoniae reveals genes possibly involved in
colistin resistance. Ann Microbiol 64:887—890. http://dx.doi.org/10.1007
/$13213-013-0727-5.

11. Smoot JC, Barbian KD, Van Gompel JJ, Smoot LM, Chaussee MS, Sylva
GL, Sturdevant DE, Ricklefs SM, Porcella SF, Parkins LD, Beres SB,
Campbell DS, Smith TM, Zhang Q, Kapur V, Daly JA, Veasy LG,
Musser JM. 2002. Genome sequence and comparative microarray analysis
of serotype M 18 group A Streptococcus strains associated with acute rheu-
matic fever outbreaks. Proc Natl Acad Sci U S A 99:4668—4673. http://dx
.doi.org/10.1073/pnas.062526099.

12. Gaiarsa S, Comandatore F, Gaibani P, Corbella M, Dalla Valle C, Epis
S, Scaltriti E, Carretto E, Farina C, Labonia M, Landini MP, Pongolini
S, Sambri V, Bandi C, Marone P, Sassera D. 2014. Genomic epidemi-
ology of Klebsiella pneumoniae: the Italian scenario, and novel insights
into the origin and global evolution of resistance to carbapenem antibiot-
ics. Antimicrob Agents Chemother 59:389-396. http://dx.doi.org/10
.1128/AAC.04224-14.

jem.asm.org 1571

ONVTIN 13 1aNLS 1793d AINN Ad §TOZ ‘9 AN uo /Bio wse woly/:dny wolj papeojumod


http://dx.doi.org/10.3109/08830185.2014.917411
http://dx.doi.org/10.1128/CMR.00101-13
http://dx.doi.org/10.1136/hrt.2007.141309
http://dx.doi.org/10.1542/peds.105.6.1375
http://dx.doi.org/10.1016/S1473-3099(09)70178-1
http://dx.doi.org/10.1016/S1473-3099(09)70178-1
http://dx.doi.org/10.1128/JCM.40.5.1805-1810.2002
http://dx.doi.org/10.1128/JCM.40.5.1805-1810.2002
http://dx.doi.org/10.1038/nrmicro2243
http://dx.doi.org/10.1038/nrmicro2243
http://dx.doi.org/10.1128/JCM.01811-12
http://dx.doi.org/10.1128/JCM.01811-12
http://dx.doi.org/10.1371/journal.pone.0047152
http://dx.doi.org/10.1371/journal.pone.0047152
http://dx.doi.org/10.1007/s13213-013-0727-5
http://dx.doi.org/10.1007/s13213-013-0727-5
http://dx.doi.org/10.1073/pnas.062526099
http://dx.doi.org/10.1073/pnas.062526099
http://dx.doi.org/10.1128/AAC.04224-14
http://dx.doi.org/10.1128/AAC.04224-14
http://jcm.asm.org
http://jcm.asm.org/

Gaibani et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

1572 jcm.asm.org

Aziz RK, Nizet V. 2010. Pathogen microevolution in high resolution. Sci
Transl Med 2:16ps4. http://dx.doi.org/10.1126/scitranslmed.3000713.
Carapetis JR, Parr J, Cherian T. 2006. Standardization of epidemiologic
protocols for surveillance of poststreptococcal sequelae: acute rheumatic
fever, rheumatic heart disease and acute poststreptococcal glomerulone-
phritis. January. National Institutes of Health/National Institute of Allergy
and Infctious Disease, Bethesda, MD. http://www.niaid.nih.gov/topics
/strepthroat/documents/groupasequelae.pdf.

European Committee on Antimicrobial Susceptibility Testing. 2014.
Breakpoint tables for interpretation of MICs and zone diameters, version
4.0. EUCAST, Basel, Switzerland.

Beall B, Facklam R, Thompson T. 1996. Sequencing emm-specific PCR
products for routine and accurate typing of group A streptococci. J Clin
Microbiol 34:953-958.

Friaes A, Pinto FR, Silva-Costa C, Ramirez M, Melo-Cristino J. 2013.
Superantigen gene complement of Streptococcus pyogenes relationship
with other typing methods and short-term stability. Eur J Clin Microbiol
Infect Dis 32:115-125. http://dx.doi.org/10.1007/s10096-012-1726-3.
McGregor KF, Spratt BG, Kalia A, Bennett A, Bilek N, Beall B, Bessen
DE. 2004. Multilocus sequence typing of Streptococcus pyogenes represent-
ing most known emm types and distinctions among subpopulation ge-
netic structures. ] Bacteriol 186:4285—4294. http://dx.doi.org/10.1128/]B
.186.13.4285-4294.2004.

Andrews S. 2014. FastQC: a quality control tool for high throughput
sequence data. Babraham Bioinformatics/Babraham Institute, Cam-
bridge, United Kingdom. http://www.bioinformatics.babraham.ac.uk
/projects/fastqc/.

Chevreux B, Wetter T, Suhai S. 1999. Genome sequence assembly using
trace signals and additional sequence information. Comput Sci Biol 1999:
45-56.

Darling AE, Mau B, Perna NT. 2010. ProgressiveMauve: multiple ge-
nome alignment with gene gain, loss, and rearrangement. PLoS One
5:e11147. http://dx.doi.org/10.1371/journal.pone.0011147.

Huelsenbeck JP, Ronquist F. 2001. MrBayes: Bayesian inference of phy-
logenetic trees. Bioinformatics 17:754-755. http://dx.doi.org/10.1093
/bioinformatics/17.8.754.

Chen LH, Xiong ZH, Sun LL, Yang J, Jin Q. 2012. VFDB 2012 update:
toward the genetic diversity and molecular evolution of bacterial virulence
factors. Nucleic Acids Res 40:D641-D645. http://dx.doi.org/10.1093/nar
/gkr989.

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: a fast
phage search tool. Nucleic Acids Res 39:347-352. http://dx.doi.org/10
.1093/nar/gkq749.

Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA. 2011. Blast Ring

26.

27.

28.

29.

30.

31.

32.

33.

34.

Journal of Clinical Microbiology

Image Generator (BRIG): simple prokaryote genome comparisons. BMC
Genomics 12:402. http://dx.doi.org/10.1186/1471-2164-12-402.

Beres SB, Sylva GL, Barbian KD, Lei B, Hoff JS, Mammarella ND, Liu
MY, Smoot JC, Porcella SF, Parkins LD, Campbell DS, Smith TM,
McCormick JK, Leung DY, Schlievert PM, Musser JM. 2002. Genome
sequence of a serotype M3 strain of group A Streptococcus: phage-encoded
toxins, the high-virulence phenotype, and clone emergence. Proc Natl
Acad Sci U S A 99:10078-10083. http://dx.doi.org/10.1073/pnas.152298
499.

Holden MT, Scott A, Cherevach I, Chillingworth T, Churcher C,
Cronin A, Dowd L, Feltwell T, Hamlin N, Holroyd S, Jagels K, Moule
S, Mungall K, Quail MA, Price C, Rabbinowitsch E, Sharp S, Skelton J,
Whitehead S, Barrell BG, Kehoe M, Parkhill J. 2007. Complete genome
of acute rheumatic fever-associated serotype M5 Streptococcus pyogenes
strain Manfredo. ] Bacteriol 189:1473-1477. http://dx.doi.org/10.1128/JB
.01227-06.

Parkhill J, Wren BW. 2011. Bacterial epidemiology and biology lessons
from genome sequencing. Genome Biol 12:230. http://dx.doi.org/10.1186
/gb-2011-12-10-230.

Canchaya C, Proux C, Fournous G, Bruttin A, Briissow H. 2003.
Prophage genomics. Microbiol Mol Biol Rev 67:238-276. (Erratum, 67:
473,2003.) http://dx.doi.org/10.1128/ MMBR.67.2.238-276.2003.

Bao Y, Liang Z, Booyjzsen C, Mayfield JA, Li Y, Lee SW, Ploplis VA,
Song H, Castellino FJ. 2014. Unique genomic arrangements in an inva-
sive serotype M23 strain of Streptococcus pyogenes identify genes that in-
duce hypervirulence. ] Bacteriol 196:4089—-4102. http://dx.doi.org/10
.1128/]B.02131-14.

Marciel AM, Kapur V, Musser JM. 1997. Molecular population genetic
analysis of a Streptococcus pyogenes bacteriophage-encoded hyaluronidase
gene: recombination contributes to allelic variation. Microb Pathog 22:
209-217. http://dx.doi.org/10.1006/mpat.1996.9999.

Mylvaganam H, Bjorvatn B, Hofstad T, Osland A. 2001. Molecular
characterization and allelic distribution of the phage-mediated hyaluron-
idase genes hylP and hylP2 among group A streptococci from western
Norway. Microb Pathog 30:311. http://dx.doi.org/10.1006/mpat.2001
.0445.

Henningham A, Yamaguchi M, Aziz RK, Kuipers K, Buffalo CZ, Da-
hesh S, Choudhury B, Van Vleet J, Yamaguchi Y, Seymour LM, Ben
Zakour NL, He L, Smith HV, Grimwood K, Beatson SA, Ghosh P,
Walker MJ, Nizet V, Cole JN. 2014. Mutual exclusivity of hyaluronan
and hyaluronidase in invasive group A Streptococcus. ] Biol Chem 289:
32303-32315. http://dx.doi.org/10.1074/jbc.M114.602847.

Schommer NN, Muto J, Nizet V, Gallo RL. 2014. Hyaluronan break-
down contributes to immune defense against group A Streptococcus. ] Biol
Chem 289:26914-26921. http://dx.doi.org/10.1074/jbc.M114.575621.

May 2015 Volume 53 Number 5

ONVTIN 13 1aNLS 1793d AINN Ad §TOZ ‘9 AN uo /Bio wse woly/:dny wolj papeojumod


http://dx.doi.org/10.1126/scitranslmed.3000713
http://www.niaid.nih.gov/topics/strepthroat/documents/groupasequelae.pdf
http://www.niaid.nih.gov/topics/strepthroat/documents/groupasequelae.pdf
http://dx.doi.org/10.1007/s10096-012-1726-3
http://dx.doi.org/10.1128/JB.186.13.4285-4294.2004
http://dx.doi.org/10.1128/JB.186.13.4285-4294.2004
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://dx.doi.org/10.1371/journal.pone.0011147
http://dx.doi.org/10.1093/bioinformatics/17.8.754
http://dx.doi.org/10.1093/bioinformatics/17.8.754
http://dx.doi.org/10.1093/nar/gkr989
http://dx.doi.org/10.1093/nar/gkr989
http://dx.doi.org/10.1093/nar/gkq749
http://dx.doi.org/10.1093/nar/gkq749
http://dx.doi.org/10.1186/1471-2164-12-402
http://dx.doi.org/10.1073/pnas.152298499
http://dx.doi.org/10.1073/pnas.152298499
http://dx.doi.org/10.1128/JB.01227-06
http://dx.doi.org/10.1128/JB.01227-06
http://dx.doi.org/10.1186/gb-2011-12-10-230
http://dx.doi.org/10.1186/gb-2011-12-10-230
http://dx.doi.org/10.1128/MMBR.67.2.238-276.2003
http://dx.doi.org/10.1128/JB.02131-14
http://dx.doi.org/10.1128/JB.02131-14
http://dx.doi.org/10.1006/mpat.1996.9999
http://dx.doi.org/10.1006/mpat.2001.0445
http://dx.doi.org/10.1006/mpat.2001.0445
http://dx.doi.org/10.1074/jbc.M114.602847
http://dx.doi.org/10.1074/jbc.M114.575621
http://jcm.asm.org
http://jcm.asm.org/

