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Abstract | The small genomes of obligate intracellular bacteria are often presumed to be
impervious to mobile DNA and the fluid genetic processes that drive diversification in
free-living bacteria. Categorized by reductive evolution and streamlining, the genomes of
some obligate intracellular bacteria manifest striking degrees of stability and gene synteny.
However, recent findings from complete genome sequences of obligate intracellular
species and their mobile genetic associates favour the abandonment of these wholesale

terms for a more complex and tantalizing picture.

“..little if any effort has been made to detect
transposition of mutators, modifiers, suppressors,
or some types of inhibitors in other organisms, and
the degree to which it may occur is not yet known. It
would be surprising, indeed, if controlling elements
were not found in other organisms ...*

McClintock, 1956

Barbara McClintock’s seminal discovery of ‘controlling’
(that is, transposable) genetic elements in maize in the
1940s directly challenged the doctrine that genes are
in fixed positions on a chromosome. Her detection
of a dynamic genome that included mobile DNA was
revolutionary, and her forecast on the ubiquity of
mobile elements was an unconventional, but intuitive,
vision'. Perhaps the single best measure of McClintock’s
forecast is that, at present, biologists are challenged not
by determining the number of organisms that have
mobile DNA elements, but instead, by discovering
those that lack them.

The genome sciences are producing a wealth of
new information on the abundance and distribution
of mobile DNA in prokaryotes®*, examples of which
include plasmids, bacteriophages and transposable
elements (FIG. 1). Findings so far indicate that most
bacterial genomes harbour prophages, some of
which occupy up to 20% of the host genome®. In fact,
mobile-related DNA, such as prophages, account
for more than 50% of the strain-specific DNA in

several important pathogens®® and are the most
common transporters of virulence genes in bac-
teria’'. Plasmids and transposable elements have
also had a considerable effect on bacterial genome
architecture. Therefore, the importance of mobile
DNA to our understanding of microbial genomes
is profound.

In this review, we assess the data on mobile DNA
in obligate intracellular bacteria, a group of organ-
isms that has been characterized in the microbiology
literature as having few if any mobile genes, owing to
their intracellular confinement and accelerated rates
of gene loss. It is this notion that makes the growing
discovery of mobile genetic elements in these species
surprising.

The obligate intracellular bacteria

The prokaryotes can be divided into three broad
categories on the basis of their lifestyle: free-living,
facultative intracellular and obligate intracellular bac-
teria. Free-living bacteria tend to have large population
sizes and genomes (4-10 Mb) with a moderate compo-
sition of mobile DNA. Facultative intracellular species,
which are not confined to intracellular replication,
tend to be pathogenic with intermediate population
sizes and a genome size that is similar to free-living
species (2-7 Mb). Obligate intracellular bacteria, also
known as obligate endosymbionts, replicate exclusively
inside the cells of mostly eukaryotic organisms, and
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COSPECIATION PATTERNS
The speciation in parallel by
closely associated species, such
as a symbiont and host.

PARASITIC ASSOCIATION

A symbiotic relationship in
which the bacteria benefits and
the host is harmed.

MUTUALISTIC ASSOCIATION
A symbiotic relationship that
benefits both the bacteria and
its host.

COMMENSAL ASSOCIATION

A symbiotic relationship that
benefits the bacteria but causes
no important harm or benefit to
the host.

REDUCTIVE EVOLUTION

The process by which genomes
of obligate intracellular bacteria
shrink and undergo extreme
levels of gene degradation and
loss.

DELETION BIASES

The mutational bias by which
DNA deletions outnumber
DNA insertions.

© FOCUS ON HORIZONTAL GENE TRANSFER

typically have no extracellular state. They tend to have
small population sizes, and their genomes are usually
small (0.5-2 Mb) and show marked AT nucleotide
biases, accelerated sequence evolution and a loss of
genes that are involved in recombination and repair
pathways'>.

Obligate intracellular species can be further
divided into species that show strict vertical trans-
mission and species that show at least some hori-
zontal transmission (BOX 1). The former includes
the dietary endosymbionts that are required for the
survival and reproduction of their insect hosts (for
example, Buchnera spp. of aphids, Wigglesworthia spp.
of tsetse flies, and Blochmannia spp. of ants). These
genera of y-proteobacteria manifest strict maternal
inheritance, obligate mutualistic associations and
precise cosPECIATION PATTERNS with their hosts'*"". By
contrast, species that show at least some horizontal
transmission include human and plant pathogens
(for example, Chlamydia spp., Rickettsia spp. and
Phytoplasma spp.) and the reproductive parasites
of arthropods (for example, Wolbachia spp. and
Candidatus Cardinium hertigii) that can distort sex
ratios and sex determination'®-?" (BOX 2). Species that
can switch from one host to another tend to form
PARASITIC ASSOCIATIONS, but can also form mMuTUALISTIC
ASSOCIATIONS O COMMENSAL ASSOCIATIONS.

Comparative genomic studies of obligate intra-
cellular species mostly reveal remarkable conserva-
tion in gene content, genome size and gene order**.
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The impact of repuctive Evorution facilitated by small
population sizes, peLeTION BiasEs and constrained
access to novel gene pools in these species might pro-
mote genome streamlining® and a lack of horizontal
gene transfer. Indeed, the published genomes of five
endosymbiotic y-proteobacteria of insects that
are obligate mutualists, including the genomes of
three Buchnera strains****, one Wigglesworthia
strain® and one Blochmannia strain?, are devoid of
mobile genetic elements. Furthermore, comparisons
between the genomes of different species of Buchnera
indicate that there has been no gene influx (duplica-
tions or horizontal-gene-transfer events) over the
past 50 million years®'. For these reasons, obligate
intracellular species are commonly presumed to be
impervious to mobile genetic elements and, for the
long-term, vertically transmitted obligate mutual-
ists, this presumption is probably correct. However,
the study of species that can switch hosts will prob-
ably provide the greatest insights and will facilitate
tractable hypotheses on the evolution of mobile
DNA and genome instability in obligate intracellular
bacteria.

Here, we summarize the evidence that amends the
view that obligate intracellular bacteria are devoid of
genetic parasites. Instead, we propose a more intricate
picture — one in which differences in the modes of
transmission of these bacteria partly predict dis-
tinct genomic outcomes for mobile DNA in obligate
intracellular species.
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Prophage DNA with
transposable element

from prophage

Transposition
to chromosome

phage DNA into
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Figure 1 | Examples of mobile genetic elements in prokaryotes. Three main classes of mobile genetic elements occur in
prokaryotes. a | Plasmids are small pieces of extrachromosomal DNA that are either linear or circular and that typically replicate
independently of the host cell. Conjugative plasmids are laterally transferred from a donor bacterial cell to a recipient bacterial cell
by direct physical contact between the cells. b | Phages are viruses of bacteria that use the host machinery to replicate. The
DNA of a temperate phage enters the host cell and integrates into the bacterial genome as a prophage. Integrated prophage
DNA is passively inherited until DNA excision and phage-induced lysis of the bacterial cell takes place. ¢ | Transposable
elements contain segments of DNA that are flanked by short inverted repeats that typically encode proteins which faciliate
movement from one chromosomal location to another. In this case, a transposable element that is embedded within prophage
DNA is shown excising and transferring to a new site in the bacterial chromosome.

NATURE REVIEWS [MICROBIOLOGY

VOLUME 3 [ SEPTEMBER 2005 | 689



Box 1 | Transmission of obligate intracellular bacteria

Symbiotic bacteria that exclusively inhabit animal or plant cells are called endosymbionts or obligate intracellular
bacteria. They are widespread in nature and have diverse effects on their hosts. Obligate intracellular bacteria can be
transmitted by many different mechanisms, ranging from completely vertical transmission to completely horizontal
transmission.

Vertical transmission of bacterial endosymbionts occurs when the bacteria are inherited directly from mother to
offspring. These bacteria typically infect cells of the female reproductive tissues (ovaries) of the host and get passed
directly into the developing eggs to infect the next generation. Bacteria with strict vertical transmission typically
establish obligate and irreversible associations with their hosts, so that the bacteria-free hosts grow poorly and
produce few offspring, whereas the bacteria themselves cannot survive outside of the host cell. Beneficial
associations ensue in which the intracellular bacteria typically provide essential nutrients to the host that it
cannot generate for itself. Examples include Buchnera of the plant-sap-feeding aphids and Wigglesworthia of
the blood-feeding tsetse flies.

Horizontal transmission occurs when a bacteria is transmitted from one individual or species to another.

These bacteria might replicate intracellularly, but have the ability to switch hosts. They tend to form parasitic
associations with their animal or plant hosts. For example, the plant pathogen Phytoplasma is transmitted to plants
by leathoppers (insects) and is not usually transmitted vertically within the leafthopper itself. By contrast, the
reproductive parasite Wolbachia shows a mixed pattern of transmission among arthropods, with primarily vertical
inheritance within host species and horizontal transmission between species. Horizontal transmission can be
promoted by various mechanisms, which include parasite-host interactions, TRopHALLAXIS and blood feeding.

The composition of mobile DNA

FIGURE 2 compares the number of genes that have
mobile-DNA functions in obligate versus facultative
intracellular bacteria. The bacteria represented in
FIG. 2 comprise most species that have well defined
intracellular lifestyles and genomes that have been
completely annotated in the Comprehensive Microbial
Resource v15.2 of The Institute for Genomic Research
(TIGR)*. To generate this database, TIGR carries out
an automated annotation of completed microbial
genomes and classifies genes into 19 functional-role
categories, which include a mobile-DNA category that
specifies prophage, transposable element and plasmid
genes. Other types of horizontally acquired or mobile

Box 2 | Wolbachia — a parasite and mutualist

DNA such as pathogenicity islands?, integrons™ and
conjugative transposons’' are not catalogued in this
analysis. We caution that little to no experimental
work has confirmed the presence of mobile elements or
their remnants for most of the species described in this
review. As variations in genome annotation methods
can produce different estimates of mobile DNA com-
position?, we confined our analysis to the TIGR data.
Furthermore, as open reading frames (ORFs) can be
assigned several different functions during annotation,
the number of genes in a role category can be over-
estimated. Therefore, we analysed genes predicted to
solely have mobile-DNA functions. We highlight three
findings from this synopsis.

Wolbachia infect the reproductive tissues of many species of arthropods and filarial nematodes, and are primarily
transmitted through females by transovarial transmission. Phylogenetic and experimental evidence also indicate a
low frequency of horizontal transmission in arthropods. Maternally inherited bacteria can invade a host population
as long as the number of infected female progeny per infected mother is greater than the number of uninfected
female progeny per uninfected mother. This imbalance can be accomplished by increasing the fitness of infected
females (known as mutualism) or by a strategy known as reproductive parasitism, in which the host sex ratio or

fitness is manipulated in favour of the transmitting sex.

TROPHALLAXIS

The regurgitation of food from
one adult or larvae to another
that is most common in social
insects such as termites, bees
and wasps.

Mutualism is typically expressed in the filarial nematode hosts in which the Wolbachia bacteria infect the lateral
chords of the hypodermis and the ovaries. Antibiotic-curing experiments have determined that the bacteria are
required for embryogenesis and larval molting. Wolbachia bacteria are an increasingly promising chemotherapy target
for control of the symptoms and agents of human filarial diseases, including lymphatic filariasis and onchocerciasis.

Reproductive parasitism in Wolbachia-infected arthropods is accomplished by several mechanisms — feminization,
male-killing, parthenogenesis and a post-fertilization failure called cytoplasmic incompatibility. Feminization, which
takes place in infected crustaceans, is the conversion of a genetic male into a functional female by the suppression of
hormones that are required for male development. Male-killing, which occurs in various insects, results in the death
of infected male embryos so that infected female progeny can survive and reproduce in a resource-limited
environment. Parthenogenesis (virgin birth) occurs in hymenopteran wasps and exploits their haplodiploid
sex-determination system — usually, diploid fertilized eggs develop into females, and unfertilized eggs become
males. In Wolbachia-infected wasps, however, all eggs undergo endoreplication to become diploid and develop into
females without fertilization. Cytoplasmic incompatibility is the most common reproductive alteration induced by
Wolbachia and primarily results in early embryonic inviability of uninfected progeny produced from a cross between
an infected male and an uninfected female. Infected females do not suffer this same crossing incompatibility.
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Wigglesworthia glossinidia
Buchnera aphidicola Bp
Buchnera aphidicola Sg

Buchnera sp. APS
Blochmannia floridanus
Chlamydophila pneumoniae J138
Chlamydophila caviae
Chlamydia trachomatis
Rickettsia conorii

Rickettsia prowazekii
Phytoplasma asteris OY
Coxiella burnetii

Wolbachia pipientis wMel

Listeria monocytogenes 4b F2365
Listeria monocytogenes EGD-e
Brucella melitensis 16M

Listeria innocua

Salmonella enterica Typhi CT18
Mycobacterium tuberculosis
Mycobacterium smegmatis
Salmonella enterica Typhi Ty2
Salmonella typhimurium
Yersinia pestis KIM

Yersinia pestis CO92

Shigella flexneri 2a strain 301
Shigella flexneri 2a 2457T
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Figure 2 | Mobile-DNA composition in the genomes of intracellular bacteria. Genes
that encode mobile-DNA functions vary in their abundance and diversity across obligate
(top) and facultative (bottom) intracellular bacteria. This stacked bar graph depicts the
number of mobile-DNA genes per species, normalized to the total number of genes in the
genome for 26 completed prokaryotic genomes. Three categories of mobile DNA are
shown: plasmids, prophages and transposable elements. In general, transposable-element
genes comprise the largest fraction of mobile DNA per genome. Among obligate
intracellular species, the parasitic genera that host-switch (Wolbachia, Coxiella,
Phytoplasma, Rickettsia, Chlamydia and Chlamydophila) tend to harbour mobile DNA in
their genomes, whereas the stable mutualistic genera (Buchnera, Blochmannia and

Wigglesworthia) do not.

GENETIC DRIFT

An evolutionary process that is
characterized by random
variation in gene frequencies
over time owing to random
sampling in finite populations.
Genetic drift is often seen in
small populations owing to the
increased effect of random
occurrences in these
communities.

First, the amount of mobile DNA in the genomes
of obligate intracellular species spans almost the same
range as the genomes of facultative intracellular spe-
cies. However, facultative intracellular bacteria contain
an average of four-fold more mobile DNA than obli-
gate intracellular bacteria (p=0.0015, Mann-Whitney
U-test). This finding is consistent with predictions that
facultative intracellular bacteria have mobile-DNA
compositions that are more similar to free-living than
to obligate species. It also dispels the assumption that
obligate intracellular bacteria lack mobile genetic ele-
ments or their remnants — the genomes of at least
half of the obligate species analysed contained some
mobile DNA. However, with the exception of Wolbachia
pipientis wMel, in obligate intracellular species, mobile
DNA comprises less than 2% of the total genome —
a level that is similar to the lower end of the range
found in facultative intracellular species.

The second finding answers a basic question that
has emerged from genomic analyses — what type
of mobile genetic element is most common in intra-
cellular bacteria? As is evident in FIG. 2, transposable

elements constitute the largest portion of mobile
DNA. The proportion of plasmid genes per genome
is consistently small, and the proportion of prophage
genes per genome is intermediate to that of plasmid
and transposable-element genes. Transposable ele-
ments might predominate in bacterial genomes
because they often do not require site specificity
for insertion and can integrate into a genome that
already has a copy of the same transposable element.
By contrast, genome insertion by phages gener-
ally shows site specificity and confers immunity to
multiple infections. It should also be noted that
phages serve as vectors that shuttle other mobile
elements, such as transposable elements, into a host
genome. However, the difference between the amount
of transposable-element and prophage-related genes
found in intracellular bacteria is nonetheless strik-
ing, as a transposable element typically carries a
single gene (encoding a transposase or reverse tran-
scriptase/maturase), whereas a prophage genome
consists of tens of genes.

Third, this analysis provides a first glimpse of the
impact of lifestyle differences on the mobile-DNA
composition of obligate intracellular species. The
genera that have mobile-DNA genes are strictly
pathogenic (Coxiella, Chlamydia, Chlamydophila,
Phytoplasma and Rickettsia) or parasitic (Wolbachia)
genera that undergo at least some horizontal trans-
mission. By contrast, those obligate species that lack
mobile genetic regions include all of the dietary
mutualists of insects that are vertically transmitted
(Wigglesworthia, Blochmannia and three strains of
Buchnera). This indicates that transmission differ-
ences among obligate intracellular species might
shape genome plasticity. In particular, the evolution-
ary processes that operate in the small population
sizes of these strictly maternally inherited species
(for example, Generic prieT) might accelerate the loss
of mobile DNA. By contrast, the more permissive
lifestyles of host-switching pathogens and parasites
might augment their contact with novel gene pools
and the uptake of foreign DNA. One exception could
be the unpublished report of a high mobile-DNA con-
tent in the Sitophilus oryzae primary endosymbiont
(SOPE)*, which is a recently derived, y-proteobacte-
rial mutualist of Sitophilus grain weevils. Maternally
transmitted bacteria that have recently adopted
an intracellular lifestyle might have mobile-DNA
contents that are more similar to their free-living
or facultative intracellular relatives, because not
enough time has elapsed to streamline the genome
by deletion of mobile DNA.

Correlation of mobile DNA with genome size

The relationship between the total number of genes
and the proportion of mobile DNA in a genome
reflects the balance between the inflow and outflow
of mobile DNA. Whereas gene-gain events depend
on rates of horizontal gene transfer and gene dupli-
cation, gene-loss events depend on rates of gene
inactivation and deletion. If mobile-DNA loss is
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Figure 3 | Correlation of genome size and mobile-DNA composition. Fractions of
mobile DNA per genome significantly increase with genome size among intracellular
bacteria. Obligate intracellular bacteria are denoted by green circles and facultative
intracellular bacteria are denoted by red circles. There is a significant, positive correlation
(p=0.013) between genome size and the percentage of genomic mobile-DNA genes in
these bacteria, and a simple linear regression analysis indicates that genome size can
partially predict mobile-DNA content (R?=23.2%). The analysis was repeated after
removing the three extreme values with 9% or more mobile DNA genes (Wolbachia
pipientis wMel, Shigella flexneri 2a strain 301, and Shigella flexneri 2a 2457T), and it
yielded a higher R?value of 62.4% (p<0.001).

enhanced in the genomes of long-term obligate
intracellular species or if mobile-DNA gain is enhanced
in the genomes of facultative intracellular species, the
fraction of mobile-DNA genes in the obligate species
will be reduced compared with that of facultative or
free-living species. Alternatively, if the loss and gain
of mobile DNA is random, the proportion of mobile-
DNA genes should remain constant across species.
Genome analysis shows that the relative mobile-DNA
composition of intracellular bacteria increases with
total gene number (FIG. 3). Therefore, although we
now know that obligate intracellular species do have
mobile genetic elements, the smaller genomes of obli-
gate intracellular species show preferential deletion of
these mobile elements.

The conventional explanation for the reduction
of mobile DNA in obligate intracellular bacteria is
that these bacteria have a general mutational bias for
deletions and, therefore, the rate of gene loss in such
species exceeds the rate of new gene acquisitions by
horizontal gene transfer or gene duplications® .
This bias is thought to result in the relatively small
genomes of prokaryotes and the close packing of
genes in bacterial genomes. Indeed, a compara-
tive analysis of pseudogene evolution across a wide
range of prokaryotes shows that deletions are far
more frequent than insertions®. Elevated deletion
rates in bacteria might even be due to determinis-
tic evolutionary forces such as selection against the
continuous influx of dangerous genetic parasites™®.
Therefore, an inherent mutational bias for deletions
in prokaryotes, coupled with no or relatively limited
inflow of new mobile elements in endosymbionts,
could accelerate mobile-DNA reduction in obligate
intracellular species.

Plasmids

Plasmids are extrachromosomal elements that move
horizontally between bacterial cells in at least four
ways: self-directed transmission, in which the plasmid
encodes the conjugative machinery for host-cell fusion;
mobilizable methods, in which one plasmid parasitizes
the self-directed transmission of another plasmid;
transduction, in which a plasmid gets packaged in a
phage particle; and transformation, in which cell lysis
releases plasmid elements from the host bacterium.
Plasmids also move vertically by transmission through
dividing host cells. Similar to phages, plasmids might
have an important role in microbial evolution by acting
as natural gene vectors”.

Among intracellular bacteria, instances of plasmid
genes inserted into the host chromosome are uncom-
mon. Only two of the obligate intracellular bacterial
genomes represented in FIG. 2 have genes with plasmid
functions. Of these species, the maximum number of
plasmid genes per genome is five (Coxiella burnetti),
and the average number of plasmid genes in obligate
and facultative intracellular bacteria is approximately
one (TABLE 1). Plasmid genes therefore do not signifi-
cantly affect the genetic architecture of intracellular
bacterial genomes. However, this does not preclude
their importance as natural gene vectors of foreign
DNA that might be advantageous® or deleterious to
the recipient host genome.

Among obligate intracellular prokaryotes, at least
six different genera harbour extrachromosomal
plasmids, including the insect mutualists Buchnera,
Wigglesworthia and Sodalis and the obligate intra-
cellular parasites Chlamydia, Chlamydophila and
Phytoplasma. The two plasmids in Buchnera are verti-
cally transmitted® and carry amino-acid biosynthesis
genes that aid the main role of Buchnera symbionts
in aphids — the provision of amino acids that are
deficient in the insect phloem-sap diet*’. However,
not all Buchnera strains carry plasmids, and the
leu ABCD plasmid might experience only rare hori-
zontal transmission*' and genetic exchange with the
Buchnera host chromosome®. Much less is known
about the plasmids that have been isolated from
Wigglesworthia glossinidia* and Sodalis glossinidius*.
The former has a single 5.3-kb plasmid called pWigl,
and the latter has a 134-kb plasmid and possibly a
10-kb plasmid. Also, members of the diverse genus
of Phytoplasma have at least 12 plasmids of unknown
function®. All are less than 11 kb in size, share varying
amounts of homology and structure*, and frequent
rearrangements might affect their size and structure.
Plasmid pOYM notably encodes a unique replica-
tion protein that has domains that are related to both
prokaryotic plasmids and eukaryotic viruses®.

Bacteriophages

Bacteriophages are viruses of prokaryotes and are among
the most abundant biological entities in the biosphere*.
They are one of the most effective vectors that convey
foreign DNA into recipient bacteria and can cause sig-
nificant amounts of genome diversification**. Virulent
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Table 1 | Examples of mobile-DNA content in intracellular bacteria

Species

Obligate intracellular bacteria

Wigglesworthia glossinidia
Buchnera aphidicola Bp
Buchnera aphidicola Sg
Buchnera sp. APS

Blochmannia floridanus

Chlamydlia trachomatis serovar D

Chlamydophila caviae

Chlamydophila pneumoniae J138

Rickettsia conorii
Rickettsia prowazekii
Phytoplasma asteris OY
Coxiella burnetii RSA 493
Wolbachia pipientis wMel

Facultative intracellular bacteria

Listeria monocytogenes 4b F2365

Listeria monocytogenes EGD
Brucella melitensis 16M

Listeria innocua

Salmonella enterica Typhi CT18

Mycobacterium tuberculosis
CDC1551

Mycobacterium smegmatis
Salmonella enterica Typhi Ty2

Salmonella enterica serovar
Typhimurium

Yersinia pestis KIM

Yersinia pestis CO92
Shigella flexneri 2a strain 301
Shigella flexneri 2a 2457T

Total Mobile-DNA Plasmid Prophage
genes  genes genes genes
653 0 0 0
539 0 0 0
661 0 0 0
649 0 0 0
602 0 0 0
935 1 0 1
1,013 1 0 1
1,120 1 0 1
1,705 6 1 4
1,041 5 0 1
1,021 14 0
2,096 37 5
1,271 123 0 28
2,847 7 0 3

-e 3,058 18 0 9
3,901 47 1 4
3,121 42 2 18
5,165 80 0 25
4,245 76 2 14
6,844 140 0 4
4,895 156 107
5,695 195 1 159
4,924 216 1 61
4,796 216 2 24
5,155 593 2 141
5,005 628 4 113

Transposase RT genes Disrupted mobile-

genes DNA genes (%)

0 0 =

0 0 -

0 0 =

0 0 -

0 0 -

0 0 0.0%

0 0 100.0%

0 0 0.0%

1 0 0.0%

4 0 0.0%

14 0 0.0%

32 0 10.8%

81 14 43.9%
0 14.3%
0 0.0%

42 0 0.0%

22 0 0.0%

54 1 0.0%

60 0 9.2%

136 0 10.0%

46 1 0.0%

33 2 0.0%

154 0 0.0%

189 0.0%

449 1 0.0%

509 2 0.0%

Data are derived from the Comprehensive Microbial Resource of The Institute for Genomic Research (TIGR). Annotation of mobile-DNA genes is based on TIGR’s
automated annotation of completed microbial genomes and might in some cases differ slightly from the primary annotation of the published bacterial genomes. To curb
overestimation of mobile-DNA genes, we enumerate genes that solely have mobile-DNA functions. RT, reverse transcriptase.

FILARIAL DISEASE

Diseases such as human river
blindness and elephantiasis that
are caused by filarial nematodes
and their Wolbachia
endosymbionts.

phages always lyse their hosts after invasion, whereas
temperate phages can integrate their DNA into the bac-
terial host chromosome as a prophage, so that the DNA
is passively inherited (FIG. 1). On prophage integration,
associated DNA elements, such as pathogenicity islands
or other mobile genetic elements, are also transferred
into the host chromosome. Prophages consequently
account for large fractions of horizontally acquired
DNA in bacterial genomes®*®. Intact, complete phages
have been purified, isolated and sequenced from two
groups of obligate intracellular bacteria, Wolbachia and
Chlamydiaceae (TABLE 2). A third case of phage infection
occurs in the secondary endosymbionts (y-proteobacte-
ria) of aphids, which have not been firmly characterized
as obligate or facultative intracellular bacteria®->

Wolbachia of arthropods. Wolbachia are a genus
of cytoplasmically transmitted o-proteobacteria
that infect millions of arthropod species and
many filarial nematodes®™**, and which are phylo-
genetically related to emerging human pathogens
in the Anaplasmataceae®. Their roles in inflamma-
tory-mediated FiLariaL pisease®™” and their unusually
high levels of genomic and phenotypic plastic-
ity'®1*% have attracted recent interest. Wolbachia are
most well known for inducing several selfish forms
of reproductive parasitism in arthropods (BOX 2),
which might affect key evolutionary processes,
including speciation®*®, sex determination®' and
sexual selection®. Despite early microscopy studies
that reported phage particles in Wolbachia of the
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CLADE

A group of genetically related
organisms that includes an
ancestor and all of its
descendants.

TRANSPOSASE GENE

A gene that encodes an enzyme
that mediates movement of one
segment of genomic DNA into
another location.

Table 2 | Examples of phage-related elements in obligate intracellular bacteria

Phage name Prophage/bacteriophage Host bacteria Genome size Refs
WO-A Prophage Wolbachia 44.5 kb 79
WO-B Bacteriophage Wolbachia 20.5kb 80
WO-B Prophage Wolbachia 33-75.9 kb 64,79
Py Prophage-like Wolbachia 5.5 kb 79
Chp1 Bacteriophage Chlamydophila psittaci, avian strain 4.9 kb 62
Chp2 Bacteriophage Chlamydophila abortus 4.6 kb 74
Chp3 Bacteriophage Chlamydophila pecorum 4.6 kb 66
H®CPAR39 Bacteriophage Chlamydophila pneumoniae 4.5 kb 75
OCPG1 Bacteriophage Chlamydophila psittaci, pig strain 4.5kb 73

mosquito Culex pipiens®, insect endosymbionts in
general were previously presumed to be refractory to
mobile genetic parasites. However, after the isolation
and sequencing of prophage WO (for Wolbachia) in
2000 (REE 64), the analysis of molecular markers and
phage-filtration techniques established the connec-
tion between the virus particles of Wolbachia and
prophage WO®. The genome sequence of Wolbachia
strain wMel from Drosophila melanogaster reveals
two divergent prophage WO families, WO-A and
WO-B (TABLE 2). Molecular evolution analyses indi-
cate that family WO-B groups into three cLaDEs*~,
and distribution surveys indicate that WO-B homo-
logues occur in at least 89% of two main lineages of
Wolbachia that infect arthropods®. Notably, WO-B
is the only bacteriophage found in insect endo-
symbionts that is known to elicit gene expression,
carry transposable elements, recombine at fast rates
and laterally transfer between bacteria® . Owing
to its high prevalence in Wolbachia, WO-B might be
one of the most abundant viruses in all obligate intra-
cellular bacteria, and it could be an important source
of genomic flux in the evolutionarily important
Wolbachia.

The Wolbachia wMel genome sequence also
contains a small pyocin-like element (prophage Py)
that contains nine genes. Pyocin elements encode
bacterial products that morphologically resemble
bacteriophage tails and that often have bactericidal
activities towards bacterial strains and species that
are closely related to the producer”. All of the
Wolbachia wMel phage elements have a low GC
content, similar to the host chromosome, which
is indicative of a long association with Wolbachia
and/or other intracellular bacteria. Because these
elements do not exist in Rickettsia relatives, we
infer that they entered the Wolbachia system from
an intracellular species that is not closely related to
the Anaplasmataceae family of o-proteobacteria.
However, ongoing lateral exchange of bacteriophage
WO-B between different strains of Wolbachia on
co-infection of cells does seem to take place®®, and
these cases represent the first clear findings of recent
lateral transfer in obligate intracellular bacteria.

Chlamydiaceae. The family Chlamydiaceae is an
abundant group of obligate intracellular bacteria
composed of two separate genera, Chlamydia and
Chlamydophila, which contain three and six spe-
cies, respectively”'. Chlamydia trachomatis and
Chlamydophila pneumoniae are human pathogens.
All Chlamydiaceae exist in two alternating develop-
mental forms, which include a metabolically inert
extracellular form, termed the elementary body, and
an intracellular replicating cell, termed the reticulated
body. Virus particles that infect the reticulated body
were first observed in the avian strain Chlamydophila
psittaci’?, and at least five single-stranded DNA
(ssDNA) Microviridae bacteriophages are now known
to infect the Chlamydophila genus’"® (TABLE 2).

All five phages constitute a divergent subfamily
of the well known coliphage ¢X174. In total, four of
the phages, 9CPG1, 6CPAR39, Chp2, and Chp3, are
closely related, with genome identities greater than 90%
(REE 75), and these are divergent from the fifth phage,
Chpl. The genomes of all five bacteriophages encode
at least three viral structural proteins and a few addi-
tional genes. Phage infection typically reduces bacterial
viability in the laboratory, but further work remains
to determine how phage infection generally impacts
chlamydial disease, evolution and genetics. Recent
horizontal acquisition of phage 9CPAR39 is inferred,
based on its sporadic distribution across nearly iden-
tical C. pneumoniae host strains. The five ssDNA
phages of the Chlamydophila genus are unrelated to the
double-stranded-DNA phage WO-B, and therefore
represent a completely separate event of phage evolu-
tion in obligate intracellular bacteria.

Transposable elements

Transposable elements are mobile genetic elements
that can move (transpose) from one site in the
genome to a second site, or from one DNA molecule
(that is, an infecting phage genome or a plasmid) to
a second DNA molecule (the bacterial chromosome).
They are the most abundant type of mobile genetic
element in the genomes of intracellular bacteria.
The number and distribution of TRANSPOSASE GENES in
various intracellular bacteria analysed from the TIGR
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database is shown in TABLE 1. Five out of thirteen
obligate intracellular species and all thirteen of the
facultative intracellular species harbour transposable
elements. Among these species, the average number
of transposable elements varies, with obligate intra-
cellular bacteria and facultative intracellular bacteria
harbouring an average of 29.2 and 131.9 transposase
genes, respectively. There is also a report of an INsErTION

seQUENCE (IS) element in the primary endosymbiont
SOPE of the Sitophilus zeamais grain weevil”’, the
complete genome of which has not been sequenced.

Two classes of transposable elements are found
in the genomes of obligate intracellular bacteria. The
most ‘genetically destructive’ class is the DNA trans-
posable element (FIG. 4a). These elements are identified
by the presence of transposase-encoding genes that are
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MATURASE DOMAIN

A region of the reverse-
transcriptase gene that ensures
proper RNA folding for intron
excision from the RNA.

MOBILE GROUP I INTRON

A catalytic RNA molecule that
acts as a mobile genetic element
as it encodes a reverse
transcriptase and can insert
site-specifically into target DNA.

members of transposase families that have previ-
ously been found in free-living bacterial species?. For
instance, Wolbachia wMel contains transposase genes
from the widely dispersed 1S3, IS4, IS5, 1S110 and IS256
families. DNA transposable elements from these fami-
lies transpose by conservative mechanisms described
in FIG. 4a. The impact of these transposition events
includes possible inefficient repair of donor DNA mol-
ecules” and the disruptive effects of the transposable
element insertions. Preliminary data also indicate the
presence of previously undetected IS elements (IS21,
IS3 and IS481) in the genomes of Buchnera sp. APS,
Chlamydia muridarum and C. trachomatis®.

The second group of transposable elements
comprises the retrotransposable elements that move
through an RNA intermediate (FIG. 4b). The presence
of these elements is indicated by the discovery of genes
that encode reverse transcriptases (RT) in Wolbachia
wMel. There are fourteen RT-like genes, many of
which are identical or nearly identical (TABLE 1).
Of particular interest are three intact RT genes that
contain MaTURASE DoMAINS (WD0693, WD0995 and
WD1138)”. A maturase domain in the RT genes is
a strong genetic signature of a MOBILE GROUP I INTRON.
Mobile introns should have no impact on donor DNA
sequences and little impact on the integrity of target
genes if they are inserted in the correct orientation,
as splicing will remove the intron sequences from
the target-gene mRNAs. Why there is a surplus and
diversity of RT ORFs in Wolbachia remains a ques-
tion for future study, but their presence in Wolbachia
and absence from related Rickettsia genomes implies
that they originated through horizontal-RT-gene
transfer events.

Disrupted mobile-DNA genes

Eight of the thirteen obligate intracellular and all of
the thirteen facultative intracellular species analysed
in this review have genes that are annotated with
mobile-DNA functions (FIG.2, TABLE 1). Three pat-
terns are evident with respect to the proportion of
these mobile-DNA genes that are inactivated owing
to mutations. First, the total proportion of disrupted
mobile-DNA genes in the obligate (31.4%, 59/188)
and facultative (0.9%, 22/2,414) intracellular species
indicates an asymmetry in the coding capacity of
mobile DNA between these two classes of bacteria.
This asymmetry is consistent with the preferential
degenerative evolution of mobile DNA in obligate
intracellular species. Furthermore, analysis of the
species listed in TABLE1 also reveals that a greater
fraction of obligate intracellular species that contain
mobile DNA have inactivated mobile-DNA genes
(three species out of eight) in comparison to that of
the facultative intracellular species (three species out
of thirteen). A closer look at the type of inactivated
genes indicates a tendency to inactivate transposable-
element genes across both classes of bacteria. In the
three obligate intracellular species with inactivated
mobile DNA, including Wolbachia wMel, C. burnetti
and Chlamydophila caviae, almost all of the disrupted

genes encode presumed transposases or RTs. Similarly,
in the three facultative intracellular species, including
Mycobacterium smegmatis, Mycobacterium tubercu-
losis and Listeria monocytogenes 4b, almost all of the
disrupted genes encode transposases.

Therefore, whereas obligate intracellular species are
more likely to have disrupted mobile-DNA genes, per-
haps owing to accelerated rates of mutation and gene
inactivation, there seems to be a common selective
force in bacteria that specifically drives inactivation of
DNA transposable elements. A high fraction of non-
site-specific DNA-transposition events would generate
lethal mutations, ultimately posing a greater selective
pressure against the presence of active transposable ele-
ments in a genome. Furthermore, excision of a DNA
transposable element requires double-strand-break
repair of the transposable-element donor chromo-
some, and this seems to be inefficient”. However, this
does not explain the apparent high levels of RT-gene
inactivation, as retrotransposition should have less
damaging consequences. Instead, it is possible that the
error-prone nature of RT activity results in an elevated
mutation frequency for RT genes.

By contrast, phages often show site specificity
in invading a host genome and might pose less of
a fitness cost to their host bacterium if these sites
are non-essential. Moreover, excision of prophages
typically is efficient and self-repairing. Therefore,
DNA-transposable-element inactivation might reflect
deterministic forces to specifically eliminate harmful
transposable elements from the genome.

Mobile DNA and the ‘intracellular arena’

The presence of mobile DNA in obligate intracellular
bacteria raises two crucial questions: first, what is
its origin, and second, how does it spread in a host
population of obligate intracellular bacteria? The
first question can be answered using phylogenomic
studies. Assuming that the mobile genetic elements
in intracellular bacteria were originally derived from
orthologous elements in free-living species and that
enough microbial genomes will be sequenced to trace
the historical pedigree of mobile-DNA donors and
recipients, then phylogenetic analysis should piece
together the evolutionary history of mobile DNA in
obligate intracellular bacteria.

The amount of genome-sequence information that
is currently available paints a cloudy picture of the
origins of mobile DNA in obligate intracellular species.
Although putative orthologues of transposable elements
and bacteriophages can be identified among free-
living and intracellular bacteria, we are unable
to discern between the original and most recent
donor species of mobile DNA. Two interest-
ing cases of transposable-element acquisitions
in the Wolbachia wMel genome indicate that the
bacteriophage WO-B might be a vector for intro-
ducing transposable elements into Wolbachia®.
An IS110-like transposase sequence from bacterio-
phage WO-B from Wolbachia wCauB® is present in
multiple (and often degenerate) copies throughout
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the wMel genome (both within and distant from
prophage regions) and is sometimes flanked by addi-
tional transposase sequences. There is also an intact
1S50-like sequence in the WO-B prophage genome of
Wolbachia wTai®. IS50-transposase homologues are
rare, but occur in widely divergent bacteria, includ-
ing Wolbachia wMel®. The most recent donors of
the bacteriophages themselves are probably other
intracellular bacteria, as the shared AT nucleotide
biases of intracellular bacteria with mobile-element
sequences indicate a long association in species with
an intracellular lifestyle.

There are several possible answers to the second
question — how mobile DNA spreads among the
obligate intracellular bacteria. Mobile DNA might
confer a fitness benefit to the host and spread rapidly,
but, so far, there is no clear evidence that transpos-
able elements or bacteriophages carry genes that are
adaptive for their obligate intracellular hosts. It is more
probable that the mobile elements are neutral* or even
deleterious to the bacterial host.

The ‘intracellular arena’ hypothesis posits that
genetic material can move in and out of communi-
ties of obligate intracellular bacteria that co-infect the
same intracellular host environment®. Therefore, one
could view the eukaryotic host cell as a consortium of
co-infecting intracellular bacteria that span different
genotypes, species, genera and major orders of bacte-
ria. Such an arena of interacting microorganisms could
provide an escape from ‘genetic confinement’ for these
specialized microorganisms and a window of oppor-
tunity for recombination and horizontal exchange of
genomic elements.

This new hypothesis is motivated by reports of
diverse bacteria that can co-infect the same host
and molecular evolution studies that have examined
chromosomal recombination and lateral exchange of
phage DNA®. The o-proteobacteria Wolbachia often
co-infect hosts with many other intracellular bacteria,
including other Wolbachia strains®, Anaplasmataceae
relatives®!, y-proteobacteria®* and the Bacteroidetes
parasite, Candidatus Cardinium hertigii****. The sec-
ondary endosymbionts of pea aphids horizontally
transfer and co-infect aphids with primary endosym-
bionts and other strains of secondary endosymbionts
at high frequencies®®. Furthermore, the arthropod-
borne pathogens Rickettsia and Anaplasma co-infect
the same tick hosts®, and different strains of the
plant-pathogen Phytoplasma are also known to
establish mixed infections in their plant hosts¥. Also,
C. pneumoniae can establish mixed infections in human
hosts with Mycoplasma pneumoniae® and Streptococcus
pneumoniae®. If there is transfer of mobile or chromo-
somal DNA among these microbial communities, then
the view that obligate intracellular bacteria are devoid
of genetic exchange might be overly simplistic.

So far, there is evidence in Wolbachia that supports
the intracellular arena hypothesis. In three cases of
insect species infected with two divergent strains
of Wolbachia, recent lateral transfer of phage WO-B
between the co-infecting strains was inferred based

on comparative sequence analyses of a capsid-protein
gene®%. Results indicate that this evolutionarily recent
exchange of phage DNA either occurred through
recombination between prophage DNA sequences, hor-
izontal transfer of complete or partial phage genomes
or recombination between DNA from prophage and
phage particles, as has been recently proposed in certain
systems*. Determining the extent of horizontal DNA
transfer associated with phage elements will be an inter-
esting area of future research. Comparative analyses
across sets of Wolbachia gene sequences specify that
recombination frequently occurs among closely related
strains®** and possibly between divergent groups” in
the gene encoding the Wolbachia surface protein Wsp.
The extent to which genetic exchange in the intracellular
arena influences the intracellular microbial community
and the spread of mobile genetic elements in bacterial
communities should be a topic of future study.

Interestingly, the recently sequenced genome of a
Wolbachia strain that infects the pathogenic nematode
Brugia malayi was found to have far fewer mobile-
DNA genes than the genome of Wolbachia wMel**.
This streamlined version of the Wolbachia genome is
not surprising when one considers its strict vertical
transmission® and obligate mutualistic lifestyle®*%. All
filarial nematodes are only infected by single strains of
Wolbachia that are typically reduced in genome size
compared with the Wolbachia that infect arthropods.
The disparity in mobile-DNA content across a mono-
phyletic clade of bacteria with varied transmission
routes and host ranges clearly highlights the effects of
lifestyle differences on mobile-DNA acquisition and
invasion.

Future perspectives

Obligate intracellular bacteria are most often viewed
as excellent model systems to understand the stable,
symbiotic interactions that occur between prokary-
otes and their eukaryotic hosts. The genomes of two
strains of the aphid symbiont Buchnera aphidicola that
are estimated to have diverged 50 to 70 million years
ago show no indication of horizontal gene transfers?,
and many other obligate species have lost genes that
encode DNA-repair and recombinase functions'?.
Therefore, just as the presence of horizontal gene
transfer is a hallmark of genome evolution in bacteria
with free-living lifestyles, its absence has become a
hallmark of genome evolution in bacteria with obli-
gate intracellular lifestyles.

Are these specialized bacteria sealed to a fate of
perpetual gene loss with no gene inflow by horizontal
gene transfer? We suggest that the answer depends,
in part, on the lifestyle of the obligate species. Rates
of horizontal gene transfer are affected by the rate
of exposure to novel gene pools and, therefore,
variations in transmission routes and host range will
have a direct effect on rates of contact with foreign
DNA. In support of this hypothesis, the obligate
intracellular species with mobile DNA are those that
host-switch (for example, Wolbachia, Coxiella and
Phytoplasma species). Even the Chlamydiaceae family,
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which has low genomic mobile-DNA contents, has
extrachromosomal bacteriophages that infect the
Chlamydophila genus. These data indicate that mobile
genetic elements and horizontal gene transfer will not
always be revealed by whole genome sequences, but
might require the direct isolation of extrachromosomal
elements.

The presence of mobile DNA alone does not specify
whether a lateral transfer event has occurred in the
recent or ancient evolutionary past. Instead, compara-
tive sequence analyses of the mobile-DNA genes are
the biologist’s tool kit to reconstruct these evolution-
ary events. In many cases, the mobile DNA genes are
disrupted by truncations and stop codons that reflect
the ongoing degenerative processes in the genomes
of intracellular bacteria. However, in other cases, it is
clear that recent horizontal transfer of mobile DNA has
occurred in obligate intracellular bacteria, particularly

in cases associated with bacteriophages® . The recent
discovery of mobile-DNA genes and horizontally
acquired mobile DNA in host-switching obligate
intracellular species argues for a new set of systems-
biology methods that should complement the studies
of single bacteria but also take into account the genetic
interplay of multiple microorganisms that co-infect
the same intracellular niche. Horizontal gene transfer
could constitute both a serious threat to the stability of
a highly integrated eukaryotic—prokaryotic association
or a central source of evolutionary innovation to bacte-
rial genomes that are otherwise experiencing extensive
genome degeneration.

Note added in proof

Prior to publication, the discovery of the first putative
conjugative plasmid in an obligate intracellular parasite
(Rickettsia felis) was reported'®'.
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