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Abstract

Genome data has created new opportunities to untangle evolutionary processes shaping microbial
variation. Among bacteria, long-term mutualists of insects represent the smallest and (typically)
most AT-rich genomes. Evolutionary theory provides a context to predict how an endosymbiotic
lifestyle may alter fundamental evolutionary processes - mutation, selection, genetic drift, and
recombination - and thus contribute to extreme genomic outcomes. These predictions can then be
explored by comparing evolutionary rates, genome size and stability, and base compositional
biases across endosymbiotic and free-living bacteria. Recent surprises from such comparisons
include genome reduction among uncultured, free-living species. Some studies suggest that
selection generally drives this streamlining, while drift drives genome reduction in
endosymbionts; however, this remains an hypothesis requiring additional data. Unexpected
evidence of selection acting on endosymbiont GC content hints that even weak selection may be
effective in some long-term mutualists. Moving forward, intraspecific analysis offers a promising
approach to distinguish underlying mechanisms, by testing the null hypothesis of neutrality and by
quantifying mutational spectra. Such analyses may clarify whether endosymbionts and free-living
bacteria occupy distinct evolutionary trajectories or alternatively, represent varied outcomes of
similar underlying forces.
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Introduction

Reflecting their ~4 billion year history, Bacteria encompass astonishing metabolic diversity,
inhabit every imaginable ecological niche, and have played crucial roles in the evolution of
other life forms. Because the majority of bacteria have not been cultivated in the lab,
molecular approaches have proved invaluable for understanding their distribution and
functional significance. Recent years have witnessed an explosion of bacterial genome
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sequencing and analysis, including genomic studies of uncultured strains and communities.
With this data come new opportunities to compare genomes within and across bacterial
groups, in order to dissect evolutionary forces that drive molecular changes and contribute to
observed variation across ecological contexts.

To date, a clear lesson from bacterial genome comparisons has been the following: lifestyle
profoundly affects bacterial genomes. Early comparisons revealed that a host-dependent
lifestyle has striking effects on bacterial genome composition, size, and structure. ‘Resident’
genomes that replicate solely within hosts, such as obligate parasites (e.g., Rickettsia and
Chlamydia) and mitochondria, were found to exhibit a syndrome called reductive genome
evolution, characterized by relatively small genome size (typically <1 Mb), rapid rates of
sequence evolution, and typically AT-rich base composition compared to other genomes
sequenced at the time, such as Escherichia coli and other bacteria that can replicate outside
of hosts.! The first available genome of Buchnera aphidicola, the long-term endosymbiont
of aphids, supported earlier inferences from gene-specific data (e.g., Refs. 2 and 3) that this
intracellular mutualist exhibited a similar evolutionary trajectory.* These early observations
suggested distinct paths of genome evolution in host-dependent bacteria versus those that
retain a free-living phase to their lifecycle.

More recently, an exponential growth of genomic and metagenome datasets have provided a
rich framework to test the generality of initial observations linking bacterial lifestyle to
genome features. Among bacteria that replicate within hosts, the extremely constrained
lifestyles of long-term, intracellular bacterial mutualists of insects (hereafter called primary
endosymbionts, for brevity) make them particularly useful models to study genomic
consequences of host-dependence. Primary endosymbionts of insects live exclusively within
specialized host cells, undergo maternal transmission to offspring, and are closely integrated
into host development and nutritional physiology.>: ® Since the initial sequencing of
Buchnera, genome analyses of primary endosymbionts and related facultative
endosymbionts have spanned numerous lineages of bacteria and diverse host groups, thus
allowing comparisons across phylogenetic and ecological contexts.

Genomic variation and ecological significance of insect endosymbionts have been discussed
in several excellent overviews and syntheses of the literature.”-12 In this review, my goal is
to consider patterns of endosymbiont variation in a broader framework of bacterial genome
evolution, by highlighting notable differences and surprising parallels with free-living
bacteria. | focus on evolutionary mechanisms that may contribute to distinct genome
features of host-dependent bacteria, particularly primary endosymbionts of insects. Before
delving into specific genome data, | consider several key lifestyle features of long-term
insect endosymbionts, and how these features may alter fundamental processes: genetic
drift, natural selection, mutation, and recombination. | then highlight recent insights from
comparative genomic studies that have informed, and in some cases challenged, our views
regarding the genomic consequences of host-dependence. While studies of primary
endosymbionts have revealed convergent patterns of genome evolution, including genome
reduction and a trend toward AT-richness, they have also uncovered surprises that challenge
assumptions about evolution within host cells. On another research front, genomic analysis
of free-living bacteria now includes the sequencing of uncultured strains through single-cell

Ann N'Y Acad Sci. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wernegreen

Page 3

genomics technology. Such studies have revealed that many uncultured, free-living bacteria
exhibit genome size reduction and a shift toward AT-richness, features once considered
typical of host-dependent microbes. These data hint that the distinction between free-living
and host-dependent genomes may be blurrier than initially thought, and raises the possibility
that similar evolutionary processes could drive genomic changes across lifestyles.

Lifestyle features of primary endosymbionts

Among animals, insects seem especially prone to establishing symbiotic relationships with
intracellular bacteria °. Their intimate bacterial partners include reproductive parasites,
transient facultative mutualists that move among host species, and persistent, obligate
mutualists that coevolve with a particular insect group. The last category, primary
endosymbionts, includes the most highly constrained, stable, and specialized symbioses
known in the animal world. These bacteria are essential for host reproduction, are closely
integrated with their insect hosts, and occur within specialized host cells called bacteriocytes
(Fig. 1) and the female reproductive tract, consistent with their maternal transmission. While
the frequency of primary mutualists in insects is difficult to determine since many host
groups remain unsampled, such mutualisms are thought to occur in an estimated ~10-15%
of insect species.® Interestingly, intracellular mutualisms are virtually unknown among
vertebrates, an animal group in which intracellular microbes are almost always
pathogenic.13 The sole exception is a beneficial alga that lives within cells of salamander
embryos.1* Among chordates, the only known intracellular bacterial mutualist occurs in
tunicates.1®

Unlike the numerous host-bacteria symbioses that are facultative for one or both partners,
primary endosymbioses are mutually obligate. That is, the bacteria apparently lack abilities
to replicate outside of host cells, and the insect hosts depend on endosymbiont functions that
are often nutritional in nature. Specifically, the bacteria often supplement specific nutrients
that are missing in the host’s diet, such as amino acids or vitamins. Not surprisingly, these
mutualisms are most common in host groups that feed on unbalanced diets, such as plant sap
or vertebrate blood.> Symbionts may also perform more general functions such as nitrogen
recycling, as shown in ants!® 17 and cockroaches.18 By virtue of their bacterial associates,
insect hosts can thrive on otherwise inadequate diets.1% 20 Strict host-symbiont cospeciation
indicates a high fidelity of maternal transmission, often for tens or hundreds of millions of
years since the symbiosis was established.?1-23

As a consequence of their intracellular location and stable, long-term vertical transmission,
primary endosymbionts have provided valuable models to study the evolutionary
consequences of highly specialized host-dependent lifestyles, including shifts in rates and
patterns of genome evolution. These mutualists include phylogenetically distinct lineages
apparently derived from free-living bacteria, perhaps via a facultative symbiotic stage.24 2
As such, they offer opportunities to compare independent transitions from a free-living or
facultative host-associated lifestyle to an obligately intracellular existence.
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Shifts in evolutionary processes: a priori predictions

Shifts in Ng

The transition to a host-dependent lifestyle may be coupled with shifts in the balance among
fundamental evolutionary processes, with profound consequences on rates and patterns of
genome change. Below, | highlight some predictions we might make a priori, even before
considering the genomes of these endosymbionts (Table 1). Such predictions are based on a
rich literature exploring the distribution, transmission, ecology, and cell biology of these
mutualists, as well as evolutionary theory, and broader insights into mechanisms of bacterial
evolution.

Effective population size (Ng) is strictly defined as the size of a theoretical, idealized
Wright-Fisher population 26 27 that would give the same value of some genetic property
(e.g. the magnitude of drift) as the population in question. While this concept can be
challenging to apply to bacteria (e.g., due to difficulty in defining population or species
boundaries), several studies have explored factors that may influence bacterial Ng. To the
extent that members of a population contribute unequally to the next generation, N will be
reduced compared to the census population size (N.). For example, bacterial N may be
reduced by diversity-purging selective sweeps, patch turnover in metapopulations, and
population oscillations due to phage predation cycles (reviewed by Fraser et al. 28).

Another process that reduces N, demographic bottlenecks may be particularly important in
obligately host-associated bacteria.l:3 In host-dependent bacteria generally, N, may be
reduced due to physical bottlenecks during transmission to host offspring. The initial
infection at the origin of their associations likely purged genetic diversity of these bacteria,
if only a small sample of the ancestral species became established in a given host lineage.
Vertically transmitted endosymbionts may then experience continual population bottlenecks
upon each inoculation of developing host eggs or embryos. Empirical work in Buchnera has
demonstrated this bottleneck phenomenon and has shown that the bottleneck size varies
across aphid host species.2

While the prediction of reduced N in primary endosymbionts of insects is well justified,
efforts to quantify Ng have been fairly limited. Currently, estimates across a lifestyle
transition are limited to Buchnera versus free-living enteric bacteria such as E. coli.
Estimates of N for E. coli have relied upon observed patterns of synonymous codon

bias,30: 31 sequence variation at binding sites of gene regulatory proteins,32 calculations of
the neutral mutation parameter, theta (6, an estimator of Nel, where [ is the neutral mutation
rate),33 linkage disequilibrium,3 and the distribution of coalescence events in a sequence
genealogy.3® Although some studies estimate N, of E. coli as low as 10° (Refs 31 and 32),
many estimates are reassuringly similar and fall in the range of 108-1010. All estimates
show that N, of this species is far less than the 1020 E. coli cells estimated to exist in natural
habitats.33 Among primary endosymbionts, species boundaries are defined by the host; that
is, strains inhabiting the same host species typically are considered the same endosymbiont
species. Estimates of N, in two Buchnera species based on 0 and u were Ng = 107,
suggesting a ~100-fold reduction compared to most estimates for E. coli. 3637 This pattern
is consistent with a lifestyle-associated reduction in Ng, though additional studies are needed
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to test whether a similar trend holds across phylogenetically and ecologically diverse
endosymbiont lineages. The wide variation of N, estimates for E. coli (noted above)
highlights the challenging nature of this task.

A reduction in Ng has important implications for genome evolution, as it affects the impact
of genetic drift. Specifically, under the nearly neutral theory of molecular evolution,38: 39 a
balance between selection and genetic drift governs mutations with selective coefficients ()
near the reciprocal of effective population size (N). In this range, mutations with mildly
harmful fitness consequences may persist under genetic drift, and some fraction of those
may become fixed. To the extent that N is reduced in endosymbionts, some slightly
deleterious mutations that would be eliminated by selection in species with larger N, (e.g.,
free-living relatives) could persist and become fixed in endosymbionts.l: 3 Restricted
opportunities for gene exchange (see below) may exacerbate the effects of genetic drift.3
Over time, the accumulation of deleterious mutations in endosymbiont lineages could
negatively affect the fitness of both the host and the symbiont.

Shifts in natural selection

In bacteria, variation in selection due to habitat shifts may be an important force driving
gene content variation. Because bacteria experience a strong mutational bias toward
deletions (which are 10-times more frequent than insertions),*%: 41 any genes that are not
actively maintained by selection will be deleted eventually. Further speeding the removal of
superfluous DNA, selection may actually favor the removal of inactivated genes due to the
potential toxicity of pseudogenes.?2 In light of these processes, selection to retain gene
functions likely plays a major role in shaping bacterial gene contents.

Compared to living in an external environment, a strictly intracellular existence likely
involves radical changes in selective regime. We might predict relaxed selection on many
metabolic functions that are no longer required in a host cellular environment, resulting in
the loss of associated genes over time. In addition, because endosymbiont and host fitness
are intertwined, endosymbionts experience selection at the level of the insect host. This host-
level selection favors the retention of functions that improve host fitness, and may limit the
spread of selfish symbiont mutations that compromise host fitness.*3

Shifts in mutation rate

The extensive theoretical and empirical studies exploring the evolution of mutation rates
across organismal groups, including bacteria, are too vast to summarize here. However, |
will highlight two types of models that may have particular relevance to endosymbionts.

Influence of environmental stability on mutation rates—One group of models
emphasizes a ‘tension’ between the potential for adaptation through (relatively rare)
beneficial mutations, versus the genetic load of deleterious mutations.** 4> The balance
between these factors may be influenced by environmental stability. That is, when
populations encounter novel environments, selection for rare, beneficial mutations may
outweigh selection against deleterious mutations. Under this scenario, elevated mutation
rates may be favored. By contrast, in a stable environment, selection against deleterious
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mutations may be more important, and lower mutation rates favored. Experimental studies
of E. coli support this model by demonstrating the evolution of a hypermutator phenotype
(via a mutation in mutT) during adaptation to a novel environment, followed by subsequent
evolution of a lower mutation rate (via mutations in mutY) after the potential for adaptation
had declined.*®

How stable is the intracellular niche? Life within bacteriocyte cytoplasm (or within host-
derived vacuoles) may be relatively stable, due to consistent availability of certain nutrients
and other compounds. In this sense, we might predict that low mutation rates would be
favored in primary endosymbionts. However, the potential for continued adaptation
nonetheless exists within this host niche. For example, a high prevalence of mutator strains
in pathogens has been attributed to a continued need to evade the host immune system, and
pathogen genes mediating host interactions are subject to selection favoring novel
variants.#® In long-term mutualisms, the host immune system may likewise regulate
endosymbionts.#” In principle, symbiont mutations that overcome host control may be
favored by symbiont-level selection. Even stable, vertically-transmitted mutualisms are not
immune from such evolutionary conflicts.48-50 In this sense, host interactions could favor
elevated mutation rates in mutualists, as is generally accepted for pathogens.

Even if current selective forces do not favor novel mutualist genotypes, the initial transition
to an endosymbiotic lifestyle was likely coupled with a significant environmental shift, and
this high potential for adaptation could have favored hypermutator phenotypes. If such
phenotypes involved the deletion of DNA repair genes, limited opportunities to reacquire the
lost repair function (see gene exchange, below) could lead to persistently elevated mutation
rates, even if elevated rates are no longer advantageous.

Influence of drift on mutation rates—A second group of models proposes that
variation in genetic drift, as influenced by N, affects the evolution of mutation rates.>1: 52
Across diverse organisms and organelles, an inverse relationship between mutation rate
(measured as changes per nucleotide per generation, or 1) and N, suggests that genetic drift
plays a key role.51: 52 Assuming that a lower mutation rate is generally favorable, then
mutation rate may be reduced if the selective advantage (s) of that further reduction exceeds
the effects of genetic drift (1/N, for haploids). Under this model, reduced N, may lower the
efficacy of selection to retain DNA repair functions that improve replication fidelity. Thus,
to the extent that N is reduced in endosymbionts, we might predict an elevation in mutation
rates. Even an early, transitory reduction in N, (e.g., upon initial infection of a given host
lineage) could lead to persistent elevation in mutation rates, if disrupted or deleted DNA
repair functions cannot be reacquired.

Shifts in gene exchange and recombination

In addition to mutation, gene exchange within and across species can generate significant
genomic variation. A recent study of genome flux found widespread horizontal gene transfer
among bacterial groups, though rates vary considerably (25-fold) across lineages.>® Such
transfer depends on opportunities for close interactions among genetically distinct bacterial
strains or species, and/or phage that may shuttle bacterial genes. Such opportunities may be

Ann N'Y Acad Sci. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wernegreen

Page 7

limited for species that are sequestered within host tissues or cells, particularly if the host
niche excludes other bacteria. For example, the study above®3 noted that certain obligate
parasites (e.g., Chlamydia and Rickettsia) showed relatively low levels of horizontal gene
transfer, consistent with reduced opportunities for such transfer in a host niche.

Genetic isolation may particularly severe in primary endosymbionts, which can inhabit the
same host lineage for tens or hundreds of millions of years. In hosts that harbor just one
primary endosymbiont, current evidence suggests the bacteria typically form clonal
populations within bacteriocytes and are physically separate from any other bacteria in the
host (e.g., separate from Wolbachia, facultative endosymbionts, or gut microbiota). Dual
primary endosymbionts, such as those found in leafhoppers and other insect hosts, may also
be segregated from each other, with each bacterial species inhabiting a distinct bacteriocyte

type.’

Despite this typical pattern of cellular segregation, some primary endosymbionts do occur in
physical proximity to other bacterial associates, creating potential opportunities for
horizontal gene transfer. In a remarkable example of cellular integration, endosymbionts of
mealybugs consist of a gamma-Proteobacterium (Moranella) that lives within the very cells
of a beta-Proteobacterium (Tremblaya), which in turn resides within mealybug
bacteriocytes.>* In addition, brief but potentially significant interactions between distinct
endosymbionts may occur during transmission from host mother to offspring. Microscopy
indicates that, in the first stages of endosymbiont transmission from maternal aphid
bacteriocytes to developing embryos, cells of Buchnera and a facultative endosymbiont,
Serratia, co-occur in the central syncytium,5® though they are separated into distinct host
cells later in development. Thus, while primary insect endosymbionts may have reduced
chances to exchange genes with other species, this lifestyle does not preclude such
opportunities entirely.

The lifestyle of primary endosymbionts may also constrain strain-level recombination within
a given mutualist species (i.e., inhabiting a given insect host species). To the extent that
population bottlenecks during transmission purge variation, endosymbionts inhabiting a
given host individual will be very similar genetically, and diversity within any given
bacteriocyte may be further reduced. Thus, any recombination among endosymbionts within
a host individual or cell may be unlikely to generate new combinations of alleles. Strict
asexuality of this sort can exacerbate effects of genetic drift by reducing the ability to
recover wildtype genotypes.3: %6

Along for the ride—selection at linked sites—The above constraints on
recombination in endosymbionts may contribute to deleterious substitutions via selection at
linked sites. In insect endosymbionts, linkage may be extensive, occurring not only across
the entire endosymbiont genome, but also across distinct genomes that undergo stable,
maternal inheritance in the host lineage. These genomes include the host mitochondrion and
potentially other endosymbionts that experience periods of vertical transmission (e.g.,
Wolbachia and facultative endosymbionts).
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Selection at linked sites may be important in the following ways. First, selection against
strongly deleterious mutations reduces variation at linked sites and can speed the fixation of
slightly deleterious mutations.>”- 58 In addition, hitchhiking with selective sweeps of
beneficial mutations may drive the fixation of neutral and deleterious changes at linked
sites.® Theory suggests this contribution of selective sweeps to deleterious evolution,
termed genetic draft (hamed for the practice in cycling of following another’s path in order
to reduce wind resistance), may be even more significant than genetic drift, especially in
regions with low recombination.69-63 Under this process, positive selection favoring a
particular mutation in a primary endosymbiont genome could “drag along” whatever neutral
and even deleterious mutations happened to occur elsewhere in the genome. Likewise,
selection favoring a particular Wolbachia genotype or mitochondrial variant could drive
neutral and deleterious changes in the linked mutualist genome. Though genetic draft has
received little attention in studies of endosymbiont evolution, it could potentially play a
significant role in driving slightly deleterious substitutions.

In sum, the constrained lifestyle of primary insect endosymbionts may trigger shifts in
fundamental processes such as genetic drift, natural selection, mutation, and recombination.
Despite the current wealth of genome data, it remains challenging to distinguish the
contributions of these processes to endosymbiont genome evolution. Their respective
impacts can be difficult to untangle, as they may have shifted simultaneously along the long
branches that typically separate primary endosymbionts from their closest non-
endosymbiotic relatives.

Below, | consider empirical datasets that shed light on the genomic consequences of
adopting an endosymbiotic lifestyle. Recent studies have illustrated important insights that
can be gained by combining genomic data with intraspecific (within-species) population
genetic analyses, in order to test for weak selective forces and to infer underlying mutational
spectra. | focus on genome features for which insect endosymbionts often represent
extremes: (1) rates of sequence evolution, (2) genome size and structure, and (3) base
compositional biases. Analyses of these genome features have revealed common trajectories
among many insect mutualists, surprising ‘exceptions to the rule,” and unexpected parallels
with free-living bacterial species.

Rates of sequence evolution

Early analyses showed that endosymbionts experience a significant acceleration of
evolutionary rates at 16S rDNA, when compared to free-living relatives.3 4 This rate
increase involves substitutions that destabilize the structure of the rRNA molecule.% The
rate acceleration observed at 16S rDNA also affects endosymbiont protein-coding genes.3

What processes drive accelerated evolutionary rates in endosymbionts? In part, the observed
rate increase could reflect elevated mutation rates in small genomes that have lost many
DNA repair capabilities. A significant increase in per-site mutation rates (10-fold higher
than any other bacterial group) documented in Buchnera 56 may characterize other
endosymbionts. However, a recent study showed that evolutionary rates can vary widely
among endosymbiont lineages. Two coresident bacteria, Baumannia and Sulcia, which
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inhabit the same leafhopper host group, showed dramatically different rates of
nonsynonymous and synonymous substitution despite the two endosymbionts sharing a
divergence date (i.e., the divergence of the leafhopper host).87 The rate difference is not
obviously explained by differences in mutation rate, because the more slowly evolving
endosymbiont had lost more DNA repair genes.8” Rather than mutational differences alone,
it is possible that as-yet unknown selective forces, including selection on synonymous sites,
may influence rates of sequence evolution.

In addition, comparisons of nonsynonymous versus synonymous variation suggest that
elevated mutation alone may not entirely explain accelerated rates. In some groups, the rate
acceleration affects nonsynonymous sites more severely, leading to an overall elevation in
the ratio of nonsynonymous to synonymous substitutions (calculated as Ka/Ks, or dN/dS)
compared to free-living relatives.3 68-70 Increased mutation alone is expected to affect both
nonsynonymous and synonymous sites with no expected shift in Ka/Ks. On the premise that
nonsynonymous changes are more likely to be harmful than beneficial, elevated Ka suggests
relaxed and/or reduced efficacy of purifying selection against these changes.’? It is also
possible that increased selective constraint on synonymous changes could suppress Ks and
thus elevate Ka/Ks.

In some insect endosymbionts such as Buchnera,58 69 as well as other obligately host-
associated bacteria,’? the elevation in Ka/Ks occurs across most genes sampled and across
varied protein functions, suggesting a genome-wide phenomenon. While shifts in selection
across most genes is possible, a simpler explanation might be an increased effect of genetic
drift, resulting in a genome-wide decrease in the efficacy of purifying selection against
nonsynonymous changes. 72 73 This interpretation aligns with the use of genome-wide
Ka/Ks as a proxy for the efficacy of selection, and thus a way to infer or confirm differences
in bacterial Ng.72-74

Distinguishing whether accelerated rates of sequence evolution in endosymbionts reflect
shifts in selection, drift, or mutation is challenging, since these forces often have similar
predicted effects on sequence divergences and may shift simultaneously. Intraspecific,
population genetic analyses can more clearly distinguish these processes based on their
distinct impacts on patterns of polymorphism within species’® (Figure 2). A neutrality index
(NI)78 in excess of 1 indicates an excess of nonsynonymous polymorphisms compared to
neutral expectations, suggesting that some portion of nonsynonymous polymorphisms are
removed by selection before becoming fixed between species (see Fig. 2 legend). This
pattern is consistent with the hypothesis that nonsynonymous changes are slightly
deleterious. In addition, quantifying the frequency spectrum of polymorphisms within
species can distinguish subtle impacts of selection. For example, an excess of rare alleles
compared to that expected under neutrality is consistent with negative selection preventing
the spread of slightly deleterious mutations, although this pattern is also consistent with
various demographic processes 7.

Population genetic analyses within Buchnera species (i.e., Buchnera inhabiting the same
aphid host species) have revealed NI > 1, as well as an excess of rare nonsynonymous
polymorphisms, consistent with nonsynonymous changes being slightly deleterious.3”: 36
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While the above patterns support a role of genetic drift in this aphid mutualist, current data
are too limited to extrapolate across endosymbiont groups. Moreover, population genetic
analysis of diverse free-living bacteria suggests that NI > 1 is not particularly unusual.”®
Further highlighting the complexity of interpretations, NI < 1 (an excess of nonsynonymous
substitutions between species compared to neutral expectations, often interpreted as positive
selection) could possibly signal deleterious evolution in bacteria, if this pattern results from
the elimination of polymorphisms rather than the fixation of substitutions.”®

Moving forward, clarifying the forces shaping endosymbiont sequence evolution will benefit
from additional molecular datasets gathered with that goal in mind. The abundance of
genome sequences has provided valuable insights, but useful comparisons of Ka/Ks are not
always possible, e.g., due to saturation of Ks or uncertainty about the effective neutrality of
synonymous changes. Population genetic analyses offer increased power to decipher subtle
fitness effects of mutations, thus enabling tests of whether host-dependent genomes are more
vulnerable to slightly deleterious changes. An additional, perhaps more challenging task will
be developing models that distinguish among processes that may drive deleterious changes,
including bottleneck-related genetic drift versus linkage to positively selected sites (genetic
draft).

Genome size and structure

Contributing to the exponential increase in available bacterial genomes, numerous host-
associated species have been fully sequenced in recent years, including several primary
mutualists of insects. These data have revealed a consistent trend of genome reduction, with
genome sizes <800 kb, or even much smaller  (Fig. 3). Proteins retained by these small
genomes may have a widened functional complexity compared to orthologs in larger
genomes,’® and small mutualist genomes tend to lose redundant pathways, or duplicate
components that can perform the same function to a certain extent.8% Even so, it seems clear
that their extensive genome reduction leads to metabolic simplification.

Genome reduction and metabolic integration

Endosymbiont lineages vary in specific genes and pathways that are deleted versus retained,
probably reflecting distinct selective pressures across insect hosts and historical
contingencies.81 However, broadly speaking, mutualist genomes preferentially retain
fundamental cellular processes (e.g., transcription, translation) and biosynthesis of nutrients
that are missing from the host’s diet (e.g., amino acids among sap-feeding insects, cofactors
among blood-feeders).8: 9 In this sense, genome reduction in primary mutualists reflects
functional integration and shared metabolism with the insect host (and sometimes with
another co-residing bacterial mutualist, see below). A mossbug mutualist, Evansia, even
relies on the insect host for basic housekeeping functions.82 The integration of Buchnera
with its aphid hosts involves the targeting of host-encoded proteins to endosymbiont cells.83
Such intimate integration suggests that some insect mutualists have approached, or even
crossed into, the zone of organelles.8

Metabolic integration and genome reduction can be particularly extreme co-primary
endosymbionts, in which two bacteria form a stable mutualistic association with a given host
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lineage.”- 8 In these cases, nutrient biosynthesis is often shared among symbiotic players,
including the two bacteria and the host.5* 8591 |n light of their functional integration, it is
not surprising that these dual endosymbioses include the smallest genome known among
cellular life (112 kb genome of Nasuia in leafhoppers.’: 91

Genome stability

Limited gene exchange—Most primary endosymbionts sequenced to date show little, if
any, signs of gene acquisition via horizontal gene transfer. Instead, these mutualists tend to
be much-streamlined version of their free-living relatives, retaining those functions required
to perform basic cellular processes and to fulfill their symbiotic role. Likewise, intraspecific
analysis shows identical genealogies across endosymbiont gene regions, arguing against any
shuffling of alleles through recombination.%?

This striking genome stability may reflect ecological constraints on gene exchange in the
intracellular environment and the loss of many DNA repair functions, some of which are
also involved in recombination. In addition, the small genomes of primary endosymbionts
tend to lack phage, transposable elements, insertion sequences, and other mobile DNA.93. 94
In the absence of frequent recombination with genetically distinct strains, their genomes
might not permit parasitic DNA that requires horizontal transfer for its survival.% In
addition, without gene exchange between or within endosymbiont groups, gene losses may
be irreversible and constrain the evolutionary potential of the symbiont and host alike.

A surprising exception to this asexuality was discovered in a bacteriocyte-associated,
beneficial Wolbachia strain inhabiting bedbugs, which recently acquired an operon encoding
the complete biotin biosynthetic pathway.® This acquisition allows the Wolbachia strain to
synthesize and provision vitamin B and likely underlies its recent transition to obligate
mutualism. The authors suggest this operon could have been acquired from another
endosymbiont, such as Cardinium or Rickettsia, which coinfect the same host.%

Genome rearrangements—In addition to gene exchange, intragenomic changes
(genome rearrangements via inversions, duplications, and translocations) constitute an
important mechanism of genome flux in many bacteria. Such changes can move or duplicate
genes to new chromosomal contexts and place them under the control of different
promoters. Promoter capture and gene duplication have been shown to contribute to
evolutionary innovation in lab-reared E. coli cultures.%6

Current data suggest such intragenomic changes are quite rare in most primary mutualists.
Comparisons within endosymbiont groups have revealed that extensive gene loss occurred
early in these associations, often before the divergence of genomes sampled.%’: 98 Synteny
plots of endosymbionts belonging to the same group have revealed few if any changes in
gene order and strand orientation across tens or hundreds of millions of years,%7: 9 as
summarized recently.?° Exceptions to this pattern include extensive rearrangements in a
whitefly endosymbiont, Portiera.?9 These events are concentrated in a particular lineage of
Portiera that also possesses many tandem repeats, suggesting that the unusual persistent of
repeats — which are generally missing from endosymbionts — could mediate inversion
events.
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Young endosymbionts reveal early genome turmoil—The above patterns of
genome reduction and stability illustrate profound, long-term genomic consequences of
endosymbiosis. To clarify the processes that generate these outcomes, studies of younger
endosymbionts have been useful. These bacteria include facultative endosymbionts from
which some primary endosymbionts apparently evolved,?* 25 as well as species or strains
that adopted an obligately mutualistic lifestyle very recently. These groups offer snapshots
of early changes along the road of endosymbiosis.®3 Data for numerous facultative
endosymbionts and young primary mutualists include the tsetse fly symbiont Sodalis and
close relatives,100-102 Cardinium in whiteflies,103 aphid symbionts in the Serratia
group,104-106 the aphid secondary symbionts Regiella 107 and Hamiltonella, 18 among
others. Analyses of these genomes support the notion of genome flux, including abundant
pseudogenes suggesting rapid gene inactivation, and an explosion of insertion sequences
(1S’s) and other mobile elements that may mediate gene inactivations, large inversions, and
deletions.

This turmoil apparently subsides soon after the transition to obligate mutualism. In a young
primary mutualist of weevils (SOPE), the ‘epidemic of transposition’ in its Sodalis relatives
may be waning, consistent with a prediction of increased stability in primary mutualists.102
Interestingly, in SOPE, 1S-mediated duplications include a duplication of co-chaperones
groES and groEL, which mediate protein-folding, are constitutively overexpressed in many
primary endosymbionts 109 110 and may buffer the fitness effects of deleterious
mutations.111 Duplications of these chaperonins in SOPE could represent an adaptive
change mediated by early genome flux.192 Consistent with further genome reduction and a
calming of turmoil in obligate mutualists, a newly-obligate, co-primary Serratia
endosymbiont in cedar aphids has experienced more extensive gene losses and a depletion of
mobile elements upon its recent transition to obligate mutualism.105. 106

Untangling forces driving genome reduction

Despite insights from early snapshots of genome reduction, dissecting the evolutionary
forces driving gene loss in endosymbionts is challenging. While 1S’s and other mobile DNA
apparently act as molecular mechanisms that contribute to early gene inactivation and
deletion, the evolutionary mechanisms driving this process are less certain. Relaxed
selective constraint on many gene functions may lower selective coefficients against element
insertion, thus broadening the genomic space for neutral insertion of mobile elements.
Alternatively or simultaneously, reduced N, of endosymbionts could reduce the efficacy of
selection to maintain gene functions. Adaptive changes may also occur in this period of
turmoil, such as duplications (as suggested in SOPE, above) and gene losses. Studies of free-
living bacteria have contributed to a model of adaptive genome streamlining, which could
affect endosymbionts in principle. Perhaps it is most likely that all three mechanisms
(neutral processes, deleterious evolution, and even adaptation) contribute to genome
changes. Distinguishing among these drivers of gene loss is difficult and often relies on
untested assumptions about the fitness consequences of losing particular functions.

Neutral gene loss, due to relaxed selection in the intracellular niche—Many
patterns of gene loss in endosymbionts suggest relaxed selection on numerous gene
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functions in an intracellular niche. The underlying deletion bias in bacteria implies that
genes that are not actively maintained by selection will be eventually deleted.40: 111 Relaxed
selection may explain striking patterns of differential gene loss in endosymbionts, such as
the tendency to lose genes for metabolic diversity yet retain basic housekeeping functions.
This process can also explain uncanny metabolic collaboration, including the retention of
specific host-beneficial biosynthesis functions and exquisite sharing of metabolic pathways
between co-resident primary endosymbionts.

Deleterious gene loss—References to genome reduction in insect endosymbionts often
attribute gene loss to genetic drift in small populations,112 and certain patterns of gene loss
seem consistent with deleterious changes. For instance, reconstruction of gene deletion
events revealed that many Buchnera genes were lost in large, early deletion events involving
diverse functions,114 a process that is difficult to reconcile with neutral loss of specific
functions that are no longer required within host cells. In addition, certain losses of
biosynthetic functions in established mutualist lineages, such as the loss of cys genes in
Buchnera of the green bug aphid Schizaphis graminum 8 and the loss of gInA in
Blochmannia of the ant Camponotus vafer,11° are surprising. Such losses could represent
deleterious deletions that reduce the fitness of the host-symbiont partnership. However, even
in these cases, it is difficult to rule out a scenario of relaxed selective constraint and neutral
gene deletion, or symbiont-level selection favoring the erosion of host-beneficial functions.
While earlier studies support the accumulation of slightly deleterious changes in
endosymbiont sequences (e.g., elevated Ka/Ks and patterns of intraspecific variation, see
above), this does not necessarily imply that gene losses are deleterious, since purifying
selection against the loss of a gene function could be much stronger than selection against
nonsynonymous changes in existing genes.

Adaptive genome reduction—models from free-living bacteria—Recent genome
and metagenome datasets for free-living bacteria have revealed a surprising prevalence of
genome reduction 113 (Fig. 3). While genome reduction in free-livers is not as severe as that
found in primary endosymbionts, its discovery has prompted a wider interest in evolutionary
mechanisms shaping genome size. Free-living bacteria with small genomes discovered to
date tend to live in nutrient-poor marine environments. Even cultured isolates can have
small genomes, including strains of Prochlorococcus marinus (the abundant photosynthetic
species with genomes as small as 1.64 Mb!16) and culturable members of SAR11, a diverse
clade characterized by small (average 1.34 Mb), AT-rich genomes.117: 118 Single-cell
genomics of bacteria in oligotrophic environments have revealed that uncultured
representatives have even smaller (e.g., an estimated 0.61 Mb for strain AAA076-M08 119)
and, interestingly, more AT-rich genomes than related cultured isolates. Likewise, genomes
of uncultured Roseobacter are smaller (2.64-3.1 Mb, range) and more AT-rich than cultured
isolates (typically > 4 Mb) 120 (Fig. 3). A recent synthesis of these data indicates that
genome reduction in free-living bacteria is far more common than previously appreciated,
may explain why most bacteria cannot be cultured in the lab, and may contribute to the
interconnectedness of microbial communities.113 As more uncultured bacteria are
sequenced, our notion of a ‘typical’ genome size range for free-living bacteria will likely
shift downward.
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While diverse mechanisms may underlie genome reduction in free-living bacteria, 116
adaptation has been emphasized. Under a model of adaptive genome reduction, often
phrased as genome streamlining, smaller genomes may be advantageous, particularly in
nutrient-poor environments where fitness is determined by competition for scarce resources.
Possible selective advantages of a smaller genome may relate to metabolic efficiency and
fewer requirements for energy and nutrients such as phosphorus during replication, 121
though evidence for elemental-based streamlining has been critiqued.122 In addition, to the
extent that smaller genomes correlate with smaller cell size, increased surface to volume
ratios associated with smaller cells may be advantageous.113: 116 Experimental evolution
studies have showed fitness benefits of deleting DNA,123: 124 though the trait favored by
selection (e.g., loss of gene functions, or reduction in the number of DNA base pairs) is
difficult to dissect.

In support of an adaptive explanation to genome reduction, molecular evolutionary analyses
of Prochlorococcus showed that the period of extensive gene loss was associated with
increased intensity of purifying selection across the genome, as evidenced by reduced
dN/dS.118 This pattern is consistent with an expansion of N, leading to increased efficacy
of selection across genes. The distribution of deleted genes across many functional
categories suggests that gene losses were not due to ecological specialization and relaxed
selection on particular functions (in which case only a subset of functions would be
affected). These results highlight the complex relationship between Ng and genome size.
That is, genome reduction could conceivably result from declines in N, (reduced efficacy of
selection to maintain functions, an hypothesis often invoked to explain small endosymbiont
genomes) as well as elevations in N, (increased efficacy of selection favoring metabolic
efficiency, which may contribute to small genomes of some marine bacteria).

It remains uncertain whether selection favoring smaller genomes per se offers a general
explanation for gene loss in free-living lineages. Studies of Roseobacter suggest some gene
losses may reflect relaxed selection on particular functions 125 126 and thus represent neutral
(rather than adaptive) losses. Moreover, an accelerated rate of nonconservative amino acid
changes in uncultured Roseobacters with reduced genomes is consistent with a model of
increased genetic drift.120 Though, recent comparisons of genome-wide dN/dS suggest that
Roseobacter generally have a larger N, than the more abundant SAR11 clade.’ This result
highlights the complex relationship between Ng and N (census population size) in bacteria.

Base compositional biases: what does mutation not explain?

With some notable exceptions (recently highlighted 8), genomes of primary endosymbionts
tend to be extremely AT-rich (Figure 3). To understand which evolutionary processes drive
such low %GC, it is useful to consider the broader context of base compositional variation
in bacteria, which spans from 13.5 to >75% GC. In principle, several mechanisms (or
combinations thereof) may explain this wide variation, as recently reviewed.127 First, base
composition of a given genome may be neutral and shaped by underlying mutational biases.
Observations that %GC at 4-fold degenerate sites (GC4) is even more extreme than genome-
wide values support a mutation hypothesis, on the basis that selection at degenerate sites is
weak or nonexistent so that GC4 reflects underlying mutation more closely than other
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categories of sites.128 Under this model, the low GC content of most endosymbionts could
be explained by more extreme AT mutational bias in these lineages.

As an alternative view, variation in GC content could reflect differences in the strength or
direction of selection on base composition. This potential for selection on GC content has
important implications, as degenerate sites are often treated as effectively neutral in
molecular evolution studies. Selection on base composition may relate to differences
between AT and GC pairs in their stability, flexibility, availability, or different metabolic
costs of synthesizing GC versus AT pairs. In principle, mutational bias could be comparable
across bacterial lineages, but selection on GC content may vary in its direction (favoring AT
bases in some genomes, but GC in others) or intensity (stronger selection in some lineage
than others). Under this model, the low %GC of most intracellular bacteria could be
explained by selection favoring AT base pairs, e.g., since ATP is relatively abundant in an
intracellular niche.12? A third model suggests that higher GC content is generally favored by
selection, but such selection is less effective in endosymbionts due to their small Ne.

Intraspecific datasets have proved invaluable for testing these various models. The
reconstruction of GC—AT and AT—GC changes within endosymbiont species 66 130. 131
and across diverse bacteria 132 133 has shed light on underlying mutational pressure. Such
studies quantify the mutational spectra as the absolute numbers of GC—AT versus AT—GC
changes within species (Fig. 4A). This comparison tests whether a current sequence is at
mutational equilibrium, in which case the two values are equal. In addition, calculation of
the relative per-site mutational bias quantifies underlying mutational biases, allowing direct
comparisons across genomes (Fig. 4B). This per-site value also estimates the %GC
predicted under mutational equilibrium (often termed GCeq 0r GCpreq). Comparing this
predicted value to the current, observed GC content tests the extent to which mutation can
explain current base composition. If GCpyeq differs from observed GC content, then
selection on base composition could play an important role.

Recent intraspecific analyses indicate that selection shapes base composition in many
bacterial genomes, but that directional mutational biases also contribute to observed
variation in %GC. Evidence for selection includes observations that many bacterial genomes
are not at mutational equilibrium; that is, mutation alone cannot explain base
composition.131-133 |n particular, many moderate to high %GC bacteria are actually more
GC-rich than expected under mutation alone, suggesting that selection favors AT—GC
changes over GC—AT changes in these species 131-133 (Fig. 5).

How might selection act on GC content? While several possible mechanisms have been
proposed, few have been tested experimentally. One exception is a recent experimental
study in E. coli showing that higher GC4 of an introduced gene corresponded with faster
growth rates.134 Growth rates were slightly faster when the introduced gene was transcribed
(but not translated), and were significantly faster when the gene was also translated.
Observed differences were unrelated to the codon adaptation index. While the specific
mechanism is uncertain, selection may favor increased structural stability of the transcript
through G:C pairings. Such selection on GC4 may explain why, in most bacterial genomes,
GC4 exceeds %GC at intergenic regions.134 Interestingly, in very AT-rich genomes,
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including most endosymbionts, the opposite is true: GC at intergenic regions exceeds GC4,
suggesting selection might act to lower GC4 in some AT-rich genomes, perhaps by further
enrichment of A and U, which can engage in A:U pairings in already AU-rich transcripts.134

Intraspecific analysis of the unusually GC-rich genome of the cicada endosymbiont,
Hodkinia, revealed that current %GC (%58 genome-wide) exceeds the value expected under
mutation alone (~%42), suggesting that AT—GC changes are selectively favored in this
mutualist.13! This evidence for selection on GC content is fascinating, as weak selection is
often thought to be ineffective in endosymbionts under the hypothesis they have reduced Ne.
It is possible this endosymbiont has a relatively large N, or that selection on %GC is
particularly strong.

The lack of equilibrium in many bacterial genomes suggests that mutation alone does not
explain base composition; however, this does not negate the possibility that variation in
underlying mutational biases may contribute to base composition variation. Strikingly, GC4
content predicted under mutation (GC4pyreq) Varies considerably and positively associates
with observed GC4 133 (Fig. 5), suggesting that directional mutational biases may explain an
large portion of the observed base composition variation. GC4preg for many GC-rich
genomes exceeds 50%,133 suggesting that some taxa may experience a GC-biased relative
per-site mutational bias (i.e., any given AT base pair is more likely to change to a GC pair
than vice versa). As a caveat, however, underlying mutational spectra are inherently
challenging to estimate, and 4-fold degenerate changes may be subject to weak selection
favoring GC pairs, even when comparisons are based on closely related bacterial strains.132

By contrast to the variable and often moderate GC4peq Of many bacteria, the exceptional
AT-richness of most endosymbiont genomes may largely reflect extreme per-site AT
mutational biases in these genomes, evidenced by their exceptionally low GC4yreq (Fig. 5).
This pattern implicates mutation as a major driving factor and agrees with earlier work
showing that Buchnera experiences a strong underlying AT mutational bias and that its AT-
rich genome is at mutational equilibrium.86: 130 Such biases may arise due to the frequent
loss from endosymbionts (and other small, AT-rich bacterial genomes) of DNA repair genes
that are known to repair GC— AT transitions, a common type of mutation in bacteria.

Future directions

The constrained lifestyle of primary insect endosymbionts may profoundly affect
fundamental evolutionary mechanisms, such as genetic drift, natural selection, mutation, and
recombination. The respective impacts of these forces on genome evolution are often
difficult to untangle. When exploring mechanisms driving endosymbiont evolution, it is
humbling to recognize that shifts in some or all of these forces may occur simultaneously
upon transitions to a host-dependent lifestyle and contribute to the distinct genome features
of these mutualists.

A major question in studies of long-term endosymbionts remains: to what extent are
observed genomic changes neutral, deleterious, or adaptive? Addressing this question will
benefit from comparisons within endosymbiont groups, in order to infer processes that drive
shifts in sequence evolution, gene content, and base composition. While the first genome
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sequenced for an uncharacterized endosymbiont group offers novel insights into diverse
outcomes of this lifestyle, comparisons among multiple genomes within a group provide
valuable data to untangle mechanisms generating these outcomes, including the roles of
mutation, genetic drift, and selection.

Population genetic analyses based on intraspecific samples are particularly well suited to
distinguish underlying processes shaping sequence variation. Sequencing multiple genomes
of the same endoysmbiont species (i.e., several strains inhabiting one host species) is
increasingly feasible, given the ever-increasing throughput and decreasing cost of DNA
sequencing. Such analyses provide insights into the dynamics of mutations within
population and allow the detection of subtle selection coefficients. As noted above,
statistical tests of neutrality can distinguish subtle fitness effects of nonsynonymous
changes. In studies of base compositional biases, intraspecific data sheds light on underlying
mutational spectra, in order to assess whether observed compositions can be explained by
mutation alone, or whether we must invoke additional processes such as selection. While
such tests are not without assumptions (e.g., neutrality of synonymous sites), and challenges
(e.g., the need for random sampling within species), these approaches can provide unique
insights into the evolutionary forces that drive and constrain molecular evolution of
endosymbionts.

The same principles may be applied to understand the fitness effects of gene loss, by testing
whether polymorphic gene disruptions and losses are effectively neutral or, alternatively,
influenced by selection. For example, if gene disruptions were polymorphic within a species,
then analyzing the frequency distribution of these ‘alleles’ could potentially distinguish
whether disruptions are neutral vs. selected. When interpreting patterns of genome reduction
in bacteria (both endosymbionts and free-living species), neutrality serves well as the
simplest null model. A large portion of genome reduction may simply reflect the neutral loss
of genes that are no longer needed. Under this model, the extent and patterns of genome
reduction are expected to vary across lineages; because environments differ, so do selective
coefficients to maintain particular gene functions. Relaxed selection may reflect availability
of particular compounds in the environment, including metabolites available from other
community members. Bacteriocytes represent simple, enclosed, and unusually persistent
‘communities’ consisting of bacteria and the host, in which interdependency and associated
gene losses can be extreme. Clearly, neutral, adaptive, and deleterious processes may
contribute to genome reduction, but conclusive inference of such processes requires more
data than is currently available for most bacterial groups.

Ideally, such comparative approaches to assess mechanisms of genome change will be
coupled with genetic manipulation, to test effects of observed variation (e.g., protein
sequence variation, gene disruptions) on fitness in experimental systems. While such genetic
manipulation has not been performed for most endosymbionts, including long-term primary
mutualists of insects, genetic manipulation of uncultured bacteria is an area of active
research, and progress has been made in secondary symbionts of insects 135 136, Expanding
comparative genomic and experimental approaches across bacteria, including uncultured
free-living groups, will shed light on whether endosymbiotic and free-living species indeed
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occupy distinct evolutionary trajectories, or if shared processes contribute to genome
changes across lifestyles.
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Figure 1.
Camponotine ants rely on a bacterial mutualist that lives exclusively within host cells. Top

panel: Wood-nesting Camponotus pennsylvanicus, like other members of the diverse tribe
Camponotini, possess an obligate bacterial endosymbiont, Blochmannia. © Adam B.
Lazarus. Bottom panel: A single bacteriocyte (specialized host cell) from the ant C.
pennsylvanicus, with numerous rod-shaped Blochmannia filling the cytoplasm.
Blochmannia has lived exclusively within an intracellular niche for tens of millions of years.
Sample was prepared from homogenized ant larvae, fixed, stained with DAPI, and
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visualized with a fluorescent microscope. Image shows host nucleus at the center. © Erika
del Castillo.
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Schematic of intraspecific sampling to test neutrality. Many population genetic tests rely on
sampling intraspecific polymorphisms (marked along solid lines), for comparison to patterns
of interspecific substitutions (marked along dashed lines). Such tests often compare two
categories of changes with distinct predicted fitness effects, such as nonsynonymous
changes (which may be selected for or against) and synonymous changes (typically assumed
to be effectively neutral). To test for subtle selection on nonsynonymous changes,
nonsynonymous and synonymous polymorphisms and substitutions are compared. Under the
null hypothesis that observed nonsynonymous changes are neutral, the ratio of
nonsynonymous to synonymous polymorphisms within species (Pn/Ps) will equal the ratio
of nonsynonymous to synonymous substitutions between species (Dn/Ds). If, however,
nonsynonymous changes are slightly deleterious, then a portion of these changes will be
eliminated by selection prior to being fixed between species, leading to a reduction in Dn/Ds
when compared to Pn/Ps.137 This schematic figure reflects such a pattern (i.e., a dearth of
nonsynonymous substitutions, or in other words, an excess of nonsynonymous
polymorphisms). The neutrality index (NI) captures this “ratio of ratios,” by calculating
(Pn/Ps)/(Dn/Ds).”® NI>1 indicates an excess of nonsynonymous polymorphisms compared
to neutral expectations, consistent with nonsynonymous changes being slightly deleterious.
Such results have suggested that nonsynonymous substitutions in endosymbionts are slightly
deleterious, consistent with the hypothesis that genetic drift contributes to accelerated rates
of protein evolution 37: 36,
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Figure 3.

Chromosome size and genomic GC content across select bacterial genomes. The genomes of
primary endosymbionts of insects are severely reduced and, with some notable exceptions,
AT-rich. Primary endosymbionts shown here represent long-term, intracellular mutualists
(red circles), as well as Serratia symbiotica of the cedar aphid (red upright triangle), which
represents a very recent transition to obligate mutualism 138, and Ishikawaella capsulata
(red sideways triangle), a nutritional mutualist of the plataspid stinkbug that shows striking
genome reduction despite being extracellular.13? Intracellular endosymbionts that transfer
among insect groups include Wolbachia and facultative endosymbionts. Because facultative
endosymbionts tend to possess a high abundance of insertion sequences and pseudogenes,
they have a lower coding capacity than suggested by their moderate chromosome sizes.
Genomes less than or near ~1 Mb that are unlabeled (black dots) largely represent
intracellular pathogens, such as Mycoplasma, Rickettsia, and Chlamydia. Several groups of
free-living marine bacteria with surprisingly small genomes are shown, such as SAR11 and
Prochlorococcus marinus. SAGs (single amplified genomes, marked with open symbols)
typically represent uncultured strains and include representatives of the Roseobacter

clade 120 and other marine bacteria.}1® Comparisons within the Roseobacter clade show that
SAGs have smaller genomes than related cultured isolates.120 For SAGs, genome size and
%GC is typically an estimate that is extrapolated from incomplete genome coverage. Data
for fully sequenced genomes were downloaded from JGI’s Integrated Microbial Genomes
database (http://img.jgi.doe.gov) on August 15, 2014, and estimates for SAGs were obtained
from publications.119. 120
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A) Testing for mutational equilibrium

—1 AT—GC changes (3)
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100 bp sequence sampled
65% GC (65 GC pairs, 35 AT pairs)

B) Quantifying directional mutation biases
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Figure4.
Simple example of quantifying mutational spectra. Intraspecific analyses of directional base

changes allow estimations of underlying mutational processes. Schematic shows a simple
analysis of a 100-bp sequence. (A) Testing for mutational equilibrium addresses the
question: Is current base composition explained by mutation alone? Comparing the absolute
numbers of GC—AT versus AT —GC changes within species sheds light on underlying
mutational pressure. If the number of AT—GC changes does not equal the humber of
GC—AT changes along a given sequence, then under mutation alone, the base composition
of the sequence is expected to shift. By contrast, if GC—AT and AT—GC changes are
equal, this implies the sequence is at mutational equilibrium. Lack of equilibrium may result
from a recent change in mutational pressure or the action of natural selection favoring either
GC—AT or AT—GC changes. In this example, GC—AT changes far outhnumber AT—GC
changes, so the sequence is not at mutational equilibrium. Rather, under mutation alone, it
would become more AT-rich. (B) Quantifying directional mutation biases addresses the
question: Is mutation AT or GC biased? Per-site rates of AT—GC and GC—AT changes (v
and u, respectively) are obtained by dividing the absolute number of inferred changes by the
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frequency of the original nucleotides. In this example, v = 3/35, and u = 7/65. From these
per-site rates, one can then calculate the relative AT—GC per-site mutational bias as v/(v +
u). In this example, this relative per-site bias is 44.3%. Since it is less than 50%, this implies
a slight GC—AT mutational bias (any given GC pair is more likely to mutate to AT, than
vice versa). This value equals the base composition that would be expected under mutation
alone (GCpreq). In this example, the sequence is expected to be slightly AT-rich (44.3% GC)
under mutation alone. The fact that the sequence is actually 65% GC suggests that selection
favors AT—GC mutations.
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Figureb5.

The equilibrium GC content under the mutation bias model, reproduced from Hildebrand et
al.133 Plot compares GC4 (current GC content at 4-fold degenerate sites) to GC4preq (GC
content at 4-fold degenerate sites predicted under mutational equilibrium, estimated from
intraspecific analysis), across numerous bacterial genomes spanning eight phyla. Estimates
of GC4preq are based on the general approach described in Figure 4, but calculated at 4-fold
generate sites only. The wide range of GC4peq across bacterial genomes suggests variation
in relative per-site mutational bias. Deviation between GC4pyeq and GC4 indicates that
mutation alone cannot explain current base composition and suggests that selection play an
important role. original reference 133 for a discussion of alternative explanations to selection,
such as biased gene conversion (BGC), and evidence against these alternatives. While this
figure suggests that AT-rich bacteria also show a deviation between GC4preq and GC4, and
in the opposite direction (less GC-rich than expected under mutation), this deviation was not
significant among AT-rich genomes after adjusting for the infinite sites model.133 The point
corresponding to the aphid mutualist Buchnera is enclosed in a square, for reference. Other

AT-rich bacteria shown include intracellular pathogens.
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Table 1
A priori predictions; Processesthat may shift upon transition to an obligately host-
dependent lifestyle
Process Rationale for predicted shift Potential consequence for genome

evolution

Reduced N, and increased
genetic drift

Shifts in selection
coefficients

Shifts in mutation rates

Constrained gene
exchange

Population bottlenecks occur upon
transmission to host offspring.

Selection may be relaxed on functions
redundant in the intracellular niche. Host-
level selection will favor nutritional
functions and other host-beneficial traits.

Stable intracellular niche may favor reduced
mutation rates. However, interaction with
host immune system may favor higher rates.

Small N, may lead to higher mutation rate,

due to reduced efficacy of selection favoring
a low mutation rate.

Cellular sequestration may constrain gene
exchange with genetically distinct bacteria.

Accelerated fixation of slightly
deleterious mutations under drift.

Shifts in selective constraint across
functions encoded.

Shifts in rates of DNA sequence
evolution.

Asexuality may exacerbate effects of
genetic drift. Strong linkage implies that
selective sweeps will purge diversity and
possibly drive deleterious changes via
genetic draft.
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